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This book is dedicated to the trauma victims, as well as the doctors, nurses,
prehospital personnel, and other members of the trauma team who

tirelessly strive to provide optimum care for their recovery.





Foreword

From my recent perspective as the 17th surgeon general of
the United States, along with my prior experiences as a
trauma surgeon, combat experienced U.S. Army Special
Forces medical specialist, paramedic, police officer, and
registered nurse, I have witnessed numerous developments
over the last three decades in the fields of trauma and critical
care. Despite these significant advances, trauma remains
the chief cause of death and disability of individuals
between 1 and 44 years of age; hence, much work remains
to be done.

Trauma is a worldwide phenomenon with profound
public health implications and numerous existent chal-
lenges, including the need for an increased emphasis on
accident prevention; overcoming barriers to care for the indi-
gent, the elderly, and rural populations; and streamlining
and improving disaster response effectiveness.

This two-volume book provides comprehensive cover-
age of all realms of modern trauma management, including
the important aforementioned areas of care, which continue
to impact the outcomes for these vulnerable populations.

Volume 1 focuses on initial management and is
divided into sections that mirror the continuum of care,
including prehospital, resuscitation suite, and perioperative
management. The prehospital section includes chapters on
trauma mechanisms, epidemiology, scoring and triage, and
transport. The authors acknowledge that optimal manage-
ment algorithms for this early phase of care can differ
based on the setting (urban/rural) and the prevailing
geographical, political, and financial conditions. Hospital-
based components of management (e.g., primary survey,
secondary survey, etc.) are meticulously reviewed, including
specific chapters on the critical elements of care (e.g.,
airway management, fluid therapy, etc.). The perioperative
section details the anesthetic and surgical priorities, but
surgical technical details are minimized in favor of global
management guidelines, which are important to all
members of the care team. Important trauma-related con-
ditions are also fully reviewed.

Volume 2 encompasses the critical care management
of trauma and other surgical conditions. These topics are

arranged in sections according to organ systems, with each
chapter dedicated to a specific lesion or critical illness con-
dition. Recent evidence-based principles are fully character-
ized, including the management of abdominal compartment
syndrome, tight glucose control, adrenal suppression, and
thromboembolism, etc. In addition, chapters covering post-
traumatic stress disorder, family centered care, rehabilita-
tion, and palliation at the end of life provide a breadth of
coverage not present in other trauma books.

Chapters in both volumes are co-authored by experts
from complimentary specialties, with surgeons, anesthesiol-
ogists, emergency medicine physicians, and pulmonologists
involved throughout. Specialty sections are written by
medical or surgical sub-specialists with extensive trauma
and critical care experience. Interdisciplinary collaboration
is further evident with chapters co-authored or edited by
experienced nurses, pharmacists, and social workers, as
well as occupational, physical, and respiratory therapists,
among others.

The editors are eminently qualified and have suc-
ceeded in producing an authoritative and comprehensive
book on trauma. Drs. Wilson, Grande, and Hoyt have each
conducted important research and have published and
lectured extensively on numerous trauma-related topics
over the last two decades. They have assembled a superb
table of contents and an expert array of contributors and
associate editors. The editors have also insured that rec-
ommendations are evidence based where possible. Accord-
ingly, the novice will learn in depth about the scientific
basis of the guidelines provided here, and the expert will
be updated on the latest thinking in trauma management.

In summary, this two-volume book is an extremely
valuable contribution because of the importance of the
subject, the fact that the topic has not been so comprehen-
sively covered in one book until now, and because of the
wisdom and insight of the editors.

Vice Admiral Richard Henry Carmona, MD, MPH, FACS
17th Surgeon General of the United States of America
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Foreword

The modern-day management of trauma is multidis-
ciplinary and requires teamwork. The specialists involved
include emergency physicians, anesthesiologists, radiol-
ogists, surgeons, toxicologists, and critical care specialists
along with paramedics, nurses, and technical staff.

Those involved in the management of trauma have
a need for a comprehensive book that spans the entire spec-
trum of trauma management by all specialists, including
prehospital, perioperative, and critical care. This two-
volume book, edited by Wilson, Grande, and Hoyt, does
precisely that. Along with a superbly designed table of
contents, the editors have recruited a world-class group of
contributors from all specialties to write the chapters. The
editors are abundantly qualified to oversee a work of this
magnitude in terms of academic and intellectual strength,
as well as in terms of clinical expertise.

Volume 1 covers the areas of prehospital, emergency
department, and perioperative management. Other impor-
tant trauma-related conditions (e.g., alcohol and drug intoxi-
cation, burns, near drowning, environmental conditions)
and management of unique populations of trauma patients
(e.g., pediatric, geriatric, and obstetric) are also reviewed
by experts in this volume. In addition to reviewing the
key conditions, this volume contains clear guidelines for

medical and surgical decision making in the various stages
of care.

In Volume 2, the critical care management of trauma is
reviewed. This volume proceeds in a logical systems-based
presentation of the conditions and complications commonly
encountered in a modern trauma or surgical intensive
care unit. All of the evidence-based measures recommended
to improve outcomes in critically ill patients are included. In
addition, emerging topics such as the remote evaluation and
management of trauma and critical illness are introduced.

As the only book to cover the full spectrum of
trauma management, this two-volume set is strongly rec-
ommended for all students and clinically active physicians
engaged in the management of trauma and surgical
critical care.

Peter J. F. Baskett, BA, MB, BCh, BAO,
FRCA, FRCP, FCEM

Consultant Anaesthetist Emeritus, Frenchay Hospital
and the Royal Infirmary, Bristol, U.K.

Editor-in-Chief, Resuscitation
Past President, International Trauma Anaesthesia

and Critical Care Society
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Foreword

Three decades ago, as an impressionable resident physician-
in-training at the University of Washington in Seattle, I was
asked to respond with the city’s emergency medical services
personnel on 9-1-1 emergency calls. Working out of the
Harborview Emergency-Trauma Center, I soon began to
recognize how the outcomes of those with severe injury
are often determined, for better or for worse, in the first
few minutes after injury. After accompanying hundreds of
patients from the incident scene, in the back of ambulances,
in the emergency centers, and in operating rooms and inten-
sive care units, I soon learned that a continuity of optimized
care must be stewarded by an integrated team of experts
from many disciplines. In turn, I have always stressed that
an interdependent “chain of survival/recovery” had to be
created with each link being strong and solidly connected
to each other. I have been fortunate to train, perform
research, and provide care in all of those arenas, and thus
appreciate the tremendous expertise and demands required
of each team member at each and every link.

This two-volume book (edited by Wilson, Grande, and
Hoyt) is, in many ways, the first book to examine that entire
spectrum of trauma care. Accordingly, as an emergency
medicine physician originally trained in surgical critical
care and trauma fellowships to challenge sacred cows with
clinical trials, and as a prehospital care trauma specialist
who has since spent many a night responding to out-of-
hospital 9-1-1 incidents, I am now honored to write a
foreword for this book. For those of us who have come to
understand the chain of care and the impact of early
decision making on long-term outcomes, this book is a
tremendous gift.

Volume 1 discusses many of the areas with which I
am quite familiar, namely the initial treatment priorities in
prehospital care, the resuscitation suite, and the periopera-
tive period. These chapters are very current, including
recent citations emphasizing the need for only a few assisted
rescue breaths in conditions of severe circulatory impair-
ment, while also minimizing initial intravascular fluid

infusion in the face of internal injuries resulting from
penetrating trauma. Associated conditions known to con-
found initial trauma care are also expertly reviewed.

Volume 2 covers the critical care management of
trauma and the other emergency surgical conditions com-
monly encountered in modern surgical intensive care
units. Recent evidence-based principles of care are provided
for virtually every condition for which such data exist.
In addition, there are chapters focusing on the patient’s
transition to recovery following the critical care period,
including physical, occupational, and psychological rehabili-
tation. For example, it addresses screening and treatment of
posttraumatic stress disorder.

Complementing the breadth of material, the chapters
are co-written by experts from all of the relevant pivotal spe-
cialties, ranging from resuscitologists, emergency medicine
doctors, anesthesiologists, and orthopedists to the spectrum
of surgeons, intensivists, psychiatrists, and rehabilitation
experts. In addition, the co-authors hail from around the
globe, emphasizing the international appeal, perspective,
and orientation of this extremely inclusive, contemporary
book.

Finally, I should also say that the editors are exception-
ally well qualified for a book of this magnitude. They are
all experienced investigators, authors, and international
lecturers on the many topics covered. In summary, this
two-volume book should be considered as mandatory
reading for every clinician actively involved in the care
and management of trauma patients.

Paul E. Pepe, MD, MPH, FACEP, FCCM
Professor of Surgery, Medicine, Public Health

and Riggs Family Chair in Emergency Medicine,
University of Texas Southwestern Medical Center

and the Parkland Emergency Trauma Center
Director, City of Dallas Medical Emergency Services

for Public Safety, Public Health, and Homeland Security
Dallas, Texas, U.S.A.
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Foreword

Physicians involved in the care of injured patients come
from many different disciplines and are sometimes called
“traumatologists.” Emergency medical services personnel,
emergency physicians, anesthesiologists, surgeons, intensi-
vists, and hospital administrators are all concerned with a
broad spectrum of trauma management. This two-volume
book, edited by Wilson, Grande, and Hoyt, joins relatively
few such comprehensive books on this subject and describes
management of the trauma patient from a multidisciplinary
standpoint, and emphasizes the anesthesiologist’s physio-
logic perspective.

Internationally, the anesthesiologist is often the resus-
citation or reanimation physician, with major responsibil-
ities in the ambulance and in the evaluation area of
hospitals, often without a specific trauma service. The table
of contents reflects an international group of contributors
assembled by the editors to author the chapters. The
editors have ensured academic and intellectual strength
and clinical expertise. They are to be commended for achiev-
ing such attention to detail in the first edition.

Dr. William C. Wilson, a trauma anesthesiologist and
intensivist, is internationally recognized in the areas of
trauma airway management, respiratory gas exchange,
thoracic anesthesia, and monitoring. As editor-in-chief, Dr.
Wilson’s editorial leadership is evident in the clear organiz-
ation of the book, fluency of the writing, and balance of
coverage.

Dr. Christopher Grande, a clinically active trauma
anesthesiologist and intensivist, is the executive director of
International Trauma Care (ITACCS). He has published
extensively in the area of trauma anesthesia and critical
care for decades. Doctor Grande’s editorial influence is evi-
denced by the expert international coverage of many topics.

Dr. Hoyt is a world-renowned trauma surgeon and
surgical intensivist. He has been an active leader of numer-
ous prestigious surgical trauma organizations, including
past president of the American Association for the Surgery
of Trauma and the Shock Society, as well as chairman of
the American College of Surgeons Committee on Trauma.

He is the current president of the Pan American Trauma
Society. Dr. Hoyt’s experience and wisdom are reflected
in his careful editorial oversight of this comprehensive
two-volume treatise on trauma care.

Volume 1 covers the areas of prehospital care, resusci-
tation, perioperative management, and associated trauma
conditions. It is logically organized, covering the key
conditions, and provides clear guidelines for medical and
surgical decision making, including global operative con-
siderations. However, by design, esoteric technical details
of surgical procedures are omitted in favor of general
management concepts and principles supported by recent
literature. Other important trauma-related conditions (e.g.,
alcohol and drug intoxication, burns, near drowning, etc.)
and management of unique populations (e.g., pediatric,
geriatric, and obstetric) are also reviewed in Volume 1.

Volume 2 covers the critical care management of
trauma and is a logical, systems-based presentation of the
problems commonly encountered in a modern intensive
care unit. This volume reviews medical conditions, the role
of psychological factors, the family, rehabilitation, and
ethics. In addition, emerging topics such as remote evalu-
ation and management are introduced.

Because of the fundamental importance of the subject
matter along with the editorial review, this two-volume set
represents a compelling resource in the management of
trauma and is highly recommended for all clinicians with
primary responsibility for resuscitation and management
of trauma patients.

Kenneth L. Mattox, MD, FACS
Professor and Vice Chair

Michael E. DeBakey Department of Surgery
Baylor College of Medicine

Chief of Surgery
Ben Taub General Hospital

Houston, Texas, U.S.A.
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Preface

OVERVIEWOF BOTH VOLUMES

Trauma is the leading cause of death in the young (ages 1-44)
in the United States and the chief reason for lost years of pro-
ductive life among citizens living in industrialized countries.
Despite the enormous importance of the subject matter, no
single text has yet been published that fully covers all
phases of trauma management.

The purpose of this book is to bring together in one
source a description of modern clinical management prin-
ciples for the care of the trauma patient. This two-volume
set, Trauma, Volume 1: Emergency Resuscitation, Perioperative
Anesthesia, Surgical Management and Trauma, Volume 2: Critical
Care, thoroughly encompasses the entire spectrum of trauma
management from the prehospital phase through critical
care and rehabilitation.

A comprehensive table of contents, at the front of each
volume, encapsulates the organization of the entire book
(providing a macroscopic view), and also details the sections
and sub-headings within each chapter (providing a micro-
scopic view). The extensive index at the back of the book is
organized to provide expeditious referral to specific pages
that cover the subject matter of interest. The reader is encour-
aged to utilize both the very detailed table of contents and
the index as needed to quickly locate topics.

Each chapter in this work incorporates important fea-
tures that greatly enhance information communication and
learning. The chapters are generously illustrated with
figures and tables to facilitate synthesis of important con-
cepts. In addition, key points are highlighted within the
text and are summarized at the end of each chapter for
quick review. Care has been taken to minimize redundancy
by maximizing appropriate cross-referencing throughout.
Another useful aspect of each chapter is the Eye to the
Future section, which reviews emerging concepts and new
research findings likely to impact clinical management.

The contributors to these volumes are both authorita-
tive (having performed original research and authored
numerous publications on their subject matter) and have
extensive clinical experience. The authorship considered as
a whole is truly international, with contributors from all con-
tinents. Furthermore, both civilian and military consider-
ations are reviewed whenever relevant. The majority of
chapters have multi-specialty co-authorship by experts in
trauma surgery, trauma anesthesiology, emergency medi-
cine, and numerous other medical and surgical specialties.
In addition, chapters have multidisciplinary involvement
by experts in physical medicine, rehabilitation, nursing,
and pharmacy, among other disciplines. The scientific

soundness is further insured by the multiple layers of edi-
torial oversight; every chapter has been reviewed by at
least three experts in the field (principal, associate and
section editors). The high level of scientific accuracy and
the reader-friendly nature of these two volumes are expected
to facilitate learning in order to improve the care provided to
trauma patients around the globe.

VOLUME 2

Volume 2 is comprised of 74 chapters that are organized into
sections beginning with a basic science review emphasizing
the concepts most relevant to the practice of critical care. A
section on analgesia, sedation, and neuromuscular blockade
begins the clinical management portion of the volume. A
review of the important monitoring principles of relevance
to trauma critical care is provided next. The core of this
volume is comprised of sections covering management con-
siderations for surgical and trauma critical care conditions.
These sections and chapters are grouped according to the
systems affected, including neurological, cardiovascular,
pulmonary, gastrointestinal, renal, infectious diseases, hema-
tological, as well as endocrinological disorders and the sys-
temic inflammatory response syndrome (SIRS). Sections are
also provided covering physical and psychological rehabili-
tation, ethical concerns, and other topics, including tech-
niques for conducting rounds, remote management, the
economics of trauma, and severity of illness scoring.

Woven throughout this text are current diagnostic,
monitoring, and organ support strategies recognized to
improve outcomes in critically ill trauma patients. These
concepts include: early enteral nutrition; aggressive monitor-
ing and treatment of pain, agitation, and delirium; and pro-
phylaxis against such complications as thromboembolism,
stress ulcers, pressure sores, and ventilator-associated pneu-
monia. Newly emphasized guidelines such as tight glucose
control with intensive insulin therapy, lung protective strat-
egies of mechanical ventilation, early goal-directed therapy
for sepsis, and other evidence-based recommendations are
also provided where such data exist. The recognition that
rehabilitation begins upon admission and that the conse-
quences of early management decisions can impact long-
term outcomes are also emphasized.

William C. Wilson, MD, MA
Christopher M. Grande, MD, MPH

David B. Hoyt, MD, FACS
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7. Neurological Monitoring . . . . 125
Ahmed Fikry Attaallah and W. Andrew Kofke

B Introduction . . . . 125
B Intracranial Pressure Monitoring . . . . 125

Anatomy and Physiology . . . . 125
Intracranial Pressure Monitoring

Techniques . . . . 127
Ventriculostomy . . . . 127
Richmond Bolt . . . . 128
Epidural Intracranial Pressure Monitors . . . . 129
Intraparenchymal Intracranial Pressure

Monitors . . . . 129

Intracranial Pressure Waveforms . . . . 129
B Brain Electrical Activity . . . . 131

Electroencephalogram . . . . 131

Effect of Anesthetic Agents, Analgesics, and
Sedatives on Electroencephalogram . . . . 131

Electroencephalogram Changes Resulting
from Critical Care Events . . . . 133

Brain Death . . . . 133

Processed Electroencephalogram Monitoring . . . . 133
Bispectral Electroencephalogram Signal Processing

and Monitoring . . . . 133
Evoked Potentials . . . . 134

Brainstem Auditory Evoked
Potentials . . . . 134

Visual Evoked Potentials . . . . 134
Somatosensory Evoked Potentials . . . . 134
Motor Evoked Potentials . . . . 134
Clinical Interpretation of Evoked Potential

Changes in Context of Critical Care Events . . . . 135

B Cerebral Blood Flow . . . . 135
Transcranial Doppler Ultrasonography . . . . 135
Laser Doppler Velocimetry/Flowmetry . . . . 136
Cerebral Angiography . . . . 136
Perfusion Computed Tomography

(Helical Computer Tomography with Contrast
Injection) . . . . 136

Magnetic Resonance Angiography . . . . 136
Xenon-Enhanced Computed Tomography . . . . 137
Xenon-133 Clearance . . . . 137
Positron Emission Tomography . . . . 137
Single Photon Emission Computed

Tomography . . . . 137
B Intracranial Oxygen Saturation . . . . 137

Jugular Bulb Venous Oxygen Saturation . . . . 137
Near Infrared Spectroscopy . . . . 138
Brain Tissue PO2 Probes . . . . 138

B Eye to the Future . . . . 139
B Summary . . . . 139

Key Points . . . . 140
B References . . . . 140

8. Respiratory Monitoring . . . . 145
Jonathan B. Cohen, Enrico M. Camporesi, and
Hans. W. Schweiger

B Introduction . . . . 145
B Carbon Dioxide Monitoring . . . . 145

Metabolic Status of the Patient . . . . 145
Correct Placement of the Endotracheal Tube . . . . 145

Cardiac Output . . . . 146

Ventilation Status . . . . 146
Waveform Analysis . . . . 146
Prediction of Outcome in Trauma Patients . . . . 147

B Oxygen Monitoring . . . . 147
Inspired Gas and Alveolar Gas Monitoring . . . . 147
Arterial Blood Gas Monitoring . . . . 148
Calculation of Right-to-Left Transpulmonary

Shunt . . . . 149
Complications with Arterial Blood

Gas Measurement . . . . 150
Complications with Pulse Oximetry

Measurement . . . . 150
Mixed Venous Oximetry . . . . 151
Tissue Oxygen Monitoring . . . . 151

Near Infrared Spectroscopy . . . . 151
Monitoring the Splanchnic System:

Gastric Tonometry . . . . 151

B Eye to the Future . . . . 152
B Summary . . . . 152

xvi Contents



Key Points . . . . 152
B References . . . . 152

9. Cardiovascular Monitoring . . . . 155
William C. Chiu

B Introduction . . . . 155
B Electrocardiography . . . . 155

Heart Rate and Pulse Monitoring . . . . 155
Ischemia Monitoring . . . . 156

ST Segment Depression . . . . 156
ST Segment Elevation . . . . 156

Dysrhythmia Monitoring . . . . 157
B Arterial Pressure Monitoring . . . . 158

Physiology of Systemic Arterial Pressure . . . . 158
Arterial Pressure Waveform Characteristics . . . . 158
Noninvasive Monitoring of Arterial Pressure . . . . 159

Manual Intermittent Techniques . . . . 159
Automated Intermittent Devices . . . . 159
Continuous Automated Technology . . . . 160

Invasive Monitoring of Arterial Pressure . . . . 160
History . . . . 160
Indications . . . . 160
Site Selection . . . . 160
Complications . . . . 161
Systolic Pressure Variation . . . . 162

B Central Venous Pressure Monitoring . . . . 162
Indications . . . . 162
Site Selection . . . . 162
Interpretation . . . . 162

Effect of Mechanical Ventilation and PEEP . . . . 163
Pathologic Central Venous Pressure

Waveforms . . . . 163

B Pulmonary Artery Catheter Monitoring . . . . 163
Indications . . . . 164
Measurement of Cardiac Output . . . . 164

Thermomodification Technique . . . . 164
Fick Principle (Conservation of Mass) . . . . 165

Insertion Technique . . . . 165
Site Selection . . . . 165
Pulmonary Artery Catheter Advancement

Considerations . . . . 166

Interpretation of PAC Waveforms and
Pressure . . . . 166
Effect of Mechanical Ventilation . . . . 166
Effect of PEEP. . . . 166
Hemodynamic Profiles . . . . 166

B Continuous Cardiac Output Monitoring . . . . 167
Modified Pulmonary Artery Catheters . . . . 167
Noninvasive Cardiac Output Monitoring

Devices . . . . 168
B Eye to the Future . . . . 168
B Summary . . . . 168

Key Points . . . . 168
B References . . . . 168

10. Splanchnic and Renal Monitoring . . . . 171
Eamon O’Reilly and Eugenio Lujan

B Introduction . . . . 171
B Splanchnic Monitoring . . . . 171

Anatomy and Pathophysiology . . . . 171
Splanchnic Circulation . . . . 171
Pathological Consequences of Splanchnic

Hypoperfusion . . . . 172

Gastric pH Monitoring . . . . 172

Physiological Tenets of Gastric pH
Monitoring . . . . 172

Techniques of Gastric Tonometry . . . . 174
Outcome Studies . . . . 174

Sublingual Capnography . . . . 175
Physiological Tenets of Sublingual

Capnography . . . . 175
Technique of Sublingual Capnography . . . . 175
Outcomes Studies . . . . 175

Surrogate Measures of Splanchnic
Well-Being . . . . 175
Lactic Acidosis . . . . 175
Tolerance of Enteral Nutrition . . . . 175
Stress Gastritis . . . . 176

B Renal Monitoring . . . . 176
Introduction . . . . 176
Anatomy and Physiology . . . . 176

Renal Circulation . . . . 176
Pathology of Renal Hypoperfusion . . . . 178

Urine Output . . . . 178
Monitoring Urine Output . . . . 178
24-Hour Urine Output and Outcomes . . . . 178

Tubular Function . . . . 178
Creatinine and Creatinine Clearance . . . . 178
Fractional Excretion of Sodium . . . . 179
Fractional Excretion of Urea . . . . 179
Urine-Concentrating Ability . . . . 179

Imaging in Genitourinary Conditions . . . . 179
Renal Ultrasound . . . . 179
Computed Tomography . . . . 180

B Eye to the Future . . . . 180
B Summary . . . . 180

Key Points . . . . 180
B References . . . . 181

11. Temperature Monitoring . . . . 185
Abdallah Kabbara and Charles E. Smith

B Introduction . . . . 185
B History of Thermometry . . . . 185
B Establishment of Normal Temperature . . . . 186
B Thermoregulation . . . . 188

Hypothalamus . . . . 188
Mechanisms of Thermoregulation . . . . 188
Heat Production . . . . 188
Heat Loss . . . . 188
Countercurrent Heat Exchange (Vasoconstriction/

Vasodilation) . . . . 189
Pathophysiology of Temperature Change . . . . 189
Heat Balance . . . . 189

B Temperature Monitoring Rationale . . . . 189
Incidence and Risk Factors for Hypothermia in

Trauma . . . . 189
Hypothermia-Associated Increased Mortality

and Morbidity . . . . 190
Cardiac Effects . . . . 191
Vascular . . . . 191
Coagulopathy . . . . 191
Respiratory . . . . 191
Cellular Immune Response and

Infection . . . . 191
Glucose and Electrolytes . . . . 192
Splanchnic and Renal Effects . . . . 192

General Anesthesia . . . . 192
Regional Anesthesia . . . . 192
Deliberate Use of Hypothermia: In Cardiac and

Neuro-anesthesia . . . . 192

Contents xvii



External Factors Affecting Temperature
Measurement . . . . 193

B Thermometer Instrumentation Available . . . . 193
B Temperature Monitoring Sites . . . . 193

Core Sites . . . . 193
Esophagus . . . . 193
Nasopharyngeal . . . . 193
Pulmonary Artery . . . . 194
Tympanic Membrane (Ear) . . . . 194

Intermediate Sites . . . . 195
Mouth . . . . 195
Rectum . . . . 195
Bladder . . . . 196
Axilla and Groin . . . . 196

Peripheral Skin Sites . . . . 197
B Eye to the Future . . . . 198
B Summary . . . . 198

Key Points . . . . 198
B References . . . . 199

SECTION D: NEUROLOGICAL INJURIES AND CONSIDERATIONS
Section Editor: Lawrence F. Marshall

12. Traumatic Brain Injury: Critical Care
Management . . . . 201
Anne J. Sutcliffe

B Introduction . . . . 201
B The Goal: To Facilitate a Good Outcome . . . . 201

Defining a Good Neurological Outcome . . . . 201
Duration Endpoints and Other Complexities of

Outcome Measurements . . . . 201
Glasgow Outcome Scale . . . . 201
Disability Rating Scale . . . . 202

Implications for Intensivists . . . . 202
Assessing the Evidence Base . . . . 202
Participating in a Multidisciplinary

Approach to Care . . . . 202
Discussions with Relatives . . . . 202

Mortality and Morbidity After Discharge
Following TBI . . . . 202

B Primary Brain Injury . . . . 202
Parenchymal Tissue Damage . . . . 203

White and Grey Matter Injuries . . . . 203
Anatomical Locations of Injury and

Implications . . . . 203

Epidural Hematoma . . . . 203
Subdural Hematoma . . . . 203
Intracerebral Hemorrhage . . . . 204
Subarachnoid Hemorrhage . . . . 205
Vascular Injury . . . . 205

B Secondary Brain Injury . . . . 205
Cytotoxic Cellular Edema . . . . 205
Interstitial Edema: Vasogenic and

Hydrostatic . . . . 205
Hyperemia . . . . 206
Hypotension . . . . 206
Hypoxia . . . . 206
Herniation . . . . 206
Hyperglycemia . . . . 206
Fever . . . . 207
Seizures . . . . 207
Hydrocephalus . . . . 207
Vasospasm . . . . 207
Cerebral Infection . . . . 207
Reperfusion Injury . . . . 207

B Unifying the Effects of Secondary
(and Some Primary) Insults . . . . 207

Cerebral Metabolic Rate for Oxygen . . . . 207
Cerebral Blood Flow, Cerebral Perfusion Pressure

and Autoregulation . . . . 207
Intracranial Pressure . . . . 208

B The Role of Monitoring in the Management of
Traumatic Brain Injury . . . . 208

B Management of TBI in the Intensive Care
Unit . . . . 208

The Evolution of Intensive Care Unit Management for
Traumatic Brain Injury . . . . 208

Specific Therapies of Importance in the Management
of Traumatic Brain Injury . . . . 208
Oxygen . . . . 208
Intravascular Repletion for Hypotension . . . . 208
Ventilation, PaCO2, and Effects of

Intrathoracic Pressure . . . . 209
Sedation, Analgesia, Neuromuscular

Blockade . . . . 209
Head Elevation and Extracerebral

Venous Drainage . . . . 210
Surgery for Evacuation of Hematomas . . . . 210
Ventriculostomy for External Ventricular

Drainage . . . . 210
Osmotic Diuretics for Control of Cytotoxic and

Vasogenic Edema . . . . 210
Loop Diuretics . . . . 210
Steroids . . . . 210
Vasopressors to Increase Cerebral

Perfusion Pressure . . . . 211
Barbiturates . . . . 211
Temperature Control Including

Hypothermia . . . . 211
Seizure Control . . . . 211
Decompressive Craniectomy . . . . 211
Chest Physiotherapy and Endotracheal

Suctioning . . . . 211
Nimodipine to Control Vasospasm . . . . 211
Management of Hyperglycemia . . . . 211

Management by Standardized Protocol . . . . 211
The Lund Protocol . . . . 212

B Associated Organ System Complications Following
Traumatic Brain Injury . . . . 212

Neurogenic Pulmonary Edema . . . . 212
Hypernatremia . . . . 212
Hyponatremia: SIADH vs. Cerebral Salt Wasting

Syndrome . . . . 213
B Other Aspects of Critical Care for Traumatic

Brain Injury Patients . . . . 213
Enteral Nutrition . . . . 213
Acute Respiratory Distress Syndrome

and Sepsis . . . . 213
Weaning and Extubation . . . . 213
Indications for Tracheostomy . . . . 213
The Diagnosis and Treatment of Agitation

Following Extubation . . . . 214
B Rehabilitation Begins in the Intensive

Care Unit . . . . 214
Appropriate Sensory Stimulation . . . . 214
Spasticity and Contractures . . . . 214
Heterotopic Ossification of Joints . . . . 214
Management of Long Bone Fractures . . . . 214

B Dying in the Intensive Care Unit From a Head
Injury . . . . 214

Brain Death and Brainstem Death . . . . 214
Organ Donation After Traumatic Brain Injury . . . . 214
Communication with Family Members . . . . 215
Withhold or Withdrawal of Treatment . . . . 215

xviii Contents



B Uncertainties in the Management of Traumatic
Brain Injury . . . . 215

B Eye to the Future . . . . 215
B Summary . . . . 215

Key Points . . . . 216
B References . . . . 216

13. Spinal Cord Injury: Critical Care Management . . . . 221
Christopher Junker and Lucia Palladino

B Introduction . . . . 221
B Anatomical Considerations . . . . 221

Skeletal Structure . . . . 221
Vascular Anatomy . . . . 221

B Pathophysiology of Spinal Cord Injury and
the Basis of Pharmacological Intervention . . . . 221

Pathophysiology . . . . 221
Basis of Pharmacological Intervention . . . . 222
Pharmacology for Specific Treatment of

Spinal Cord Injury . . . . 223
B Initial Assessment and Management . . . . 223
B Radiologic Diagnosis . . . . 223
B Nonsurgical Stabilization . . . . 226
B Specific Spinal Cord Injury Syndromes . . . . 226
B Systemic Manifestations of Spinal Cord Injury and

Related Management . . . . 227
Cardiovascular . . . . 227

Spinal Shock . . . . 227
Early Cardiovascular Resuscitation Following

Spinal Cord Injury . . . . 227

Pulmonary . . . . 228
Early Pulmonary Complications of

Spinal Cord Injury . . . . 228
Thromboembolic Complications . . . . 229
Chronic Pulmonary Complications of Spinal

Cord Injury (Ventilator Weaning,
Diaphragmatic Pacing, Chronic Ventilator
Dependence) . . . . 229

Tracheostomy Decision Making in Spinal
Cord Injury Patients . . . . 230

Gastrointestinal System . . . . 231
Enteral Nutrition . . . . 231
Ulcer Prophylaxis . . . . 231

Genitourinary System . . . . 231
Cutaneous and Musculoskeletal Systems . . . . 232

Pressure Sores . . . . 232
Contractures and Spasticity . . . . 232

B Eye to the Future . . . . 232
B Summary . . . . 233

Key Points . . . . 233
B References . . . . 234

14. Management of Intracerebral Vascular
Catastrophes . . . . 239
Rahul Jandial, Henry E. Aryan, Samuel A. Hughes,
and Hoi Sang U

B Introduction . . . . 239
B Subarachnoid Hemorrhage . . . . 239

Pathogenesis . . . . 239
Presentation . . . . 239
Diagnostic Evaluation . . . . 240
Clinical Grading . . . . 241
Therapy . . . . 241

Surgical Therapy . . . . 241
Endovascular Therapy . . . . 241

Management of Subarachnoid Hemorrhage and Its
Complications . . . . 242

Initial Management . . . . 242
Neurological Consequences of Subarachnoid

Hemorrhage . . . . 243
Medical Consequences of Subarachnoid

Hemorrhage . . . . 244

B Arteriovenous Malformation . . . . 244
Pathogenesis . . . . 244
Presentation . . . . 245
Diagnostic Evaluation . . . . 245
Therapy . . . . 245
Medical Intensive Care Unit Management . . . . 246

B Intracerebral Hemorrhage . . . . 246
Pathogenesis . . . . 246
Presentation . . . . 246
Diagnostic Evaluation . . . . 247
Therapy . . . . 248
Medical Intensive Care Unit

Management . . . . 249
B Ischemic Cerebrovascular Disease . . . . 249

Pathophysiology . . . . 249
Laboratory and Radiological Evaluation . . . . 250
Management . . . . 251

Supportive Care . . . . 252
Thrombolytics, Anticoagulations, and

Antiplatelet Drugs . . . . 252

B Miscellaneous Cerebrovascular Lesions . . . . 253
Traumatic Aneurysms . . . . 253
Cerebral Venous Thrombosis . . . . 253
Carotid Cavernous Sinus Fistulae . . . . 253

B Eye to the Future . . . . 253
B Summary . . . . 254

Key Points . . . . 254
B References . . . . 255

15. Pediatric Neurological Trauma and Other
Emergencies . . . . 259
Rukaiya K. Hamid, Philippa Newfield, Michael L. Levy,
Rahul Jandial, and Peter J. Davis

B Introduction . . . . 259
B Pediatric-Specific Intracranial Pressure

Considerations . . . . 259
B Closed Head Trauma . . . . 261

Epidemiology . . . . 261
Mechanisms of Injury . . . . 261

Injuries from Falls . . . . 261
Injuries Resulting from Vehicular Crash . . . . 261
Shaken Baby Syndrome and Other Forms of

Child Abuse . . . . 261

Imaging Following Mild Alterations in
Consciousness . . . . 262

Specific Pathologic Lesions . . . . 262
Intracerebral Hematoma . . . . 262
Epidural Hematoma . . . . 262
Subdural Hematoma . . . . 262
Complex Depressed Skull Fractures . . . . 263
Cranial Burst Fractures in Infants . . . . 263

B Penetrating Trauma . . . . 263
Prognostic Factors for Penetrating Head

Injury . . . . 263
Surgical Approach to Penetrating Head

Injury . . . . 264
B Traumatic Birth Injuries . . . . 264
B Traumatic Vascular Lesions . . . . 265

Cervical Carotid Injury . . . . 265
Vertebral Artery Injuries . . . . 266
Intracranial Vascular Injury . . . . 266
Traumatic Aneurysms . . . . 267

Contents xix



B Congenital Vascular Anomalies . . . . 267
Vein of Galen Aneurysm . . . . 267

Arteriovenous Malformations . . . . 268

Aneurysms . . . . 268
Cavernous Angiomas and Venous Angiomas . . . . 269

B Hydrocephalus . . . . 269
B Infection . . . . 270

Subdural and Epidural Empyema . . . . 270
Meningitis . . . . 270
Shunt Infection . . . . 270

B Neoplasms . . . . 271
B Spine . . . . 271

Spina Bifida . . . . 271
Vascular Malformations . . . . 272
Spine Neoplasms . . . . 272

B Miscellaneous . . . . 273
Craniofacial Anomalies . . . . 273
Encephaloceles . . . . 273
Aplasis Cutis Congenita . . . . 273
Teratomas and Choristomas . . . . 273

B Pediatric Intensive Care Unit Complications
Following Central Nervous System
Trauma . . . . 273

Hypotension . . . . 273
Acute Lung Injury . . . . 273
Neuroinflammation . . . . 273
Hypopituitarism . . . . 273

B Eye to the Future . . . . 274
Molecular Therapies . . . . 274
Hypothermia . . . . 274
Hypertonic Saline . . . . 274
New Intracranial Pressure Monitoring and

Cerebrospinal Fluid Draining Techniques . . . . 274
Magnesium Therapy . . . . 274

B Summary . . . . 275
Key Points . . . . 275

B References . . . . 276

16. Brain Death and Organ Donation . . . . 281
John K. Stene and Rahul Jandial

B Introduction . . . . 281
B Evolving Concept of Brain Death . . . . 281

Advances in Organ Preservation and
Transplantation . . . . 281

International Variability in Definition . . . . 282
Religious and Legal Viewpoints . . . . 283
Philosophical Evolution Continues . . . . 283

B Diagnosis of Brain Death . . . . 284
Clinical Determination of Brain Death . . . . 284

Irreversible Etiology of Coma . . . . 285
Loss of Cerebral Function . . . . 285
Loss of Brainstem Function . . . . 285

Confirmatory Studies . . . . 286
Brain Death Determinations in Children . . . . 286

B Organ Donation . . . . 287
Balancing Sensitivity for the Grieving

Family with the Need for Organ
Donors . . . . 287

Role of the Organ Procurement
Organization . . . . 288

Non-Heart-Beating Organ Donation
(Special Case) . . . . 288

B Intensive Care Unit Management of the Brain Dead
Organ Donor . . . . 289

Hemodynamic Management . . . . 289
Ventilation Management and Infection

Control . . . . 290
Endocrine Changes . . . . 290

B Operative Management During Organ
Procurement . . . . 290

General Considerations . . . . 290
Rationale for Organ Excision Sequence . . . . 290
Technical Overview of Organ Procurement . . . . 291

B Eye to the Future . . . . 292
B Summary . . . . 292

Key Points . . . . 293
B References . . . . 293

SECTION E: CARDIOVASCULAR CONSIDERATIONS IN CRITICAL CARE
Section Editors: William J. Mazzei and Charles E. Smith

17. Hemodynamic Management . . . . 295
Donnelle L. Crouse, Martin Straznicky, and
William C. Wilson

B Introduction . . . . 295
B Normal and Rational Hemodynamic Indices . . . . 295

Heart Rate . . . . 295
Rhythm . . . . 297
Preload . . . . 297
Afterload . . . . 297
Contractility . . . . 297
Adequacy of Perfusion (Oxygen
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SECTION A: Basic Science Preview
SECTION EDITOR: RAHUL JANDIAL

1

Neurophysiology Review

Paul Picton
Department of Anesthesiology, University of Michigan School of Medicine, Ann Arbor, Michigan, U.S.A.

Charles D. Deakin
Department of Anesthesia, Southampton University Hospitals NHS Trust, Southampton, U.K.

INTRODUCTION

Pathophysiological principles underpin the modern manage-
ment of trauma and head injury. It is vital that healthcare
professionals have a good understanding of neurophysiol-
ogy and pathophysiology and are able to interpret the
many monitoring parameters now available in order to
offer best management.

In this chapter, the most important physiological prin-
ciples relevant to the management of trauma patients, in
general, and to head injury, in particular, will be discussed.
Some important anatomy will be included. The pathophy-
siological response to injury of the central nervous system
(CNS) will be outlined, which continues to be an area of
intense research. Some pharmacological and therapeutic
interventions will be discussed where relevant, and some
monitoring techniques will be briefly considered.

APPLIED ANATOMY

The nervous system may be divided anatomically into the
CNS, the peripheral nervous system (PNS), and the auto-
nomic nervous system (ANS). The CNS is further divided
into brain, brainstem, and spinal cord. The cerebrospinal
fluid (CSF) system provides a buffer against movement
for the CNS, and the blood–brain barrier provides for
some separation of the CNS from the systemic environ-
ment.

Brain
The brain has a mass of approximately 1500 g and is con-
tained within a noncompliant bony vault: the skull. It is
formed of the four major lobes (frontal, parietal, temporal,
and occipital), the thalamus, the hypothalamus, the basal
ganglia, brainstem, and the cerebellum (Fig. 1). A relatively
thin stratum of neurons on the surface of the cerebrum and
cerebellum comprise the portions known as the cerebral
and cerebellar cortex. Each geographical region of the
brain, and its associated structures, serve specific neuro-
logical functions. Accordingly, destructive lesions to dis-
crete regions will result in characteristic clinical findings
(Table 1).

Four Major Lobes (Frontal, Parietal, Temporal, and Occipital)
The frontal lobes are responsible for motor and various
elements of intellectual and emotive function. The pre-
central gyrus, the primary motor cortex, is located immedi-
ately anterior to the central sulcus. The motor complex is
somatotopically organized (Fig. 2) so that stimulation of
the medial portion causes muscle contraction in the lower
limb and trunk, stimulation of the middle portion causes
muscle contraction in the upper limb, and stimulation of
the most lateral portion causes muscle contraction in the
head and neck. Immediately anterior to the primary motor
cortex is the premotor cortex that is also somatotopically
organized, but here stimulation at various points results in
patterns of movement rather than individual muscle or
muscle group contraction (1,2). Destructive lesions of the
frontal lobe cause intellectual impairment, personality
change, and contralateral motor dysfunction (3). An import-
ant speech region known as Broca’s area is found within the
frontal lobe (see subsequently).

The parietal lobes are located above the temporal lobes
between the frontal and occipital lobes. The primary sensory
cortex is located in the postcentral gyrus and like the
primary motor cortex is somatotopically represented
(Fig. 3) (4). Destructive lesions of the parietal lobes result
in contralateral sensory dysfunction, apraxia, a failure to
recognize faces or surroundings, and homonymous visual
field defects (3).

The temporal lobes are situated inferior to the parietal
lobes. Destructive lesions result in acalculia, confusional
states, and homonymous visual field defects (3). Alexia
and agraphia may result from either temporal or parietal
lobe injuries. Also, auditory associations may be impaired
when Wernicke’s area is injured (see subsequently).

The occipital lobes contain the primary visual cortex.
Destructive lesions result in visual field and visuo-spatial
defects and disturbances in visual recognition (3).

Cerebral Cortex
The cerebral cortex forms a 2- to 5-mm surface layer of the
brain, which is organized into six horizontal layers. The
neurons of layers I, II, and III form connections with other
parts of the ipsilateral or contralateral cerebral cortex. The
neurons in layer IV receive sensory input from the thalamus.
Projections to the brainstem and spinal cord take origin from
cell bodies located in layer V, and corticothalamic fibers arise
from layer VI (5,6).
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Thalamus, Hypothalamus, and the Basal Ganglia
The thalamus forms a relay station between the periphery
and cerebral cortex. The hypothalamus provides a link
between the nervous and endocrine systems. Together with
a portion of the basal ganglia, these pathways form the
limbic system, which controls emotion and physiologic
drives (7,8).

Cerebellum and Cerebellar Cortex
The cerebellum consists of a three-layered cortex and four
paired nuclei. The vermis divides the cerebellum in the
sagittal plane and is organized in a somatotopical fashion.
The cerebellum and a portion of the basal ganglia are vital
for the control and co-ordination of movement (9,10).

Figure 1 Major anatomical brain regions illustrated in the

lateral view of the left hemisphere.

Figure 2 The motor homunculus showing somatotopical

representation of the primary motor cortex.

Figure 3 The sensory homunculus showing somatotopical

representation of the primary sensory cortex.

Table 1 Regions of the Brain, Their Primary Functions, and

the Result of Destructive Lesions

Brain region

Primary

function

Result of destructive

lesion

Frontal lobe Motor

Intellect

Personality

Motor aspects

of speech

(Broca’s area)

Contralateral hemiparesis

Intellectual impairment

Personality change

Expressive dysphasia

Parietal lobe Primary sensory Contralateral sensory

dysfunction

Apraxia

Homonymous visual

field defects

Temporal lobe Hearing

Language

Perception

Acalculia

Alexia

Agraphia

Homonymous visual

field defects

Temporal-parietal Speech

comprehension

(Wernike’s area)

Receptive dysphasia

Occipital lobe Primary visual Visual field defects

Disturbances of visual

recognition

Thalamus Relay station

Memory

Signal disruption

Disruption of long-term

memory

Limbic system Emotion and

drives

Emotional instability/
dysfunction

Cerebellum Motor

coordination

Ipsilateral loss of motor

coordination
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Brainstem
The brainstem consists of the midbrain, pons, and medulla
oblongata. It contains vital centers for respiratory and
cardiovascular control, the reticular activating system, and
the cranial nerve nuclei. It maintains consciousness, the
sleep–wake cycle, and spontaneous ventilation. Descending
and ascending pathways pass through the brainstem.

Spinal Cord
The spinal cord is approximately 45 cm long in the adult, ter-
minating inferiorly in the conus medularis at approximately
L1/L2; although there is considerable variation. The lumbar
and sacral roots have a progressively longer course from the
spinal cord to reach their corresponding intervertebral fora-
mina and collectively form the cauda equine (11).

In transverse section, the cord consists of a central
canal, a pericentral zone of gray matter, and an outer zone

of white matter. In the white matter, definite ascending
and descending tracts are formed (Fig. 4). The function of
the individual tracts is outlined in Table 2.

Arterial Supply and Venous Drainage of the Central
Nervous System
Brain and Brainstem

The blood supply of the brain derives from the Circle
of Willis. The paired internal carotid arteries (ICAs)
divide into anterior cerebral arteries (ACAs) and middle cer-
ebral arteries (MCAs) and provide 70% of cerebral blood
supply. The basilar artery is formed by the union of the
paired vertebral arteries, dividing into the two posterior
cerebral arteries (PCAs) to provide the remaining 30% of
cerebral blood flow (CBF). The anterior communicating
artery joins the two ACAs, and the posterior communicating
artery joins the ICA with the PCA. This anastomosis
forms the Circle of Willis (Fig. 5) (12). The ACA supplies
the medial portions of the cerebral hemispheres, the
MCA supplies the lateral portions, and the PCA supplies
the occipital and inferior portions of the temporal lobe
(13). The brainstem derives its blood supply from the verteb-
robasilar system.

Venous blood drains from the brain cortex and subcor-
tical medullary substance into superficial cerebral veins, and
subsequently into the dural venous sinus network. The veins
of the brain, as well as the dural sinus system, are entirely
devoid of valves. The venous dural sinuses collect blood
from the superficial and deep cerebral veins, as well as
the skull, and represent the major drainage pathway of the
cranial cavity. The venous dural sinuses drain into the
jugular bulb and internal jugular vein, which empties into
the superior vena cava on the right side, and the innominate
vein on the left (13). In most individuals, one of the two
internal jugular veins is dominant (receiving most of the
dural sinus flow), usually the right one, hence the best site
for jugular venous saturation monitoring.

Spinal Cord
The spinal cord blood supply emanates from the larger and
more important anterior spinal artery (formed by the union

Figure 4 Cross-section of the spinal cord showing the main

ascending (dark gray) and descending (stippled) pathways. The

ventral portion of the cord is shown on the bottom of the figure,

and the dorsal portion is shown on the top of the figure.

Figure 5 Circle of Willis—the major blood supply to the brain.

Table 2 Name and Function of Major Spinal Cord Tracts

Tracts Name Function

Ascending

(sensory)

Fasciculus

gracilis

Contralateral touch, vibration,

and proprioception of

lower limb

Fasciculus

cuneatus

Contralateral touch, vibration,

and proprioception of

upper limb

Spinothalamic Contralateral pain and

temperature

Spinocerebellar Transmit ipsilateral proprio-

ceptive information to the

cerebellum

Descending

(motor)

Lateral

corticospinal

Primary motor (75–90%)—

crossed

Ventral

corticospinal

Primary motor (10–25%)—

uncrossed

Vestibulospinal Transmit vestibular infor-

mation to the motor system
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of a branch from each vertebral artery) and the posterior
spinal arteries (bilateral vessels which take origin from the
inferior cerebellar arteries). The anterior blood supply is sup-
plemented by a series of radicular branches most of which
are small but some offer significant flow, particularly the
radicularis magna, also known as the “artery of Adamkie-
wicz” (Fig. 6) (14).

Venous drainage of the spinal cord and vertebral
column is complex, with numerous free anastamoses
between two primary networks of veins (internal and exter-
nal). The internal veins drain the spinal cord, and corre-
spond to the arteries in their distribution, forming a

tortuous pattern in the pia matter surrounding the spinal
cord. The venules empty into the anterior and posterior
spinal veins, which drain above and below as well as seg-
mentally into anterior and posterior radicular veins (adja-
cent to each nerve route as it exits the foramen). The
external venous plexus drains the vertebral bodies (anterior)
and laminae (posterior) and empties segmentally into the
intervertebral veins. Here, there is anastomosis with the
segmental drainage from the spinal cord. Therefore,
changes in intrathoracic pressure or cerebral spinal fluid
pressure may produce variations in cord blood volume
and flow characteristics. Under various conditions, includ-
ing surgery, placement of epidural fluids, pregnancy, and
spinal trauma, the venous flow may become congested or
alter its characteristics, making the cord more vulnerable to
ischemia.

Cerebrospinal Fluid System
The CSF system is comprised of the interconnecting ventri-
cles, cisterns, and the subarachnoid space (Fig. 7). The two
lateral ventricles communicate with the third ventricle via
the interventricular foramina of Monro, and the third ventri-
cle communicates with the fourth via the cerebral aqueduct
of Sylvius. The fourth ventricle communicates with the basal
cisterns via the bilateral formina of Luschka and via the
foramen of Magendie to the subarachnoid space. The intra-
cranial ventricular system contains approximately 150 mL
of CSF that, having the same specific gravity as CNS
tissue, provides a buffer against movement and trauma
(i.e., the brain essentially floats). Also, by changing the
volume of CSF, it provides a pressure buffer against any
expanding lesion within the cranium (14,15).

The bulk of CSF production occurs in the choroid
plexuses of the four ventricles at a constant rate of approxi-
mately 500 mL/day, which allows for approximately four
turnovers in 24 hours. The CSF circulates through the
system to be eventually absorbed into the sagittal venous
sinus via multiple arachnoid villi. The absorption rate deter-
mines both CSF volume and pressure (16). The normal intra-
cranial pressure (ICP) ranges from 1 to 15 mmHg (i.e.,
1–20 cm H2O).

When compared to plasma, the CSF contains lower
glucose, potassium, and protein and greater sodium,
chloride, and hydrogen ion concentrations (Table 3). There
are no red blood cells and few white blood cells. The CSF

Figure 6 Blood supply to the spinal cord. (A) Transverse section

demonstrating contributions from the anterior, posterior, and

radicular spinal arteries. (B) Lateral schematic view illustrating the

contribution of the radicular branches. The thoracic radicular

artery, and especially the radicularis magna (“artery of

Adamkiewicz”) are particularly important. Figure 7 The cerebral ventricular system.
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is in direct communication with the CNS extracellular fluid,
and hence their compositions are the same (3).

Blood^Brain Barrier
The blood–brain barrier is formed by tight junctions between
endothelial cells of CNS capillaries and, to a lesser extent, by
astrocyte function. The movement of substances into the
brain is restricted, and hence the composition of CSF and
CNS extracellular fluid (CNS ECF) is not the same as ECF,
elsewhere in the body. It is virtually impermeable to plasma
proteins and large nonlipid-soluble molecules. It is slightly
permeable to electrolytes and highly permeable to lipid-
soluble substances, water, oxygen, and carbon dioxide (16,17).

Cellular Elements
The key cellular elements of the CNS are neurons and their
supporting glial cells. The adult human CNS is estimated
to contain more than 100 billion neurons.

Despite considerable variability in neuronal mor-
phology they all consist of three basic elements: the cell
body, dendrites, and a single axon. Generally speaking,
they are organized into two systems: afferent and efferent.
The afferent neurons bring impulses inward for processing.
For example, the sensory system is responsible for
information reception regarding touch, temperature, pain,
position, taste, smell, hearing, and sight. The efferent
system includes all of the out going impulses (e.g., the
motor system, which controls and co-ordinates movement).
Neuronal function is dependent on rapid communication
between neurons. This occurs via synapses. The synapses
are junctions that may be chemical or electrical, the former
comprising the vast majority. Presynaptic neuronal depolar-
ization causes calcium-dependent synaptic vesicle/synaptic
terminal membrane interaction and the subsequent release
of neurotransmitter into the synaptic cleft (a 10–30 m space
between the synaptic terminal and postsynaptic neuron).
Electrical synapses consist of low resistance gap junctions
between neurons. Electrical communication occurs, allowing
rapid signal transfer (18).

Glial cells outnumber neurons approximately ten to
one. They have a supporting role and consist of several differ-
ent types. The star-shaped astrocytes function to maintain the
local environment within the CNS and secrete various regu-
latory factors. Oligodendrocytes ensheath neuronal pro-
cesses, and are hence responsible for CNS myelination.
Microglia have a predominantly phagocytic role. Ependymal
cells separate neurons from the ventricular system (17,19).

Autonomic Nervous System
The ANS has efferents to visceral organs, blood vessels, and
secretory glands. Although influenced by higher brain
centers, such as the limbic cortex, the ANS operates to

control the homeostatic environment in a purely reflex
fashion. Cardiac output (Q̇), arterial blood pressure,
bronchiolar tone, gastrointestinal motility, urinary bladder
function, sexual function, sweating and body temperature,
and many other systems are influenced. It is conventionally
divided into two systems: the sympathetic and the parasym-
pathetic (Fig. 8), which differ anatomically, physiologically,
and pharmacologically. Each has pre- and postganglionic
neurons. Preganglionic neurons have cell bodies located in
either the brainstem or spinal cord and synapse with post-
ganglionic neurons located in ganglia via thinly myelinated
axons. Postganglionic neurons send unmyelinated fibers to
visceral effector cells (20–22).

Sympathetic (Thoraco-Lumbar)
The sympathetic chain is a ganglionated nerve trunk,
extending from the base of the skull to the coccyx in close
approximation to the spinal cord. Postganglionic branches
from the sympathetic chain are unmyelinated, tend to run
a long course, and may be divided into somatic and visceral
groups. Somatic fibers, distributed by spinal nerves, supply
the skin and sweat glands. Visceral fibers to the head and
neck ascend with the internal carotid and vertebral arteries.
Thoracic organs are supplied from local plexuses, and
abdominal organs are supplied from the celiac, hypogastric
and pelvic plexuses.

The cell bodies of preganglionic neurons are located
in the intermediolateral horn of the spinal cord from seg-
ments T1-L2. The small segmental myelinated axons leave
the spinal cord in the anterior primary rami and pass into
the sympathetic chain at the same level via the white
rami communicans. The axons then take one of three paths:
(i) terminate in the sympathetic chain, at its level of origin;
(ii) ascend or descend in the sympathetic chain, before
synapsing at a different level; or (iii) exit the sympathetic
chain without synapsing and terminate in paravertebral
ganglion via splanchnic nerves. Sympathetic preganglionic
neurons are generally short (23). Sympathetic innervation
follows a segmental pattern. The spinal segments responsible
are approximately as follows: head and neck, T1-2; upper
limb, T2-7; thorax, T1-4; abdomen, T4-L2; lower limb,
T11-L2 (24).

The adrenal medulla forms an important part of the
sympathetic nervous system. It is supplied with a rich
plexus of preganglionic fibers that pass directly through
the celiac plexus. These fibers terminate in contact with
medullary cells and stimulate the release of epinephrine
and norepinepherine into the bloodstream from where
they act at effector sites in a hormonal fashion (21,22). Sym-
pathetic stimulation generally increases cardiovascular
activity and arousal while reducing other visceral activity.
This forms the “fight or flight” response.

Parasympathetic (Cranio-Sacral)
The parasympathetic system is less widely distributed. The
bulk of innervation is to the body cavity viscera. There is
no supply to skeletal muscle or skin. Preganglionic fibers
are long and myelinated, whereas postganglionic fibers are
short and are unmyelinated. Preganglionic fibers arise
from a cranial and a sacral component.

Table 3 Comparison of Plasma and Cerebrospinal Fluid

Constituents

Plasma CSF

Naþ (mmol/L) 134–146 146–148

Kþ (mmol/L) 3.4–5.0 2.8–3.1

HCO3
2 (mmol/L) 22–32 23–24

Cl2 (mmol/L) 98–104 120–28

pH (pH units) 7.35–7.45 7.30–7.35

Glucose (mmol/L) 3.9–6.2 2.7–4.2

WBC (mm3) 5–103/mm3 ,5/mm3

Protein (g/L) 63–78 0.15–0.45

IgG (g/L) 5.4–16.1 ,0.05

Abbreviations: CSF, cerebrospinal fluid; WBC, white blood cell count;

Ig, immunoglobulin.
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Cell bodies of the cranial outflow are located in brain-
stem nuclei of the cranial nerves III, VII, IX, and X. Fibers are
then distributed with these nerves. Fibers from III, VII, and
IX are relayed via four ganglia close to the effector sites:
III, the ciliary ganglion; VII, the pterygopalatine and sub-
mandibular ganglia; IX, the otic ganglion. The vagal
outflow (X) has the most widespread and most important
distribution. Fibers terminate in tiny ganglia that lie in
visceral walls.

Cell bodies of the sacral outflow are located at sacral
segments S2-4 from where their fibers leave in the anterior
primary rami. Fibers from the anterior primary rami join to
form the pelvic splanchnic nerves that pass through the
pelvic plexus to synapse on tiny ganglia in the walls of the
pelvic viscera (24). Postganglionic fibers synapse with effec-
tor organ cells. Parasympathetic stimulation is generally
inhibitory to the heart and lungs and stimulatory to the
gastrointestinal system. It also provides a “mechanism for
emptying” (21,22).

Neurotransmission (Cholinergic vs. Adrenergic)
and Receptor Subtypes
All preganglionic neurons and postganglionic parasympa-
thetic neurons secrete acetylcholine as a neurotransmitter.
Cholinergic receptors are subdivided into muscarinic
and nicotinic. At both sympathetic and parasympathetic
ganglia, postsynaptic membranes have nicotinic acetyl-
choline receptors. In addition, the neuromuscular junction
(NMJ) of skeletal muscle is nicotinic (see Volume 2,
Chapter 6). Nicotinic receptors are so named because nic-
otine is agonist and curare antagonist. Muscarinic receptors
are located on all effector cells stimulated by postganglionic
parasympathetic neurons. Muscarine has agonist and atro-
pine antagonist actions at these receptors.

Sympathetic postganglionic neurons secrete norepine-
pherine as a neurotransmitter and are referred to as adrener-
gic, in all cases except for three (piloerector muscles, sweat
glands, and some blood vessels) which secrete acetylcholine
and are muscarinic.

Figure 8 The efferent pathways of the autonomic nervous system. The sympathetic pathways are shown in bold lines, and the

parasympathetic pathways are shown in thin lines.
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Adrenergic receptors are subdivided into a- and b-
receptors. Norepinepherine has greater action at alpha
receptors. Epinephrine has approximately equal action at
both types. Effector tissue response to catecholamines is
determined by the type and density of the receptors
expressed by that tissue.

Receptors are further subdivided into pre- (a2) and
post- (a1) junctional receptors. The a1 stimulation causes
vasoconstriction, contraction of gut and bladder sphincters,
and dilation of the iris. The a2 stimulation results in vasodi-
lation, and centrally located receptors are important in the
perception of pain.

b-receptors are also subdivided into two types: b1 and
b2. The b1-receptors are located on the heart and have posi-
tive inotropic and chronotropic effects. The b2-receptors
mediate bronchodilation, skeletal muscle vasodilation,
uterine relaxation, and glycogenolysis (24).

AutonomicTone
It is appropriate to view the often-opposing actions of the
sympathetic and parasympathetic nervous systems as a
means of co-ordinating visceral activity. The basal rate of
activity of the ANS allows a single division to exert a
change in the function of an effector organ. For example,
baseline sympathetic tone constricts systemic arterioles to
approximately half of their maximum diameter. A decrease
in sympathetic tone will result in vasodilation, and an
increase in sympathetic tone in vasoconstriction (22).

Location of Higher Intellectual Brain Functions
Speech and Language

Almost all right-handed people and 70% of left-handed
individuals have speech and language centers located in

the left cerebral hemisphere. The location of the speech
and language centers designate hemisphere dominance.
Two centers for speech are classically described: Broca’s
area located in the dominant frontal lobe and Wernicke’s
area located in the dominant temporoparietal zone. A
lesion in Broca’s area causes expressive dysphasia or
aphasia; comprehension is preserved, but fluency is compro-
mised. A lesion in Wernicke’s area causes receptive dyspha-
sia or aphasia; comprehension is compromised, but fluency
of speech is preserved. However, the spoken words are
often incorrect, and the affected patient speaks in muddled
jargon (2,25).

Memory
Memory formation is incompletely understood. It may result
from changes in synapse structure or in altered pathways.
Lesions in the hippocampus cause anterograde amnesia
and disrupt short-term memory, whereas those in the thala-
mus and cortex disrupt long-term memory (2).

PHYSIOLOGY
Impulse Generation
Membrane Structure
Membranes form a permeability barrier to most water-
soluble molecules, separate cells from one another, and
divide compartments within cells. All cell membranes
are composed of a lipid bilayer, approximately 10 nm in
depth, with phospholipids and proteins being their major
constituents. Phospholipid molecules have polar, usually

choline- containing, hydrophilic heads and hydrophobic
fatty acid chains as tails. Membrane proteins are either
intrinsic, which traverse the lipid bilayer, or extrinsic,
which are located on the membrane surface. Membrane pro-
teins form ion channels and receptors and also function as
enzymes. A small amount of glycolipid exists on the outer
surface of cell membranes that has important receptor func-
tion and constitutes antigens (26).

Transport Across Membranes
The transfer of molecules across membranes is either passive
(energy independent) or active (energy dependent). Active
transport requires more oxygen (O2) and glucose utilization.

Passive Transfer (Diffusion and Osmosis)
Passive transfer of solutes occurs across cell membranes
principally by diffusion (simple or facilitated), as molecules
travel from an area of high concentration to an area of lower
concentration. Diffusion results from the continuous random
movement of molecules in the fluid state, resulting from the
normal kinetic motion of matter.

Simple diffusion occurs without binding to specific
proteins. Water-soluble molecules cross via membrane chan-
nels or junctions within the lipid bilayer. Lipid-soluble sub-
stances are able to pass directly through. In general terms,
the rate of diffusion of a substance across a plasma mem-
brane is directly proportional to its lipid solubility (27).
The rate of diffusion may be described in the terms of
Graham’s law (i.e., “The rate of diffusion of a substance is
inversely proportional to the square root of its molecular
weight”) (28), and by Fick’s law (Equation 1), which states
that the rate of diffusion is proportional to the surface area
of the membrane and the concentration difference across a
membrane and inversely proportional to the thickness of
the membrane (26,28).

Diffusion ¼ DAsurfaceDC Tmembrane � 1 (1)

where D is the diffusion coefficient of a substance through
a particular membrane; Asurface, the surface area; DC,
the concentration difference; and Tmembrane, the membrane
thickness.

Facilitated diffusion requires binding to a specific
carrier protein within the membrane. Conformational
change occurs within the carrier protein, and both substance
and protein move through the membrane in a nonenergy-
dependent process. The substance is released on the other
side of the membrane. The rate of diffusion is limited by
the rate of conformational change of the carrier protein.
Movement is only possible down a concentration gradient.
An important example is the transport of glucose into cells
(26,27,29).

Osmosis is the movement of water across a semi-
permeable membrane from a higher to a lower concentration
(of water). The osmotic pressure of a solution is the pressure
that must be applied in order to prevent the movement of
water into that solution. Osmotic pressure is described in
terms of the number of particles per unit volume of fluid.
Changes in the osmotic pressure gradient across cell mem-
branes cause them to swell or shrink (26,27).

Active Transfer (Energy Dependent)
Active transport is an energy-dependent process that moves
a substance against its electrochemical gradient. It relies on
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the presence of a transmembrane carrier protein and can be
primary or secondary.

Primary active transport is linked directly to the cellu-
lar breakdown of a high-energy phosphate compound,
usually adenosine triphosphate (ATP). An important
example is the sodium–potassium pump. Three sodium
ions are moved out of the cell for every two potassium
ions moved in. Binding of the ions to the carrier protein acti-
vates ATPase that cleaves a molecule of ATP to release the
required energy. The pump is vital to maintain the normal
resting negative electrical potential inside cells and for regu-
lating cell volume (30). A further example is calcium ATPase
found on cell plasma membranes and on those of intracellu-
lar vesicles in which calcium is concentrated. Calcium is a
key second messenger, and the maintenance of a low base-
line intracellular calcium concentration and the facility for
its rapid control are vital to normal cellular function (26,27).

Secondary active transport utilizes the energy derived
from the electrochemical gradient of a substance transported
by primary active transport. It may be cotransport, the sec-
ondary substance moving in the same direction as the
primary substance, or countertransport, the secondary
substance moving in the opposite direction to the primary
substance. Glucose and amino acids may be cotransported
with sodium, whereas calcium and hydrogen ions may be
countertransported with sodium (26,27,31).

Resting Membrane Potential
The cytoplasm of all cells is electronegative, relative to extra-
cellular fluid, and hence a potential difference exists across
plasma membranes. This is termed the resting potential.
Neurons and myocytes have the capability of electrical
impulse generation. They are termed excitable tissues.

The resting potential is dependent upon ionic
equilibria and the selective permeability of the plasma
membrane. Ionic equilibrium exists when the two “forces”
acting on charged particles (i.e., the concentration gradient
and the electrical potential difference) balance. This is
described mathematically for a single univalent ion Xþ

(such as potassium) by the Nernst equation (Equation 2).

EMF(millivolts)Xþ ¼ �61 log½Xþi �=½X
þ
o � (2)

where EMFXþ is the electromotive force acting on Xþ; [Xi
þ],

the concentration of Xþ inside the cell; and [Xo
þ], the concen-

tration of Xþ outside the cell.
Plasma membranes are essentially impermeable to

anionic protein molecules and selectively permeable to
ions. At rest, the membrane is approximately one hundred
times more permeable to potassium than to sodium. There-
fore, at rest, potassium makes the most significant contri-
bution to the resting potential. The Nernst equation
represents the potential due to a single ion (the Nernst
potential for potassium is 290 mV), but in reality, other
ions contribute to the resting potential, which approximates
to 270 mV. The overall membrane potential (which reflects
the inside compared to outside concentrations for all of the
clinically significant ions) is represented mathematically by
the Goldman equation (which provides a value close to
–70 mV when normal intracellular and extracellular ion
concentrations are present) (32,33).

Action Potential
The action potential can be considered in three stages:
depolarization, repolarization, and propagation. In nervous

tissue, it occurs extremely rapidly (,1 msec) in an “all or
nothing” fashion (Fig. 9).

Depolarization
An initial stimulus, for example, the action of a neurotrans-
mitter on a postsynaptic membrane, causes the membrane
potential to increase towards zero. If sufficiently large, the
threshold potential is reached (approximately –55 mV),
and voltage-gated sodium channels open. Sodium conduc-
tance increases by a factor of about 5000, sodium moves
inward down both electrical and concentration gradients,
and the membrane potential reachesþ35 mV (34).

Repolarization
Voltage-gated sodium channels are inactivated (a process
initiated simultaneously with channel opening, but at a
slower rate), which halts the influx of sodium. Voltage-
gated potassium channels open fractionally after sodium
channel opening, allowing the efflux of intracellular potass-
ium, and the membrane potential returns toward its normal
resting potential. The sodium–potassium pump then restores
intracellular resting sodium and potassium concentrations in
an energy-dependent process (35).

Propagation
Depolarization at a single point of a neuronal membrane
causes a change in potential in adjacent membrane of suffi-
cient magnitude to open voltage-gated sodium channels,
therefore creating a “wave” of depolarization. The electrical
impulse travels unidirectionally because the previously
depolarized section remains refractory to further stimulation
until its resting state has been at least partially restored
(32,35).

Metabolism
The brain is one of the most metabolically active organs

in the body and requires a constant supply of O2 and
glucose. It has a mass of 1500 g (2% body weight), and
receives 15% Q̇, yet accounts for more than 20% of the
total body O2 consumption (V̇O2), and 25% of the total
body glucose utilization. The extraction ratio for oxygen is

Figure 9 The action potential, showing the resting potential

(2 70 mV), depolarization and repolarization.
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approximately 50% and that of glucose approximately 10%.
Although glial cells comprise approximately 50% of the
brain, they consume less than 10% of cerebral energy (36).

Aerobic and Anaerobic Metabolism
Glycolysis and subsequent oxidative phosphorylation of
glucose (60 mg/100 g/min) to water and carbon dioxide is
by far the most important energy pathway in the brain (37).
Thirty-eight molecules of ATP are formed per molecule of
glucose. The ATP is vital for normal neuronal function,
and having no significant energy store, the brain is extremely
sensitive to any derangement in the supply of oxygen or
metabolic substrate (38).

In the absence of O2, the metabolism of glucose via the
glycolytic pathway is very inefficient: only two molecules of
ATP are formed per molecule of glucose (39).

SjO2, AVDO2, and CMRO2
The SjO2 is the percentage oxygen saturation of jugular
venous blood. It normally varies between 55% to 65%
(40,41). The AVDO2 is the arterio-venous oxygen difference.
It is calculated as the measured difference between the O2

content of arterial and jugular bulb venous blood. It rep-
resents a ratio of metabolism to blood and ḊO2. The normal
value is 6.3 vol% (42). The CMRO2 is the cerebral metabolic
rate for oxygen. It is normally 3.5 mL/100 g/min (43). It
decreases by 6% per degree Celsius fall in brain temperature.

There is coupling between CBF and V̇O2. This rep-
resents metabolic autoregulation. Normal aerobic metab-
olism, glucose consumption, and V̇O2 lead to normal CO2

production (V̇CO2) that mediates normal cerebral microcir-
culatory diameter, and hence blood flow. If CMRO2

decreases, V̇CO2 decreases, and hence CBF and oxygen
delivery (ḊO2) decrease. The converse is true. If CBF falls
and the CMRO2 remains unchanged, then the oxygen extrac-
tion and AVDO2 will increase, and be reflected in a
decreased SjO2 (44). The AVDO2 can increase to a
maximum of double the normal value (39).

Brain Parenchymal Gas Tensions
The determination of brain tissue O2 (Brain-PtiO2) and CO2

partial pressures is problematic. Human studies in normal
brain do not exist. Normal values inferred from animal
studies have estimated brain tissue oxygen at 25–
30 mmHg with a PaO2 of 102–104 mmHg (39), and that for
carbon dioxide at 55 mmHg (45). A change in CO2 tension
results in a change in extracellular pH that profoundly
affects neuronal function, and is tightly controlled.

Brain capillary O2 tension decreases from arterial to
venous ends, as a result of oxygen extraction. Most models
assume that each capillary supplies a cylindrical volume of
tissue and that O2 freely diffuses into the tissues along the
radial axis. The available O2 is less than the arterial supply
and depends on the diffusion pressure of O2, being the
difference in oxygen tension between capillary and mitro-
chondria. Similarly, the Brain-PtiO2 levels are lowest at the
venous ends, hence forming more vulnerable regions.
During normal resting conditions, some tissue O2 diffuses
back into the capillary. This O2 surplus helps initially to
meet any increase in tissue demand without the need for
increasing CBF (46,47).

In models of global cerebral ischemia, Brain-PtiO2

changes with cerebral perfusion pressure (CPP) and is
almost linearly coupled to local CBF. During systemic
hypoxia, Brain-PtiO2 falls with SaO2 accompanied by a

compensatory increase in CBF. CMRO2 falls steadily with
Brain-PtiO2 until the ischemic threshold is reached, at
which point CMRO2 falls steeply, indicating exhausted com-
pensatory increases in oxygen extraction during ischemia or
CBF during systemic hypoxia (48).

Patients undergoing craniotomy for mass lesions
and aneurysm surgery (ventilated with FIO2 ¼ 0.4) had a
Brain-PtiO2 value of 48 + 13 mmHg measured (49). The
Brain-PtiO2 falls in parallel with other parameters of brain
oxygenation (50), and may increase to . 130 mmHg in
patients ventilated with 100% oxygen (45). Although Brain-
PtiO2 ,25 to 30 mmHg probably indicates impaired brain
oxygenation, the anaerobic threshold for Brain-PtiO2 is in
the order of 20 mmHg (39) (providing an intracellular pO2

somewhat greater than 1 mmHg) (47).
Following traumatic brain injury (TBI), both depth

and duration of tissue hypoxia are independent predictors
of poor prognosis (51,52). Following severe stroke in
humans, therapeutic measures which decrease ICP and
increase CPP have been associated with an increase in
Brain-PtiO2 (53). Also, pattern changes in Brain-PtiO2 graphi-
cal plots may predict imminent herniation syndrome in this
patient population (53). Before Brain-PtiO2 can be used clini-
cally as targeted treatment, significant additional research
needs to be conducted in normal and abnormal neurological
states.

Intracranial Pressure
The Monro-Kellie Doctrine
The volume of the adult cranial cavity remains constant: the
skull is a noncompliant bony vault of fixed dimensions.

For ICP to remain constant (normal ¼ 1–15 mmHg), the
sum of the volumes of the intracerebral components must
remain constant (54). The main intracerebral components
are brain parenchyma (intracellular volume and interstitial
volume), CSF, and cerebral blood volume (CBV). Therefore,
if the volume of one component increases, the volume of
another must decrease, otherwise ICP will increase (39).
This forms the central idea of the Monro-Kellie doctrine
(55,56).

The first line of compensation for increasing ICP is
usually a decrease in CSF volume. As discussed earlier, the
rate of CSF formation remains constant, and in order to
decrease CSF volume, the rate of absorption must increase.

Approximately 5% of intracerebral volume is occupied
by blood (roughly 60 mL), most of which is contained within
the venules whose diameter remains fairly constant despite
changes in other physiological variables. Arterial diameter
does vary (80–160% baseline), which results in a corre-
sponding change in CBV, ICP, and CPP (57). If CBF autoregu-
lation is intact (see subsequently) an increase in CPP will
result in cerebral vasoconstriction to keep CBF constant
and a decrease in CBV and ICP.

Measurement of Intracranial Pressure
The measurement of ICP is an important and now routine
part of the management of severe head injury. The “gold
standard” measuring device is the fluid-filled intraventri-
cular catheter called a ventriculostomy (see Volume 2,
Chapter 7). It is reliable, cost-effective, allows for periodic
rezeroing and the withdrawal of CSF (for ICP control and
CSF analysis). The catheter can sometimes block or leak.
Alternatives include solid-state (pressure-sensitive resistors)
and fiberoptic transducers that are usually placed within the
parenchyma. Values correlate well with fluid-filled systems.
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The major drawback is drift in ICP reading over time.
Overall, indwelling ICP monitoring devices have an infec-
tion rate in the order of 7% and a hemorrhage rate of
approximately 3% (58).

Cerebral Perfusion Pressure and Intracranial Pressure
A true measure of CPP would naturally be mean arterial
pressure (MAP)—cerebral venous pressure. However, cer-
ebral venous pressure is not easily measured. ICP is the
closest measurable variable to cerebral venous pressure,
and thus the surrogate, used clinically. The CPP is therefore
best represented by MAP 2 ICP (13). ICP is profoundly
linked to CBF: as ICP increases, CPP must fall for any given
MAP (39).

Cerebral Blood Flow
It is vital to understand the physiological control of CBF,
since its therapeutic manipulation is a key feature in neuro-
trauma management. Normal CBF is 50 mL/100 g/min
(4,20,1). Reversible loss of electrical activity occurs with
flows less than 23 mL/100 g/min (ischemic threshold), and
sodium–potassium ATPase pump failure occurs at flows
less than 18 mL/100 g/min. Prolonged hypoperfusion
results in infarction (39).

Autoregulation
Autoregulation is the intrinsic ability of an organ to
maintain a constant blood flow in the face of changing per-
fusion pressure, and is particularly well developed in the
brain. As outlined earlier, CPP ¼MAP 2 ICP. A normal
value for CPP is approximately 70 mmHg. Autoregulation

operates between MAPs 50 and 150 mmHg (Fig. 10)
(13,37,39,59). As MAP increases, cerebral arteriolar diameter
decreases, cerebrovascular resistance (CVR) increases, and
CBF is maintained. The brain is protected against ischemia
during hypotension and from cerebral edema during hyper-
tension. Outside the normal operating range, CBF varies
more directly with CPP (13,37). Below the lower limit of
autoregulation, oxygen extraction is initially increased but
once maximal, further decreases in CPP result in cerebral
hypoxia. The CVR reaches a minimum below the lower
limit of autoregulation. If CPP reduces still further, there is
a sharp rise in CVR subsequent upon cerebral vessel collapse
and consequent severe ischemia. At CPP above the upper
limit of autoregulation, forceful vasodilation may occur,
resulting in a marked fall in CVR, blood–brain barrier
damage, and cerebral edema (21).

The mechanism for autoregulation is likely to be a
combination of myogenic, metabolic, and neurogenic
factors. The myogenic process involves an inverse variation
in arteriolar diameter in response to a changing transmural
pressure gradient (13). The response occurs within seconds
and is most effective at high CPP (39). Metabolic mechan-
isms involve increasing concentrations of by-products
(CO2, Hþ, and Kþ), as CBF fails to meet metabolic demands
and is most effective at low CPP (13,59). The limits of auto-
regulation are under the dynamic control of the ANS
(sympathetic discharge shifts the autoregulation curve to
the right) and are affected by the renin–angiotensin system
and some disease states. Chronic hypertension shifts the
autoregulation curve to the right. Accordingly, hypotension
and the associated fall in CPP is less well tolerated in the
hypertensive population (21).

Effect of Carbon Dioxide Tension
PaCO2 is one of the most powerful factors affecting CBF
(Fig. 10) (59,60). Within the range PaCO2 25–60 mmHg,
vasodilation and hence CBF increases linearly with PaCO2

(13,28). Outside the quoted range, maximal vaso-
constriction/vasodilation occurs and no further decrease/
increase in CBF is possible.

The vasodilation caused by hypercapnia blunts the
response of vasoconstriction seen as CPP increases. The
autoregulatory plateau is narrowed, shifted upwards, and
rendered more pressure passive (59).

Effect of Oxygen Tension
Arterial oxygen tension has little effect on CBF within the
normal PaO2 range (37). Very high PaO2 (.300 mmHg) can
cause cerebral vasoconstriction. Breathing 100% oxygen
causes a 10% reduction in CBF (13). At approximately
PaO2 of 60 mmHg, cerebral vasodilation begins to occur,
and CBF increases rapidly as PaO2 falls below this value
(Fig. 10) (13,37).

Neurogenic Control
Cerebral blood vessels are richly innervated, and it seems
likely that neurogenic mechanisms provide a means of
rapid CBF control (13,59). Sympathetic vasoconstrictor
fibres arise from the superior cervical and stellate ganglia.
Nerve endings secrete norepinepherine, serotonin, and
neuropeptide Y and provide a means of protecting the
brain from high CPP during systemic hypertension caused
by sympathetic stimulation. Cholinergic parasympathetic
fibers take origin from the sphenopalatine, internal carotid,
and otic ganglia (13). Sensory innervation via the first

Figure 10 Regulation of cerebral blood flow with mean arterial

blood pressure (MAP) (upper graph) and gas tensions for carbon

dioxide (PaCO2) and oxygen (PaO2) (lower graph).
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division of the trigeminal nerve and innervation from an
intrinsic nerve supply also have a role (59). Cerebral blood
vessels also express opiate receptors that may be important
in the control of CBF during stress (13).

Measurement of Cerebral Blood Flow
The Kety-Schmit method, based on the Fick principle, uses
nitrous oxide or radio isotope as a tracer and is a cumber-
some procedure. It does, however, directly measure flow.
Single-photon emission computed tomography (SPECT),
positron emission tomography (PET), angiography with
magnetic resonance imaging, and stable xenon-enhanced
computed tomography (sXe-CT) are other measures of
CBF, which are research tools and not suitable for bedside
use (60). Transcranial Doppler, jugular bulb oximetry
(SjO2), and near-infrared cerebral spectroscopy (NIRS)
measure variables related to CBF, but not flow itself
(61–63). Jugular continuous thermodilution provides a
direct measure of CBF and has been used successfully at
the bedside (60).

States of Brain Activity
Consciousness and Unconsciousness
Consciousness depends upon interaction between the cer-
ebral hemispheres and the brainstem reticular activating
system. It is defined as awareness of self and environment.
Unconsciousness is therefore unawareness of self and
environment and may be seen as a continuum from con-
fusion (reduced awareness and disorientation) to coma
(unrousable unresponsiveness). Although the Glasgow
Coma Scale (GCS) was designed to grade the severity and
prognosis of traumatic head injury, it is now used almost
universally to grade the depth of unconsciousness from all
causes (64).

Sleep
Sleep is defined as a recurrent state of unconsciousness from
which one can be readily aroused by sensory stimuli. There
are two components: slow wave sleep and rapid eye move-
ment (REM) sleep.

Slow wave sleep is usually deep, with progressive
slowing and an increase in amplitude on electroencephalo-
gram (EEG). There is slowing of heart and respiratory
rates, decreased peripheral vascular resistance, decreased
muscle tone, and decreased metabolic rate.

REM sleep is characterized by a rapid, low-voltage
EEG, with bursts of large phasic potentials associated with
increases in heart rate, respiratory rate, and body tempera-
ture. Cerebral metabolic rate may increase by 20% and CBF
also increases. There is marked muscular relaxation.
Dreams occur during REM sleep and are often remembered.
REM sleep occurs in a cyclical fashion every one to two
hours and lasts up to one hour. There is considerable vari-
ation between individuals (65).

Seizures
A seizure is uncontrolled, excessive neuronal discharge, the
motor consequences of which are termed convulsions.
Epilepsy is a continuing tendency to have seizures and is
classified according to the pattern of seizure activity.

The cerebral metabolic rate is markedly increased
during seizure activity (13). Increased metabolic activity
in injured brain can cause cell injury and death. Accordingly,
seizures should be promptly treated (benzodiazepines are
often used first line). Seizure prophylaxis is widely

employed in the first couple of weeks following severe
TBI (phentoin is the most common first line chain) (66).
However, the duration of prophylaxis, the relative need in
the setting of concomitant sedation, and the most efficacious
agents are all subjects of controversy (67).

Anesthesia
Anesthesia may be defined as a drug-induced, reversible
loss of awareness and pain sensation. With increasing
depth of anesthesia, there is slowing of EEG activity and a
progressive increase in amplitude. Periods of isoelectricity
interspersed with bursts of activity occur (burst suppres-
sion), and finally isoelectricity remains constant (68).

Brainstem Death
Brainstem death is a state of irreversible apneic coma. The
diagnosis must be made with certainty. Rigid criteria
must be fulfilled, which in most countries are based on
U.K. or U.S. guidelines (69). Brainstem death is always fol-
lowed by asystole within days, which almost always is pre-
ceded by an isoelectric EEG (70).

PATHOPHYSIOLOGY
Gross Pathology
The major mechanisms of TBI are positive pressure, negative
pressure, brain laceration, and shear caused by direct impact
or acceleration/deceleration (71).

TBI may be classified as primary or secondary and
focal or diffuse. Primary injury is that which occurs at the
time of impact and includes fracture, contusion, and hemor-
rhage. It is influenced only by prevention. Secondary brain
injury is that which develops after the time of impact and
includes ischemia, hypoxia, and the consequences of raised
ICP. Its severity can be limited by prompt and appropriate
medical and/or surgical intervention.

Focal brain injury is limited to a specific location
and includes contusion and hematoma, whereas diffuse
injury is more uniform throughout the brain, for
example, diffuse axonal injury (DAI) and diffuse subarach-
noid hemorrhage.

Contusion
A contusion is essentially a traumatic intracerebral hemor-
rhage resulting from mechanical injury to small-caliber
vessels, that may, if severe, progress to necrosis. It typically
occurs at the site of impact (coup) or at a point opposite
the site of impact (contra coup) caused by brain movement
within the skull.

Hemorrhage
Hemorrhage usually presents as a space-occupying

lesion, with increased ICP, and when severe, as brain

or brainstem herniation. Extradural hematomas are
caused by tearing of meningeal arterial vessels and separate
the dura from the skull. The classic “lucid interval” may be
seen. Subdural hematomas are usually caused by rupture of
the veins that bridge the subdural space. Subarachnoid
hemorrhage is the most common form of vascular injury
seen following TBI and although usually minor, it may be
life threatening.

Intracerebral hemorrhage is caused by rupture of
vessels within brain parenchyma (72). When numerous
small hemorrhages are scattered throughout the brain, the
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term “diffuse vascular injury” is applied. It is uncommon,
seen in only the most severe TBI (73).

Diffuse Axonal Injury
DAI is a direct consequence of physical injury to the brain
axons, caused by rotational acceleration/deceleration of the
brain (71,74). It is characterized by axonal damage scattered
throughout the brain that produces a clinical spectrum from
mild-to-severe neurological impairment. The distribution of
damaged axons is not uniform, but occurs predominantly
throughout the corpus callosum, fornix, internal capsule,
midline grey, cerebellar follicles and brainstem (75). Using
conventional microscopy, axonal swellings are demonstrable
at approximately 15 hours post injury (72). Evidence of
axonal injury may be demonstrated much earlier, however,
by more sophisticated techniques (76). DAI is really a patho-
logical diagnosis. However, certain magnetic resonance
imaging (MRI) findings (e.g., petechia along axon tracts) cor-
relate with the pathologic findings.

Only with severe injury are axons sheared at the
moment of impact. This is termed “primary axonotomy.”
More commonly, axons undergo a series of changes,
resulting in axonal disruption after the moment of injury, a
process termed “secondary axonotomy.” Secondary axonot-
omy follows a sequence of events. At impact, there is transi-
ent depolarization, abnormal ionic flux, and abnormal
axonal permeability. There is subsequent interruption of
axoplasmic transport with the accumulation of cytoskeletal
components and organelles (three to six hours). Axons and
mitochondria then swell, secondary to calcium accumu-
lation. Finally, the proximal axonal segment separates and
the distal segment undergoes Wallerian degeneration
(usually by 24 hours) (72,73,75).

Cell Death
Cell death is conventionally divided into two main types:
necrosis and apoptosis, which differ both morphologically
and biochemically. Hybrid forms of cell death with features
of both are also seen (77).

Necrosis
Necrosis is triggered by abnormal physiology or extrinsic
insults, for example, hypoxia, ischemia, trauma, and
toxins. In normothermic patients, three to five minutes of
arrest can cause necrosis of certain brain cells. The hippo-
campal region of the brain is one of the least tolerant to ische-
mia. Necrosis results from defective ion transport, ATP
depletion, swelling and degeneration of organelles, loss of
membrane integrity, cellular dissolution, and an accompany-
ing acute inflammatory response. The process is usually
complete within 24 hours and is more rapid with more
severe insults (77). The mechanisms of necrotic death will
be considered subsequently.

Apoptosis
Apoptosis is a process of programmed cell death that has a
vital role in normal development, and is just now becoming
understood. Approximately 50% developing sensory and
spinal motor neurons die by apoptosis. The earliest changes
occur in the nucleus. The chromatin condenses followed by
nucleolar disintegration. The cytoplasm then condenses,
the cell shrinks and the plasma membrane remains intact.
The cell then fragments into membrane bound “apoptic
bodies,” which are phagocytosed by neighboring cells.

An inflammatory response does not occur (77,78). The time
course is similar to that seen in necrosis.

The mechanisms of apoptosis may be divided into
intrinsic (arising from mitochondria) and extrinsic (initiated
by the binding of “death factors”), both converging on the
caspase pathway. The caspases are a family of proteases
that are fundamental to the process of apoptosis. Activation
of the caspase pathway causes amplification of the apoptic
signal, amplification of the caspase cascade, altered cellular
morphology, disables repair processes, inactivates survival
signals, and produces a signal for phagocytosis. However,
caspase-independent apoptosis is recognized, and caspase
activation is not an absolute requirement (78). The bcl-2
proto-oncogene family have a regulatory role (77). Excitatory
amino acids, changes in intracellular calcium, and free rad-
icals can induce apoptosis. In fact, all of the mechanisms tra-
ditionally considered to be triggers of necrosis can trigger
apoptosis if the correct conditions apply.

Hybrid Necrosis^Apoptosis/Necrosis^Apoptosis Spectrum
Neuronal apoptosis and necrosis may be occurring sim-

ultaneously in the injured brain. For example, although
the features of ischemia and trauma are typically necrotic,
apoptosis does occur in some neuronal groups and glial
cells following ischemic injury, especially in the developing
nervous system (77). Apoptosis also occurs alongside necro-
sis, following TBI, and can form a significant portion of neur-
onal loss (79). Apoptotic neurons have been identified at the
site of injury, remote from the site of injury, and in contu-
sions. Morphological features of both necrosis and apoptosis
can occur in the same neuron. It is likely that the nature and
intensity of an insult defines whether injured neurons
undergo necrosis or apoptosis (80). Intracellular ATP con-
centrations may be a determinant of cell death route. If suffi-
cient ATP is present, an injured neuron will have the
metabolic capability to initiate the apoptotic cascade,
whereas if deplete, necrosis will occur (81). Calcium influx
during excitotoxicity may influence apoptosis and necrosis
in opposing ways. The development of apoptosis may be
inversely related to the intracellular calcium concentration
at a critical point in the injury process. This forms the
“calcium set point” hypothesis (79,82,83). Apoptosis may
provide a protective mechanism, following TBI; since an
inflammatory response is not initiated, surrounding cells
are not damaged and therefore neuronal loss may be
limited (79).

Mechanisms of Cell Death
The mechanisms of cell death are complex, diverse,
and interdependent, but will be considered under specific
headings.

Excitotoxicity
Excitotoxicity is the uncontrolled release of excitatory

amino acids, causing massive sodium and calcium influx,
further amino acid release, and ATP depletion culminating
in cell death. Glutamate is by far the most important
and most studied excitatory amino acid. Normally,
extracellular concentrations of glutamate are extremely
low, subsequent upon reuptake by neurons and glia
and intact cellular metabolic function that maintains a con-
centration gradient of glutamate between the intracellular
(millimolar) and extracellular (micromolar) compart-
ments (84).
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The broad triggers of excitotoxicity include hypoxia,
hypoperfusion, and TBI. Following TBI, the initial release
of glutamate may occur secondary to neuronal depolariz-
ation on impact, direct membrane disruption, reverse func-
tion of glutamate pumps in neurons and glia, and the
reversal of ionic gradients (85). Both CSF and extracellular
levels of glutamate quickly reach toxic levels (85–87). Gluta-
mate acts at three main sites: G-protein coupled receptors,
a-amino-3-hydroxy-5-methy-4-isoxazole proprionic acid
(AMPA) receptors, and N-methyl-D-aspartate (NMDA)
receptors. The G-protein, coupled receptor activation
causes intracellular calcium release. The AMPA receptor
activation mediates fast excitation mainly via sodium
entry. The NMDA receptor activation causes calcium
influx. Membrane depolarization results, allowing further
calcium entry, via voltage-gated calcium channels, sodium
entry and excessive activation of Naþ, Kþ ATPase causing
cellular ATP depletion. Elevated intracellular calcium
levels result in further glutamate release, activates calcium-
dependent enzyme systems, and increase oxidative stress.
A vicious spiral results in cellular swelling, cytotoxic
edema, and cell death (88). Calcium accumulation lasts
approximately four days postinjury, the duration showing
some proportionality to injury severity (89). There is also evi-
dence that nitric oxide mediates at least some of the neuro-
toxicity of glutamate (90,91).

NMDA receptor activation not only affects calcium
flux, but also that of potassium. Changes in potassium flux
influence metabolic pathways in favor of hyperglycolysis,
resulting in lactate accumulation. This may represent an
attempt to re-establish normal homeostasis and ionic gradi-
ents. Glycolysis continues for approximately one hour post-
injury, after which injured brain enters a state of metabolic
depression with an accompanying decrease in CBF. Excito-
toxicity may therefore be seen in terms of a neurochemical
and metabolic cascade (89).

Oxidative Stress
During TBI, hypoxia, hypoperfusion and reperfusion, free
radicals, and other strong oxidants are formed to which
the brain is particularly vulnerable. Free radicals include
superoxide, the hydroxyl radical, and the nitric oxide
radical. Other strong oxidants include singlet oxygen and
hydrogen peroxide. They affect the brain by causing
NADH depletion, lipid peroxidation, interfering with mito-
chondrial ATP production, and activating neutrophil-
mediated inflammation (88). The free-radical scavenging
effects of mannitol may benefit patients with traumatic
brain injuries; these and other effects of this antioxidant
osmotic diuretic are further delineated later.

Calcium-Sensitive Enzyme Activation
Intracellular calcium accumulation, following TBI, results in
the activation of several calcium-sensitive enzyme systems:
lipases, kinases, phosphatases, and proteases. Calpain (a
family of calcium-activated intracellular proteases) activation
appears to be a particularly important step in the pathogenesis
of cellular injury. Calpains have some selectivity for the lysis of
cytoskeletal proteins, calmodulin-binding protein, signal
transduction enzymes, membrane proteins, and transcription
factors. Unchecked pathological activation has profound
effects on both neuronal structure and function (92,93).

The Role of Mitochondria
Mitochondria are pivotal in calcium homeostasis and may be
a source of reactive oxygen species. The exact mechanisms
by which mitochondria participate in apoptosis and necrosis
remains to be fully elucidated. Mitochondria actively
accumulate calcium in response to excitotoxicity; subsequent
mitochondrial swelling and lysis may be the primary cause
of cell death. Inflammation and mechanical stress may also
result in mitochondrial damage. Cell death proteins are
released from mitochondria following TBI and induce apop-
tosis (94).

Inflammation
There is increasing evidence that inflammation contributes
to the pathogenesis of TBI. Following TBI, both tumor necro-
sis factor alpha (TNFa) and interleukin 1b (IL-1b) are
expressed in the brain. Both are important in the initiation
and propagation of the acute inflammatory response. The
principal adhesion molecules necessary for leukocyte
recruitment (ICAM 1 and VCAM) are rapidly upregulated
following TBI. Neutrophils appear first, followed by macro-
phages. The resulting inflammatory response causes bystan-
der cell damage and death and promotes edema formation
(95).

Gene Expression
Apolipoprotein E (APOE) is a lipoprotein produced by glial
cells that may have a role in transporting lipids to injured
neurons. There are three human isoforms: 12, 13, and 14.
TBI may trigger b amyloid precursor protein (bAPP) depo-
sition that forms part of the acute phase response. It
appears that bAPP deposition is more marked in those
who express APOE 14, leading to a worse outcome and an
increased risk of developing Alzheimer’s disease following
TBI (96).

Chaperones (a group of proteins involved in the
folding and intracellular transport of damaged proteins),
immediate early genes (e.g., c-fos, c-jun and jun-B), and
growth factors (e.g., nerve growth factor and insulin-like
growth factor) are expressed following TBI and probably
influence repair (93).

Raised Intracranial Pressure
A sustained rise in ICP above 20 mmHg, following severe

head injury, is a highly significant predictor of poor

outcome (97). Although CPP is generally held as the criti-
cal parameter, the direct effects of raised ICP remain detri-
mental even when CPP is maintained at normal levels. The
causes of raised ICP include intracranial mass (tumor or
hematoma), hydrocephalus, increased intravascular volume
(arterial or venous), and cerebral edema (cytogenic or vaso-
genic).

Initially, as intracerebral volume rises, CSF and blood
are displaced to maintain ICP at normal levels in a “compen-
sated state.” As intracranial volume rises further, an
“uncompensated state” is reached where a small rise in
volume causes a disproportionate rise in pressure (Fig. 11)
(39). The CNS ischemic reflex and/or herniation syndromes
may then occur.

The CNS ischemic reflex is an intense sympathetic dis-
charge activated by low CPP probably secondary to increas-
ing CO2 tension at the vasomotor center. The Cushing reflex
is a special form of the former, triggered by raised ICP.

Herniation syndromes are shifts in brain tissue
through rigid skull openings caused by raised ICP.
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Other CNS components are compressed. The most common
herniation syndromes are central, uncal, cingulate, upward
cerebellar, and tonsillar.

Uncal: The medial uncus and hippocampal gyrus are
forced over the edge of the tentorium, compressing the ipsi-
lateral occulomotor nerve (unilateral dilating pupil) and
brainstem (causing unconsciousness and contralateral hemi-
paresis). Tonsillar: The cerebellar tonsils descend through the
foramen magnum, compressing the brainstem and causing
respiratory arrest (98).

Changes in Cerebral Circulation Following
Traumatic Brain Injury
Changes in CBF, autoregulation, and vasoreactivity are criti-
cal factors in the development of secondary injury following
brain trauma. Alterations occur at both macro- and micro-
vascular level.

Cerebral Blood Flow
Most severely head-injured patients show a trimodal

pattern of change in CBF: an initial decline, a period of rela-
tive hyperemia (high CBF relative to cerebral metabolism),
flow again decreases (37). CBF decreases early after
TBI, often to extremely low levels; the degree of impairment
in CBF increases with injury severity (41,99). In fact, there is
postmortem evidence of cerebral ischemia in most patients
who die from TBI (41). Vasospasm occurs in up to 40% of
severe head injuries, causes a marked decrease in CBF, and
is a predictor of poor outcome (37,100). In the region of con-
tusions or hematomas, CBF is decreased even further than
globally (101). Hyperemia can result in vasogenic cerebral
edema with raised ICP; both extremely high as well as extre-
mely low CBF results in poor prognosis (102).

Autoregulation and Vasoreactivity
Autoregulation is often disrupted or abolished following
severe TBI not only in injured areas, but also in areas
remote from the injury; changes in CPP are paralleled by
changes in CBF (103,59). Therefore, at low CPP, compensa-
tory vasodilation does not occur and ischemia may result.
At high CPP, compensatory vasoconstriction does not
occur and vasogenic cerebral edema and vascular injury
may result. Furthermore, CBF may become uncoupled
from cerebral metabolism (41). Impaired autoregulation is
not only limited to severe head injury; it has been described
in patients at six days, following mild head injury (104).

The cerebrovascular response to carbon dioxide is
usually but not always preserved (105,106). A state of “disso-
ciated vasoparalysis” therefore, frequently occurs.

Mechanisms
Changes in the equilibrium of endothelin-1 (vasoconstric-
tion) and nitric oxide (vasodilation) both acting at a micro-
vascular level are thought to account, at least in part, for
the alterations seen in CBF and autoregulation. It is probable
that other vasoactive substances (acetylcholine, serotonin,
vasopressin, angiotensin, and cytokines) also have a signifi-
cant role (107). Vasospasm, which occurs at a macrovascular
level, is probably related to the release of hemoglobin break-
down products into the CSF (41).

Physiological Basis of Treatment Models
Increased morbidity and mortality, following TBI, are
strongly related to hypotension (systolic BP ,80 mmHg)
and low CPP postinjury (107,108). The minimum CPP and
the benefits of increasing it above this threshold remain con-
troversial. Head injury management can be considered
under three headings: traditional management, CPP man-
agement, and Lund therapy.

The traditional and well-established management of
severe head injury involves avoiding hypoxia and hypoten-
sion with early ICU and neurosurgical intervention. ICP is
monitored and controlled in a stepwise fashion, and second-
ary brain injury is limited (41).

Autoregulation may be altered but not lost, and this is
the basic pathophysiological requirement in CPP manage-
ment (109). The CPP management strategy, now incorpor-
ated into head injury guidelines, is based on the central
theme of a “vasodilatory cascade” (110,111). A decrease in
MAP or increase in ICP causes a fall in CPP, followed by cer-
ebral vasodilation. Cerebral vasodilation causes an increase
in CBV that, in the poorly compliant brain, further increases
ICP and decreases CBF in a vicious circle. The aim of man-
agement is to increase MAP and break the cycle (108).

Lund therapy is a more controversial approach
(108,112,113). The aim is to reduce microvascular pressure
gradients and hence minimize edema formation. Colloid
osmotic pressure is maintained and systemic blood pressure
reduced.

Metabolic and Neuroendocrine Complications
of Traumatic Brain Injury
Cerebral Metabolism
Immediately following TBI, there is a short-lived but intense
period of hyperglycolysis, as neurons attempt to normalize
membrane gradients. This is followed by a profound state
of metabolic depression (sometimes to half normal) that
may be longstanding. This phase may be secondary to
hypoxia, hypoperfusion, and mitochondrial dysfunction
(114).

Basal Metabolic Rate
Following TBI, a hypermetabolic and hypercatabolic

state ensues. This persists for at least two weeks. There
is a marked increase in calorific requirement (to approxi-
mately 140% baseline) and nitrogen wasting (triple normal
fasting levels) (115,116). Glucose stores are rapidly depleted,
and amino acids become the major substrate for gluconeo-
genesis. A patient can lose approximately 1 kg/day muscle
mass if the situation goes unchecked, resulting in severe
protein/energy malnutrition. The process is driven by
massive stress hormone and cytokine release (117). Calorific
requirement may be decreased to 100% expected if the
patient is paralyzed and sedated. Current guidelines

Figure 11 Relation between intracranial pressure (ICP) and

volume (elastance curve).
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recommend the provision of 140% resting metabolic expen-
diture in nonparalyzed and 100% resting metabolic expendi-
ture in paralyzed patients (118). The mode of nutritional
support has no effect on neurological outcome.

Syndrome of Inappropriate ADH Secretion
TBI stimulates excessive anti diuretic hormone (ADH)
release, which when prolonged, produces the syndrome of
inappropriate ADH (SIADH) secretion. This is characterized
by hyponatremia and decreased plasma osmolality with
urine osmolality greater than serum osmolality. The free
water retained promotes cerebral edema formation.

Diabetes Insipidus
Diabetes insipidus (DI) is caused by inflammation, edema,
ischemia, and infarction or direct traumatic destruction of
the posterior pituitary. It is characterized by polyuria with
low urinary sodium, hypernatremia, and high serum
osmolality. Hypertonic coma can ensue. Although usually
transient in patients who recover from their brain injury,
DI may become permanent (119). Vasopressin (1–5 units/
hr) or ddAVP (1–4 mg/12 hr) is usually administered to
treat DI.

Disturbed Glucose Metabolism
Diabetes mellitus may occur secondary to the increased
secretion of insulin antagonists following trauma. Following
TBI, glucose response to insulin is subnormal (113). Non-
ketotic hyperglycemia may be seen. Serum glucose
must be closely controlled towards normal following TBI,
because hyperglycemia is strongly associated with worse

outcome (120).

Hypothalamic and Pituitary Injury
Loss of normal thermoregulation is a sensitive marker of
hypothalamic dysfunction. Severe damage to the lower pitu-
itary stalk or anterior pituitary causes low levels of all
anterior pituitary hormones. No response to their respective
releasing factors is seen.

Hypothalamic injury causes dissociated adrenocorti-
cotrophic hormone (ACTH)-cortisol levels, hypothyroidism
[with preserved thyroid stimulating hormone (TSH) response
to TSH-releasing harmone (RH)], low gonadotropins (with
preserved response to gonadotropin-RH), variable growth
hormone levels, and hyperprolactinemia. Damage to both
structures causes a mixed pattern (119,121).

Spinal Cord Pathophysiology
The mechanism of spinal cord injury (SCI) is usually direct
compression from fracture/dislocation of the vertebral
column or disc rupture. The spinal cord is extremely vulner-
able to injury without the capacity to regenerate. SCI leads to
well-recognized clinical patterns, defined by the loss or
impairment of motor/sensory modalities below the level of
the injury. Total lesions above C3 result in the total loss of ven-
tilatory function. Lesions above T1 cause sympathetic paraly-
sis, resulting in distributive shock; bradycardia may also result
secondary to unopposed vagal tone (see Volume 1, Chapter 26
and Volume 2, Chapter 13 for additional information).

Excitotoxicity, inflammation, necrosis, and apoptosis
all occur after SCI and result in axonal loss, to which the
term “diffuse axonal injury” may be applied (122–125).

Corticosteroids have proved effective in improving
functional outcome in patients following SCI (126–128).

Drugs, Anesthesia, Intensive Care, and Neuroprotection
Anesthesia and Intensive Care
Basic Interventions
Laryngoscopy, intubation, extubation, pain and awareness
all increase ICP and MAP. Positive pressure ventilation,
positive end expiratory pressure (PEEP), coughing and
straining, head down posture, and tight endotracheal tube
ties increase central venous pressure, intracerebral venous
pressure, and hence ICP.

Drugs
When using any drugs in the context of TBI, it is important to
consider the effect that agent has on the cerebral circulation,
ICP, and cerebral metabolic rate. A summary of the most
commonly used agents is presented in Table 4. Etomidate
(decreases CMRO2 and maintains CPP) is the induction
drug of choice in patients with TBI and other possible inju-
ries. Barbiturates, mannitol, and hypertonic saline are often
employed as ongoing therapy in the ICU, and will be con-
sidered in more detail.

Barbiturates. Barbiturates (thiopentone, phenobarbital)
are general anaesthetic induction agents and anticonvul-
sants. They produce marked CNS depression, acting predo-
minantly at inhibitory gamma amino butyric acid (GABA)
receptors, and a marked reduction in cerebral metabolic
rate that remains coupled to CBF. Cerebral vascular resist-
ance is increased, CBV decreased, and therefore, ICP is
also decreased. In the context of TBI, cerebral extracellular
concentrations of lactate, glutamate, and aspartate are
reduced, which provide neuroprotective benefit (129,130).

The use of high-dose barbiturates is recommended to
treat refractory elevated ICP. It is effective at lowering ICP
and decreasing mortality in this setting. The use of prophy-
lactic barbiturates is not indicated (124).

Mannitol. Mannitol is an osmotic diuretic widely used for
ICP control following TBI (131). Mannitol has two distinct
effects on the brain (rheological and osmotic) and theoreti-
cally an antioxidant effect. Concerning rheology, there is
plasma expansion, reduced blood viscosity, increased CBF,
and increased cerebral ḊO2. The osmotic effects are
delayed for 15 to 30 minutes and persist for over six hours.
Once osmotic gradients are established between plasma
and intracellular fluid, intracellular volume reduces and
ICP is also therefore reduced. Mannitol may also provide
beneficial antioxidant effects due to its free-radical scavenger
properties. Mannitol may theoretically accumulate in areas
of the brain where the blood–brain barrier is disrupted,
causing a reverse shift of fluid and elevation in ICP. It may
also cause renal failure when serum osmolality is allowed
to exceed 330 mosm/L. Mannitol is recommended in most
neurosurgical guidelines for the control of ICP following
TBI (132). Uncertainty exists over the optimal treatment
regimen, and its usefulness if given at other stages of TBI
management (e.g., prehospital) (133).

Hypertonic Saline. If hypertonic saline is used for volume
replacement following TBI, smaller volumes are required to
maintain cardiovascular stability when compared to
standard crystalloid solutions. There is decreased ICP and
improved CBF and ḊO2. Cortical water in uninjured brain
is decreased, improving intracranial compliance (134).
Hypertonic saline also has vasoregulatory, neurochemical
(extracellular glutamate concentration may be reduced)
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and immunomodulatory properties. It is better excluded via
the blood–brain barrier than mannitol and does not possess
osmotic diuretic properties. Accordingly, volume depletion
and hypotension, rebound effects seen with mannitol, are
avoided. The main concerns are osmotic demyelination syn-
drome (especially in previously hyponatremic patients),
renal insufficiency, hemorrhage, coagulopathy, and red cell
lysis (135). Meta-analysis of TBI patients treated with hyper-
tonic saline-dextran has shown a marked survival benefit
(136). Randomized controlled trials investigating the role
of hypertonic saline in fluid resuscitation, following TBI,
are currently underway (137).

Hyperventilation
The potential benefits of hyperventilation are cerebral
vasoconstriction for ICP control. However, CSF pH
changes are short-lived, as bicarbonate is removed from

the CSF to re-establish equilibrium (138). A further disad-
vantage is vasoconstriction that may reduce CBF to ischemic
thresholds (139). The use of prophylatic hyperventilation
(PaCO2 � 35 mmHg) should be avoided during the first 24
hours, following severe TBI (140). Hyperventilation is used
only for the treatment of elevated ICP as an acute temporis-
ing measure (141). Randomized controlled trials to assess
target PaCO2, timing and duration of hyperventilation are
warranted (142).

Neuroprotection
Neuroprotection encompasses pharmacological and other
interventional strategies that limit/prevent neuronal
damage, reduce secondary injury processes, or promote
regeneration, following TBI. The interval between the time
of injury and the development of the complete pathological
process represents a window of opportunity for such

Table 4 Cerebral Circulatory Effects of Sedatives, Analgesics, and Other Agents

CBF ICP CMRO2 CSF production Autoregulation CO2 reactivity

Intravenous anesthetics

Thiopental D D D N N N

Etomidate D D D D N N

Propofol D D D N I N

Ketamine Ia Ia Ia N N N

Midazolam D D D N N N

Inhaled agents

Nitrous oxide I I I N N N

Halothane I I D N Impaired N

Enflurane I I D I Impaired N

Isoflurane I I D N Impaired I

Sevoflurane I I D N Impaired N

Desflurane I I N N Impaired N

Xenon I I ? ? ? ?

Opioid analgesics (ventilation controlled)

Morphine N N N N N N

Fentanyl N N N N N N

Alfentanil D D (bolus I) ?D N N N

Remifentanil D D ?D N N N

Opioid analgesics (spontaneous ventilation)

All opioids I I ?N N N N

Muscle relaxants

Succinylcholine I I ?I N N N

Non-depolarizing N N N N N N

Diuretics

Mannitol Nc D N D N N

Furosamide N D N D N N

Others

Hydralazine I I N N Impaired N

Glyceryl trinitrate I I N N Impaired N

Sodium nitroprusside I I N N Impaired N

Nimodipine I I N N N N

Lidocaine D D Nb N N N

a2-Agonists D D ? ? ? ?

Anticholinergics N N N N N N

Anticholinesterases N N N N N N

Note: CO2 reactivity is the slope of the graph relating CBF to changes in arterial carbon dioxide tension.
aEffects modified by pretreatment with sedatives.
bDecreases with large doses.
cIncreases initially.

Abbreviations: CBF, cerebral blood flow; CSF, cerebrospinal fluid; D, decreased; I, increased; ICP, intracranial pressure; N, no effect; ?, unknown.
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strategies to be employed. Understanding the pathological
mechanisms of cell death and damage allows for the appli-
cation of neuroprotective therapies, which target specific
points in the injury cascade.

Targeting Excitotoxicity
Many strategies have focused on limiting glutamate excito-
toxicity. This may be achieved by decreasing glutamate
release, preventing neurotransmission, or promoting the
effects of inhibitory neurotransmitters (143).

Agents that block sodium or calcium channels reduce
glutamate release. Riluzole, lubelazole, phenytoin, and fos-
phenytoin are among those agents studied (143,144).

The NMDA receptor antagonists (e.g., ketamine,
phencyclidine, dizolcipine, and dextromethorphan) have
shown promise in laboratory work (145). Magnesium
causes voltage-dependent NMDA receptor blockade and
may prove beneficial (143).

GABA is the main inhibitory neurotransmitter in the
CNS that offers balance against the excitatory glutamate
system. GABA agonists (vigabatrin, diazepam) are beneficial
during experimental ischemia (146).

Targeting Calcium and Mitochondria
Calcium plays a key role in the evolution of TBI. Calcium
channel blockers have been used in an attempt to prevent
cerebral vasospasm after injury, and hence maintain CBF.
The evidence for their use is unconvincing and side effects
may outweigh benefits. A subgroup of patients with trau-
matic subarachnoid hemorrhage may benefit (147). Mito-
chondria have significant calcium-buffering capacity in the
noninjured system. This capacity is lost early in the injury
cascade. Cyclosporin A may delay or prevent mitochondrial
dysfunction and attenuate the intracellular calcium rise
(148). Calcium-sensitive proteases are another potential
target. Blockade of the caspase pathway may, in particular,
be useful in limiting apoptic cell death (143).

Targeting Inflammation
Inflammation is a complex process involving the interaction
of multiple molecular systems and causes widespread
damage within the CNS following injury. Corticosteroids,
aminosteroids, and free-radical scavengers have been inves-
tigated for their potential neuroprotective effects.

Corticosteroids act as both immunosuppressant and
free-radical scavenger (143). Despite a quarter of a century
of intense investigation, a beneficial role for corticosteroids
in improving outcome following TBI has not been
established. Their use is not currently recommended for
this purpose (149,150).

Aminosteroids (e.g., tirilazad mesylate) have been
shown to limit lipid peroxidation in laboratory animals.
Currently there is no evidence to support their routine use
following TBI (151).

Other potential therapies aimed at reducing free-
radical formation and lipid peroxidation include superoxide
dismutase, catalase, and vitamin E (143).

Sex Hormones
There is some evidence that sex hormones in males (pro-
gesterone and estrogen) reduce excitotoxicity, are antioxi-
dant, reduce inflammation, provide neurotrophic support,
and enhance neuronal regeneration, following TBI (152).
Estradiol exerts a profound protective effect against ischemia
if treatment precedes insult; it may act in part via genomic
mechanisms (13).

Other Potential Agents
Preliminary findings indicate that activation of adenosine A1
receptors ameliorates trauma-induced central neuronal
death. Adenosine may play a role in several steps of the
injury cascade (154). Nitric oxide affects both excitotoxicity
and microvascular tone, following TBI. Nitric oxide synthase
inhibitors represent a potential strategy (143).

Hypothermia
With decreasing temperature, cerebral metabolic rate, CBF,
and ICP decrease. In the context of TBI, there is decreased
glutamate release, decreased free-radical production, and
there maybe improved neuronal tolerance to insults (155).
Despite encouraging results from small trials, there is no evi-
dence that hypothermia is beneficial and the risk of pneumo-
nia is increased. The use of this treatment modality is not
recommended outside of controlled trials (156).

Shortfalls in Neuroprotection
Despite enormous experimental promise, the results of clini-
cal studies have been disappointing. TBI is a complex dis-
order within a heterogeneous group of patients. Problems
may arise with the timing of therapy, and animal models
may not represent a true reflection of the pathophysiological
processes involved in human TBI. The idea that a single
agent will offer significant improvement may be over sim-
plistic. For such a complex process, multimodal treatment
may be required.

EYE TOTHE FUTURE

Although the basic principles of neurophysiology and neu-
ropathophysiology have been unraveled, our understanding
of cerebral function and the response to injury remain
limited. The effects of hypoxia and hypotension on morbid-
ity and mortality are clear, and the importance of early
optimization of ḊO2 and CPP in head injury is well estab-
lished. Some areas of controversy still exist (157). Mannitol
is recommended for the control of ICP, but uncertainty
exists regarding the optimal treatment regime and its useful-
ness at other stages of TBI management. Hyperventilation is
used as a short-term treatment for acutely raised ICP. Ran-
domized controlled trials to assess target PaCO2, timing
and duration of hyperventilation are warranted. Hypertonic
treatment improves CBF and reduces infarct size, following
rat cortical vein occlusion (158). The use of hypertonic saline
for fluid resuscitation in TBI patients has shown significant
promise; controlled trials are currently underway.

Secondary brain injury occurs almost without

exception in patients with severe head injury. The goal
of ameliorating secondary injury must begin with a deeper
understanding of the molecular pathways of the pathophy-
siological process. The future of neurophysiology lies at a
molecular level. As this chapter has made clear, there are
large numbers of molecules involved in normal and patho-
logical responses whose exact role remains to be elucidated.
The response to injury is a complex integrated cascade, the
modification of which is likely to involve an understanding
of all processes rather than the action of individual molecules.

Many agents which target excitotoxicity, including
riluzole, lubelazole, phenytoin, ketamine, phencyclidine,
magnesium, and GABA agonists, have shown promise in
laboratory and/or animal work. Cyclosporin A may delay
or prevent mitochondrial dysfunction. New pharmacological
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agents with neuroprotective effects continue to be discov-
ered (159,160); further research is required. Despite intense
research over nearly 25 years, corticosteroids have not
found a role in TBI management. However, aminosteroids,
superoxide dismutase, catalase, and vitamin E may prove
to be useful in the limitation of free-radical formation and
lipid peroxidation. Indeed, the immune system plays a
vital role in both injury and recovery, and posttraumatic
vaccination to boost repair mechanisms may be an option
for the future (161).

With the sequencing of the human genome, it is also
likely that genetic influences will be shown to have a
strong bearing on the outcome from head injury, and with
this may come the ability to alter the genetic response to neu-
ropathophysiology (162).

The development of cell replacement therapies (cell
lines transplanted into injured CNS in order to provide
repair) may represent a further opportunity for late interven-
tion, following TBI (163).

However, prevention is better than cure, and changes
in society infrastructure to reduce death and injury from
head trauma will remain the biggest single factor in reducing
the burden of head injury on society.

SUMMARY

The nervous system may be divided anatomically into the
CNS, the PNS, and the ANS. The CNS is further divided
into brain, brainstem, and spinal cord. The CSF system pro-
vides a buffer against movement for the CNS, and the
blood–brain barrier provides for some separation of the
CNS from the systemic environment. The brain is contained
within a noncompliant bony vault: the skull.

Normal physiology is a complex, tightly regulated
process, based on the generation of action potentials. The
action potential involves depolarization, repolarization,
and propagation to create a wave of depolarization. Patho-
logical processes that alter the resting potential of the cell
membrane can have profound effects on the generation of
action potentials. Alterations in cellular metabolism also
affect neurophysiological processes. The brain is one of the
most metabolically active organs in the body. It has a mass
of 1500 g (2% body weight), receives 15% Q̇ and uses 20%
and 25% total body oxygen and glucose consumption,
respectively. The extraction ratio for oxygen is approxi-
mately 50% and that of glucose approximately 10%. Delivery
of oxygen and metabolites to the brain tissue is dependent
upon adequate CBF, which in turn is related to CPP.
Autoregulation through myogenic responses, oxygen
tension, carbon dioxide tension, and neurogenic control
regulates CBF. Pathological processes resulting in increased
intracranial volume increase ICP, reducing CPP and ḊO2.
Hypotension also reduces CPP and below a MAP of
50 mmHg, autoregulation fails.

Both primary (initial insult) or secondary (due to
ischemia), and focal or diffuse damage occurs, following
TBI. Injury is often a combination of primary damage to
neurons and supporting glia, with hemorrhagic injury. Cell
death is conventionally divided into two main types: necro-
sis and apoptosis, which differ both morphologically and
biochemically. Hybrid forms of cell death with features of
both are also seen. Mechanisms of cell death are complex
and diverse. However, nearly all modes of cell death result
in the final common pathway of calcium influx across a

damaged cell membrane, resulting in the disruption of mito-
chondrial and cellular homeostasis. Release of excitatory
amino acids, oxidative stress, and calcium-sensitive
enzyme activation are all mechanisms resulting in cell
death. TBI causes variations in gene expression that have a
bearing on pathogenesis, repair, and ultimately recovery.
Apolipoprotein, chaperone, and growth factor expression
have been identified as important genes in inflammation
and repair from neurotrauma.

Changes in blood flow are an important mechanism in
the pathophysiology of TBI. Most severely head-injured
patients show a trimodal pattern of change in CBF: an
initial decline, a period of relative hyperemia, and finally a
decrease in flow. This latter decrease is often to extremely
low levels, the degree of impairment in CBF increasing
with injury severity. In the region of contusions or hemato-
mas, CBF is decreased even further than globally. Current
recommendations for the management of cerebral hemody-
namics are based on maintaining adequate CPP, which
results in maintenance of CBF irrespective of ICP.

TBI also disrupts metabolic and neuroendocrine path-
ways. Immediately following TBI, there is a short-lived, but
intense, period of hyperglycolysis, as neurons attempt to
normalize membrane gradients. This is followed by a pro-
found state of metabolic depression that may be longstand-
ing. Eventually, a hypermetabolic and hypercatabolic state
ensues. Glucose stores are rapidly depleted, and amino
acids become the major substrate for gluconeogenesis. A
patient can lose approximately 1 kg/day muscle mass if
the situation goes unchecked, resulting in severe protein/
energy malnutrition. Current guidelines recommend the
provision of 140% resting metabolic expenditure in nonpar-
alyzed and 100% resting metabolic expenditure in paralyzed
patients. A SIADH secretion is common, due to excessive
ADH release. The free water retained promotes cerebral
edema formation. Glucose metabolism may also be dis-
turbed, with diabetes mellitus occurring secondary to the
increased secretion of insulin antagonists, following
trauma. Hyperglycemia is associated with a worse
outcome following head injury.

The mechanism of SCI is usually direct compression
from fracture/dislocation of the vertebral column or disc
rupture. The spinal cord is extremely vulnerable to injury
without the capacity to regenerate. SCI leads to well-
recognized clinical patterns, defined by the loss or impair-
ment of motor/sensory modalities below the level of the
injury. Corticosteroids have proved effective in improving
functional outcome in patients, following SCI.

KEY POINTS

The blood supply of the brain derives from the Circle of
Willis.
Although influenced by higher brain centers, such as
the limbic cortex, the autonomic nervous system oper-
ates to control the homeostatic environment in a
purely reflex fashion.
Almost all right-handed people and 70% of left-handed
individuals have speech and language centers located
in the left cerebral hemisphere.
The brain is one of the most metabolically active organs
in the body and requires a constant supply of O2 and
glucose.
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For ICP to remain constant (normal ¼ 1–15 mmHg),
the sum of the volumes of the intracerebral components
must remain constant.
A normal value for CPP is approximately 70 mmHg.
Within the range PaCO2 25–60 mmHg, vasodilation
and hence cerebral blood flow increases linearly with
PaCO2 (13).
The cerebral metabolic rate is markedly increased
during seizure activity.
Hemorrhage usually presents as a space-occupying
lesion, with increased ICP, and when severe, as brain
or brainstem herniation.
Neuronal apoptosis and necrosis may be occurring sim-
ultaneously in the injured brain.
Excitotoxicity is the uncontrolled release of excitatory
amino acids, causing massive sodium and calcium
influx, further amino acid release, and ATP depletion
culminating in cell death.
A sustained rise in ICP above 20 mmHg, following
severe head injury, is a highly significant predictor of
poor outcome.
Most severely head-injured patients show a trimodal
pattern of change in CBF: an initial decline, a period
of relative hyperemia (high CBF relative to cerebral
metabolism), flow again decreases.
Following TBI, a hypermetabolic and hypercatabolic
state ensues.
Serum glucose must be closely controlled following
TBI, because hyperglycemia is strongly associated
with worse outcome.
Secondary brain injury occurs almost without exception
in patients with severe head injury.
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INTRODUCTION

Atmospheric air is a mixture of oxygen (O2, 20.95%), nitro-
gen (N2,78.09%), argon (0.93%), carbon dioxide (CO2,
0.03%), and water vapor (0–2%). For practical purposes we
usually assume O2, 21% and N2, 79% and ignore the contri-
butions from CO2 and argon. The degree of humidification
determines the water vapor pressure and proportional
dilution of other gases.

In order for the cells to utilize the O2 in the atmosphere,
it has to be transported efficiently to the tissues and cells
(Fig. 1) (1). The first step is inspiration and ventilation, the
transfer of atmospheric air (or gases) to the alveoli, where it
is brought in close proximity to the blood to allow efficient
gas exchange, with the subsequent movement of alveolar
air back to the outside. Ventilation is closely coupled with ade-
quate perfusion of the alveoli. The interaction of ventilation
and perfusion [ventilation-perfusion ( _V= _Q) relationship] ulti-
mately determines the gas exchange in the lungs. The trans-
port of O2 requires reversible binding of O2 to hemoglobin
(Hb), which is then unloaded at the tissues. The O2 flows
through its concentration gradient to the extracellular space
and cells. Intracellular concentrations of O2 also varies
within the cell, and the mitochondrial pO2 is 1–0.6 mmHg.
The process of ventilation is tightly regulated by neural and
nonneural mechanisms. Furthermore, interaction of the circu-
latory system with the respiratory system adds another level
of fine-tuning and complexity to the process of perfusion,
ventilation, and ventilation-perfusion interaction. Pulmonary
function does not remain static throughout life. Significant
differences in respiratory physiology are evident in neonates
and the elderly. There are alterations in pulmonary physi-
ology during pregnancy as well. Lungs also have very
important nonpulmonary metabolic and humoral functions.

MECHANICS OF RESPIRATION
Lung Volumes and Capacities
The diaphragm is the most important muscle used for breath-
ing. Contraction of the diaphragm forces the abdominal con-
tents downward and forward, which increases the vertical
diameter of the chest cavity. In addition the intercostal
muscles lift the rib margins outward and upward, increasing
the transverse diameter of the thorax. During normal tidal
breathing, the diaphragm moves about 1 cm, while under
forced inhalation and exhalation it can move up to 10 cm (2).
The contraction of the internal intercostal muscles also
increases the lateral and anteroposterior diameters of the
thorax because of the “buckle-handle” movement of the ribs.
Exhalation is passive during quiet breathing. However,

during active expiration (e.g., exercise, voluntary hyperventi-
lation), abdominal muscles play the most active role. The
internal intercostal muscles also assist by pulling the ribs
down and inward (“reverse buckle-handle”).

Normal breathing volume (tidal volume, VT) is about
7 mL/kg. Vital capacity (VC) is the maximum volume of
gas exhaled after maximal inspiration. In health, the VC is
about 70 mL/kg. Residual volume (RV) is the gas that
remains in the lung even after maximal exhalation.
However, the amount of gas that remains in the lung at
end exhalation during normal tidal breathing (or apnea) is
referred to as the functional residual capacity (FRC) and is
the combination of RV and expiratory reserve volume
(ERV) (Fig. 2). The FRC has important clinical signifi-
cance as it is the major reservoir of oxygen in the body
and is directly related to the time till desaturation following

apnea. In addition, the FRC is inversely proportional to the
degree of shunt (see below). The FRC changes signi-
ficantly with posture (1). In the standing healthy individual
the FRC is about half the VC (or about 35 cc/kg). FRC and RV
cannot be measured by simple spirometry. They can be
measured using any of the three techniques: (i) N2

washout technique; (ii) gas dilution technique using
helium or; (iii) body plethysmography (1).

Minute Ventilation (Alveolar Ventilation and Dead Space)
The exhaled total ventilation or minute volume (VE) is equal
to volume of gas exhaled per minute. Thus total ventilation
is equal to VT � number of breaths (f) in a minute.

_VE ¼ VT � f (1)

Not all the gas that is inhaled (or exhaled) participates in
alveolar gas exchange. However, they do participate in
warming and humidification of air, or exchange of highly
soluble gases (e.g., ethyl alcohol). There is a fraction of the
gas that traverses the nose, pharynx, larynx, trachea, bronchi,
and bronchioles and does not participate in gas exchange of
O2 and CO2; this is termed the anatomic dead space. Further-
more, a certain proportion of alveoli are not adequately per-
fused, although they may be adequately ventilated; this is
termed the alveolar dead space. Alveolar ventilation (V̇A)
is referred to as the gas that participates in gas exchange;

the amount of ventilation that is wasted is referred to as
physiologic dead space ventilation (V̇D).

_VE ¼ _VA þ _VDphysiol
(2)

The volume per minute of alveolar ventilation is criti-
cal, because it determines the amount of air presented to
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alveoli into which CO2 can be added and from which O2 can
be removed.

Dead space can be measured by nitrogen washout
technique (Fowler’s method) (3). Since this method
measures the volume of conducting airways down to the
midpoint of the transition from dead space to alveolar gas
it is called anatomic dead space ( _VDanat ). It is dependent on

the geometry of the rapidly expanding airways and reflects
morphology of the lung. The other method of calculating
dead space is by using Bohr’s equation, which is based on
the assumption that all CO2 comes from the alveolar gas,
and none from the dead space.

_VD= _VE ¼ PACO2 � PECO2=PACO2 (3)

Bohr’s method measures the volume of the lung that does
not eliminate CO2 and is more of a functional measurement.
It is referred to as physiologic dead space ( _VDphysiol

). Physio-
logic dead space ventilation consists of wasted ventilation
in conducting airways (anatomic dead space ventilation,
_VDanat) and wasted ventilation of nonperfused alveoli
(alveolar dead space ventilation, _VDalv

) as shown in
Equation 4.

_VDphysiol
¼ _VDanat þ

_VDalv
(4)

_VA ¼ _VE � ( _VDphysiol
) (5)

_VA ¼ _VE � ( _VDanat þ
_VDalv

) (6)

In normal subjects, the alveolar dead space ventilation
is small and volume of anatomic dead space and physiologic

dead space are nearly the same. The _VDphysiol
is frequently

Figure 1 Left: The oxygen cascade with PO2 falling from the level in the ambient air down to the level in mitochondria. Right: A summary

of the factors influencing oxygenation at different levels in the cascade. Source: From Ref. 1.

Figure 2 Lung volumes. Note that residual volume (and thus

total lung capacity and functional residual capacity) cannot be

measured with the spirometer. Source: From Ref. 2.
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expressed as a fraction of the tidal volume (e.g., VD=VT). The
normal VD=VT (dead space to tidal volume ratio) is 0.2 to
0.35 (2). In patients with lung disease, physiologic dead
space may be considerably larger due to increased alveolar
dead space ventilation. In normal patients, VDalv can be
increased during mechanical ventilation when excessive
tidal volumes or positive end-expiratory pressure (PEEP) is
applied, as well as by conditions that decrease the cardiac
output ( _Q) during normal tidal breathing.

Lung Compliance
The lung can be regarded as an elastic chamber, which is
connected to the atmosphere by a tube. Thus, the amount
of ventilation depends on the compliance of the chamber
and resistance of the tube. The elasticity of the lung orig-
inates from the basic component of the lung “skeleton,”
which is a continuous network of elastin fibers. The collagen
fiber network also contributes to this elasticity. Change in the
ratio of collagen with elastin contributes to decreased com-
pliance with aging (4).

Lung compliance, which is a measure of its distensa-
bility, is defined as the change in lung volume per unit
change in transmural pressure gradient (i.e., between the
alveolus and pleural space), DV/DP ¼ compliance. Normal
compliance is 100 mL/cm/H2O. Stiff lungs have low compli-
ance. Under experimental conditions one can evaluate lung
compliance without the effect of the chest wall by develop-
ing pressure-volume (P-V) curve at inflation and deflation
(Fig. 3). As is evident from the Figure 3, the inflation and
deflation curves are not identical and the difference is
described as hysteresis. Furthermore, even at zero pressure
around the lung, a certain volume of air is held in the
alveoli due to closure of small airways. The volume of gas
required to be in the lung to keep the small conducting
airways open is referred to as the “closing volume.” It is dif-
ficult to measure compliance in spontaneously breathing
patients. However, in mechanically ventilated patients,
lung compliance can be readily measured. Furthermore,
compliance can be used clinically to monitor respiratory
function and severity of disease.

There are many factors that affect lung compliance.
Foremost, lung compliance is related to lung volume. At
high or low lung volumes the lung compliance is low
(Fig. 3). Compliance is greatest at mid lung volume (i.e.,
FRC). If the alveoli collapse in the lower zones, the compli-
ance at low lung volumes is particularly poor. This partly
explains the utility of PEEP. It improves ventilation by
pushing the system to a favorable part of the P-V curve,
thus decreasing _V= _Q mismatch during pathological states.
Posture changes lung volume, and hence, alters lung compli-
ance. Pulmonary blood vessels also contribute to the stiffness
of the lung. Increased pulmonary venous congestion, as in
congestive heart failure, decreases lung compliance.
Hypoventilation without periodic deep breaths leads to
atelectasis, and may also lead to decreased compliance.
Emphysema increases pulmonary compliance. However,
in most other pulmonary pathologies (pulmonary
fibrosis, acute lung injury, consolidation, collapse, vascular
engorgement, fibrous pleurisy) pulmonary compliance is
decreased.

The total compliance of the lung and the chest wall is
determined by the P-V curve in vivo (Fig. 4). The chest wall
has a tendency to expand, while the lungs, due to their
elastic recoil, tend to collapse. This creates a negative
intrapleural pressure. The balance where tendency to
collapse matches the tendency to expand is the FRC of the

lung. Mathematically, the total compliance is not strictly
additive. Rather, they are related by the following formula:

1=CT ¼ 1=CL þ 1=CCW (7)

where CT is the total compliance of the lung and chest wall;
CL is the compliance of the lung; CCW is compliance of the
chest wall. The formula for compliance is analogous to
the mathematical formula used to calculate capacitance in

electronics.
Resistance from the surface forces at the alveolar gas/

liquid interface also impact on the elastic property of the
lung. Other factors that can impede ventilation are collec-
tively described as nonelastic resistance. They are: (i) fric-
tional resistance to gas flow through the airways; (ii)
frictional resistance from deformation of thoracic tissues
(visco-elastic tissue resistance); and (iii) inertia associated
with movement of gas and tissues. Work done in overcom-
ing nonelastic resistance is usually wasted as heat, while
the work done in overcoming the elastic resistance is
stored as potential energy and utilized in recoil of the
chamber.

Another important component affecting elasticity of
the lungs is surfactant. The phospholipids component

Figure 3 Compliance (volume/pressure) curves of lungs filled

with saline and with air (upper panel). The vertical axis units

are mL of volume; the horizontal axis units are cm H2O

pressure. The amount of force required to expand the tissue,

surface forces, and hysteresis are shown in the bottom panel.

Source: Modified from Ref. 2.
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(90%) of the surfactant favorably alters the surface tension at
the alveolar gas interface, while the protein component
(10%) provides stability to the molecule and is responsible
for its immunological properties (5,6). If not for the surfac-
tant, surface tension would make the small alveoli empty
into a large alveolus. In the presence of surfactant, surface
tension in the smaller alveoli decreases, as the molecules of
surfactant are pushed closer, which helps to maintain their
patency. Lack of surfactant is the major cause of respiratory
distress syndrome in premature infants.

Airway Resistance
The second factor that significantly affects the ventilation
(flow of gases) is the size of the airways. Airway resistance
is the pressure difference between the alveoli and mouth,
divided by a flow rate. Flow of gases in the airways is a
mixture of turbulent and laminar flow. Flow is mostly turbu-
lent in large airways and becomes near laminar in smaller
airways (7). Flow of gas in the lungs can be demonstrated
by developing flow-volume loops. Over most of the lung
volume, flow rate is independent of effort and is due to
dynamic compression of the airways by intrathoracic
pressure. Maximal flow decreases with lung volume (Fig. 5),
as the difference between alveolar and intrapleural pressure
(driving pressure) decreases, the airways become narrower.
Driving pressure is also reduced if compliance is increased.
One common pulmonary function test is the measurement
of forced expiratory volume in one second (FEV1). The other
is forced expiratory flow between 25% and 75% of the
volume (FEF25–75%). The FEV1 is normally 80% of forced
vital capacity (FVC). The ratio of FEV1/FVC is decreased
with increase in airway resistance or a reduction in elastic
recoil of the lung as seen in emphysema. In restrictive lung
disease, the FEV1/FVC ratio is not altered, however, the
flow-volume curve is significantly changed (Fig. 6) (8).

Based on Poiseuilli’s equation (resistance a 1/radius4),
decreasing the radius by half would increase the resistance
by 16-fold. This would lead one to believe that the major
part of the airway resistance lies in the very narrow
airways. However, this has been disproven by direct measure-
ments (9). Major resistance lies in the medium-sized, seventh
generation airways, while only 20% is attributable to airways
less than 2 mm in diameter (about eight generation) (2).

Factors that affect airway resistance include lung
volume, bronchial smooth muscle tone, carbon dioxide,
and the density/viscosity of the inhaled gas. Airways
are imbedded in the lung tissue and are held open by trac-
tion. Thus, low lung volume decreases the diameter of the

Figure 4 Relaxation pressure-volume curve of the lung and chest

wall. The subject inspires (or expires) to a certain volume for the

spirometer, the tap is closed, and the subject then relaxes his res-

piratory muscles. The curve for lungþ chest wall can be explained

by the addition of the individual lung and chest wall curves.

Source: From Ref. 2.

Figure 5 Flow-volume curves. (A) Maximal inspiration was

followed by a forced expiration. (B) Expiration was initially

slow and then forced. (C) Expiratory effort was submaximal. In all

three, the descending portions of the curves are almost

superimposed. Source: From Ref. 2.

Figure 6 (A) Calculation of forced expiratory flow (FEF25 – 75%)

from a forced expiration. (B) Expiratory flow-volume curves:

(1) normal, (2) obstructive, and (3) restrictive patterns.

Source: From Ref. 8.
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airways and increases airway resistance. Bronchial smooth
muscle contraction controls the diameter of the airway and
itself is controlled by many factors (Fig. 7). Sympathetic
stimulation via b2-adrenergic receptor activation relaxes
airway smooth muscle, while parasympathetic stimulation
and acetylcholine increase bronchoconstriction. There are
also many other mediators that impact on airway smooth
muscle contraction. A fall in the CO2 of alveolar gas also
causes contraction of airway smooth muscle. The exact
mechanism is not known. The density and viscosity of
inspired gases offers resistance to flow. This is the rationale
for using HELIOX (mixture of helium and O2) in deep
dives and acute bronchoconstriction, as it offers less resist-
ance than O2 or air, due to decreased density.

Work of Breathing
Work done in moving the lung and chest wall can be rep-
resented as pressure (P) � volume (V). This is represented
on P-V curve (Fig. 8). The total area represents the total work
done in each respiratory cycle. It includes work done to over-
come airway, tissue, surface, and elastic resistances. In phys-
ical terms the efficiency of the system is believed to be 5% to
10% and significant amount of work is dissipated as heat (2).

The higher the rate of breathing, airway resistance or
the inspiratory flow rate, the greater the viscous work of
breathing, while with larger tidal volume and slower respirat-
ory rate there is increased elastic work of breathing. Abnor-
mal breathing patterns also increase the percentage of V̇O2

that is spent on the work of breathing. For example, the
V̇O2 for quiet breathing is about 5% of the total resting O2 util-
ization, which can increase to 30% with hyperventilation.

PULMONARYCIRCULATION

Blood flow has to be closely coupled to adequate venti-

lation to allow for optimal exchange of O2 and CO2.
The amount of blood flow through the pulmonary circula-
tion is the same as through the systemic circulation.
However, pulmonary pressures and pulmonary vascular
resistance (PVR) are significantly lower. Mean pressure in
the pulmonary artery is 15 mmHg, which is six times less
than in the aorta (100 mmHg). Pulmonary vascular resist-
ance is about eight times less (100 dynes/sec/cm5) than the
systemic circulation.

Factors Affecting Regional Pulmonary Blood Flow
Normal pulmonary circulation is also able to accommodate
significant changes in cardiac output ( _Q) (e.g., from 6 to
25 L with exercise) without significant changes in PVR.
The exact pressure in pulmonary capillaries is uncertain,
and is thought to be somewhere between pulmonary
artery and venous pressure. It also varies throughout the
lung due to hydrostatic effects of gravity. Furthermore, as

Figure 7 Factors that control bronchial smooth muscle contraction and airway diameter.

Figure 8 Pressure-volume curve of the lung showing the

inspiratory work done overcoming elastic forces (area 0ACD0) and

viscous forces (hatched area ABCEA). Source: From Ref. 2.
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pulmonary capillaries are embedded in the lung parench-
yma and have minimal independent structural support.
Their caliber is significantly affected by arterial, alveolar,
and venous pressure. Collectively, these four variables
(arterial, alveolar, venous pressure, and gravity) determine
the blood flow in any particular region of the lung.

Zones of West
Classically, lung can be divided into three zones based on
the abovementioned pressures and the effect of gravity
(Fig. 9) (10).

Zone 1: It is the upper third of the lung, where alveolar
pressure (PA) exceeds arterial pressure (Pa), and pulmonary
venous pressure (Pv). Both ventilation (Fig. 10A) and
blood flow (Fig. 10B) are decreased. However, ventilation is
slightly greater than flow, thus Zone 1 has relatively high _V= _Q.

Zone 2: It is the middle third of the lung, where Pa

exceeds PA. However, Pv is still lower than PA, resulting in
some impediment to blood flow.

Zone 3: It is the lower third of the lung, where Pa and
Pv exceed PA, allowing capillaries to be patent and permit-
ting best perfusion of the three zones. In normal circum-
stances, as discussed earlier, the lower portion is also the
best ventilated. This allows for appropriate perfusion and
ventilation matching and efficient gas exchange (Fig. 10).

However, there is slightly less ventilation than perfusion

(i.e., a zone of low _V= _Q). The absolute position of the
zones changes with posture; for example, Zone 3 becomes
the most dependent zone in the supine patient.

Factors Affecting Pulmonary Vascular Resistance
Based on simplification of pulmonary blood flow, pulmon-
ary vascular resistance (PVR) can be calculated using
Ohm’s law (E ¼ IR). Thus, PVR equals driving pressure
divided by _Q. Many factors affect PVR. These include _Q, per-
fusion pressure and lung volume. There are also other
factors that control PVR by active constriction and relaxation
of the smooth muscle. There is some evidence to suggest that
pulmonary vasculature is modulated by pulmonary endo-
thelium and is normally kept in state of vasodilation by
nitric oxide (11). PVR is also modulated by hypoxia, meta-
bolic and neuro-humoral factors (1).

Cardiac Output/Perfusion Pressure
Since capillaries have minimal structural independence,
they can collapse easily. However, with increased _Q or
perfusion pressure, they expand. Two processes occur
simultaneously. There is either recruitment of collapsed
capillaries or distension of existing open capillaries. The
later process seems to be more important in vivo (1,12,13).
Paradoxically, this can lead to decrease in pulmonary vas-
cular resistance with increase in pulmonary arterial or
venous pressures.

Lung Volume
PVR is significantly influenced by lung volume. PVR is
lowest at FRC (Fig. 11) and increases with higher or lower
volume than FRC. At higher lung volume, increase in PVR
is thought to be due to compression of intraparenchymal
blood vessels, while at lower lung volume it is thought to
be due to the compression of extraparenchymal vessels at
the hila (2).

Hypoxia
Unlike systemic vessels, pulmonary vessels constrict

in response to hypoxia, hypercarbia, and acidosis. This
phenomenon of hypoxic pulmonary vasoconstriction
(HPV) is mediated predominantly by alveolar hypoxia,
with some influence of mixed venous PO2. When pulmonary
blood flow is plotted against alveolar PO2, the shape of the
curve is very similar to the O2-dissociation curve. P50 of
the curve is around 30 mmHg with marked vasoconstriction
happening at 70 mmHg. Short-term regional HPV can be a

Figure 9 Zones of West, an explanation of the uneven distri-

bution of ventilation and blood flow in the lung, based on the

pressures within the alveolus (PA), the pulmonary artery (Pa),

and the pulmonary veins (Pv). Source: From Ref. 2.

Figure 10 Distribution of ventilation and perfusion and gas exchange down the upright lung. (A) Measurement of regional differences in

ventilation with radioactive xenon. (Note that the ventilation decreases from the lower to upper regions of the upright lung.) (B) Measurement

of the distribution of blood flow in the upright human using radioactive xenon. (Note the small flow at the apex.)
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beneficial means of diverting blood away from the poorly
ventilated areas of the lung and would optimize _V= _Q
relationships. However, chronic or intermittent hypoxia
leads to pulmonary hypertension (e.g., altitude), with its

deleterious clinical effects. The mechanism of HPV is
unclear. Mechanisms involving nitric oxide inhibition,
prostacyclin (PGI2) and endothelin have been proposed
(14). Other proposed mechanisms suggest involvement of
O2-sensitive Kþ channels or adenosine triphosphate (ATP)-
sensitive ion channels (15). Current consensus suggests
that it is probably multifactorial in origin.

Metabolic and Humoral Control
Both respiratory and metabolic acidosis augment HPV,
while respiratory or metabolic alkalosis cause pulmonary
vasodilation and reduce or abolish HPV. Many humoral
factors are involved in control of pulmonary vascular
tone. Some of these are locally mediated (autocrine/
paracrine) humoral factors (Table 1). Others circulate
through the cardiovascular system and interact with the
pulmonary vasculature. Circulating epinephrine tends to
increase PVR, as does 5-hydroxytryptamine (5HT), which
is released from activated platelets. This may be one of
the reasons pulmonary hypertension can occur following
pulmonary embolism.

Neural Control
Pulmonary vasculature is supplied by sympathetic, para-
sympathetic and nonadrenergic, noncholinergic nerves
(NANC). The sympathetic system plays little role at rest.
However, it is activated via peripheral chemoreceptor in
response to hypoxia. a1-adrenergic stimulation causes
vasoconstriction, while b2-adrenergic stimulation and a2-
adrenergic stimulation are involved in vasodilatation. As
for cholinergic nerves, their activation via acetylcholine
causes pulmonary vasodilatation via activation of endo-
thelium and NO-dependent mechanisms. In the lung
most NANC nerves are vasodilatory (and exert their
effect) via NO or peptide pathways (14).

GAS EXCHANGE IN THE LUNG
Ventilation-Perfusion Relationship in the Lung
As mentioned before, for optimal exchange of gases to occur,
ventilation and perfusion should be matched. For example,
no gas exchange would occur if one lung was ventilated
and the other lung is only perfused. One can consider the
relationship between ventilation and perfusion in terms of

Figure 11 Total pulmonary vascular resistance relates to lung

volume as an asymmetric U-shaped curve. The trough of the

curve occurs when lung volume equals functional residual

capacity. Total pulmonary resistance is the sum of the resistance

in small vessels (increased by increasing lung volume) and the

resistance in large vessels (increased by decreasing lung volume).

The end point for increasing lung volume (toward total lung

capacity) is the creation of zone 1 conditions, and the end point for

decreasing lung volume (toward residual volume) is the creation

of low ventilation-perfusion ( _VA= _Q) and atelectatic (atel) areas

that demonstrate hypoxic pulmonary vasoconstriction.

Table 1 Local Tissue (Autocrine/Paracrine) Molecules Involved in Active Control of

Pulmonary Vascular Tone

Molecule

Subtype

(abbreviation) Site of origin Site of action Response

Nitric oxide NO Endothelium Sm. muscle Vasodilation

Endothelin ET-1 Endothelium Sm. muscle Vasoconstriction

(ET-A receptor)

ET-1 Endothelium Endothelium Vasodilation

(ET-B receptor)

Prostaglandin PGI2 Endothelium Endothelium Vasodilation

Prostaglandin PGF2a Endothelium Sm. muscle Vasoconstriction

Thromboxane TXA2 Endothelium Sm. muscle Vasoconstriction

Leukotriene LTB4–LTE4 Endothelium Sm. muscle Vasoconstriction

Abbreviations: sm. muscle, pulmonary arteriole smooth muscle cell; ET-A receptor, endothelin–1 receptor

located on the smooth muscle cell membrane; ET-B receptor, endothelin–1 receptor located on the endothelial

cell membrane.

Source: From Ref. 90.
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ventilation-perfusion ratio ( _V= _Q). As each quantity is
measured in liters/min, considering ventilation to be 4 L/
min and perfusion 5 L/min, we get a ratio of 0.8. Thus, if
ventilation/perfusion was uniform in all alveoli, each alveo-
lus _V= _Q ratio would be 0.8. However, _V= _Q ratios are not uni-
formly distributed. Though ventilation and perfusion
increase with decreasing height, in upright position, each
does not change to the same extent. Blood flow per unit
lung volume increases by 11% per centimeter descent
through the lung, while ventilation decreases less dramati-
cally (Fig. 10) (2). There are also more alveoli in the lower
part of the lung. Thus, _V= _Q ratios decrease down the lung.

As shown in (Fig. 12), in a young adult, ventilation and
perfusion are mainly confined to alveoli with _V= _Q ratio in the
range of 0.5–2.0. However, in older individuals the _V= _Q ratio
widens significantly (ratio 0.3–5.0). Also, blood flows through
the areas which are poorly ventilated (due to dependency and
airway closure), _V= _Q ratio can be in the range 0.01–0.03. Fur-
thermore in disease states, the _V= _Q ratios can alter signifi-
cantly and give rise to hypoxemia (vide infra).

Shunt, Dead Space, and Effect of V
.
/Q
.
Inequality on

Overall Gas Exchange
Shunt and dead space are essentially two extremes of _V= _Q
mismatch. When there is no ventilation in the presence of
perfusion ( _V= _Q ratio ¼ 0), it is called shunt. Conversely,
when there is no blood flow in fully ventilated alveoli
( _V= _Q ¼ infinity), it is functionally VDalveolar. In the shunt
region, alveolar pO2 and PCO2 would be the same as
mixed venous blood (e.g., PO2 ¼ 42 mmHg), while in the
dead space areas the alveolar gas partial pressure would
be unchanged from the inspired gas. As described above
in vivo, _V= _Q ratios are unevenly distributed throughout
the lung and so is the concentration of alveolar gas in differ-
ent regions of the lung. The concentration of gases impacts
the saturation of arterial blood. Thus, the final PO2 is depen-
dent on the combined value of concentration of O2 from all
the regions of the lung. To simplify, one can consider a

three-compartment model of gas exchange (Riley), where
the final gaseous concentration is reflective of blood coming
from the areas of shunt, dead space, and ideal alveolar gas
exchange (Fig. 13) (16). Increasing shunt causes hypoxemia,
as the proportion off blood not oxygenated is increased,
while increasing dead space should cause an increase in
CO2. However, due to tightly controlled negative feedback
and near linear CO2/ventilatory curve, hyperventilation effec-
tively blows off the excess CO2. It is difficult to compensate for
hypoxemia with hyperventilation, as increasing O2 concen-
tration in the alveoli, which are on the flat part of the O2-dis-
sociation curve, does little to increase the overall O2 saturation
and content. Areas of low V̇/Q̇ ratios contribute to hypoxemia
by behaving functionally as areas of shunt. However, with
supplemental O2 it is possible to mitigate their effects,
unlike in true significant shunt situation (.30%), it is difficult
to improve hypoxemia with 100% FiO2. Normal shunt is less
than 5%, however, it can increase significantly in acute lung
injury (ALI), adult respiratory distress syndrome (ARDS),
atelectasis, lobar pneumonia, and lung collapse.

Diffusion of Gases: The Blood^Gas Barrier
All gases move across the alveolar wall by passive diffusion.
Diffusion through the tissues follows Fick’s law, which states
that rate of transfer is (i) proportional to tissue area, (ii) the
difference in partial pressure between two sides, (iii) the dif-
fusion constant (which is dependent on the solubility and
inversely proportional to the square root of the molecular
weight of the gas) and (iv) inversely proportional to the
thickness of the tissue. Lung with its large surface area
(50–100 m2) and minimal thickness 0.3 mm in many areas
is ideally suited for diffusion (1,2).

Under typical resting conditions, the RBC PO2

virtually reaches that of alveolar gas when it is about one-
third of the way along the capillary. Thus, under resting
conditions the O2 transfer is perfusion limited. However,
when diffusion properties of the lung is impaired, the

Figure 12 The distribution of ventilation and blood flow in relation to ventilation/perfusion ratios in two normal subjects. (A) A

male aged 22 years with typical narrow spread and no measurable intrapulmonary shunt or alveolar dead space. This accords with high

arterial PO2 while breathing air. (B) The wider spread in a male aged 44 years. Note in particular the “shelf” of blood flow distributed

to alveoli with V̇/Q̇ ratios in the range 0.01–0.3. There is still no measurable intrapulmonary shunt or alveolar dead space. However,

the appreciable distribution of blood flow to underperfused alveoli is sufficient to reduce the arterial PaO2 to 10 kPa (75 mmHg) while

breathing air. Source: From Ref. 1.
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blood PO2 does not reach the alveolar value by the end of the
capillary, which suggests diffusion limitation.

It would be incorrect to assume that all resistance to
movement of O2 resides in the barrier between the blood
and gas. Another factor that has to be taken into account is
the combination of O2 with Hb. Though the reaction is
very fast (0.2 seconds), it is still an important rate-limiting
step as oxygenation of pulmonary blood is extremely fast
(17). Thus, actual diffusing capacity of the lung is made up
of two components, that due to the diffusion process itself,
and the other attributed to the time taken for O2 to react
with Hb. Though the capacity for gas exchange is referred
to as diffusion capacity of the lung, some prefer to denote
it as “transfer capacity,” to emphasize that factors other
than diffusion also play a part in effective transfer of gases.
Since transfer of carbon monoxide is diffusion dependent,
clinically, it has been used to measure diffusing capacity of
the lung (DLCO) (18). There are many factors that affect dif-
fusing capacity. Some effect by changes in the area of the
membrane, alteration in diffusion barrier itself, or factors
related to uptake by hemoglobin. Other factors like gender,
exercise, racial origin, and smoking also influence diffusion
capacity (1).

Alveolar Gas Composition
Saturation of Hb with O2 is dependent on PaO2 as deter-
mined by O2 dissociation curve. PaO2 is dependent on alveo-
lar partial pressure of O2 (PAO2). The level of alveolar O2

tension reflects a balance of two processes: (i) O2 entry
within the alveoli and (ii) O2 removal from the alveoli by
the capillary blood (Fig. 14) (19). O2 entry within the
alveoli is determined by the alveolar ventilation ( _VA) and
the fraction of inspired O2 (FIO2). But O2 is also carried
away in exhaled air. The air leaving alveoli has the alveolar
O2 concentration (FAO2). Thus, net O2 entering the alveolus

is given by VA X (FIO2-FAO2). O2 removal is governed by
V̇O2. In steady-state situations, O2 entering the alveolus
and V̇O2 are equal. Writing the relationship as a conserva-
tion-of-mass equation, taking into account the barometric
pressure and water vapor pressure and converting to
partial pressure, one obtains the equation:

PIO2 � PAO2 ¼ V̇O2= _VA(PB� 47) (8)

However, CO2 occupies space within the alveoli and is
also a byproduct of _VO2. The quantities of V̇O2 and V̇CO2

are linked. If the respiratory quotient (RQ) is equal,
then the decrease in PO2 from inspired to alveolar air is
exactly the same as the increase in PCO2 from zero to the
alveolar level. Thus:

PIO2 � PAO2 ¼ PACO2 (9)

Rearranging

PIO2 � PACO2 ¼ PAO2 (10)

Since, PACO2 is very similar to PaCO2, one can write:

PIO2 � PaCO2 ¼ PAO2 (11)

However, in vivo, RQ , 1, V̇CO2 is less than V̇O2. A
more complete form of alveolar gas equation that accounts
for the change in gas volume is:

PAO2 ¼ PIO2 � PaCO2½FIO2 þ (1� FIO2=R)� (12)

For typical normal values (R ¼ 0.8; FIO2 ¼ 0.21;
PIO2 ¼ 150 mmHg; PaCO2 ¼ 40 mmHg), PAO2 turns out to
be about 102 mmHg. In clinical situations, when interpreting
blood gases it is useful to estimate PAO2 as alveolar-arterial
PO2 differences increase significantly in situations of

Figure 13 Three-compartment (Riley) model of gas exchange.

The lung is imagined to consist of three functional units

comprising alveolar dead space, “ideal” alveoli, and venous

admixture (shunt). Gas exchange occurs only in the “ideal” alveoli.

The measured alveolar dead space consists of true alveolar dead

space together with a component caused by V̇/Q̇ scatter. The

measured venous admixture consists of true venous admixture

(shunt) together with a component caused by V̇/Q̇ scatter. Note

that “ideal” alveolar gas is exhaled contaminated with alveolar

dead space gas, so it is not possible to sample “ideal” alveolar

gas. Source: From Ref. 1.

Figure 14 Alveolar oxygen tension (PAO2) is determined

from the dynamic equilibrium established between the alveolar

oxygen deliver (arrow A) and the alveolar oxygen extraction

(arrow B). Alveolar oxygen delivery is a function of the minute

ventilation (V̇E) and the inspired oxygen fraction (F1O2).

Alveolar oxygen extraction is a function of the pulmonary

arterial oxygenation status (SV̇O2) and the capillary blood from

(Q̇c). Source: From Ref. 19.
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increased shunt and _V= _Q mismatch. Another way to denote
abnormalities in gas exchange is to calculate ratio between
arterial PO2 and inspired O2 (PaO2/FIO2).

GAS TRANSPORT BETWEEN LUNGS ANDTISSUES
Oxygen Delivery Concepts
ḊO2, also known as O2 transport, is the product of _Q and O2

Content. The respiratory and cardiovascular systems are
series linked to carry out their important functions of ḊO2

to and CO2 removal from the tissues. ḊO2 increases and
decreases as the metabolic needs dictate over a wide range.
Indeed there is a capacity for increasing the ḊO2 30-fold
from rest to heavy exercise. The functional links in the
ḊO2 chain are as follows: (i) ventilation and ventilation
with respect to perfusion; (ii) diffusion of O2 across the
alveolar epithelium, through the interstitial space, and
across the capillary endothelium into the blood; (iii) chemi-
cal reaction of O2 with Hb; (iv) _Q of arterial blood; and (v)
transport of blood to tissues and release of O2 (Table 2). In
healthy patients the system has abundant reserve and is
seldom stressed, except with exercise. Accordingly, the first
signs and symptoms of cardiopulmonary disease often
present during exercise. The content of O2 in the arterial
blood is directly related to the concentration and saturation
of hemoglobin, and a very small amount that is dissolved
in plasma (as per Equation 13).

O2 Content ¼ Hb� 1:34� satþ 0:003� PO2 (13)

Determinants of O2 Delivery
ḊO2 is dependent on two factors, namely, O2 content and _Q. O2

content is dependent on Hb concentration and its percentage
saturation (SaO2) with minimal addition from the dissolved
amount of O2 in the plasma, which is dependent on the
PaO2. Decreased O2 delivery to the tissues will result if there
is decrease in _Q (stagnant hypoxia), decreased hemoglobin
(anemic hypoxia), or decreased saturation of hemoglobin
(anoxic hypoxia) or combination thereof. Finally, the tissues
may not be able to utilize the O2 delivered to it because mal-
function of oxidative enzymes (cytotoxic hypoxia e.g., due to
cyanide). Under physiological conditions the body compen-
sates for the fall of one parameter with changes in the other.
For example, a fall in hemoglobin is compensated by increase
in _Q, or chronic hypoxia is compensated by increase in hemo-
globin concentration (altitude). Decrease in PaO2 ultimately

decreases SaO2 which would decrease O2 content and ḊO2

even if Hb concentration and _Q are kept constant.

Structural Biology of Hemoglobin
Hemoglobin is the major protein of the RBC. It allows trans-
port of O2 from the lungs to the tissues and return CO2 from
the tissue to the lungs (20). Hemoglobin is a protein tetramer
consisting of 574 AA. Hb consists of a protein part, the
globin, and a component that binds to oxygen, the heme
group. Both components interact with each other in that
the protein controls the O2 binding properties of heme,
which in turn reports the absence or presence of oxygen to
its protein environment (21,22).

O2 is a nonpolar molecule and therefore its solubility
in the polar water phase of the extra- and intracellular
space of the human body is very poor. The fact that the
heme part is literally embedded in the globin part of Hb is
biologically very important. Normally, ferrous iron, even if
bound within the heme group, reacts with O2 irreversibly
to yield ferric heme. When embedded in the folds of the
globin chain, ferrous heme is protected in such a way that
its reaction with O2 is reversible. This type of situation is
unique and occurs because of the amino acid histidine,
which donates a negative charge to the iron and helps
create a loose bond with O2 (22).

Hemoglobin consists of four polypeptide chains, two
identical alpha subunits with 141 AAs and two identical
beta subunits with 146 AAs. The surface of the Hb tetramer
is studded with many polar residues that are all hydrated,
which contributes to the high solubility of Hb. Erythrocytes
are densely packed with Hb (5 mmol/L), each of which
contains 300 million molecules of tetrametric Hb, and four
times as many O2 binding sites (21). This increased solubility
of Hb and potential to bind O2 increases the capacity of
blood to transport O2 70 times more than if it was being
transported only in the dissolved form.

O2 ^Hemoglobin Disassociation Curve
The main function of Hb is the reciprocal transport of O2 and
CO2 between tissue and lungs. The relationship between the
fractional saturation of Hb with O2 (SaO2) and PaO2 under
equilibrium conditions is the familiar O2 hemoglobin dis-
sociation curve (oxy-heme curve) of Hb (Fig. 15). Its position
is often represented by the value of P50, the PO2 at half sat-
uration. Increased O2 affinity shifts the oxy-heme curve
to the left (i.e., reduces P50), while decreased O2 affinity

Table 2 Functional Capacities and Potential Maximum Oxygen (O2) Transport of Each Link

in the O2 Transport Chain in Normal Humansa at Sea Level

Link in chain

Functional capacity in

normal humans

Theoretic maximal O2

transport capacity

Ventilation 200 L/min (MVV) 0.030 � MVV ¼ 6.0 L O2/min

Diffusion and chemical

reaction

87
mLO2=min

mmHg O2 gradient
DLO2 ¼ 6.1 L O2/min

Q̇ 20 L/min

O2 extraction 75% 0.16 � Q̇ ¼ 3.2 L O2/min

(a-v O2 difference) (16 mL O2/100 mL or 0.16)

aHemoglobin ¼ 15 g/dL; physiologic dead space in percentage of tidal volume ¼ 0.25; partial alveolar pressure

of oxygen .110 mmHg.

Abbreviations: Q̇, cardiac output; MVV, maximum voluntary ventilation.

Source: From Ref. 91.

32 Akhtar



shifts the oxy-heme curve to the right (i.e., increases P50).
Many different models have been proposed to explain the
binding of O2 to Hb. It has been difficult experimentally to
prove one model or the other in its entirety (23,24).
However, the two-state model proposed by Monod (24),
which is based on the two confirmations for hemoglobin
corresponding to deoxygenation and oxyhemoglobin, has
been most successful. According to the two-state model the
hemoglobin can exist in either R (relaxed, oxygenated) or T
(tense, deoxygenated) conformation, each with its unique
O2 affinity. Deoxygenated (T state) has low O2 affinity
while the R state (oxygenated state) has O2 affinity, which
is about 100 to 150 times higher than that of T state (23). Of
fundamental importance in this model is that the T state is
physically constrained by salt and hydrogen bonds to a
much greater degree than is the R state. With successive
oxygenation of the heme groups, some of these bonds
break, the stability of T structure decreases, accompanied
by release of the constraints and increase in O2 affinity.
This transition accounts for the cooperativity with oxygen-
ation and sigmoid shape of the oxy-heme curve. The equili-
brium between the T state and R state is influenced by
a number of other “effector molecules.” These small
molecules react with Hb at non-heme sites in such a
way as to stabilize the T conformation. The overall reactivity
of a mixture of R and T conformation depends on the R-T
equilibrium.

Factors Affecting Oxy-Heme Curve
The three major effector molecules that alter the binding of
O2 to hemoglobin include: 2,3 diphyosphoglycerate (2-3
DPG), the hydrogen ions and CO2. The oxy-heme curve is
also very sensitive to temperature shifting rightward with
increasing temperature (25). Other molecules that decrease
O2 affinity include Cl2 and ATP, but their physiological
roles are minor. 2-3 DPG: 2-3 DPG is present in normal
human RBCs and is a metabolic intermediate in the glyco-
lytic pathway. Its concentration within the RBC is approxi-
mately 5 mmol/L, which is 1 : 1 ratio with Hb (26). It binds
to deoxyhemoglobin much more tightly than to oxyhemo-
globin. In the normal arterial O2 oxygenation condition,
the presence of 2-3 DPG helps in the transfer of O2 to the
tissue. However, in conditions of diminished O2 availability
(anemia, hypoxia), 2-3 DPG levels increase and oxy-heme
curve is shifted to the right (Fig. 15). Bohr observed that
when pH was lowered (or PCO2 was raised) the O2 affinity
of the blood decreased. Though qualitatively the effects of
pH and increased PCO2 are similar, they are separate, and
the effect of pH (now called the “Bohr effect”) is much
stronger than the CO2 in lowering the O2 affinity. Hþ shifts
the R-T equilibrium towards T, stabilizing T conformation,
thus decreasing O2 affinity (27).

CO2-Binding
CO2 can bind to the alpha-amino groups of amino acids. This
decreases their O2 affinity. CO2 binding is diminished in the
presence of 2,3-DPG, as both 2-3 DPG and CO2 compete for
the B-chain amino-terminal amino groups (27).

Other RBC properties that affect ḊO2 include: (i)
the rates of binding of physiologic ligands (O2, CO2, Hþ, 2,3
DPG); (ii) buffering capacity; (iii) the barrier of diffu-
sion presented by the RBC membrane; (iv) the layer of
unstirred plasma immediately surrounding it; and (v)
hematocrit-dependent blood viscosity.

O2, CO2, and Hb interact in a very complex way in
blood to regulate the position and shape of the oxy-heme
curve. The flux of O2 into the pulmonary capillary blood is
proportional to the diffusing capacity of the lung, which is
dependent on the membrane component of diffusing
capacity and the reaction rate with Hb, and is also pro-
portional to the difference in alveolar and capillary O2

concentrations. The CO2 affects the O2 affinity in two ways:
(i) as an allosteric effector of the Hb-O2 reaction, and; (ii)
by its effect on the intracellular pH. Thus there are a multi-
tude of effects that determine the actual in vivo shape and
position of the RBC oxy-heme curve. Hþ, perhaps the stron-
gest physical effector, is regulated by PCO2 and by the buf-
fering capacity of the Hb. Buffering by Hb is in turn
determined by Hb concentration and by the degree of O2 sat-
uration. O2 saturation is determined by the PO2 and O2 affi-
nity of Hb. Thus, exact quantification of multiple effects in
the determination of gas exchange by blood is extremely dif-
ficult (23).

Carbon Monoxide Effect on O2 Transport
As early as the 17th century, carbon monoxide (CO) was
recognized as a potentially life-threatening gas. The toxicity
is due to the very high affinity of CO for oxygen carrier pro-
teins Hb and myoblobin (28). CO is not only present in O2-
poor environments (caves, ruins), smoke, and automobile
engine exhaust, but is also produced in minute amounts
physiologically. It is produced through the catabolism of
hemoglobin when protoporphyrin is degraded to biliverdin
by the heme-oxygenases in the spleen, liver, and the brain.

Figure 15 Rightward shift of the oxyhemoglobin dissociation

curve is caused by increase of Hþ PCO2, temperature, and 2,3

diphosphoglycerate. In addition to the normal oxyhemoglobin

dissociation curve, the family of curves that result from changes in

temperature (Temp), PCO2, and pH are shown. Source: From

Ref. 2.
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Physiologically, CO is an activator of guanylcyclase and
could be a transmitter like NO (29). In the heart and skeletal
muscle it can be oxidized to CO2. Normally, the blood CO
concentration does not exceed 1% to 2% of the blood CO-
carrying capacity and consequently it does not interfere
with blood CO2 transport. Its levels are increased in
smokers (5%/pack), and symptoms of toxicity become
evident at 15% to 20% (30).

Carbon monoxide disturbs ḊO2 in essentially three
ways decreasing the functional amount of hemoglobin,
altering the oxy-heme curve, and binding to myoglobin
and the electron transport chain.

CO binds chemically like O2 to the divalent iron atom
of the heme in the Hb. However, the affinity of CO is 200 to
250 times greater than that for O2. CO has an intrinsic affinity
for “isolated heme rings,” which is about 1500 times
more than that of O2 (31). However, the globin molecule
imposes thermodynamic constraints on the bonding, which
reduces the intrinsic affinity of the CO for the heme.
Binding CO to the heme decreases the number of heme
groups available to bind to the O2, functionally decreasing
the O2 content for the same amount of Hb (CO anemia).

In addition to decreasing the amount of functional Hb
available for O2, CO increases the O2 affinity for Hb (32,33).
Increasing concentration of CO shifts the ODC curve to the
left as the P50 for O2 is decreased. Dissociation of O2 from
heme is decreased at the tissue level, which translates to
decreased O2 supply to the tissue. Furthermore, with
increasing levels of CO, the O2 content is also decreased. It
has been shown that tissue oxygenation is hindered more
by a decrease in functional Hb through CO anemia, than
by a reduction of equal percentage of the Hb concentration
(i.e., simple anemia). Furthermore, CO binds 20 times more
avidly to myoglobins than O2, while the affinity for cyto-
chrome c is the same as for O2 (28). The difference in affinity
to different heme proteins is thought to be related either
to the differences in the chemical structure of the protein
part of the molecule or due to the effects of other molecules
(Hþ, CO2, 2-3 DPG) that alter the O2 affinity more than CO

affinity. Changes in oxidative phosphorylation have
been shown, though quantitative measurements of the
impact of CO binding to myoglobin and cytochrome c has
been difficult.

Carbon DioxideTransport
Although CO2 has an aqueous solubility approximately 20
times that of O2, it is still considered relatively insoluble in
aqueous solution. CO2 is transported in the blood primar-
ily in three different forms, namely: (i) physically dissolved
in blood; (ii) bound to amino groups of proteins (e.g., hemo-

globin), as carbamate compounds; and (iii) as bicarbonate
ions. The relative contribution of each of these forms
to overall transport is dependent on PCO2, hydrogen ion
concentration, 2,3-DPG concentration and degree of satur-
ation of Hb (34). The relative contributions of each form of
CO2 to resting gas exchange are listed in Table 3 (35).

Pathways of CO2 Transport
CO2 in solution: CO2 dissolved in physical solution accounts
for only 5% of the CO2 content of arterial or venous blood,
which is not sufficient to transport CO2 generated by tissue
metabolism. However, it plays an important role in CO2

transport and exchange, as access to bicarbonate and
carbamate pools is achieved only through dissolved CO2.
Molecular CO2 is lipid soluble and can cross cell membranes
instantaneously. CO2 diffuses across the normal pulmonary
membrane with the same speed as inert gases. However,
the time required for completion of CO2 exchange in the
lung capillary is dependent on rate of conversion of HCO3

and carbamate to CO2.
Bicarbonate Pathway: Hydration of CO2 produces car-

bonic acid (H2CO3), which is almost completely ionized to
Hþ and HCO3 ions. Bicarbonate ions can further dissociate
into Hþ and carbonate ions, but in vivo little carbonate is
formed because the pH of this reaction is .10.0. The
hydration of CO2 to H2CO3 occurs naturally and is a very
slow process. Similarly, the reverse reaction, dissociation of
H2CO3 to CO2 and water, is also a slow process. Both reac-
tions require a catalytic enzyme, carbonic anhydrase,
which is present in the cells and virtually absent from the
plasma. RBCs contain the highest concentration of carbon
anhydrase while lower levels of the isoenzyme have been
noted in capillary endothelium of the lung (36).

Carbamate Compounds: CO2 and hydrogen ions rever-
sibly bind to unchanged amino groups of proteins and form
carbamic acid. The formation of carbamate compounds is
markedly pH-dependent and increases with decreasing
acidity. The concentration of carbamates in plasma is
approximately 0.6 mM, and plasma carbamates have no
appreciable role in the CO2 exchange. However, carbamates
formation by beta-amino groups of Hb is an important
factor in CO2 exchange. Release of O2 by Hb in the tissues
is accompanied by increased binding of CO2 to beta-amino
groups. Conversely, oxygenation of Hb in the lung promotes
release of CO2 bound as carbamate. Earlier studies suggested
that this behavior accounted for 27% of all CO2 excreted in the
lungs. However, recent studies taking into account the role of
2,3–DPG suggest that oxylabile carbamate account for only
10% of the total CO2 exchange (37).

CO2 Dissociation Curve
CO2 dissociation curve is linear when plotted on a logarithmic
axis. The slope of this relationship is essentially constant and
is profoundly affected by concentration of Hb in the blood.

Table 3 Contributions to CO2 Transport and Exchange from

Different Pathways

Arterial content

Arteriovenous

difference

(mL/dL

blood)

(% of

Total)

(mL/dL

blood)

(% of

Total)

Plasma

Dissolved CO2 1.51 3.1 0.20 4.7

Bicarbonate 30.01 62.1 2.07 48.7

Carbamate 0.67 1.4 0.00 0.00

CO2 content 32.19 66.6 2.27 53.4

Erythrocyte

Dissolved CO2 0.93 1.9 0.16 3.8

Bicarbonate 12.58 26.0 1.29 30.3

Carbamate 2.67 5.5 0.53 12.5

CO2 content 16.18 33.4 1.98 46.6

Note: Concentrations are expressed in mL/dL of blood. Arterial pH and

PCO2 are 7.40 and 40.0 mmHg, respectively. Corresponding venous

values are 7.37 and 46.0 mmHg.

Source: From Ref. 35.
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Hemoglobin is the major nonbicarbonate buffer in the blood
and is essential to buffer the protons released during ioniz-
ation of carbonic acid. Although the total quantity of CO2

contained in all forms in the plasma is twice as great as in
the RBCs (table 3), plasma proteins have only one-eighth
the buffering power of intracellular hemoglobin (35). Fur-
thermore, Hb serves as a source of protons for the reversal
of reactions which converts bicarbonate and carbamate
into CO2, when it reaches the lung. RBCs play a key role in
enhancing blood’s ability to carry CO2. It is because of
three characteristics of RBCs: (i) large internal buffering
capacity of RBC; (ii) presence of intracellular carbonic
anhydrase; and (iii) ability to exchange bicarbonate across
the RBC membrane (38).

One other factor that significantly affects the CO2 dis-
sociation curve is oxygenation. The Haldane Effect describes
the influence of oxygenation on the CO2 dissociation curve.
It accounts for one-half of CO2 excretion at rest (39).

REGULATION OF BREATHING

Breathing is a complex process. It is governed by a multi-
tude of control systems hierarchically arranged to regulate
ventilation and the pattern of breathing so as to meet opti-
mally the prevailing metabolic needs. Furthermore, the
control system also allows the pattern of breathing to auto-
matically adapt to other activities like changes in posture,
speech, voluntary movement, and exercise. This section
begins by describing the origin of respiratory rhythm and
basic organization of the efferent pathways that bring
about respiration (neural control of breathing). This basic
respiratory rhythm is then modulated by inputs from the
cortex, pons, hypothalamus and peripheral inputs from
airways and lungs (nonchemical influences on respiration).
The metabolic needs of the body are gauged by changes in

the pCO2, pH, and pO2 and described as the chemical
control of breathing (Fig. 16).

Neural Control of Breathing
The medulla is the major respiratory center where the respir-
atory pattern is initiated and various voluntary and involun-
tary demands on respiratory activity are coordinated.

Autonomous respiratory pattern is generated in the
medulla by synchronized activity of six distinct neuronal
groups (central pattern generator, CPG). CPG is
governed by a combination of excitatory and inhibitory
neurotransmitters. These neurotransmitters subsequently
modulate potassium and calcium channels, which lead to
depolarization and/or hyperpolarization of neurons. The
excitatory neurotransmitters include amino acids like gluta-
mate, which can activate fast-activating ion channels like N-
methyl D-aspartate (NMDA) receptors or nonNMDA recep-
tors, which are slow reacting receptors and mediate their
effects via G-proteins. Inhibitory neurotransmitters include
g-amino butayric acid (GABA) and glycine, which act
through GABAA receptors and specific glycine receptors,
respectively (40). Furthermore, the CPG is affected by
neuro-modulators which modify the CPG output, but are
not primarily involved in rhythm generation. These
include agents like opioids, acetylcholine, and substance P,
to name a few (Fig. 17). Furthermore, there are other
neurons in the medulla involved in respiratory control.
These are divided into two groups, namely, (i) dorsal respirat-
ory neurons and (ii) the ventral respiratory neurons. They
have numerous interconnections. The dorsal respiratory
group neurons are primarily concerned with the timing of
the respiratory cycle. While the ventral respiratory group of
neurons is composed of four nuclei, each is involved with a
specific aspect of ventilatory control, for example, function
of pharyngeal muscles, larynx and tongue, force of contrac-
tion of inspiratory muscles, expiratory muscles (41).

The output from the CPG converges on the motor
anterior horn cells, which control the inspiratory and

Figure 16 Regulation of breathing is accomplished by a complex interactive system of sensors, controllers, and effector systems.

Although there is voluntary override of the breathing system at rest, involuntary systems regulate most breathing and become more

dominant when extreme conditions of exercise or disease are present.
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expiratory muscles. The synchronized firing of CPG neurons
leads to activation of specific respiratory muscle groups.
Alterations in the rate at which spontaneous neuronal activity
increases or decreases and the point at which the next group
of neurons are activated, allows for infinite variations in res-
piratory patterns and adjustment to constantly changing
needs (1,41).

Two other sources also converge on respiratory motor
neurons. These include direct input from the cortex and non-
respiratory reflexes (swallowing, cough, hiccups etc.). These
integrated inputs are responsible for voluntary control of
breathing and execution of a multitude of involuntary
reflexes (Fig. 16) (42).

Chemical Control of Breathing
The effect of O2 and CO2 on respiration was first described
by Pfluger in 1868 and later classified by Haldane and
Priestly in 1905 (43). Changes in pCO2 and pO2 are sensed
by central and peripheral chemoreceptors, respectively,
which subsequently trigger an appropriate ventilatory
response. Influence of CO2 and O2 on respiratory control is
described followed by discussion of a combined responses
of these gases to control of breathing.

Effect of CO2 on Ventilatory Response (1)
Alveolar ventilation is extremely sensitive to changes in pCO2.
Changes in pCO2 are sensed by “central chemoreceptors,”
which are located in the medulla. They are separate from the
respiratory neurons but are very close to the respiratory
center. MRI and positron emission tomography (PET) scan-
ning techniques during CO2-stimulated breathing have con-
firmed that the surface of the anterior medulla is the primary
site of chemosensitive neuronal activity (44). Though other
areas of the brain (other regions in the medulla, midline
pons, small areas in cerebellum, and limbic system) are also
stimulated, their contribution in control of respiration is
unclear (45,46). About 85% of the total respiratory response
to inhaled CO2 originates in the medullary chemoreceptors.

A rise in arterial pCO2 causes an approximate equal
rise in cerebrospinal fluid (CSF) pCO2, which is about
10 mmHg more than the arterial pCO2. Blood-brain-barrier
(BBB) is permeable to CO2. In the short term, increased
CO2 permeates through the BBB; it gets hydrolysed to
carbonic acid, which dissociates to yield hydrogen ions.
This leads to a fall in the CSF pH, which stimulates to respir-
atory neurons indirectly through the stimulation of receptors
in the chemosensitive area. The precise mechanism by which
a change in pH causes stimulation of neurons in the chemo-
sensitive area is not established. However, there is some evi-
dence to suggest that M2 muscarinic receptors may be
involved (47). Also, the response to respiratory acidosis is
more than for metabolic acidosis, for the same change in
pH. If the pCO2 in CSF is increased, the pH returns to
normal over the course of many hours, as a result of
changes in the CSF bicarbonate levels. Compensatory
changes in CSF bicarbonate and restoration of its pH are
evident not only in chronic respiratory acidosis, but also
occur in respiratory alkalosis, chronic metabolic acidosis
and alkalosis (48). Direct changes in the bicarbonate concen-
tration of CSF also lead to changes in ventilation. For
example, after intracranial hemorrhage CSF pH and bicar-
bonate levels fall, which causes hyperventilation (49).

Respiratory depth and rate increase with rise in
pCO2 until a steady state of hyperventilation is achieved
after a few minutes. Within acceptable experimental
conditions the ventilatory response to CO2 is linear.
Under normal conditions (pO2 ¼ 90 mmHg) the slope of
the curve is 2 L/min/mmHg while the intercept (apneic
threshold) is at 36 mmHg. As depicted in Figure 18, the
slope of the curve changes with changes in arterial pO2.
Furthermore, the apneic threshold will be altered in the
presence of acid-base changes. It should be kept in mind
that the pCO2/ventilation response curve is the response
of the entire respiratory system to the challenge of altered

Figure 17 Neurotransmitters and neuromodulators in the res-

piratory center. Boxes indicate functional neuronal groups and

bold type represents other influences on the respiratory center.

Substances involved in neurotransmission are shown with the most

likely receptor subtype, in parentheses, if known. þindicates

excitatory effect increasing respiratory activity; 2indicates

inhibitory activity decreasing respiration. Source: From Ref. 1.

Figure 18 Two fan-shaped families of curves of PCO2/venti-

lation response curves at different values of PO2. The right-hand

fan is at normal metabolic acid-base state (zero base excess). The

left-hand fan represents metabolic acidosis. The broken line rep-

resents the PCO2 produced by the indicated ventilation for zero

inspired PCO2, at basal metabolic rate. The intersection of the

broken curve and any response curve indicates the resting PCO2

and ventilation for the relevant metabolic acid-base state PO2. The

heavy curve is the normal response. Source: From Ref. 1.
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pCO2. The CO2 response curve will be altered by changes in
the sensitivity of the central chemoreceptors, partial neuro-
muscular blockade, anesthetic drugs, opioids, obstructive,
and restrictive lung disease. Inhalational anesthetics
decrease the sensitivity to CO2 responsiveness by altering
the slope of the pCO2/ventilatory response curve and dis-
place the curve to the right (50). The initial respiratory
response to elevated pCO2 is extremely rapid and takes
place in just a few minutes. With sustained hypercapnia
the minute ventilation continues to increase for an hour
before reaching a plateau and can be sustained for eight
hours (51). As pCO2 is raised to pCO2 (100–200 mmHg), a
point of maximal ventilatory response is reached beyond
which respiratory fatigue and CO2 narcosis intervenes.

Influence of O2 on Respiratory Control
The central chemoreceptors play an important role in

monitoring pCO2, while the peripheral chemoreceptors

which reside in the carotid body respond predominantly to
changes in pO2. The peripheral chemoreceptor also
responds to a rise in pCO2, Hþ ion concentration, tempera-
ture, fall in perfusion pressure, and chemicals (52). The
response to changes is rapid (within one to three seconds),
is processed by glomus cells and relayed by afferent fibers
in the glossopharyngeal nerves. Type I glomus cells are pre-
dominantly involved in sensing of hypoxemia. Hypoxemia
of glomus cells leads to decrease in ATP and release of
calcium from the mitochondria. Furthermore, oxygen-
sensitive Kþ channels and heme-based intracellular proteins
also respond to changes in local pO2 (53). Neurotransmitters
that have been described in the carotid bodies include
dopamine, noradrenaline, acetylcholine, substance P, and
enkephalins. Dopamine (acting via D2 receptors) and cloni-
dine (a2 receptor antagonist) reduce ventilatory response
to acute hypoxia. However, no single receptor blocker
prevents the hypoxic ventilatory response completely.

Peripheral chemoreceptors respond to decrease in pO2

and not to decrease in O2 content (1). There is minimal
stimulation in anemia, carboxyhemoglobinemia, and meth-
hemoglobinemia. Acidemia, either secondary to metabolic
or respiratory acidosis causes stimulation, which can
lead to hyperventilation. Quantitatively, the response of
peripheral chemoreceptors to increase in pCO2 is one-sixth
that of central chemoreceptors. However, the response is
very rapid. Oscillations in pCO2 within the respiratory
cycle are detected by peripheral chemoreceptors and dis-
charge rates are altered accordingly. Hypoperfusion of
carotid bodies (systolic BP ,60 mmHg) and increase in
temperature causes stimulation and leads to hyperventilation.
Nicotine, acetylcholine, doxapram, and almitrine stimulate
ventilation directly, while cyanide and carbon monoxide
increase ventilation by inhibiting the cytochrome system,
which prevents oxidative metabolism. Hypoxia also has a
direct effect on the respiratory center. Central respiratory
neurons are depressed by hypoxia, and apnea follows
severe medullar hypoxia whether due to ischemia or to
hypoxemia. Phrenic motor nerve activity becomes silent
when medullary pO2 falls to about 13 mmHg. More intense
hypoxia can cause resumption of the abnormal pattern of
breathing possibly by activation of the gasping center.

Integrated Effects of pCO2, pH, and pO2 on Respiratory Control
Though the effects of pCO2, pH, and pO2 on the respiratory
control have been described independently, they are
integrated in vivo. The acute hypoxic response is enhanced

at elevated pCO2, while the responses to both acute and
prolonged hypoxia are depressed by hypocapnia. When
pCO2 is not controlled during hypoxic ventilation,
hypoxia-induced hyperventilation immediately gives rise
to hypocapnia and attenuates the ventilatory response to
hypoxia. Similarly, changes in PO2 alter the slope of the
ventilatory response curve, while metabolic acidosis
pushes the curve to the left and makes ventilatory response
more sensitive to changes in pCO2 (Fig. 18) (1,54).

Nonchemical Pulmonary Reflexes
In addition to neural and chemical control of breathing,
ventilation is significantly modulated and affected by
pulmonary reflexes. These reflexes can result in a myriad
of responses, from apnea, to alterations in airway caliber,
to hemodynamic effects.

HEART^LUNG INTERACTIONS

Because the heart and great vessels lie within the thorax, the
respiratory system is the milieu within which the heart must
function. _Q is determined by the heart rate (HR) and stroke
volume. Stroke volume is in turn dependent on preload,
afterload, and contractility. Conceivably, effect on any one
or more of these components would change _Q. The major
mechanical interactions of respiration and circulation are
produced by changes in pleural and alveolar pressure (55).
Changes in these pressures affect the circulation by produ-
cing changes in preload and afterload of the right and left
ventricle (55). The magnitude of both preload and afterload
is determined by a complex interaction of the heart and
blood vessels. Discussion of all these changes is beyond
the scope of this chapter, and the reader is referred to
other references for full discussion (55). It is important to
understand that it is the static recoil pressure of the systemic
or pulmonary circulation relative to the right or left atrial
pressure that provides the driving pressure that returns
the blood to the heart (the resistance to venous return) and
not the conventional vascular resistance (56). The magnitude
of this static recoil is determined by blood volume and the
elastic properties of the blood vessels. Increase in blood
volume increases static recoil and thus increases preload.

Effect of Pleural Pressure on Preload and Afterload
Because the right heart is surrounded by pleural pressure
and the systemic vessels are not, a decrease in pleural
pressure (e.g., during inspiration) reduces the right atrial
pressure relative to the static recoil pressure of the systemic
circulation, thus increasing venous return. The overall effect
on preload is modified by systemic vascular compliance,
accompanying changes in abdominal pressure, and the col-
lapse of the extrathoracic venae cava.

Increase in pleural pressure (e.g., positive pressure
ventilation) results in increased intrathoracic pressure and
pressure around a portion of the heart and circulation. It is
thought that this decreases the overall transmural pressure
(intraluminal—intrathoracic pressure) across the wall of
the ventricle. The transmural LV pressure is the measure of
afterload. Intraluminal pressure approximates aortic
pressure (as long as there is no obstruction to aortic
outflow and no significant variation in intrathoracic
presure) and provides a good estimate of the afterload.
However, if intrathoracic pressure fluctuates considerably
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(þ20 to 260 mmHg), transmural LV pressure and afterload
can alter significantly. Hemodynamic benefits of positive
pressure ventilation in patients with severe heart failure
are attributable to decrease in preload and afterload with
mechanical ventilation.

Effect of Alveolar Pressure on Preload and Afterload
When lung volume is constant, any change in pleural
pressure is accompanied by an approximately equal
change in alveolar pressure. However, with any change in
lung volume there is a change in alveolar pressure, relative
to pleural pressure as determined by the static recoil of the
lung. The effect of changes in alveolar pressure to preload
and afterload becomes more complicated with varying
effects on right and left cardiac chambers. The effect of an
increase in alveolar pressure relative to pleural pressure is
also different in zone II versus zone III states. With increas-
ing alveolar pressure in zone II, there is a steady-state
increase in right ventricular afterload (due to increase in
back pressure from ejection) and transient decrease in LV
preload. This can be seen in an asthmatic attack where
large increase in lung volume gives rise to marked increase
in right ventricular afterload (57). In zone III, there is a tran-
sient increase in RV afterload, but also in LV preload, which
causes no significant steady-state changes.

Effect of Positive End Expiratory Pressure on
Cardiac Function
Positive end expiratory pressure causes significant effect on
the cardiac function (58). These include: (i) reduced venous
return, secondary to increased pleural presure; (ii) increased
right ventricular load, secondary to increased lung vascular
resistance; (iii) decreased LV load secondary to rise in
pleural pressure; and (iv) reflex changes in heart rate, sys-
temic vascular resistance and perhaps cardiac contractility,
caused by inflation reflexes and secondarily by changes in
vascular pressures.

Reflex Effects of Lung Inflation on Hemodynamics
Cardiovascular effects of changes in pleural and alveolar
pressure have been described earlier. However, there are
also direct reflex cardiovascular effects secondary to lung
inflation. The lungs are significantly innervated by the
vagus nerve (59). Cardiovascular response to low level of
lung inflation (,10 mmH2O) and higher level of lung
inflation is different. Low level of inflation decreases sys-
temic vascular resistance (SVR) and has variable effect on
HR (60). Static inflation of the lungs to distending pressures
of 15 mmH2O depresses cardiovascular function. The reflex
effect includes decrease in HR, arterial pressure, _Q, cardiac
contractility, systemic vascular resistance. The afferent limb
of the reflex arc is the ipsilateral vagus nerve (61). These
reflexes play a role in normal physiology (sinus arrhythmia)
and possibly during pathological conditions and mechanical
ventilation of the lungs.

RESPIRATORY PHYSIOLOGYAT EXTREMES OFAGE
AND PREGNANCY

With the first few breaths changes occur in the cardiopul-
monary system, which allow the fetus adapt to the extra-
uterine environment. Significant anatomical and functional
differences in the respiratory system are notable in the

neonates compared to adults. Furthermore, respiratory func-
tion continues to change with advancing age and alterations
in the respiratory system are also evident during pregnancy.
Salient changes in the respiratory system in neonates, the
elderly, and during pregnancy are discussed.

Respiratory Changes in the Elderly
Structural Alterations in the Upper and Lower Airways
With advancing age, structural changes occur both in upper
and lower airways. There is loss of pharyngeal support. In
addition, the protective airway reflexes of coughing and
swallowing are depressed. Mean pulmonary artery pressure
increases by 30%, and the pulmonary vascular resistance
increases by 80% between age 20 and 70 years (62). Part of
the pulmonary vascular changes results from a decline in
the volume of the pulmonary capillary bed. Additionally,
there is a progressive age-related decrease in surface area
of at least 30% occurring from age 20 to the age of 70 years
(63). Dilatation of the respiratory bronchioles and alveolar
ducts (ductectasia) leads to increase in anatomical dead
space. Molecular changes in protein structure leads to
increased proteolysis of elastin, which leads to decreased
elastic recoil. Though the absolute elastin content is not
altered, the ratio of collagen to elastin is. There is increased
interstitial collagen, which probably contributes to increased
O2 diffusing capacity (4).

Changes in Respiratory Mechanics and Lung Volume
The elastic properties of the lung and thoracic wall gradually
change by aging. The chest wall becomes stiffer due to
calcification of ribs and vertebral joints, while the lung
parenchyma loses elastic recoil. The volume-pressure curve
of the aged total system (lungþ thorax) is flatter and shows
less compliance. Loss of elastic recoil leads to increased
overall tension, which can contribute to an increased
pulmonary vascular resistance.

With aging, tidal volume decreases and respiratory fre-
quency increases slightly; abdominal contribution to tidal
breathing increases. The total lung capacity (TLC) does not
change considerably, when corrected for age-related decreases
in height. However, changes in chest wall and lung lead to
barrel-like appearance of chest and flattened diaphragm.

FEV1 (forced expiratory volume in one second)
decreases annually by 30 mL. Closing capacity (CC), the
volume at which the elastic recoil of the lungs becomes insuf-
ficient to support small bronchioles (,1 mm), reaches FRC
in the erect 60 year old. In supine position, FRC equals CC
at age of 44 years (Fig. 19) (64). Vital capacity is significantly
decreased, however, FRC does not change.

The diaphragmatic efficiency in the elderly is also
impaired by a significant loss of muscle mass. Though the
reduction in diaphragmatic strength is small (10–20%),
maximum pressures generated by full inhalation and expira-
tion are significantly decreased. FEV1/FVC ratio may be as
low as 65% to 55% in apparently healthy individuals. The
work of breathing may be elevated by 30% during exercise.

Impaired Efficiency of Gas Exchange
Arterial oxygenation is progressively impeded with increas-

ing age (65); whereas V̇CO2 is less affected by aging in the
absence of disease. Oxygen tension decreases progressively
with aging (approximately 5 mmHg per decade from the
age of 20 years), with significant drop between ages 40 and
75 years. Thereafter, arterial O2 tension remains stable at
about 83 mmHg. The drop in O2 tension is primarily
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due to alterations in _V= _Q mismatch (Fig. 12) (66). Loss of
hypoxic pulmonary vasoconstriction and hypocapnic
bronchoconstriction prevents fine-tuning of ventilation/per-
fusion balance. Cumulatively, _V= _Q mismatch and loss of
functional alveolar surface significantly decreases the diffus-
ing capacity (0.24 mLO2/mmHg/yr in men and 0.16 mLO2/
mmHg/yr in women) (67).

Alterations in Ventilatory Drive
Respiratory response to hypoxemia and hypercapnia is
roughly decreased by 50% in the 70-year old healthy individ-
ual (68). This is due to reduced central nervous system (CNS)
activity, and reduced neuronal output to respiratory
muscles. In the elderly, the response to hypoxemia during
rapid eye movement (REM) sleep is profoundly impaired.

Clinical Implications
Age-related loss of pharyngeal muscle support leads to

an increased propensity for upper airway obstruction. Fur-
thermore, loss of dentition make establishment of patent
airway by bag and mask more difficult. Loss of protective
reflexes makes the elderly more prone to aspiration. Four
vital capacity breaths prior to induction of anesthesia may
not be sufficient to provide adequate preoxygenation as
vital capacity is significantly decreased in the elderly (69).
Impaired gas exchange makes them more prone to hypoxe-
mia. Furthermore, in the elderly, response to chemical
(hypoxia, hypercapnia) and mechanical stress (increased
airway resistance) is significantly reduced in the presence
of small amounts of opioids, benzodiazepines, and inhala-
tional anesthetic agents.

Respiratory Changes in the Neonate
Structural Alterations in the Upper and Lower Airways
Neonates are obligate nasal breathers and have a small
pharynx and a large tongue (70). The larynx is located ante-
riorly and slightly higher in the neck. The epiglottis is

mobile. The cricoid cartilage is the narrowest portion of the
trachea. At full term all major elements of the lungs are
fully formed, but, the number of alveoli present is only
about 15% of the lung (71). Division of saccules into alveoli
continues following birth and is believed to be complete
by two years of age (1,71).

Changes in Respiratory Mechanics and Lung Volume
The chest wall of the neonate is highly compliant compared
to the adult (where compliance of chest wall and the lung is
nearly equal) (1,71,72). Most of the impedance to expansion
is due to the lung and is dependent on the presence of sur-
factant in the alveoli. Though a small amount of surfactant
is present at 24 weeks, significant synthesis of surfactant
does not begin until 34 to 36 weeks. Compliance is about
one-twentieth that of an adult and resistance is about 15
times greater (1). As in the elderly, the diaphragm is not as
dome shaped as in adults. The lower portion of the rib
cage has large anteroposterior and lateral diameters. As a
result, the diaphragmatic insertions are spread out, limiting
range of lengths of the diaphragmatic fibers.

Minute ventilation of a neonate is about twice that of
an adult. This is due to significant respiratory rate 25–
40/min, while the tidal volume, corrected for weight is not
significantly different. Vital capacity is half of an adult
when corrected for weight, while the functional residual
capacity is not significantly different. Dead space is close
to half that of tidal volume and shunt is about 10%
immediately after birth.

Impaired Efficiency of Gas Exchange
The single most important difference in respiratory para-
meters that distinguishes pediatric patients from the adult
is _VO2. In the neonate, the V̇O2 is .6 mL/kg/min, which
is about twice that of the adult. Increased demand is main-
tained by increased alveolar ventilation (vide supra).
Because of increased shunt, the alveolar/arterial difference
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Figure 19 Changes in lung volumes with aging (erect position). Residual volume (RV) (5–10% per decade) and functional residual
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is about 25 mmHg, which is about twice that in adults. PCO2

is slightly decreased to 30–36 mmHg.

Alterations in Ventilatory Drive
Adult hypoxic ventilatory responses are not fully developed
in the neonates (73). In normal babies under two months of
age, there may be an excess of 200 apneic episodes and 50
minutes of periodic breathing per day, with short-lived desa-
turations (74). Though the ventilatory response to CO2 seems
to be similar to adults, the response is depressed in REM
sleep (75).

Clinical Implications
Presence of large head, large tongue, floppy epiglottis, and
anterior larynx requires slightly different maneuvering to
achieve tracheal intubation (70). The size of the endotracheal
tube (ET) tube also needs to be gauged to the cricoid carti-
lage rather than to laryngeal opening to avoid trauma to
the trachea. High V̇O2, along with a relatively low total
volume of FRC, predisposes neonates to develop hypoxia
quickly, after apnea. Though cardiovascular responses to
hypoxia (bradycardia, vasoconstriction) are well developed
in the neonates, compensatory responses to hypoxia/hyper-
carbia are not fully developed (73). Thus neonatal hypoven-
tilation is very likely after administration of respiratory
depressant drugs and anesthesia.

Respiratory Changes During Pregnancy
Structural Alterations in the Upper and Lower Airways
Several physiological changes occur during pregnancy that
affect respiratory function (76,77). Fluid retention causes
edema throughout airway mucosa. This causes difficult
nasal breathing. Furthermore, edema of the upper airway
increases the propensity of bleeding even with minimal
trauma and makes airway management more difficult.

Changes in Respiratory Mechanics and Lung Volume
Lung volume does not change until about the fifth month of
gestation. The diaphragm becomes displaced cephalad by
the expansion of the uterus in the abdomen (78). This leads
to decrease in residual volume and expiratory reserve
volume by 20%. FRC also decreases significantly. However,
vital capacity, FEV1, and maximal breathing capacity are
normally unchanged.

Increase in _VE is one of the earliest and most dramatic
changes in pulmonary function. The _VE is increased about
50% above nonpregnant levels during the first trimester
and is maintained for the remainder of the pregnancy. It is
thought to be centrally mediated due to increased levels of
progesterone which can rise sixfold during pregnancy.
Increase in _VE is due to increase in tidal volume with
slight increase in respiratory rate. Airway resistance
decreases by 35%.

Impaired Efficiency of Gas Exchange
Increase in blood volume contributes significantly to increase
in O2 delivery. Though total O2 consumption is increased by
15% to 30% it is attributed to increased demands of the
fetus, uterus, and placenta and not significantly different
when expressed per kilogram of body weight. Due to
the increase in alveolar ventilation, which is more than the

increase in V̇O2, the PAO2 is higher than normal, and the

PaCO2 decreases to 30 mmHg during the first trimester of

pregnancy whereas pH remains normal.

Alterations in Ventilatory Drive
The hyperventilation observed during the pregnancy is
attributable to progesterone level. The mechanism is
assumed to be a sensitization of the central chemoreceptors.
Pregnancy gives rise to three-fold increase in slope of PCO2/
ventilation response curve (79). The hypoxic ventilatory
response is also increased two-fold (80).

Clinical Implications
Airway edema, swelling and easy propensity to bleed
contribute significantly to difficulty in airway management
in a parturient. Furthermore, the significant decrease in
FRC and increased V̇O2 contribute to quicker development
of desaturation and hypoxemia (77). Adequate denitrogena-
tion requires longer period of breathing 100% O2. For preox-
ygenation to be beneficial to the fetus, it should be
performed for about six minutes to allow for adequate
maternal-fetal equilibrium (77).

NONPULMONARY FUNCTIONS OF THE LUNG

The lungs primary function is gas exchange. However, due
to its significant surface area and capillary network, it is an
ideal organ to perform other functions. Some nonpulmonary
functions are as follows: (i) Filtration: Thrombi are cleared
most rapidly from the lungs than other organs. The lung pos-
sesses a well-developed proteolytic enzyme system, which
dissolves small clumps of fibrin and platelets (81). Plasmin
activator from pulmonary endothelium converts plasmino-
gen to plasmin, which converts fibrin to fibrin degradation
products. (ii) Processing of compounds: Table 4 shows the
effects on various hormones while passing through the pul-
monary circulation (81,82). Some pass through the circula-
tion unchanged, others are activated (angiotensin I to
angiotensin II, arachidonic acid), while many are inacti-
vated. Lungs not only process endogenously produced sub-
stances, but metabolize a number of chemicals utilizing the
mixed function oxidases and cytochrome P-450 systems as
seen in the liver. Furthermore, the process involving the con-
jugation with glucuronide and glutathione also takes place
in the lung. (iii) Release of inflammatory mediators: histamine,
endothelium, and arachidonic acid derivatives are released
from the lung following immunological activated by
inhaled allergens. Some animal studies have demonstrated
the presence of clusters of peptide and amine-secreting
cells in the lung tissue (83). The cells degranulate in the pre-
sence of hypoxia, however, their function a significance is
still not known. (iv) Host defenses: The lungs are exposed to
the environment and are constantly being bombarded with
pathogens. Lungs have developed an elaborate network of
minimizing and handling of pathogens. Larger particles
.5 mm are filtered in the nose and upper pharynx. The
mucociliary layer helps to trap particles between 1 and
5 mm, while particles ,1 mm reach the alveoli. Local host
defenses are provided by macrophages, neutrophils, and
lymphocytes. They protect the tissues in the short term,
but chronic long-term inflammation can cause significant
destruction or remodeling of tissues. This can lead to altera-
tions in ventilation/perfusion and ultimate gas exchange.
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RESPIRATORYADJUSTMENT IN HEALTH AND DISEASE

For significant range of O2 extraction, V̇O2 is independent of
supply (Fig. 20) (84). However, below a critical ḊO2 level,
V̇O2 begins to diminish and is directly dependent upon the
supply of O2. In critical illness, “supply dependency” is
observed at a much higher ḊO2 level (Fig. 20) than occurs
at baseline conditions. This observation leads some to
believe and suggest that increasing ḊO2 to supramaximal
levels could improve outcomes in critically ill patients.
However, this has not been proven conclusively (85).

Respiratory failure is defined as a failure of maintenance
of normal arterial blood gas tension. Hypoxia due to cardiac and
other extrapulmonary forms of shunting are excluded. As men-
tioned before, saturation of Hb with O2 is dependent on PaO2,
which is dependent on alveolar PAO2. Alveolar PAO2 under

normal conditions is dependent on the balance of two factors:
(i) amount of O2 entering the lung, which is determined by
alveolar ventilation and concentration of O2 (FIO2), and, (ii) O2

leaving the alveoli, which is determined by _Q and O2 saturation
of mixed venous (PvO2) (Fig. 13). This presumes that there is no
impediment to diffusion of O2 across the alveoli to the blood. If
_Q and PvO2 are kept constant and _V= _Q is matched the two
factors that would significantly affect PAO2 are alveolar venti-
lation and fractional inspired concentration. Breathing a
hypoxic mixture of gas (accidental, smoke inhalation), and
low FIO2 (as at high altitude) would lead to hypoxia even if ven-
tilation is maintained. More often it is the decreased ventilation,
in combination with _V= _Q mismatching and shunting, that
causes decreased PaO2. Decreased PaO2 with or without
increases in PaCO2 is described as acute hypoxic respiratory
failure. The pathophysiologic reasons for acute hypoxic respir-
atory failure are reviewed in Volume 2, Chapter 23.

Management of acute hypoxemic respiratory failure
(AHRF) requires mechanical ventilation. The parameters of
mechanical ventilation are determined predominantly by the
pathophysiologic process. For example, in situations of venti-
latory failure secondary to neuromuscular dysfunction (myo-
pathy, neuropathy, neuromuscular blockade) adequate _VE

with low FIO2 would suffice. However, in situations of acute
lung injury, where _V= _Q mismatch and shunts predominate
as the major pathophysiologic process, ventilatory parameters
that keep the alveoli open (PEEP), improve _V= _Q ratio, and
increase FIO2 will be required (see Volume 2, Chapter 27).
Increased FIO2 is able to improve PaO2 (and SaO2) in states
where _V= _Q mismatch is the primary pathophysiology, while
it has limited effect in situations where there is a large
shunt. If the shunt is more than 30% of the _Q, O2 supplemen-
tation has less effect in improving the PaO2. However, decreas-
ing the FIO2 will drastically lower the PaO2 due to the effect on
alveoli that are participating in gas exchange.

EYE TOTHE FUTURE

Technological advancements are significantly contributing to
our understanding of biological processes. Completion of

Table 4 Effect on Hormones by Passage Through the Pulmonary Circulation

Effect of compound passing through pulmonary circulation

Molecule Activated Unchanged Inactivated

Amines Dopamine 5-Hydroxytryptamine

Epinephrine Norepinephrine

Histamine

Peptides Angiotensin I Angiotensin II Bradykinin

Oxytocin Atrial naturetic peptide

Vasopressin Endothelins

Ecosanoids Arachidonic acid PGI2 PGD2

PGA2 PGE1, PGE2

PGF2a

Leukotrienes

Purine derivatives Adenosine

ATP, ADP, AMP

Abbreviations: ATP, adenosine tri-phosphate; ADP, adenosine diphosphate; AMP, adenosine monophos-

phate; PGI2, prostacyclin; PGA2, prostaglandin A2; PGD, prostaglandin D; PGE1, prostaglandin E1;

PGE2, prostaglandin E2; PGF2a, prostaglandin.

Source: Modified from Ref. 92.

Figure 20 For an otherwise healthy subject, the thick horizontal

line shows the extent to which oxygen delivery can be reduced

without reducing oxygen consumption and causing signs of cel-

lular hypoxia (supply independent oxygenation). Below the pos-

tulated critical delivery, oxygen consumption becomes supply-

dependent and there are signs of hypoxia. Source: From Ref. 1.
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the human genome project has been a major development
and is fueling research at a level which was incomprehensi-
ble a decade ago. Evaluation of gene activation and
responses to specific stimuli, which was studied one gene
at a time, is now being studied at the whole genome level
using microarray and other technologies. Currently data is
being generated at unprecedented levels adding to the
understanding and complexities of biological processes. It
is also being recognized that the evaluation of proteins (pro-
teomics) and interaction of proteins and genes (interac-
tomes) are equally important. Variations in biological
responses are being linked to differences in specific genes.
Alterations in nucleotide composition of genes, single
nucleotide polymorphisms (SNPs), are being linked to vari-
ations in biological activity and pathological predispositions.

One area of pulmonary physiology that has seen great
advancement in our understanding in the last decade is pul-
monary vascular physiology. This is also an area where these
new gene-based technologies are likely to be employed. The
pulmonary vasculature is affected by many pathological pro-
cesses (chronic obstructive pulmonary disease, acute
respiratory distress syndrome, collagen vascular disease, pul-
monary embolism, etc.), which lead to secondary pulmonary
hypertension, culminating in acute and chronic right heart
failure. Pulmonary hypertension and right heart failure are dif-
ficult to treat. Better understanding of mechanisms that lead to
pulmonary hypertension are the focus of significant research.
The exact mechanism of hypoxic pulmonary vasoconstriction,
which is central to the development of acute and chronic pul-
monary hypertension, continues to remain elusive (86,87). The
recently described role of carbon monoxide in oxygen sensing/
transduction mechanism in carotid glomus cells adds a new
dimension to possible mechanisms of oxygen-sensing and
hypoxic ventilatory control (88). Similar pathways may be
involved in hypoxic pulmonary vasoconstriction; however,
that remains to be determined.

Elucidation of the mechanisms by which the pulmonary
vascular system is formed, maintained, or disrupted during
development and disease represents a major challenge in
contemporary lung biology. Though it is appreciated that
processes involving cellular proliferation, differentiation, and
apoptosis need to be carefully coordinated, knowledge of
the underlying cellular and molecular mechanisms involved
is limited. Discovery of homeobox genes represents a defini-
tive advance in this area (89). However, the specific role of
these genes in lung organogenesis and tissue remodeling is
in its infancy. Many research initiatives are currently active
to develop a systematic approach to biological processes inte-
grating molecular, cellular, and interactive processes.

As molecular biology techniques have progressed, so
have advances in the complexity and accessibility of imaging
techniques. It is now possible to study physiological and
pathological phenomenon noninvasively in vivo in animals
and humans. High-resolution computed tomography (CT)
scans and PET scanning are helping us test long-held hypoth-
eses and theories. Functional MRI techniques are allowing us
to better delineate areas of the brain responsible for specific
physiological functions. Such studies will help us understand
respiratory control mechanisms and sleep-related disorders.

SUMMARY

The primary purpose of the respiratory system is to facilitate
the uptake of O2 in the alveoli, where it combines with
hemoglobin and is transported throughout the body by the

circulatory system, while at the same time removing CO2

which has been transported from the tissues to be exhaled
via the alveoli. These functions are achieved by intricate
coordination of the upper and lower airways, alveoli, pul-
monary blood flow, respiratory muscles, metabolic sensors,
and medulla-based neural control centers.

Cardiac and respiratory functions are also closely inte-
grated with numerous feedback mechanisms designed to
match ventilation with perfusion. The lungs and the heart
are the only organs that receive full _Q. Accordingly, the
lungs are anatomically well situated to perform many of
the secondary (nonpulmonary) functions. The list of nonpul-
monary functions continues to grow. Pulmonary and non-
pulmonary functions adapt to constantly changing needs
of the body. They also vary significantly with age and preg-
nancy. Understanding the basic physiological mechanisms
involved in pulmonary and nonpulmonary functions of
the lungs is the key to appreciating pathophysiology of res-
piratory disorders and rational management of respiratory
function following trauma, resuscitation, perioperative man-
agement, and critical care.

KEY POINTS

The FRC has important clinical significance as it is the
major reservoir of oxygen in the body and is directly
related to the time to desaturation following apnea. In
addition, the FRC is inversely proportional to the
degree of shunt.
Alveolar ventilation ( _VA) is referred to as the gas that
participates in gas exchange; the amount of ventilation
that is wasted is referred to as physiologic dead space
ventilation ( _VD).
The formula for compliance is analogous to the math-
ematical formula used to calculate capacitance in
electronics.
Factors that affect airway resistance include lung
volume, bronchial smooth muscle tone, carbon
dioxide, and the density/viscosity of the inhaled gas.
Blood flow has to be closely coupled to adequate venti-
lation to allow for optimal exchange of O2 and CO2.
Unlike systemic vessels, pulmonary vessels constrict in
response to hypoxia, hypercarbia, and acidosis.
Under typical resting conditions, the RBC PO2 virtually
reaches that of alveolar gas when it is about one-third of
the way along the capillary.
Increased O2 affinity shifts the oxy-heme curve to the left
(i.e., reduces P50), while decreased O2 affinity shifts the
oxy-heme curve to the right (i.e., increases P50).
CO2 is transported in the blood primarily in three
different forms, namely: (i) physically dissolved in
blood; (ii) bound to amino groups of proteins (e.g.,
hemoglobin), as carbamate compounds; and (iii) as
bicarbonate ions.
Autonomous respiratory pattern is generated in the
medulla by synchronized activity of six distinct neur-
onal groups (central pattern generator, CPG).
The central chemoreceptors play an important role in
monitoring pCO2, while the peripheral chemoreceptors
which reside in the carotid body respond predomi-
nantly to changes in pO2.
Age-related loss of pharyngeal muscle support leads to
an increased propensity for upper airway obstruction.
Furthermore, loss of dentition makes establishment of
patent airway by bag and mask more difficult.
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Due to the increase in alveolar ventilation, which is
more than the increase in V̇O2, the PAO2 is higher
than normal, and the PaCO2 decreases to 30 mmHg
during the first trimester of pregnancy whereas the
pH remains normal.
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INTRODUCTION

A firm knowledge of cardiovascular physiology is necessary
for the effective management of the critically ill. A complex
interplay between compromised hemodynamic status, meta-
bolic derangement, and preexisting cardiovascular disease is
often present (Fig. 1). Thus, an appropriate diagnosis and
treatment require an understanding of the cardiovascular
signs and symptoms of acute catastrophic illness, as well
as those associated with preexisting cardiovascular disease.
Patients requiring intensive care and/or resuscitation fre-
quently are unable to provide a complete history or
cooperate for a comprehensive physical examination. Thus,
the skillful use of the physiologic data, both invasive and
noninvasive, is essential.

This chapter reviews the fundamentals of cardiovascu-
lar physiology directly applicable to the anesthetic and
intensive care management of critically ill trauma victims.
The relationships between physiologic processes and hemo-
dynamic data are emphasized, since these are important
components of critical care to some extent. First, the heart’s
pumping mechanism is presented. Mechanical functions of
the myocardium and vasculature are reviewed, as are the
effects of vascular tone on cardiac filling and performance.
Second, cardiac myocyte metabolism, with particular
emphasis on myocardial oxygen balance, is discussed, fol-
lowed by reviews of cellular electrophysiology, cardiac elec-
trical conduction, and a discussion of common mechanisms
for dysrhythmia development. Finally, the physiologic aber-
rations associated with representative traumatic conditions
are briefly presented. These include massive blood loss
(hypovolemia), cardiac tamponade, pneumothorax, cardiac
contusion, and head trauma. Although these clinical
examples are presented in detail elsewhere in this book,
they are presented in this instance to illustrate the appli-
cation of physiologic principles to the clinical arena. It is
hoped that these brief discussions will encourage the
reader to approach the cardiovascular problems in patients
who are critically ill from a “physiologic perspective.”

THE PUMPINGMECHANISM OF THE HEARTAND
MECHANICS OF THE VASCULAR SYSTEM
The Flow of Blood in the Cardiovascular System
In 1628, the great English physician William Harvey pro-
vided the first modern description of the human circulatory
system (1,2). As he described, it consists of two pumps and a
system of vessels and capillaries arranged in series (Fig. 2).
The left side pump (left ventricle) ejects blood to the systemic

circulation, whereas the right side pump (right ventricle)
ejects blood under relatively low pressure (approximately
1/6 systemic) to the pulmonary vasculature. Amazingly,
the two pumps are housed in the same unit, functioning in
a completely synchronous manner. The atria and the ventri-
cles are adjacent to one another, sharing the septae that sepa-
rate them. Thus, changes in geometry and function on one
side have profound effects on the other. Cardiac contrac-
tion is a complex three-dimensional event. Each ventricle
ejects its volume in a remarkably complex way, with con-
centric contraction (short axis), a rotating “wringing”
motion, long axis contraction with downward movement
of the mitral and tricuspid annuli, and contraction of the
papillary muscles (3–5). With papillary muscle contraction,
the atrio ventricular valvular leaflets become properly
aligned in order to prevent regurgitation.

The performance of the heart is under local, humoral,
and neural control. Intrinsic response to chamber filling,
hormonal influence, and autonomic innervation combine
to provide the mechanisms for the heart’s response to
changes in demand.

Local Control of Cardiac Function
The most significant local factor is chamber filling, which is
related to the diastolic ventricular compliance and “venous
return.” The mechanism by which the myocardium increases
its performance (stroke work) in response to increased dias-
tolic volume is known as the Frank-Starling mechanism.

The Frank-Starling mechanism causes enhanced myo-

cardial performance when cardiac filling is increased.
Stretch of myocardial fibers caused by increased chamber
volume causes increased contractile force. This increased
force results from improved alignment of actin and myosin
filaments in the sarcomeres (Fig. 3), which results in the ejec-
tion of the extra volume, enhanced myocardial contractility,
and increased myocardial oxygen consumption. This mechan-
ism has a limit, however. The slope of the ventricular function
curve depends on baseline myocardial performance. When
volume is added, the curve eventually reaches a plateau,
above which increases in performance do not occur (Fig. 4).

Increase in afterload (impedance to ejection) usually rep-
resents a rise in systemic vascular resistance (SVR). The
healthy heart responds favorably to meet the demand of

increased SVR, without exhibiting a decrease in output until
the mean arterial pressure (MAP) is greater than 160 mmHg
(6). When under physiologic stress and varying loading
conditions, however, the heart can become quite sensitive
to changes in afterload. Indeed, in the clinical setting,
pharmacologic manipulation of afterload can be an effective

45



means of influencing cardiac function. For example, in the
setting of high afterload, vasodilation can significantly
augment cardiac output without increasing myocardial
oxygen consumption (7–9). Although vasodilation will
augment cardiac output in the setting of high SVR, it may
also decrease perfusion pressure to the needy tissue

beds, including the coronary arteries.
In the interpretation of hemodynamic monitoring

data, it must be remembered, “pressure is not analogous to
volume.” For example, when interpreting the central
venous pressure (CVP), we tend to equate a high CVP to a
“full” right atrium and ventricle, and a low pressure as an
“empty” heart. In reality, a high CVP can be obtained in
several clinical situations where the heart is actually empty
(e.g., tamponade, noncompliant right ventricle, etc.).

The relationship between venous return and right
atrial pressure is shown in Figure 5. When the heart fails
and Q̇ falls below venous return, right atrial pressure rises.
In Figure 5, the venous return curve is flat for right atrial
pressures less than zero. As the right atrial pressure
increases (at a fixed capillary tone, intravascular volume,
Q̇, and contractility), the venous return decreases.

PREEXISTING DISEASE TRAUMA

Chronic Hypertension
Ischemic Heart Disease
Peripheral Vascular Disease
Congenital Heart Disease
Metabolic/Endocrine Disease
Medications
Chronic Substance Abuse 

Hypovolemia
Cardiac Tamponade
Cardiac Contusion
Pneumothorax
Metabolic Derangement
Systemic Inflammatory 

Response
Head Trauma
Intoxication

Hemodynamic
Instability

Inadequate Pump Function
Dysrhythmias

Vasomotor Problems

Figure 1 The interrelationship between preexisting cardiovascular disease and cardiovascular compromise resulting from trauma.
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Figure 2 A schematic of the cardiovascular system,

illustrating that the right and left sides of the circulation are

arranged in series.

Figure 3 The Frank-Starling mechanism: force of contraction

depends upon sarcomere length. Improvement in performance

associated with volume administration results from a transition

from area “3” to area “2.” Area “1” occurs when excessive

stretching of fibers causes inadequate overlap of actin and

myosin filaments. This overstretch condition (Area 1) seldom

occurs in vivo in mammalian species. However, it can be seen in

the laboratory (e.g., frog muscle prep). Source: From Ref. 44.
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However, under the same steady-state conditions of con-
tractility, the addition of one liter of blood to the system
would result in an increased Q̇ and venous return (Fig. 5).
Pressure may often be useful as surrogate measurement
for volume or filling, but there are numerous clinical situ-
ations in which this relationship breaks down. Examples,
such as cardiac tamponade and tension pneumothorax,
are discussed later.

The Cardiac Work Loop: ‘‘Pressure Work’’
and ‘‘ Volume Work’’
Ohm’s law (Equation 1) for electricity can be applied to the
global mechanics of the cardiovascular system:

E ¼ I �R (1)

where E is the voltage, I the current, and R the resistance. If one

considers pressure in the vascular system to be analogous to
voltage, and flow analogous to current, then Equation 2 results
for the vascular system:

DP ¼ Q̇ �R (2)

where DP is the pressure drop across the system, Q̇ the flow
through the system, and R the resistance to blood flow through
the system. The formulae for calculating the pulmonary vascular
resistance (PVR) and SVR are simply algebraic modifications of
the aforementioned formula:

R ¼
DP

Q̇
(3)

In Equation 3, Ohm’s law is restated in an algebraic
equation that is the solution to obtain the resistance. In clinical
practice the resistance calculated this way is either PVR or SVR.

PVR ¼
MPAP� Ppao

Q̇
(4)

Equation 4 is the formula used to provide the solution for PVR. In
this situation the DP is mean pulmonary artery pressure (MPAP)
deducted from pulmonary artery occlusion pressure (Ppao). When
calculated this way, results are expressed as Wood’s units.

PVR ¼
MPAP� Ppao

Q̇
� 80

(units in dynes cm�5sec�1)

(5)

Equation 5 converts the units into dynes cm25 sec21 by
multiplying Equation 4 by 80.

SVR ¼
MAP� CVP

Q̇
� 80 (6)

Equation 6 solves for SVR. MAP, CVP, and 80 is the mul-

tiplied conversion factor required to yield the standard units (dynes
cm25 sec21).

The pulmonary vascular system is a low-pressure,
high-compliant network in health, with pressures approxi-
mately 1/10 systemic. A normal cardiac work loop is
shown in Figure 6. The amount of work the heart does in
one cycle is the “stroke work,” and can be calculated by
determining the area of the work loop. This could be esti-
mated by drawing a similar rectangle and multiplying the
change in x axis (volume) by the change in y axis (pressure).

Work ¼ energy ¼ pressure � volume (7)

Thus, one component of the cardiac work provides
pressure generation, and the other volume ejection
(Equation 7). In hemodynamic management, it is often
necessary to balance these two factors. For instance, if most
of the heart’s energy is invested in pressure generation,
then there may not be sufficient flow to support the
oxygen requirements of the body. Likewise, if the heart gen-
erates high volume but very low pressure (as occurs in low
SVR states), the pressure generated may not be sufficient
for adequate peripheral perfusion to organs such as the
brain, liver, kidneys, or the myocardium itself.
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Figure 4 The Frank-Starling mechanism at work in the intact

circulatory system. Movement from A to B results from volume

loading in hypovolemia, B to D from volume overload in the

dysfunctional heart, and B to C from inotropic support. Source:

From Ref. 45.

Figure 5 The interplay between right atrial pressure and

venous return. Venous return is a function of venous

capacitance, intravascular blood volume, cardiac output, and

right atrial pressure. When venous capacitance, intravascular

blood volume, and cardiac output are all stable and normal,

venous return decreases linearly as the right atrial pressure

increases above zero. When the pressure in the atrium becomes

equal with the mean systemic venous pressure (point x), venous

return ceases. If the cardiovascular system was augmented

with a transfusion of one liter of blood (e.g., in a 70-kg patient,

goes from 5 to 6 L), the cardiac output would increase as would

the venous return. The new point x (at which venous return

would diminish to zero) might be as high as 16 mmHg.

Source: From Ref. 10.
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The Effect of Respiration on Circulatory Mechanics
It has long been known that systemic blood pressure varies
during each respiratory cycle. During spontaneous inspi-
ration, blood pressure (BP) normally decreases. This is
because the highly compliant pulmonary venous bed
expands during enlargement of the chest cavity, and pulmon-
ary venous pressure drops causing decreased venous return
to the left side of the heart. Simultaneously, the venous
return to the right side of the heart increases because of the
negative intrathoracic pressure. When pathologic processes
occur which impede cardiac filling, such as cardiac tampo-
nade and constrictive pericarditis, this normal drop in BP
with inspiration is exaggerated. The resultant drop of more
than 10 mmHg is called “pulsus paradoxus” (11,12).

As Figure 7 indicates, this decrease is accompanied by
the concomitant decrease in CVP and pulmonary artery
pressure (PAP). When patients receive positive pressure ven-
tilation, a reciprocal phenomenon occurs. Positive intrathor-
acic pressure “squeezes” pulmonary venous blood into the
left side of the heart, initially raising systemic BP and left

ventricular output. This notion is supported by the echocar-
diographic demonstration that both transmitral early flow
and pulmonary venous flow increase during mechanical
inspiration (13). The rise in intrathoracic pressure is also
thought to decrease left ventricular afterload, thereby
facilitating the flow of blood to the periphery (14).
Simultaneously, venous return to the right side is decreased.

If the increased intrathoracic pressure is sustained for
a couple of additional beats, the BP drops, reflecting the
decrease in right sided venous return and increased right
ventricular afterload. The magnitude of cyclical variation
in BP variation reflects the filling of the heart, and can be
used in the assessment of volume status (15). Figure 8
depicts the respiratory variation in arterial blood pressure
with positive pressure ventilation. “D Up” refers to the
rise in systolic pressure above baseline during positive
pressure inspiration, and “D down” refers to the drop in
pressure below baseline that occurs with the next couple of
heart beats.

The “D down” component of the systolic blood

pressure variation with ventilation is quite sensitive in
detecting hypovolemia. In many patients it is possible
to use the “D down” as a surrogate for PCWP (16). Caution
should be exercised, however, since such variations may
also depend on other factors such as ventilatory pressure,
ventilatory volume, and vasodilator therapy (17,18). The
ventilation-induced changes in BP, pulmonary artery
pressure, and CVP have led clinicians to make these pressure
measurements at the “end-exhalation” point of the venti-
latory cycle (19). This minimizes the effect of ventilation, as
well as allows for consistency between measurements.

Neural Control of Cardiovascular Function
The heart (and entire cardiovascular system) responds to
autonomic influences from both the sympathetic and para-
sympathetic nervous systems.

The parasympathetic innervation of the heart is via the
vagus nerve, which profoundly affects automaticity in the
sinoatrial (SA) node, as well as conduction and automaticity
in the atrioventricular (AV) node. The vagus nerve (cranial
nerve X) originates at the floor of the fourth ventricle as
the dorsal vagal nucleus, sending afferent and efferent
fibers through the medulla. It receives efferent fibers from
the vasomotor center in the brainstem, and its end-organ
ganglionic synapses are muscarinic.

The primary cardiovascular influences of the vagus
nerve are to decrease heart rate and decrease conduction
through the AV node. Also, particularly strong vagal

Figure 6 The left ventricular cardiac work loop. The area inside

the shape A-B-C-D equals the work performed by the left ventricle

during one cycle. At “A,” the mitral valve opens. At “B” the mitral

valve closes and the ventricle begins to contract. At “C” the

aortic valve opens, and at “D” the aortic valve closes.

Figure 7 Spontaneous forceful inspiration causes simultaneous decreases in arterial pressure, pulmonary artery pressure, and central

venous pressure. Abbreviations: ART, arterial pressure; CVP, central venous pressure; ECG, electrocardiogram; PAP, pulmonary artery

pressure. Source: From Ref. 19.
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stimulation can have a negative inotropic effect on both the
atria and the ventricles. The parasympathetic system exerts
relatively minor influences on vascular tone.

Sympathetic innervation of the heart is via the “cardiac
accelerator fibers,” which exit from the thoracolumbar sym-
pathetic chain at spinal vertebral levels T1–T4. These post-
ganglionic neurons release norepinephrine, primarily
causing stimulation of the cardiacb1 receptors. Theb1 receptors
have dramatic positive chronotropic and inotropic effects on
the heart, via a cyclic adenosine monophosphate (AMP)
mediated mechanism. The heart and vasculature are
under the constant influence of the autonomic nervous
system. The resulting cardiac output and systemic blood
pressure continuously reflect the intravascular blood volume

and the relative parasympathetic and sympathetic “tone.”
Cardiovascular stress, central nervous system activity,

anesthesia, and other exogenous substances can profoundly
alter the respective “tones” of both the sympathetic and
parasympathetic systems.

Humoral Control of Cardiovascular Function
Under stressful circumstances, catecholamines (epinephrine
and norepinephrine) are released into the circulation by the
adrenal medulla. Epinephrine has primarily b agonist activi-
ties, although in high concentrations it exhibits a activity as
well. The b1 receptors are found in the heart and mediate
positive inotropic, chronotropic, and dromotropic (conduc-
tion) activities. The b2 receptors are found throughout the
peripheral vasculature, mediating vasodilatation. Norepi-
nephrine is a potent a and b agonist. Stimulation of periph-
eral a receptors (a1) causes vasoconstriction whereas central
a receptor agonism yields a decrease in the sympathetic
output from the central nervous system. The preponderance
of effect of norepinephrine is on the peripheral a receptors.
The a1 and a2 receptors have been discovered in the coron-
ary vasculature, located primarily in the epicardial conduit
vessels (20,21). Under normal circumstances, these receptors
appear to have little effect on coronary vascular tone.
However, they may be important in mediating coronary
vasoconstriction in patients with ischemic heart disease or
vasospastic angina (21). Although minor increases in coron-
ary vascular tone may occur after administration of alpha
adrenergic agonists (22), a current Medline search reveals
no reports of vasospastic ischemia precipitated by the
clinical use of a1 or a2 agonists.

CARDIAC CELLULAR PHYSIOLOGY
Cellular Homeostasis and Excitation^Contraction Coupling
Cardiac muscle exhibits characteristics of both smooth and
striated muscle. Morphologically it is more similar to

striated muscle, but differs from it in that it exhibits intrinsic
automaticity and a longer action potential. The mechanism
of cardiac muscle contraction is similar to that of skeletal
muscle, and has been reviewed in detail in numerous
physiology texts (23).

Contraction depends on a mechanism consisting of
actin and myosin filaments as well as an interlacing sarco-
plasmic reticulum (Figs. 9 and 10). Depolarization of the
sarcoplasmic reticulum causes intracellular calcium
release, which results in interaction of the myosin and
actin filaments. This interaction, regulated by troponin I,
T, and C, as well as tropomyosin, involves the swiveling
of the myosin heads, and results in the sliding of actin
and myosin filaments past one another. This process is
known as “excitation–contraction coupling.” The sub-
sequent breakage of the actin–myosin linkage requires
energy [adenosine triphosphate (ATP)], as does the
calcium pump maintaining the intracellular sarcoplasmic
calcium gradient.

When a myocardial energy deficit occurs, actin
and myosin bridges fail to break, resulting in inability of
the muscle to relax. This is one of the mechanisms for
diastolic dysfunction (stiffness) and, ultimately, the mechan-
ism for the rigor mortis to set in. The entire process of
excitation–contraction coupling is modulated by a
complex G-protein system, which involves cyclic guanosine
monophosphate (GMP), cyclic AMP, protein kinase A, and
troponin.

When energy or oxygen deficits occur, homeostatic
and excitation–contraction coupling mechanisms break
down. This results in cellular acidosis and cardiac failure
(systolic and diastolic). It is also important to remember
that the heart lives in the same metabolic milieu as the rest
of the body. Metabolic derangements resulting from
abnormalities such as sepsis, systemic inflammatory
response, hypovolemia, and diabetes can have devastating
effects on the myocardium as well as other organs and
tissues. Obviously, cardiac dysfunction resulting from
these aberrations responds best to their correction, when
possible.

Myocardial Oxygen Balance
The myocardium is designed for endurance, beating
approximately 42 million times per year. Although it is mag-
nificently efficient, it functions with a very high oxygen
requirement. The heart extracts a maximal amount of
oxygen from the coronary arterial blood, resulting in coron-
ary sinus oxygen content of only 10 mg/dL. For this reason,
it is extremely sensitive to perturbations in its oxygen
supply/demand relationship. The left ventricular myocar-
dium receives blood supply during diastole only, so its
perfusion is dependent upon diastolic time. Coronary

Figure 8 Variation in arterial blood pressure with positive pressure ventilation. “1” is at baseline, “D Up” is the rise in systolic

pressure during a positive pressure breath, and “D Down” is the decrease in systolic pressure occurring after a positive pressure breath.

Abbreviation: ART, arterial pressure. Source: From Ref. 19.
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Figure 10 The anatomic physiologic relationships between the sarcolemma, sarcoplasmic reticulum, and contractile mechanism.

Source: From Ref. 47.

Figure 9 Muscle contraction results from actin and myosin filaments sliding past one another. This “sliding filament” mechanism

is dependent upon formation of actin–myosin crossbridges, swiveling of the myosin filaments, and subsequent breakage of the

crossbridges. Source: From Ref. 45.
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perfusion pressure (CPP) for the left ventricular myocar-
dium can be estimated using the formula:

CPP ¼ DBP� LVEDP (8)

where DBP is the diastolic blood pressure and LVEDP the
left ventricular end diastolic pressure. Autoregulatory mech-
anisms maintain constant coronary blood flow when the
perfusion pressure is between 50 and 150 mmHg. When cor-
onary stenoses occur, however, autoregulatory mechanisms
may break down, leaving coronary perfusion completely
dependent on driving pressure (Fig. 11).

Tachycardia and bradycardia have opposite effects on
coronary artery perfusion. Left ventricular perfusion occurs
almost exclusively during diastole. An increase in heart rate
will decrease the diastolic (coronary artery perfusion) time
while increasing the amount of ATP used per minute
(increased beats/min), because energy is required for each
heart beat. Accordingly, the heart rate is by far the
most significant factor in myocardial oxygen balance.
The determinants of myocardial oxygen supply and
demand are summarized in Table 1.

The aspect to be kept in mind is that, some of the very
factors that are associated with enhanced myocardial per-
formance, such as increased preload, increased contractility,
and increased heart rate, cause an increase in oxygen
demand. Even decreased afterload, which is a favored
means of enhancing myocardial performance without
increasing myocardial work, can cause oxygen balance pro-
blems by decreasing CPP. Thus, therapeutic maneuvers
designed to enhance cardiac performance must always be
undertaken with the concomitant effects on oxygen
balance in mind. Likewise, efforts to decrease myocardial
work such as beta blockade administration, and to increase
CPP (peripheral vasoconstriction with vasopressin or a1

agonists) may precipitate a significant decrease in systemic
perfusion. In trauma and critical care management, a
constant effort is made to balance the metabolic needs
of the systemic tissues with the metabolic needs of the
myocardium.

CARDIAC ELECTROPHYSIOLOGY

The heart contains cells that have intrinsic electrical automa-
ticity resulting from spontaneous depolarization. These cells,
which include the nodal cells (SA and AV), conduction
fibers, and Purkinje fibers, make up the cardiac electrical
system. The automaticity, together with the conduction
characteristics and anatomical configuration of the
“wiring,” combine to produce atrioventricular contraction
which is automatic, sequential, and coordinated.

Cellular Electrophysiology and the Cardiac Action Potential
Nodal cells have a resting membrane potential of 255 mV,
which is maintained primarily by a potassium concentration
gradient across the cell membrane. The effect of this concen-
tration gradient on the transmembrane potential is quanti-
fied by the Nernst equation (Equation 9):

EMF ¼ �61 � log
½Ki�

½Ko�
(9)

where EMF is the electromotive force in millivolts. As with
other cells, the inside of the cell membrane is negative rela-
tive to the outside. The potassium gradient is maintained
by a Naþ-Kþ-ATPase membrane pump. Nodal cells are
unique in that they depolarize because of a slow inward
calcium flux, rather than a rapid conductance of sodium
(Fig. 12). This is because voltage-dependent sodium gates
are inoperative at this relatively high (less negative) resting
membrane potential. Automaticity of the cells results from
the spontaneous “phase 4 depolarization,” which is caused
primarily by steady background calcium conductance (T-
Ca2þ channels) (24,25) as well as sodium leakage. This
raises the membrane potential to 240 mV, at which time L-
Ca2þ channels open fully.

Repolarization results from outward potassium flux
(“delayed rectifier”). Ionic concentrations are restored by
membrane ion pumps. The action potentials of SA nodal
cells are similar to those of AV nodal cells, except the
phase 4 depolarization of SA nodal cells is more rapid.

Figure 11 Autoregulation normally maintains constant

coronary blood flow between perfusion pressures of 50 and

150 mmHg (A). When coronary stenoses occur, coronary

blood flow becomes completely pressure dependent (B).

Source: From Ref. 44.

Table 1 The Determinants of Myocardial Oxygen Supply

and Demand

Oxygen supply Oxygen demand

1/Heart rate (duration of diastole) Heart rate

CPP ¼ PCA – PLvi Preload

Coronary patency Afterload

Oxygen delivery Contractility

Oxygen availability Basal metabolic rate

Myocardial blood flow distribution Activation energy

Note: “Activation energy” refers to the energy required for myocardial

relaxation. During systole the PLVi exceeds the PCA and blood actually

flows retrograde out of the heart muscle through the coronary arteries

and into the aorta, whereas during diastole the pressure in the aorta (and

coronary arteries) is far greater than the PLVi promoting perfusion of the

left ventricular myocardial tissues.

Abbreviations: CPP, coronary artery perfusion pressure; PCA, coronary

artery pressure (the aortic blood pressure can be used as a surrogate for

this value when the coronary arteries are without placque/stenosis .70%);

PLVi, left ventricular intracavetary pressure.
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Thus, under normal circumstances, the SA node is the insti-
gator of cardiac electrical activity. The conducting fibers,
Purkinje fibers, and ventricular muscle cells all exhibit a
fast Naþ influx (phase 0 depolarization) followed by a
plateau. The rapid depolarization results in rapid action
potential propagation. These cells normally exhibit very
slow phase 4 depolarization. To illustrate the rate of beats
per minute, SA nodal spontaneous rate is typically 60 to
100 beats per minute (BPM), AV nodal rate 40 to 60 BPM,
and ventricular escape rate 30 to 40 BPM.

The Normal Cardiac Conduction System
The cardiac conduction system consists of the SA nodal cells,
internodal pathways, left and right bundle branches, and the
Purkinje fibers. This arrangement is depicted in Figure 13.
The action potential initiated at the SA node is propagated
via the internodal fibers to the AV node. Branches of the
internodal fibers depolarize the atrium, resulting in atrial
contraction and the “P” wave on the electrocardiogram
(ECG) trace. From the AV node, the action potential travels

along the common His bundle, the right and left bundle
branches, and Purkinje fibers to the ventricular muscle.
The depolarization pattern of the ventricles results in the
“QRS” complex seen on the ECG trace.

Repolarization of the ventricles, resulting from
outward potassium flux, results in the “T” wave. The direc-
tion of current at various points in the cycle causes the
characteristic morphologies in each lead. The 12-lead ECG
trace demonstrates these morphologies and allows anatomic
placement of electrical abnormalities.

The Pathophysiology of Common Dysrhythmias
Two common mechanisms of cardiac dysrhythmias are
reentry and ectopic foci. Reentry results from slowing of con-
duction along one of the two divergent electrical paths
(changes depicted in Fig. 14). If a conducting pathway
branches, and the diverging branches reconnect, then
under conditions of conduction slowing (or blockade) in
one limb of a bifurcating pathway, the conduction can
proceed to retrograde through the previously blocked
pathway and reenter the initial pathway. This process sets
up a “circus” movement through the loop of cardiac tissue.
A further prerequisite for this condition is a pathway
circuit long enough to allow the completion of the refractory
period (in the initially blocked limb of the circuit) prior to the
return of the impulse. This “circus” movement or “reentry”
phenomenon is thought to be the mechanism for a wide
variety of tachydysrhythmias, including atrial fibrillation,
atrial flutter, and ventricular fibrillation (26,27).

Ectopic foci usually occur at irritable areas of myocar-
dium or conduction. These areas can result from myocardial
ischemia, infarction, cardiac contusion, and mechanical irri-
tation. Ectopic foci may result in premature atrial contrac-
tions, premature ventricular contractions, and reentrant
dysrhythmias (28). Various electrolyte abnormalities,
such as hypokalemia (29,30) and hypomagnesemia (31),
particularly when they occur together (32), as well as
hypocalcemia (33) increase the likelihood of cardiac dys-
rhythmias. Enhanced atrial and ventricular excitability
and prolonged Q-T interval are often part of the pathogen-
esis. For example, hypocalcemia causes prolongation of
the Q-T interval, and hypokalemia potentiates dysrhythmias
caused by Q-T prolongation (34). Q-T prolongation predis-
poses to the “R on T” phenomenon, which leads to reentry
dysrhythmias.

Action Potential of SA Node Cells Action Potential of Ventricular Myocytes
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Figure 12 The action potential morphologies of nodal cells and ventricular myocytes. Nodal cells exhibit phase 4 depolarization,

which likely results from gradual sodium leak and calcium influx. Phase 1 is caused by calcium influx. Ventricular myocytes exhibit

a “phase 0,” resulting from rapid sodium influx. Phase 2 represents a balance between calcium influx and potassium efflux, and

phase 3 repolarization is caused by unopposed potassium efflux. Abbreviation: SA, sinoatrial. Source: From Ref. 47.

Figure 13 The cardiac conduction system. Action potentials

are generated at the sinus node, travel via internodal pathways

to the A-V node, and then are distributed to the ventricles

via the left and right bundle branches. Source: From Ref. 46.
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When dysrhythmias occur in trauma victims, every
effort should be made to correct electrolyte and acid base
abnormalities, aggressive antidysrhythmic treatment
should be undertaken, and clinical suspicion for myocardial
contusion should increase. Combinations of abnormalities,
for example hypokalemia with hypomagnesemia, can be
particularly troublesome.

THE CARDIAC CYCLE ANDTHE CENTRAL
VENOUSWAVEFORMS

Understanding the information obtained from invasive
intravascular monitors such as transesophageal echocardio-
graphy, CVP, and pulmonary capillary wedge pressure
(PCWP) requires familiarity with the timing of events in
the cardiac cycle (Fig. 15). Left and right ventricular ejections
result in the systemic arterial and pulmonary arterial wave-
forms respectively. The dicrotic notch results from closure of
the semilunar valve (aortic, pulmonic).

Pressure changes in the heart and vasculature are pre-
ceded by their associated ECG tracing (Fig. 16). The venous
pressure wave in the right atrium and superior vena cava
result from mechanical events on the right side of the heart
(right ventricle, tricuspid valve), and the venous waveforms
of the left atrium and PCWP result from the left side (left
ventricle, mitral valve).

Atrial depolarization results in atrial contraction, which
in turn causes the “a” wave of the central venous waveforms.
Right atrial contraction, which produces the “a” wave on the

Figure 15 The cardiac cycle. Electrocardiographic (ECG)

changes are shown below, and the pressure tracings for the left

atrium, left ventricle, and aorta are shown above. 1 refers to the

beginning of isovolumic ventricular contraction, 2 the opening

of the aortic valve, 3 the closure of the aortic valve, and 4 the

diastole. a, c, v, x, and y signify the components of the venous

waveform (see text), and P, Q, R, S, and T refer to the

components of the ECG waveform. Source: From Ref. 19.

Figure 14 The mechanism of reentry. The figure demonstrates

four conditions (A–D) required for reentry. (A) Two pathways

with differing conductivity (or refractory periods) that can form

a closed electrical loop. (B) Unidirectional block in one

pathway (dark stippled area). (C) Sufficient length in the circuit,

or slow enough conduction, to allow recovery of previously

blocked pathway. (D) Passage through blocked pathway and

“reentry” into the initially open pathway sets in motion the

“circus” rhythm. Source: From Ref. 48.

Figure 16 The cardiac cycle and genesis of “a,” “c,” and “v”

waves. The “a” wave is caused by atrial contraction. The “c”

wave is caused by the bulging of the atrioventricular (AV) valve

into the atrium during isovolemic ventricular contraction.

The “v” wave is caused by passive venous filling of the right

atrium prior to the opening of the AV valve. The “x” descent is

due to ventricular decompression following the opening of the

ventricular outlet (which allows the AV valve to retract back

toward the ventricle). The “y” descent is due to the opening of

the AV valve. Mechanical pressure events in the right atrium

are slightly delayed relative to the electrical events in the

electrocardiogram. Abbreviations: CVP, central venous pressure;

ECG, electrocardiogram; P, atrial depolarization; R, ventricular

depolarization; T, ventricular repolarization. Source: From Ref. 19.
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CVP waveform, precedes left atrial contraction. This is because
the sinus node is in the wall of the right atrium adjacent to the
superior vena cava, and atrial depolarization spreads from that
point across the right atrium to the left atrium. Isovolemic ven-
tricular contraction causes a retrograde bulging of the AV
valve, resulting in the “c” wave. Ventricular ejection results
in release of this “bulging” pressure (x descent). The “v”
wave occurs at the juncture between systole and diastole. To
understand this wave, one must consider three things.

First, atrial filling occurs primarily during ventricular
systole. By the time ventricular diastole occurs, the atrium
is essentially full. Second, in early ventricular diastole, the
AV valve is still closed. Third, ventricular contraction is
three dimensional, with shortening along the long axis
(base to apex) being an important component. During
systole, the AV valve annulus moves downward, and it
rapidly moves upward during early ventricular diastole. It
is likely that this upward annular movement against a full
atrium causes the “v” wave. The “y” descent occurs when
the AV valve opens and allows the blood previously
held entirely in the atrium to enter the ventricle and hence
transiently decrease the atrial pressure.

One should note that the “v” wave should not be con-
fused with the pathologic “c-v” waves associated with AV
valvular regurgitation. Regurgitant “c-v” waves occur
earlier in the cycle, and are a continuation of the “c” wave.
Figure 17 shows the regurgitant “c-v” wave with the conco-
mitant arterial pressure trace to emphasize the timing and
pathophysiology.

THE PATHOPHYSIOLOGYOF CONDITIONS
COMMONLYASSOCIATEDWITH TRAUMA
Hypovolemia
Massive blood loss and multiple trauma tend to go “hand in
hand.” Compensatory physiologic mechanisms, however,
may either obscure the diagnosis or cause the clinician to

underestimate the severity of the situation. These mechan-
isms are mediated primarily by the sympathetic nervous
system.

Baroreceptors, located in most of the major arteries,
are found in particular abundance at the bifurcation of the
carotid arteries (carotid sinus). The baroreceptor reflex is a
negative feedback loop. An increase in arterial pressure
causes an increase in the firing of the baroreceptor afferent
fibers. These afferents travel via the vagus nerve to the glos-
sopharyngeal nerve. These fibers ultimately signal the
tractus solitarius in the medullary portion of the brainstem.
This causes a decrease in sympathetic vasoconstrictor
response, as well as an increase in vagally mediated
parasympathetic output.

When BP drops, baroreceptor afferents are inhibited,
resulting in activation of the medullary vasoconstrictor
center. Sympathetic output from the central nervous
system then causes increase in heart rate (b stimulation)
and a1-mediated vasoconstriction. This vasoconstriction
serves to maintain BP and distribute blood flow to the vital
organs (brain, heart, splanchnic circulation). In otherwise
healthy individuals, this mechanism maintains
homeostasis until a large portion (30–40%) of the blood
volume has been lost.

Medications causing vasodilatation or sympatholysis,
for example, anesthetics, narcotics, beta blockers, can
thwart this mechanism, resulting in catastrophic hemody-
namic compromise. Elderly patients and/or patients
chronically receiving beta blockade may not mount a dra-
matic tachycardic response to hypovolemia or stress.

This is because of the effects of age and beta blockade on
the baroreceptor reflexes and sympathetic nervous system
responsiveness (35–37). Also, elderly patients, particularly
those with chronic hypertension, may have a decreased
central compartment volume of distribution, leading to a
decreased capacitance vessel response to hypovolemia (38).

Cardiac Tamponade
Cardiac tamponade can result from blunt trauma or stab
wound to the chest. Typically, there is leakage of blood
from the aortic root or one of the cardiac chambers into the
pericardial sac. This leakage, if under pressure, can cause
rapid accumulation of blood around the heart. As the
pressure in the pericardium rises, cardiac diastolic expan-
sion is impeded. The diagnosis should be considered in
the presence of Beck’s triad (jugular venous distension,
muffled heart sounds, and hypotension). Figure 18 depicts
the complex interrelationship between impaired diastolic
function, decreased BP Q̇, and impaired myocardial per-
fusion that results from the accumulation of pericardial
fluid.

Cardiac tamponade triggers the same sympathetic
response as hypovolemia (tachycardia and vasoconstric-

tion), but can usually be differentiated from hypovolemia
by the presence of high filling pressures (or distended
neck veins, in the absence of central monitoring). Diag-
nosis can be rapidly confirmed by transesophageal echocar-
diography (TEE) as described in Volume 2, Chapter 21.
Drainage of the pericardial fluid usually results in rapid
improvement. In contrast to chronic pericardial effusions,
which can be managed by subxiphoid window and pericar-
diocentesis, traumatic effusions are best treated by thoracot-
omy or median sternotomy, since the site of injury needs to
be evaluated and repaired.

Figure 17 The electrocardiograph tracing, plethysmograph,

arterial, and central venous waveforms obtained from a patient

with severe tricuspid regurgitation as noted on transesophageal

echocardiography. Notice the “c-v” waves of regurgitation precede

the systemic arterial upstroke. This illustrates that regurgitant

waves are a systolic event. The arterial upstroke in this patient

is delayed because of poor cardiac performance. The CVP

tracing is in gray tone, the arterial in white. The traces overlap

because the CVP scale is 30 mmHg, and the arterial is

120 mmHg. Abbreviations: CVP, central venous pressure; EKG,

electrocardiograph tracing; PLETH, plethysmograph.
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Tension Pneumothorax
The cascade of events resulting from pleural disruption is
depicted in Figure 19. Air leakage into the pleural space,
when combined with a one-way valve of egress into the
pleural cavity, results in a tension pneumothorax. As this
develops, intrathoracic pressure rises, resulting in decreased
systemic venous return. Concomitantly, lung collapse causes
hypoxemia and a precipitous rise in PVR. Right ventricular
failure ensues, leading to interventricular septal shift.
Impaired filling of both the right and left sides of the heart
quickly results in cardiovascular compromise.

The cardinal signs of tension pneumothorax, cyanosis,
hypotension, jugular venous distension, diminished breath
sounds on the affected side, and tracheal shift, are thus
easily explained by the pathophysiology of the disorder.
Relief of the pressure can be achieved by the placement of
a chest tube in the fifth intercostal space at the midaxillary
line, or with an angiocatheter placed in the second intercos-
tal space at the midclavicular line. This results in rapid clini-
cal improvement. Whenever possible, the chest tube
approach is preferred because it is not associated with
internal mammary artery injury, and a chest tube will need
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Leakage of Blood into Pericardium

Impaired Diastolic Filling

Blood Pressure
Cardiac Output

⇓
⇓

 Blood Pressure Variation with Ventilation⇑

 CVP
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 RVEDP

⇑
⇑
⇑
⇑

Coronary Perfusion Pressure⇓
CPP=DBP-LVEDP
CPP=DBP-RVEDP
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Figure 18 The physiologic events of cardiac tamponade, leading to shock. Abbreviations: CVP, central venous pressure; CPP,

coronary perfusion pressure; DBP, diastolic blood pressure; LAP, left atrial pressure; LVEDP, left ventricular end-diastolic pressure;

RVEDP, right ventricular end-diastolic pressure; SBP, systolic blood pressure.
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Figure 19 The cascade of events associated with tension pneumothorax.
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to be placed anyway whenever a needle is inserted to
decompress a tension pneumothorax.

Cardiac Contusion
Cardiac contusion usually results from blunt trauma or
deceleration injury. The right ventricle, because of its
anterior anatomic location, is the most commonly involved
chamber. Direct injury to the myocardium may result in
areas of electrical irritability, manifested as ventricular or
atrial premature beats (39). Conduction blockade is the
most common mechanism of dysrhythmias in cardiac contu-
sion patients (27). It results in reentrant dysrhythmias such
as ventricular and atrial fibrillation (40,41), as well as heart
block (42). If extensive myocardial injury is present,
cardiac failure or ventricular rupture may occur. Diagnosis
can be made by measuring troponins, as well as by TEE.
Treatment is mainly a supportive care and a dysrhythmia
monitoring in a telemetry unit or the intensive care unit.

Head Trauma
Severe head trauma, with its associated cerebral edema, may
result in increased intracranial pressure (ICP). When a
severe increase in ICP occurs, bradycardia and systemic
hypertension may ensue. The pathophysiologic mechanism
for this is referred to as “Cushing’s reflex.” This is a vasocon-
strictive response to cerebral ischemia, causing reflex brady-
cardia. The only successful treatment is the relief of the
intracranial hypertension.

Head injury may also be associated with S-T and T
wave ECG abnormalities, as well as myocardial dysfunction
(43). These abnormalities appear to be unrelated to any
cardiac pathology, indicating that the central nervous
system control of electrical cardiac function is more
complex than often appreciated.

EYE TO THE FUTURE

Transgenic research into cardiomyopathy involves the injec-
tion of adenylate cyclase genes into the cardiac muscle using
viral vectors. The overexpression of adenylate cyclase in
these animals shows improvement.

Mitochondrial regulation of oxygen consumption and
energy metabolism is particularly pertinent in cardiac
muscle. Indeed, the venous blood leaving myocardial
tissue is the most desaturated of any vascular bed in the
body for nonexercising patients. The mitochondrial story is
recently just emerging and is a fascinating area of research.

Eukaryotic cells originally lacked the ability to
undergo aerobic metabolism. These primordial eukaryotic
cells were colonized by aerobic bacteria over a billion years
ago. A symbiotic relationship developed, the bacteria
evolved into mitochondria and the relationship became per-
manent. Structurally, mitochondria have four compartments:
the outer membrane, the inner membrane, the intermem-
brane space, and the matrix (the region inside the inner
membrane). They perform numerous tasks, such as pyruvate
oxidation, the Krebs cycle, and metabolism of amino acids,
fatty acids, and steroids, but the most crucial task is probably
the generation of energy as ATP, by means of the electron
transport chain and the oxidative phosphorylation system
(the “respiratory chain”).

Over the past 30 years there has been an explosion in
technology for cardiovascular monitoring, and thus an expo-

nential rise in knowledge of cardiovascular physiology.
Techniques such as pulmonary artery catheterization and
transesophageal echocardiography have become bedside
procedures, thus revolutionizing our approach to cardiovas-
cular problems. These technologies and improved under-
standing will continue to be applied to newer noninvasive
techniques as well as improved therapies. Within the next
30 years, methods will be developed allowing complete
assessment of the cardiovascular system with noninvasive
tools.

Integrating such factors as pulse wave characteristics,
echocardiographically derived Doppler flow attributes,
heart sound characteristics, the timing of cardiovascular
events, and advanced computerized analyses will allow
such global assessments. These assessments, in turn, will
themselves advance our understanding of cardiovascular
function. Before long we will be narrating to our students,
“Can you imagine, we used to put big catheters into the
great veins and thread them into the heart. . ..” The close
relationship between cardiovascular physiology and hemo-
dynamic diagnosis and treatment will continue to
strengthen over time.

SUMMARY

Understanding the physiology of the cardiovascular system,
as well as the pathophysiology of common traumatic dis-
orders aids in the interpretation of physiologic data and
choice of treatment modalities. Study of the physiologic
basis of cardiac dysrhythmias and other acute pathological
conditions facilitates their management, and guides future
research. It is hoped that this chapter provides a framework
for further study, as well a paradigm for the approach to the
cardiovascular problems that critically ill patients present.

KEY POINTS

Cardiac contraction is a complex three-dimensional
event.
The Frank-Starling mechanism causes enhanced myo-
cardial performance when cardiac filling is increased.
The healthy heart responds favorably to meet the
demand of increased SVR, without exhibiting a decrease
in output until the MAP is greater than 160 mmHg.
Although vasodilation will augment cardiac output in
the setting of high SVR, it may also decrease perfusion
pressure to the needy tissue beds, including the coron-
ary arteries.
The pulmonary vascular system is a low-pressure, high-
compliant network in health, with pressures approxi-
mately 1/10 systemic.
The “D down” component of the systolic blood pressure
variation with ventilation is quite sensitive in detecting
hypovolemia.
The heart and vasculature are under the constant influ-
ence of the autonomic nervous system. The resulting
cardiac output and systemic blood pressure continu-
ously reflect the intravascular blood volume and the
relative parasympathetic and sympathetic “tone.”
When a myocardial energy deficit occurs, actin and
myosin bridges fail to break, resulting in inability of
the muscle to relax.
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Metabolic derangements resulting from abnormalities
such as sepsis, systemic inflammatory response, hypo-
volemia, and diabetes can have devastating effects on
the myocardium as well as other organs and tissues.
The heart rate is by far the most significant factor in
myocardial oxygen balance.
In trauma and critical care management, a constant effort
is made to balance the metabolic needs of the systemic
tissues with the metabolic needs of the myocardium.
Various electrolyte abnormalities, such as hypokalemia
and hypomagnesemia, particularly when they occur
together, as well as hypocalcemia increase the likeli-
hood of cardiac dysrhythmias.
Elderly patients and/or patients chronically receiving
beta blockade may not mount a dramatic tachycardic
response to hypovolemia or stress.
Cardiac tamponade triggers the same sympathetic
response as hypovolemia (tachycardia and vasoconstric-
tion), but can usually be differentiated from hypovolemia
by the presence of high filling pressures (or distended
neck veins, in the absence of central monitoring).
Conduction blockade is the most common mechanism
of dysrhythmias in cardiac contusion patients, It
results in reentrant dysrhythmias such as ventricular
and atrial fibrillation, as well as heart block.
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INTRODUCTION

Drug therapy is an essential component of critical-care man-
agement. The principles of clinical pharmacology outlined in
this chapter constitute the necessary knowledge for provid-
ing a rational approach to drug administration in critically
ill patients. This chapter initially reviews the basic pharma-
cokinetic (PK) and pharmacodynamic (PD) principles of
drug therapy. Subsequently, the focus changes to drug
therapy in disease states which alter the PK and PD par-
ameters. Therapeutic drug monitoring (TDM) is discussed
as a means to adjust for these changes and to individualize
drug regimens as required to provide optimal therapy in
the intensive care unit (ICU).

Pharmacokinetics
The concept of PK modeling describes how administered
drugs are handled in the body during health and critical
illness and the subsequent plasma concentrations that
result. This includes an understanding of route of adminis-
tration, absorption, bioavailability, distribution, metabolism,
and clearance, whereas PD modeling describes the pharma-
cological effect produced by any specific drug concentration
in both healthy and diseased patients. The PK/PD concepts
are depicted in Figure 1 (1).

Bioavailability
Bioavailability is defined as the fraction of a dose that
reaches the systemic circulation. This fraction will vary
depending on the route of administration, the chemical
form of the drug (e.g., salt, ester), dosage form (e.g.,
extended-release vs. elixir), and the extent of “first-pass”
elimination (when administered orally) (2).

Drugs administered as intravenous (IV) infusions have,
by definition, 100% bioavailability. Administering a drug by
the oral or rectal routes has variable bioavailability (1), as
illustrated in Table 1. Two main processes are responsible
for the bulk of this variability: incomplete absorption and
first-pass metabolism. Incomplete absorption can be caused
by a number of factors, including drug lipophilicity, drug
hydrophilicity, the p-glycoprotein export pump system, and
even bacterial degradation of the drug in the gut lumen (1).
Enzymatic metabolism within the gut wall can also contribute
to a reduced amount of drug reaching the circulation.

Enteral administration has the greatest number of
factors affecting blood levels. After a drug has been absorbed
across the gut wall, it is delivered to the liver by the hepatic
portal system where it can undergo additional hepatic metab-
olism or biliary excretion. Removal of the drug by this process
prior to reaching the systemic circulation is known as the first-
pass effect. This effect can substantially decrease the amount of
drug reaching the systemic circulation.

Some nonparenteral routes of administration can avoid
or reduce the extent of first-pass metabolism (e.g., rectal, sub-
lingual). In addition, parenteral routes (e.g., IV and transder-
mal preparations) also avoid the first-pass effect of the liver.
The amount of drug that ultimately reaches the systemic circu-
lation is calculated by multiplying the administered dose by
the bioavailability factor (F) and the fraction of a dose that is
active drug “salt form factor” (S) (Equation 1) (2).

Amount reaching systemic circulation ¼ (S)(F)dose (1)

Many drugs are administered as a salt form (e.g., erythromycin
ethylsuccinate) and only a fraction of that salt would actually
be the active drug.

Volume of Distribution
Once a medication reaches the systemic circulation, it is dis-
tributed in the body. The volume of distribution (Vd) is equal
to the amount of drug administered (dose) divided by the
concentration of the drug in the blood (Equation 2). The dis-
tribution of some drugs will be restricted to the vascular
fluids and others may be distributed into fat, muscle, bone,
or total body water.

Vd ¼
Amount of drug (dose)

Concentration of drug
(2)

Factors that alter a drug’s Vd include the lipophilicity,
protein binding, and tissue binding (2,3). If a drug has
extensive protein binding and little lipid solubility, the Vd

is typically small (i.e., contained within the vascular
compartment). In contrast, if a drug has a high degree of
lipid solubility and tissue binding and low protein binding,
then the Vd becomes very large. The Vd can also be altered
by a number of pathological conditions. If the Vd changes,
then the plasma concentration changes as well.

Perhaps the easiest way to conceptualize PK principles
is to think of the body as one large compartment. However,

59



a multicompartment model is more appropriate when
examining drug distribution, elimination, and movements
between different parts of the body. Figure 2 represents a
schematic of a two-compartment PK model where the
drug is distributed between a central compartment (Vc) and
a peripheral compartment (Vdb) (3).

Protein Binding
The plasma concentration that is reported by the laboratory
represents protein-bound drug plus drug that is unbound.

The unbound (“free”) drug molecule exerts the
pharmacological effect by interacting with the cell
receptor. Two main plasma proteins bind drugs in the
plasma: a1-acid glycoprotein (basic drugs) and albumin
(acidic and neutral drugs). This binding phenomenon is non-
selective, meaning that other drugs with similar physiochem-
ical properties can compete for binding sites. This competition
can be concentration dependent or related to binding affinity
with the plasma protein (2). For example, drugs A and B both
bind to albumin but drug A has a higher binding affinity.
Therefore, drug B may be displaced from the binding site
yielding an increased “free” plasma concentration of drug B
and therefore a greater pharmacological effect. The property
of protein binding is of greatest concern for drugs that have
a narrow therapeutic index (i.e., small range between subther-
apeutic and toxic concentrations).

Protein-binding alterations occur in critically ill
patients and must be considered in order to properly inter-

pret measured drug concentrations and their predicted PD
effects (4). Certain physiological and disease states may
alter the concentration of plasma proteins and therefore
change the fraction of drug that is bound to these proteins.
For example, nephrotic and cirrhotic patients commonly
have low plasma albumin levels.

Trauma and burn patients also commonly suffer from
low albumin levels following massive resuscitation. If these
patients were to receive a drug, which is normally highly
bound to albumin (e.g., phenytoin), then the fraction of
drug that is unbound or free would be higher because
fewer protein-binding sites are available to take it up.
Accordingly, the PD effect would be greater than expected
for the same measured drug concentration in a patient
with normal albumin levels.

Clearance
Clearance (Cl) is defined as the volume of blood cleared of
drug per unit of time. The primary organs involved in
clearance are the kidneys and the liver, but other organ

systems (e.g., lungs) may be involved. The total body

ADMINISTRATION 

CENTRAL
COMPARTMENT 
VC    (i.e., blood
volume or highly 
perfused tissues)  

       ELIMINATION 

PERIPHERAL 
COMPARTMENT   Vdβ
(i.e., fat, muscle, skin) 

Figure 2 Schematic representation of a two-compartment phar-

macokinetic model. Once the drug is administered and a percen-

tage of it is absorbed (bioavailability), it will be distributed

between all available compartments. Initially, the central com-

partment (Vc) will be exposed to the drug, and then the peripheral

compartments (Vdb). During and after the distribution phase,

elimination will occur. Source: Adapted from Ref. 3.

           ABSORPTION 

       DISTRIBUTION 

          ELIMINATION

PHARMACOKINETICS 

      PHARMACODYNAMICS 

    PHARMACOLOGICAL 
    EFFECT 

   CLINICAL 
   RESPONSE

EFFICACY TOXICITY 

Drug dosage

Drug concentration in 
systemic circulation 

Drug concentration at 
site of action 

Drug 
distribution
in tissues 

Drug metabolized
or excreted 

Figure 1 A schematic relationship between the concepts of

pharmacokinetics (PK) (dose/concentration) and pharmacody-

namics (PD) (concentration/effect). The key elements of phar-

macokinetics include absorption, distribution, and elimination. The

drug concentration at the site of pharmacological action links these

two (PK and PD) concepts together. Source: Adapted from Ref. 1.

Table 1 Routes of Administration and Bioavailability

Route

Bioavailability

(%) Comments

IV 100 Most rapid onset

IM 75 to �100 Increased volume of injection,

may be painful

SC 75 to �100 Decreased volume of injection,

may be painful

PO 5 to ,100 Most convenient, first-pass effect

may be large

PR 30 to ,100 Less first-pass effect than oral

Inhalation 5 to ,100 Often very rapid onset, no first pass

effect; may cause bronchospasm

Transdermal 80 to �100 Slow absorption, no first-pass

effect; convenience

Abbreviations: IM, intramuscularly; IV, intravenously; PO, by mouth; PR,

per rectum; SC, subcutaneously.

Source: Adapted from Ref. 1.
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clearance is the sum of the individual clearances as
represented in Equation 3 (2,3).

Cltotal ¼ Clrenal þ Clliver þ Clother (3)

Numerous factors affect drug Cl including plasma
protein binding, extraction ratio, renal function, hepatic
function, and cardiac output ( _Q). The Cl is reported in
units of volume/time or if normalized to body weight,
units of volume/body weight/time. If a patient is very
large or small, but has normal organ function, there is an
underlying assumption that the kidney and liver are propor-
tionally large or small as well and therefore, clearance capa-
bilities would be changed proportionately.

The extraction ratio is defined as the amount of drug
that is removed after a single pass through the organ respon-
sible for its clearance. It is proportional to the plasma or
blood clearance of a drug and the plasma or blood flow to
the eliminating organ. The impact of renal, hepatic, and
cardiac failure on PK parameters will be discussed later.

Half-Life
The half-life (t1=2) of a drug is the time it takes for the drug
concentration in the body or plasma to be reduced by one-
half. The half-life can be calculated as a function of the Cl
and Vd (2).

t1=2 ¼
0:693 � Vd

Cl
(4)

The value of Cl/Vd is known as the elimination rate
constant (Kd), so Equation 4 is often represented as shown
in Equation 5:

t1=2 ¼
0:693

Kd
(5)

In a similar fashion, the Vd can be calculated by com-
bining the concepts derived in Equations 2–5, as shown in
Equation 6.

Vd ¼
Cl � t1=2

0:693
(6)

As the Vd and Cl change, the half-life changes also.
In the simplest PK model (single compartment), the half-
life is useful in determining an appropriate dosage interval
as well as estimating the time it would take to eliminate
the drug from the body. It takes five half-lives to reduce
the concentration of a drug to about 3% of its original
value once it has been discontinued.

It is also possible to estimate the time to reach steady
state after the initiation or change of the maintenance dose.
Steady state is defined as the state in which the amount of
drug being administered in a given time period is equal to
the amount eliminated in the same time period. In most clinical
situations, it is appropriate to assume that steady state will be
achieved after three to four half-lives have elapsed. However,
many drugs display multiple compartment distribution and
therefore equilibrate with each of the compartments at differ-
ent rates. Half-lives reported in informational tables usually
reflect the most clinically relevant half-life. For drugs adminis-
tered intermittently, the clinical duration of action may be a
more meaningful term (e.g., the time period that the drug con-
centration is within the clinically significant range).

Pharmacodynamics
The pharmacological response to a specific plasma drug
concentration is defined as the PD effect of the drug. These
effects result from the interaction of drugs with cellular
macromolecules or receptors in the host organism. A
number of factors can alter the PD response in critically ill
patients. The pharmacological response to a drug is
usually proportional to the unbound plasma concentration
(i.e., PK properties). However, the specific PD response rep-
resents the interindividual variability in receptor binding
and effect. Interindividual variations of responses to a
given plasma drug concentration occur commonly. For
example, the geriatric population is routinely more sensitive
to the sedative effects of benzodiazepines than their younger
counterparts (3). In addition, opioid-tolerant patients will
require higher doses and blood levels to obtain adequate
analgesia in the surgical intensive care unit (SICU).

In order for a drug to elicit a pharmacological
response, it must be delivered and bound to the appropriate
receptor. This drug–receptor complex can then evoke an
effect. If the target site is heavily perfused (i.e., central circu-
lation), then the pharmacological response is typically rapid.
An example would be isoproterenol stimulation of the b1-
receptors in cardiac tissue resulting in tachycardia. Highly
protein-bound drugs (e.g., phenytoin, valproic acid) may
produce an increased pharmacological effect in the setting
of hypoalbuminemia because only the free or unbound
drug molecule binds to the target receptor. Many drugs
also cause different pharmacological responses at different
plasma drug concentrations. A classic example is the shift
of pharmacological response with respect to a- and b-recep-
tors which occurs as the dosage (and plasma concentration)
of dopamine is increased.

ALTERATION OF PHARMACOKINETIC AND
PHARMACODYNAMIC PARAMETERS
IN THE CRITICALLY ILL

Multiple variables (PK and PD) affect the critically ill
patient. Accordingly, multidisciplinary involvement and
careful monitoring is required to optimize drug therapy.

A drug’s PK parameters can be used to calculate an
individualized drug regimen to assure optimal dosing.
However, published PK parameters are usually determined
in normal volunteers, and these values may not apply to cri-
tically ill patients. The clinician must therefore account for
potential changes in these values based upon the disorders
affecting their patients.

There are numerous reasons for alterations of PK and
PD parameters in the critical-care setting. Organ failure,
hyperdynamic states, disease-induced alterations in body
physiology, acid–base disorders, and drug–drug inter-
actions list some of the common confounders. Of these
causes, organ failure is responsible for the majority of the
changes in PK/PD parameters.

Organ Failure
Renal failure has an enormous impact on most drugs used in
the ICU. Renal failure is easily detected because of the sim-
plicity in recognizing “abnormal serum creatinine”; and
changes in the urine output are easily detected in critically
ill patients. Glomerular filtration rate (GFR) is often esti-
mated based on a patient’s serum creatinine and ideal body

weight. Since critically ill patients may have a decrease in
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muscle mass, creatinine clearance (and GFR) can be over-

estimated.
Liver function tests (LFTs) can indicate potential liver

dysfunction (see Volume 2, Chapter 35); but, depending on
the site of dysfunction, abnormal LFTs may or may not indi-
cate an alteration in the PK or PD properties of a drug. Gastro-
intestinal (GI) changes can impact the bioavailability by
altering the first-pass metabolism of enterally administered
drugs. Cardiovascular dysfunction can cause hepatic con-
gestion, which can decrease the drug metabolizing capacity
of the liver. The following sections further discuss the failure
of individual organ systems and their influence on the
PK/PD parameters.

Renal
Many drugs depend at least in part on the kidneys for their
excretion. Critically ill patients may already have or will
develop renal failure during their course of stay in the
ICU. Many medications can cause nephrotoxicity and renal
insufficiency, and the clinician should assess whether
medications are contributing to renal dysfunction (Table 2)
(5,6). Renal dysfunction can alter both the Vd and ultimately
the Cl of some drugs.

If renal excretion accounts for more than 30% of the
total Cl of a drug, changes in renal function can have a sig-
nificant impact on the PK of the drug. In drugs with a
narrow therapeutic index, this change is much more
important and alterations in renal clearance may necessitate
dosage adjustment. Numerous sources of established guide-
lines for adjusting the drug dosages based on the degree of
renal dysfunction exist (7). However, these guidelines are
only first approximations to dose adjustments, and the
physician must consider the patient’s entire clinical
picture and individualize the therapy. For drugs with a
narrow therapeutic index, checking the serum drug
level and performing a formal PK analysis is generally
recommended.

If renal dysfunction is severe enough to require

dialysis, dosage adjustment is often required. Various
types of dialysis require different dosage modifications.
Intermittent hemodialysis is the most frequently employed
modality outside of the SICU. Dosage adjustment guidelines
for anuric patients on intermittent dialysis have been estab-
lished for most drugs (7). A full or partial supplemental dose
is recommended for some drugs that are cleared by hemo-
dialysis.

Advances in continuous renal replacement therapy
(CRRT) and the recognition that CRRT causes less pertur-
bations to other organ systems have resulted in increased
usage of this mode in unstable, critically ill patients.
However, there are few well-established guidelines for
dosage adjustments for many drugs that are given during
CRRT. This is, in part, due to the fact that CRRT can be
accomplished by several different modalities. Depending
on the technique used, the dosage adjustments may be
different. Continuous veno-venous hemodiafiltration
(CVVHDF) has become a standard modality employed in
most advanced ICUs.

Some drugs can be cleared by CVVHDF, and this clear-
ance can be divided into three different processes (Table 3).
Drugs can be cleared by diffusion (dialysis), convection
(hemofiltration), and adsorption to the filter. The clearance
by diffusion depends on the dialysate flow rate as well as
on dialysate saturation (concentration of drug in dialysate
divided by concentration of drug in plasma). This process
depends on the molecular size, membrane pore size and
its thickness, blood flow, and protein binding. During the
convection process, as fluid (plasma water) gets filtered by
hemofiltration, dissolved solutes (drugs) in the fluid are
removed. This elimination depends on the drug’s sieving

Table 3 Three Different Processes for Drug Clearance by

Continuous Veno-venous Hemodiafiltration

Diffusion process (hemodialysis)

Drugs pass through membrane from high concentration (blood)

to lower concentration (dialysis)

Process depends on

Molecular weight

Small and medium size drugs can easily pass through

Larger (1000–5,000 dalton) drugs can pass through highly

permeable membranes

Protein binding

Membrane pore size and thickness

Blood flow and dialysate flow

Concentration of unbound drug (only unbound drug can

diffuse)

Convection process (hemofiltration)

As fluid (plasma water) is removed, drugs dissolved in fluid are

removed

Process depends on

Sieving coefficient

Protein binding

Filtration rate

Adsorption to filter

Dependent upon type of filter used

High flux (has large pore size leading to enhanced clearance

of larger drugs)

High efficiency (increased surface area leading to enhanced

clearance of small solutes)

Table 2 Select Medications that Can Cause Renal Structural and

Functional Changes

Acyclovirc Hydralazined

Aminoglycosidesa Indinavirc

Amphotericin Ba Intravenous immunoglobulina

ACE inhibitorsb Lithiume

Angiotensin II

receptor antagonistsb
Mannitola

Methamphetaminesf

Carboplatina Methicilline

Cimetidineg Mitomycin Cf

Cisplatina NSAIDsb,d,e

Corticosteroidsg Radiographic contrast mediaa

Cyclosporinee Sulfadiazinec

Cytokine therapyd Triamterenec

Foscarnetc Tricyclic antidepressantsc

Goldd Trimethoprimg

aTubular epithelial cell damage.
bHemodynamically mediated.
cObstructive nephropathy.
dGlomerular disease.
eTubulointerstitial disease.
fRenal vasculitis and thrombosis.
gPseudo-renal failure.

Abbreviations: ACE, angiotensin-converting enzyme; NSAIDs, nonster-

oidal anti-inflammatory drugs.

Source: Adapted from Refs. 5,6.
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coefficient (the capacity of the drug to pass the membrane by
convection) and the filtration rate. The sieving coefficient can
be calculated directly by dividing the concentration of drug
in the filtrate by the concentration of drug in the plasma.
Drug removal via adsorption is not very well understood.
Certain types of hemofilters (e.g., AN60S) are known to
adsorb some drugs (e.g., aminoglycosides). This process is
variable and can be a saturable process.

In general, the CVVHDF removal of small drugs
depends on the diffusion and convection process,
whereas removal of larger drugs depends mostly on con-

vection and perhaps adsorption properties. The total
clearance of a drug is equal to CRRT clearance plus all
other non-CRRT clearance. The non-CRRT clearance can be
defined as the sum of hepatic, pulmonary, and other types
of clearance plus any residual renal clearance.

A simple dosage adjustment guideline for CVVHDF
(Fig. 3) has been developed (7 2 13). First, if the drug is nor-
mally cleared primarily via nonrenal routes, then it most
likely does not have appreciable CRRT clearance (rare excep-
tions occur, e.g., phenobarbital). If the drug is cleared pri-
marily by the renal route (more than one-third of the total
clearance), then most likely there will be some degree of
CRRTclearance. Second, if the drug has a narrow therapeutic
index, the estimate of CRRT clearance must be accurately

determined. In contrast, if it has a broad therapeutic index,
the calculation of CRRT clearance can be estimated using
clinical experience. Third, initial dosing for patients on
CVVHDF should follow established guidelines tailored to
the patient’s clinical picture (7,8,14). Fourth, the patient’s
clinical course, as well as the CRRT parameters (blood flow
rate, dialysis rate, ultrafiltrate rate, hemofilter), must be
monitored closely. Fifth, significant changes in clinical
status or CRRT parameters often require readjusting the
dosage. For narrow therapeutic index drugs, the serum
drug concentrations should be checked within the first 24
to 48 hours. Using the serum drug levels, PK analysis
should be performed, and an individualized dosage can be
developed. Finally, some inconsistencies exist with the
CRRT drug clearance literature as there can often be more
than one dosage recommendation for the same drug
(15,16). The data may be derived from different modalities
of CRRT in which CRRT parameters may have not been
similar and the patient population may have been different.
One must always account for the patient’s residual renal
function, and as the renal function improves, the possibility
of improvement in renal clearance for some drugs exists.

If the renal function has not improved, but the patient
is hemodynamically stable enough to tolerate intermittent
dialysis, CRRT may be discontinued. In this case, the contri-
bution of CRRT to the clearance of drugs is also stopped and
dosage adjustments may be justified.

In summary, the CRRT clearance of a given drug is
clinically important when it accounts for more than one-
third of the total clearance. Drugs that are highly protein
bound (e.g., phenytoin) or have large volumes of distri-
bution (e.g., digoxin, cyclosporine) are not readily available
for CRRT clearance. For narrow therapeutic index drugs,
frequent monitoring of serum drug levels, clinical status,
and CRRT parameters is essential.

Hepatic
Up to 54% of critically ill patients will develop some

degree of liver dysfunction (17). This can result from
hypoperfusion due to decreased liver blood flow due to
hypovolemia or cardiovascular dysfunction or can occur
because of intrinsic changes such as altered hepatic micro-
somal enzyme activities associated with age, fever, stress,
drug interactions, and hepatocellular damage. Both of
these factors (hypoperfusion and intrinsic liver disease)
can contribute to a decrease in hepatic drug metabolism
(Table 4). Unlike renal dysfunction, which is relatively easy
to quantify, the degree of liver dysfunction can be difficult
to assess and the correlation with drug clearance is less con-
sistent.

Table 4 Factors that Can Decrease Hepatic Metabolism of

Drugs in Critically Ill Patients

Hypoperfusion (decrease in hepatic blood flow)

Hypovolemia

Cardiovascular dysfunction

Intrinsic (altered hepatic enzyme activities)

Age

Fever

Stress

Systemic inflammatory response syndrome

Hepatocellular damage

Drug interactions

Medication to be adjusted for CVVHDF 

Drug is primarily 
cleared via renal route

Drug has some renal
clearance component

Drug is primarily cleared 
via non-renal route 

Renal clearance 
contributes to 
more than 1/3 

of total 
clearance

Renal clearance 
contributes to 
less than 1/3 of
total clearance

There is some
significant CVVHDF 

clearance, may 
require dosage 

adjustment 

No CVVHDF dosage 
adjustment needed.  
There are some rare

exceptions. 

Narrow therapeutic index Wide therapeutic index

Start with recommended initial 
dose based on available literature or

based on an estimated creatinine 
clearance of 30 – 40 mL/mina

Start with recommended dose based on
available literature or based on an estimated
creatinine clearance of 30 – 40 mL/mina , and 

adjust based on patient’s clinical picture 

Check serum drug level(s), 
perform PK analysis, 

individualize dose 

Monitor patient’s clinical condition 
and CVVHDF parameters closely, re-

evaluate dosage 

Figure 3 Decision tree for the management of drug dosing during

continuous renal replacement therapy. aEstimated creatinine clear-

ance of 30–40 mL/min based on a CVVHDF combined clearance

of 2000 mL/hr (dialysis þ ultrafiltrate). Abbreviations: CVVHDF,

continuous veno-venous hemodiafiltration, PK, pharmacokinetic.
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The liver is the site of metabolism for many drugs used
in critically ill patients (4). In addition, some medications are
hepatotoxic, especially if allowed to achieve high plasma
concentrations, and can subsequently cause syndromes of
hepatocellular necrosis, cholestasis, granulomas, fatty
changes, or even chronic active hepatitis (Table 5) (18,19).
Few well-established guidelines exist for adjusting medi-
cation dosages for hepatic dysfunction. One approach is to
estimate the relevance of liver dysfunction by considering
the contribution of liver metabolism to the total clearance
of the drug. If this is more than 30%, then an empirical
decrease in the drug dosage is often necessary in the
setting of liver dysfunction.

A few specific drugs do have dosing recommen-
dations based on the degree of hepatic dysfunction. For
example, caspofungin, an IV antifungal agent, needs to be
dose reduced based on the patient’s Child–Pugh score
(20). Metronidazole, a commonly prescribed antibiotic
with anaerobic efficacy, carries a recommendation for a
reduction in the dosage quantity or administration
frequency depending on the clinical response and
degree of hepatic dysfunction (20). The maintenance dose
of sirolimus, an immunosuppressant, should be reduced
by one-third for patients with mild to moderate
hepatic impairment (20). Table 6 contains a select list of
medications whose PK parameters may be affected by
liver dysfunction and recommendations for dosage adjust-
ments if available.

For drugs with a narrow therapeutic index, serum
drug levels should be checked, PK analysis should be per-
formed, and an individualized dose should be calculated.
However, if the drug has a broad therapeutic index, the

patient’s clinical picture and health care provider’s
assessment and experience can be used to guide an appro-
priate dosage. In either case, it is important to monitor
the clinical course, therapeutic responses, and look for
adverse effects.

In liver dysfunction, the effect of drug–drug inter-
actions can be magnified. For example, if the hepatically
cleared drug “A” can attenuate the metabolism of drug
“B,” and if the metabolism of drug “A” decreases as a
result of liver dysfunction, not only can drug “A” accumu-
late and cause adverse effects, but also drug “B” could
potentially accumulate and cause adverse effects. It may be
difficult to evaluate whether decreased liver metabolism is
due to liver dysfunction or decreased perfusion (21).

Drugs associated with increased elimination second-
ary to the first-pass phenomenon (described earlier)
depend upon hepatic blood flow (22). If this blood flow is
impaired, as in the setting of cirrhosis, portosystemic
shunts are generated in order to bypass the liver. With this
bypass, drugs that are normally subjected to a high degree
of first-pass metabolism may have an increased bioavailabil-
ity. Table 7 lists a select number of medications that undergo

Table 5 Select Medications that Can Cause Hepatotoxicity

Acetaminophena Haloperidolb Phenobarbitalc

Allopurinola Hydralazinec,d Phenytoinc,d

Amiodaronec,e Hydroxyureac Phenothiazinesb

Ampicillina Ibuprofena Probenecida

Azathioprinec Indomethacina Procainamidec,d

Carbamazepinea,b,d Isoniazida Propoxypheneb

Chlordiazepoxideb L-asparaginasea,d Propylthiouracilc

Chlorpropamideb Ketoconazolea Quinidinec,d

Clindamycina MAO inhibitorsa Ranitidinec

Cimetidinec Methimazoleb Rifampina

Contraceptives, oralb Methotrexatea,d Salicylatesa

Corticosteroidse Methyldopac,d,f Spironolactonec

Cyclophosphamidec Metolazonea,d Sulfonamidesc,d

Dapsonec Metronidazolec Tetracyclinesa,e

Diazepamb Naproxenc Thiazidesb

Dicloxacillinb Niacinc Trazodonea

Diltiazemd

Disopyramidea
Nifedipinec

Nitrofurantoinc,d,f
Tricyclic

antidepressantsc

Erythromycinsb Oxacillina,d Valproic acida,e

Flurazepamb Penicillinc,d Verapamila

Glyburidea Phenazopyridinea Warfarinb

aHepatocellular necrosis.
bCholestasis.
cNecrosis or cholestasis or both.
dGranulomas.
eFatty change.
fChronic active hepatitis.

Abbreviation: MAO, monoamine oxidase.

Source: Adapted from Refs. 18,19.

Table 6 Medications Whose Pharmacokinetic Parameters May

Be Affected by Liver Dysfunction and Recommendations for

Dosage Adjustment

Acyclovird,i Dobutamined,e,i Meropenemd,i

Amiodaronea,d Dopamined,e,i Metronidazoleh

Amphotericin Bd,i Enoxaparind,i Midazolamb,d

Azithromycind,i Epinephrined,e,i Milrinoned,e,i

Bumetanided,i Erythromycinb,d Morphined,e

Carbamazepineb,d Esmolold,e,i Nafcillind,i

Caspofunginc Fentanyld,e,i Nitroprussided,e,i

Cefazolind,i Fluconazoled,i Norepinephrinee

Cefotaximed,i Foscarnetd,i Oxacillind,i

Cefotetand,i Furosemided,i Pancuroniumd,e,i

Ceftazidimed,i Haloperidold Penicillind,i

Ceftriaxonei Heparind,i Phenobarbitala,d,f

Cefuroximed,i Hydromorphoned,e Phenytoind,e,f

Ciprofloxacini Imipenemd,i Procainamided,e,f

Clarithromycind,i

Cyclosporineb

Itraconazoled

Levofloxacind,i,j

Dalfopristin-

Quinapristind,i

Daltoparind,i Lidocaineb,f Septrad,i

Dexmedetomidinea,d,e

Digoxind,f,i

Liposomal

Amphotericin Bd,i

Sirolimusg,f

Tacrolimusb,f

Diltiazemb,e Lorazepama,b Valproic acidf

Meperidined,e Vecuroniumd,e,i

aInitial dose reduction recommended while monitoring for toxicity.
bDose reductions may be needed.
cDose reduction based on Child–Pugh score.
dNo specific quantitative dose adjustment guidelines available; monitor

closely.
eDosage should be based upon clinical response.
fDosage should be based upon serum level monitoring.
gRecommended to reduce maintenance dose by one-third in mild to

moderate hepatic impairment.
hDaily dose may need to be reduced by 50% to 60% in severe hepatic

disease.
iNo dose adjustment needed with hepatic dysfunction alone.
jAvoid use in patients with active hepatic disease/impairment because of

risk of severe hepatotoxicity.

Source: Adapted from Ref. 20.
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this first-pass phenomenon. In critically ill patients with

multiorgan failure, the net effect on drug metabolism is dif-
ficult to predict and must be carefully monitored.

Cardiovascular
Acute decompensated heart failure (ADHF) is characterized
by low _Q and increased organ congestion. With the elevated
right heart filling pressures and pulmonary hypertension
seen with heart failure, renal, liver, and gut congestion
may exist (23,24). With the associated low cardiac output
state, perfusion to these organs is compromised as well.

ADHF can lead to an impairment of drug clearance

and/or a reduction in the Vd by underperfusing organs
responsible for metabolism or elimination (i.e., liver and
kidneys) (23). With changes in the clearance and
volume of distribution, the half-life of a drug is usually
affected. Medications that are titrated to effect (i.e., nitrates,
diuretics, vasopressors) will be impacted to a lesser degree
by the alteration of PK parameters.

Incomplete absorption of drugs from the GI tract can
be related to the blood flow to the upper small bowel
(primary site of drug absorption). If _Q is diminished, blood
flow to the bowel is reduced and enteral absorption could
be impaired. Congestion and gut edema have been impli-
cated in the malabsorption of drugs (23). Other routes of
drug administration may be affected by heart failure.
Absorption of intramuscularly administered drugs is
directly related to the blood flow to that muscle site. If _Q is
reduced (as in cardiogenic shock or decompensated heart
failure), absorption will be erratic and potentially impaired;
therefore, intramuscular administration of drugs should be
avoided unless no other administration options are available.

The main site of hepatic drug metabolism is the cyto-
chrome P450 (CP450) enzyme system. This enzyme system
is the rate-limiting step in drug metabolism, and decompen-
sated heart failure can cause hepatic congestion, which may
impair the metabolizing capacity of the P450 enzyme system
(23). This impairment can lead to drug accumulation and
potentially unwanted side effects.

Drugs that are eliminated from the body through the
kidneys may accumulate during renal insufficiency. Decom-
pensated heart failure and a low _Q state can lead to
decreased renal perfusion and subsequent renal insuffi-
ciency. In this setting, modified administration regimens
that decrease the dose or an increase in the dosing interval
(or a combination of the two) should be employed. In par-
ticular, with ADHF and subsequent renal hypoperfusion,
the renin–angiotensin system is stimulated to increase
GFR. This process works independently of the effects on sys-
temic blood pressure. In patients who have their angiotensin-
converting enzyme (ACE) system inhibited, the decrease in

GFR can become more profound. This decrease in GFR can
also contribute to drug toxicity (25).

One might incorrectly surmise that a drug’s Vd would
be increased in ADHF because of the commonly associated
fluid retention. In fact, the excess fluid is generally restricted
to the extravascular space and therefore is unable to directly
participate in the distribution of drugs (23). The central
volume in heart failure patients is actually reduced; there-
fore, the Vd of most drugs is reduced as well. Because the
initial plasma concentration that results from a loading
dose is dependent upon the Vd, an empiric reduction
in the loading dose is often warranted to avoid toxic
concentrations of narrow therapeutic index drugs (e.g.,
digoxin) (23).

The half-life of a drug is dependent upon the drug Cl
and Vd (Equation 4). In ADHF, both of these parameters can
be altered and therefore, drug elimination half-life may be
altered. Drugs with a narrow therapeutic index (i.e.,
digoxin, lidocaine, procainamide) require enhanced drug
monitoring in patients with heart failure.

Endothelial (Burn)
Burn injury can cause marked changes in the PK and PD
properties of some drugs (Table 8). Depending on the
extent of the burn, the Vd, protein binding and Cl of some
drugs can be altered. It is important to understand different
phases of burn injury.

The acute phase (first 48 hours) of injury is character-
ized by fluid loss from the vascular system (26). This causes a
drop in _Q and a decrease in tissue and organ perfusion. This
phase is often managed with aggressive fluid resuscitation
(e.g., hypertonic saline solutions), which can cause an
increase in the Vd of some drugs, whereas the renal and
hepatic hypoperfusion can decrease the Cl of some drugs.

The next phase begins immediately after the burn and
may worsen 48 hours after the burn injury and consists of a
hypermetabolic state. During this phase, the _Q is increased
(provided the fluid repletion was adequate) as are kidney
and liver blood flows (26). As a result, the Cl of some
drugs (e.g., vancomycin) and neuromuscular blockade
(NMB) agents is increased. Therefore, some dosage adjust-
ments are needed to avoid subtherapeutic levels. This is
most important for narrow therapeutic index drugs. Burn
injuries can also cause hypoalbuminemia, increasing the
free fraction of drugs that are normally highly bound to
albumin (e.g., phenytoin). Consequently, there will be more

Table 7 Medications with Marked First-Pass Removal

Aspirin Metoprolol

Chlorpromazine Morphine

Propoxyphene Meperidine

Nitroglycerin Prazosin

Hydralazine Propranolol

Isoproterenol Albuterol

Isosorbide dinitrate Terbutaline

Labetalol Verapamil

Lidocaine

Source: Adapted from Ref. 23.

Table 8 Alteration of Pharmacokinetic Parameters After

Massive Trauma or Burn Injury

Resuscitation phase (first 48 hrs)

# cardiac output

# renal perfusion (# renal clearance)

# hepatic perfusion (# hepatic clearance)

" volume of distribution

" intestinal permeability (changes in enteral absorption)

# albumin (changes in protein binding)

Hypermetabolic phase (after resuscitation phase)

" cardiac output

" renal perfusion (" renal clearance)

" hepatic perfusion (" hepatic clearance)

# albumin (changes in protein binding)

" a-1-acid glycoprotein (changes in protein binding)
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unbound drug available to elicit its pharmacological
action, increasing the potential for adverse effects. It may
be necessary to calculate the total as well as free drug
levels. Burn injury can also result in an increase in a-1-acid
glycoprotein production (26). Drugs that are highly bound
to this protein (e.g., carbamazepine) will have a lower
amount of unbound (pharmacologically active) drug avail-
able. Therefore, the dosage of these drugs may need to be
increased.

The clearance of some drugs during the hyperme-
tabolic phase of burn injury may be increased. The
dosage of drugs with a narrow therapeutic index may
require adjustment based on PK serum level analysis. For
wide therapeutic index drugs, some empirical adjustments,
based on available recommendations and the patient’s clini-
cal picture, can be used.

Central Nervous System
The PK and PD parameters of sedative and analgesics are
altered in critically ill patients (27,28). The perception of
pain can be affected by emotional and cognitive processes,
as well as the physical restrictions of ICU patients. Sedative
and analgesics are usually highly protein bound and depend
on the liver for their metabolism. Change in protein binding,
liver function, or perfusion can significantly impact thera-
peutic as well as adverse effects.

In the setting of decreased liver and kidney perfusion,
the clearance of these drugs is often reduced, necessitating
significant decreases in dosage. Most of the commonly
used sedatives and analgesic drugs used in the ICU exhibit
multicompartment PK characteristics. With a typically pro-
longed course of exposure, they can accumulate. Critically
ill patients may have an increased peak effect, faster onset
of action, and a prolonged duration of action (27).

Among the benzodiazepine class, lorazepam and mid-
azolam are the most frequently used agents (29 2 32). Mida-
zolam has a faster onset of action than lorazepam due to its
increased lipophilicity and is metabolized to active com-
pounds that are renally eliminated. Lorazepam has a
longer duration of action; however, for prolonged use (con-
tinuous infusion over several days), lorazepam may be a
better choice in critically ill patients because there are no
active metabolites (29,30). Propofol, an IV anesthetic com-
monly used for ICU sedation, has a rapid onset and short
duration of action. It does not appear to have major
changes in its PK parameters in patients with renal and/or
hepatic dysfunction (32).

Many drugs that are commonly used in critically ill
patients can cause QT interval prolongation, leading to poss-
ible ventricular dysrhythmias (e.g., Torsades de Pointes).
Some antipsychotic medications (e.g., haloperidol, thiorida-
zine, mesoridazine, chlorpromazine) and some other cen-
trally acting drugs (e.g., droperidol and venlafaxine) are
just a few drugs that carry a risk of prolonging the QT inter-
val. Close monitoring of the electrocardiogram and atten-
tion to normal levels of magnesium and potassium are
required when using these agents in critically ill patients
with underlying conduction defects.

The use of NMB drugs has been minimized in most
modern ICUs. However, NMBs are still commonly
employed for intubation and occasionally used during the
treatment of patients with severe traumatic brain injury
(TBI) and for acute respiratory distress syndrome (ARDS).
The most common PK alteration for these NMB drugs in
critically ill patients is related to changes in clearance.

Clearance is decreased by deterioration in renal, hepatic,
cardiovascular, and endothelial systems (discussed earlier).

Pancuronium is mostly cleared by the kidneys and any
decrease in renal function or perfusion can result in its
accumulation (30,33). Liver failure can cause a decrease in
clearance of hepatically metabolized NMBs such as vecuro-
nium because of an increase in their volume of distribution.
Vecuronium is 85% cleared via the biliary route. Thus, any
decrease in liver metabolism or perfusion can decrease its
clearance (30). Cisatracurium relies on pH-dependent
Hofmann elimination and nonspecific enzymatic ester
hydrolysis for its clearance rather than the liver or kidney
(34,35). Cisatracurium is the ideal NMB drug for critically
ill patients with liver and renal failure who require only a
brief period of NMB. Hypothermia and acidosis can
slightly decrease the clearance of cisatracurium (36).
However, this is rarely clinically significant. Important
drug–drug interactions involving NMB drugs include corti-
costeroids, aminoglycosides, magnesium, and other agents
that affect neuromuscular transmission can lead to the devel-
opment of an acute myopathy in ICU patients (33).

Gastrointestinal
Critically ill patients often suffer altered GI motility (37).
Changes in GI motility or changes in GI tract pH can affect
the absorption and GI metabolism of some drugs. Postopera-
tively, patients can have hypoactive GI tracts secondary to
the procedure or the use of opioid analgesics during the
surgery or ICU stay. With some success, prokinetic agents
have been used to improve gastric emptying and tolerability
of enteral feeding (38,39). The effect of these prokinetic
agents on drug absorption may not be easy to assess. Hyper-
active GI motility is less frequently found in critically ill
patients. This may be drug induced or result from the
disease state. Often ICU patients are nutritionally supported
with continuous enteral tube feedings which can interfere
with the absorption of several drugs.

In many ICU patients, it is standard practice to use
protective agents to prevent the development of stress-
induced gastritis (e.g., H2-antagonists, proton pump inhibi-
tors). Most of these agents cause an increase in gastric pH.
This increase in pH can be detrimental to the absorption of
some medications (e.g., itraconazole capsules) that require
an acidic gastric environment for maximal absorption. Fre-
quent presence of an ileus and decreased splanchnic per-
fusion may decrease the absorption of enterally
administered drugs (40). Therefore, the IV route of adminis-
tration is preferred in unstable ICU patients. However, this
route of administration does have its inherent risks (infec-
tion) and costs. When GI absorption returns to a more
reliable state, it is more desirable to give drugs by the GI
route.

Respiratory
Respiratory failure does not generally have any direct impact
on the PK or PD of a drug. However, indirectly it can
cause changes in hepatic (hypoxemia) and renal (respiratory
alkalosis or acidosis) clearance of some drugs (30). The pul-
monary circulation also plays an important role in the metab-
olism of norepinephrine, angiotensin, and serotonin (40).

Muscle Disorders
Muscular disorders can be seen in critically ill patients.
These can be associated with myopathy and neuromyopa-
thy. In hemodynamically unstable patients the alteration in
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muscle perfusion can alter the intramuscular absorption of
some drugs. The use of NMB drugs have the potential for
causing or exacerbating neuropathy and myopathy, especially
in patients with sepsis, poor glucose control, and those receiv-
ing steroids. Therefore, NMB drugs should be carefully
monitored, used only when absolutely necessary (30), and dis-
continued as soon as possible (also see Volume 2, Chapter 6).

Hyperdynamic State
Some critically ill trauma patients experience an increased
clearance of some drugs. For example, many patients with
an extensive burn injury or closed head injury experience
an early increase in metabolic rate. Therefore, for drugs
with a narrow therapeutic range, it is important to
monitor drug levels and perform PK studies early and
repeatedly.

Acid^Base Disorders
Acidosis or alkalosis can change the protein binding of

drugs (40). However, the direct effects of acid–base dis-
orders on PK and PD parameters of drugs in critically ill
patients are not well studied. For highly protein-bound
drugs, these changes are more profound. If there is an
increase in the free fraction of drugs, the risks of adverse
effects will be increased. In contrast, a decrease in the free
fraction of a drug can lead to decreased therapeutic effect
and potentially treatment failure. Changes in protein
binding also can alter the Vd of drugs and consequently
affect their Cl. Some drugs (e.g., cisatracurium) rely on pH-
dependent Hofmann elimination and nonspecific enzymatic
ester hydrolysis for their Cl (34). Acidosis causes a decrease
in this clearance with a corresponding increased risk of
accumulation. Respiratory acidosis can lead to a trapping
of fentanyl within the central nervous system (CNS),
prolonging and potentiating its effects (32). Alkalosis
increases the lipophilicity of morphine and fentanyl, which
can generate higher CNS levels during the initial distri-
bution phase (32).

Drug Interactions
Mechanisms by which drugs can interact can be categorized
into PK, PD, or combined interactions. PK interactions
include those that alter absorption, distribution, metabolism,
or excretion and are the most important. PD interactions
include those that alter the effect of the drug on the body.
Combined interactions are those that occur when two or
more drugs are used together and increase the likelihood
of combined toxicity (41).

Absorption
There are several ways by which the GI absorption of

drugs may be affected, such as the concurrent use of
other drugs that (i) bind or chelate, (ii) have a large surface
area for adsorption, (iii) alter gastric pH, (iv) alter GI motility,
or (v) affect the GI transport proteins (41).

A classic example of binding and chelation involves
the fluoroquinolone antibiotic class and the presence of diva-
lent or trivalent cations commonly found in antacids, iron
salts, dairy products, or continuous enteral feeding. It is
recommended to not administer these cations enterally for
two hours before or up to six hours after an oral dose of
fluoroquinolone (42).

Activated charcoal is an example of a substance with a
very large surface area available for drug adsorption and is
commonly employed for reducing the absorption of toxic

substances. Volume 1, Chapter 31 includes a discussion of
the use of activated charcoal in treatments of poisonings.

Certain medications alter the pH of the stomach, and this
can impact the degree of absorption. H2-antagonists (e.g.,
famotidine) or proton pump inhibitors (e.g., lansoprazole)
can raise the gastric pH and alter the absorption of certain
drugs. For example, itraconazole is an antifungal that
requires an acidic environment in the stomach for optimal
absorption. If the gastric pH is elevated, absorption can be
impaired. Drugs that modify GI motility can also impact
drug absorption (30).

Promotility agents (e.g., metoclopramide) can decrease
intestinal transit time and therefore decrease the time a drug
is in contact with absorptive surfaces in the GI tract. Inhi-
bition of the GI transport proteins (e.g., PGP) can hinder
the transluminal movement of drugs and ultimately the
extent of absorption. It is important to understand the differ-
ence between rate and extent of absorption when discussing
drug interactions. If the rate of absorption is reduced, it may
not be clinically relevant but if the extent of absorption is
reduced, there are usually clinical consequences.

Most modern ICUs support the early initiation of
enteral nutrition. Some oral medications are not compatible
with enteral nutrition, and knowledge of these interactions
will help the clinician decide whether the enteral route of
drug administration is desirable. Most drug interactions
that occur with continuous feeding involve decreased
or unpredictable absorption (43,44). Some common
medications known to interact with continuous enteral
nutrition are listed in Table 9. Medications with incompat-
ibilities with tube feedings should not be mixed into the
enteral formula. Rather, these should be administered
separately, after evacuating the stomach contents, and sub-
sequent tube feedings should be held one to two hours.
Alternatively, different drugs, or route of administration
can be selected.

Many commonly used medications in the critical care
setting should not be crushed and administered via a
feeding tube. In general, any product that is enteric coated
or labeled as delayed-release, sustained-release, or
extended-release should not be crushed (45). Always
consult a pharmacist for alternatives.

Distribution
Drug interactions can alter drug distribution by two main
mechanisms: (i) plasma protein binding competition and
(ii) displacement from tissue-binding sites. When a drug
competes with another drug for protein-binding sites, there
is an increased concentration of free drug (i.e., unbound)

Table 9 Common Oral Medications that Interact with

Continuous Enteral Nutrition

Carbamazepine (suspension)

Fluoroquinolones (e.g., ciprofloxacin, gatifloxacin)

Hydralazine

Levothyroxine sodium

Penicillin V potassium

Phenytoin sodium

Sucralfate

Theophylline

Warfarin

Source: Adapted from Ref. 45.
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that is displaced into the plasma. This could increase the risk
of adverse effects. If a drug were to be displaced from its
tissue-binding site, then there would be a corresponding
increase in the plasma concentration of the displaced drug;
however, the clinical importance of this specific alteration
is not clear (41).

Metabolism (Cytochrome P450 Enzyme System)
The CP450 isoenzymes are a group of heme-containing
enzymes found primarily in the lipid bilayer of the endo-
plasmic reticulum of hepatocytes. They play a crucial
role in the oxidative metabolism of exogenous (e.g.,
drugs) and endogenous substances (4,23,30,46,47). Other
areas where these isoenzymes are found are the entero-
cytes of the small intestine and to a lesser extent in the
kidneys, lungs, and brain. The way the isoenzymes are
classified is based on family, subfamily, and individual
gene (e.g., CP3A4). With the knowledge of individual
substrates, inducers, and inhibitors of each isoenzyme,
clinicians may be able to predict clinically important
drug–drug interactions.

Differences do exist between patients, which include
genetic polymorphism in the functional expression of some
of the isoenzyme systems (e.g., CP2C9, CP2C19, and
CP2D6) (47). This can lead to underexpression or overex-
pression of the enzyme system, which in turn can lead to
adverse effects and/or therapeutic failures by either inhibit-
ing or inducing metabolism. Other influences that can lead
to variation in drug metabolism include age, nutrition,
stress, hepatic disease, hormones, and other endogenous
chemicals (48). The predominant enzyme systems respon-
sible for most drug metabolism include CP3A4, CP2D6,
CP1A2, and the CP2C subfamily.

Some drugs are metabolized by several isoenzyme
systems, so it may be difficult to predict the magnitude of
a drug–drug interaction if only one of the isoenzyme
systems is being inhibited or induced. Also, some drugs
may inhibit one isoenzyme system and be a substrate for
another. For example, fluoxetine is an inhibitor of the
CP3A4 enzyme, but it is metabolized by the CP2D6
enzyme system.

Inhibition of the CP450 system most often occurs as a
result of competitive binding at the enzyme’s active site (46).
This inhibition is dependent on a few factors: binding affi-
nity of both drugs, concentration of the substrate required
for inhibition, and half-life of the inhibiting drug (46).
Another important piece of information the clinician needs
in order to interpret or predict drug–drug interactions is
the onset and offset of enzyme inhibition. This is related to
the half-life and time to steady state of the inhibiting drug.
Classic examples would be cimetidine, which inhibits
CP1A2 within 24 hours after a single dose, and amiodarone,
which may take several months to inhibit CP3A4 because of
its long half-life and considerable length of time to reach
steady-state serum concentrations. Another common way
by which inhibition may take place is noncompetitively,
which results in inactivation of the enzyme by the inhibitor
with normal substrate binding (46).

Enzyme induction is evidenced by an increase in
hepatic blood flow or increased synthesis of the metaboliz-
ing CP450 enzymes (46). For example, enzyme-inducing
anticonvulsants (e.g., phenobarbital) cause an increase in
absolute liver size. Similar to enzyme inhibition, the
effects of induction depend upon the precipitating drug’s
half-life. For example, rifampin has a relatively short

half-life and enzyme induction becomes apparent within
24 hours (46). Phenobarbital’s half-life is much longer
and therefore it may take 7 to 14 days before the effects
of induction are seen (46). Once the causative drug is dis-
continued, the duration of induction depends on the half-
life of the drug and the CP450 enzyme (half-life of one
to six days). For example, once rifampin (half-life of
three to five hours) has been discontinued, the duration
or length of induction will be determined by the CP450
degradation time, not rifampin’s presence in the body.
Age, cirrhosis, and hepatitis may also impact the degree
of induction.

With the knowledge of the CP450 enzyme systems and
drugs that are known to be substrates, inducers, and inhibi-
tors, health-care practitioners may be able to anticipate clini-
cally important drug–drug interactions. This is most
important for narrow therapeutic index drugs. Therefore,
monitoring serum drug levels frequently and performing
PK analysis to ensure appropriate drug regimens is essential.
Lists of drugs commonly used in the ICU which are sub-
strates, inducers, and inhibitors of various CP450 isoenzyme
systems are readily available online and in pharmacology
texts (46).

The following relevant examples illustrate how a
health-care professional could utilize such information in
predicting important drug–drug interactions. Example 1:
a patient stable on warfarin with a therapeutic bleeding
time gets initiated on amiodarone for atrial fibrillation. By
identifying that both enantiomers of warfarin (R and S)
are substrates of the CP450 enzyme system (CP3A4 and
CP2C, respectively), one could predict that by adding an
inhibitor of both isoenzyme subsystems (e.g., amiodarone)
the bleeding time of the patient would probably rise and
the chance of a clinically significant bleeding event would
be elevated. Example 2: an intubated patient in the ICU is
being sedated with midazolam by a continuous infusion.
It was decided to treat his human immunodeficiency
virus (HIVþ) infection by initiating antiretroviral therapy,
which included ritonavir. Noticing that ritonavir is an
inhibitor of the CP3A4 isoenzyme subsystem and that mid-
azolam is a substrate for that subsystem, the health-care
practitioner may want to evaluate whether midazolam is
the most appropriate choice of sedative in this particular
patient.

Stimulation of the CP450 enzyme system in the
liver and small intestine can lead to the increased metab-
olism of certain drugs; conversely, inhibition of this
system can lead to elevated drug levels.

THERAPEUTIC DRUGMONITORING

TDM is a process of individualizing the dosage regimen of
drugs with narrow therapeutic indices (a small range
between its toxic plasma concentration and subtherapeutic
plasma concentration). Using PK analysis, TDM includes
continuous assessment of the therapeutic response and
potential adverse effects and becomes more important in cri-
tically ill patients. Drugs can be divided into two general
TDM categories: narrow therapeutic index agents and
broad therapeutic index drugs. Here we will discuss some
of the common drugs in the adult ICU that have a narrow
therapeutic index. Because critically ill patients exhibit
wide variable PK parameters, it is particularly important
to monitor these drugs closely.
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Antimicrobial Agents
Aminoglycosides
Aminoglycosides (e.g., gentamicin, tobramycin, amikacin)
require TDM because of their narrow therapeutic index
and risk for adverse effects (ototoxicity, nephrotoxicity). Cri-
tically ill patients often will display a larger Vd (�0.4 L/kg)
than noncritically ill patients (�0.25 L/kg) (30,49,50). Many
acutely ill patients will develop renal impairment and
since the aminoglycosides are primarily excreted unchanged
by glomerular filtration, frequent dosage adjustment based
on PK analyses is necessary.

Within the past few years, once-daily dosing of amino-
glycosides has gained popularity, and for good reason (49).
Although aminoglycosides are themselves nephrotoxic,
they remain a mainstay in the antimicrobial arsenal against
aerobic gram-negative bacteria, as well as enterococcal and
staphylococcal species (see Volume 2, Chapter 53).

The once-daily strategy is advantageous for a number
of reasons. Aminoglycosides have concentration-dependent
bactericidal activity, increasing the eradication of the organ-
ism(s) in the presence of higher serum drug concentrations.
Once-daily therapy diminishes the ability of the organism to
shut down the intracellular transport of the aminoglycoside
(a form of resistance). This adaptive resistance occurs more
frequently with multiple dose regimens. Aminoglycosides
also possess a postantibiotic effect (PAE), a bacteriostatic
environment after antibiotic exposure (the higher the amino-
glycoside concentration, the longer the PAE). Most single-
daily dose regimens (5–7 mg/kg/day) of gentamicin or
tobramycin produce peak serum level concentrations
approaching 15–20 mg/L and trough levels that are
undetectable even in mild renal dysfunction.

Human studies have shown saturable uptake of ami-
noglycosides into the renal cortex (51). Therefore, the
higher serum concentrations associated with once-daily
administration does not predispose the patient to an
increased risk of nephrotoxicity when compared with
multiple daily dosing of aminoglycosides.

Vancomycin
Vancomycin is a bactericidal glycopeptide used for various
gram-positive infections. It penetrates into most tissues
well and is excreted almost entirely unchanged in the
urine. Since compromised renal function is commonly seen
in ICU patients, diligent monitoring of plasma levels is
warranted. For intermittent hemodialysis patients, a dose of
vancomycin (15 + 5 mg/kg IV) every three to five days is
common, whereas the same dose every 24 to 48 hours is
common in those patients receiving CRRT. Since vancomycin
primarily exhibits time-dependent killing, the routine moni-
toring of peak serum levels is generally not warranted
unless an estimate of the patient’s Vd is needed. Random or
trough levels of vancomycin are generally sufficient to
provide enough information to individualize a dosing
regimen (30,52). For most indications, the goal vancomycin
trough levels should be targeted between 5 and 15 mg/L.
There are a few indications where clinicians might be more
aggressive [e.g., methicillin-resistant Staphylococcus aureus
(MRSA) bacteremia, endocarditis, meningitis, and osteo-
myelitis]. For these indications, the current trend is to
target vancomycin trough levels of at least 10 mg/L (range
10–20 mg/L). For the treatment of MRSA-associated, venti-
lator-associated pneumonia, an even more aggressive
dosing strategy is currently practiced to produce vancomycin
trough levels approaching 15–20 mg/L. It is important to note

that vancomycin by itself infrequently causes nephrotoxicity.
Only when it is administered in combination with other
nephrotoxic agents (e.g., aminoglycosides) does the incidence
of renal toxicity approach 30% (52).

Cotrimoxazole
Trimethoprim-sulfamethoxazole (TMP-SMX) is a combi-
nation antibiotic with a broad spectrum of activity against
gram-positive and gram-negative organisms. There is a
paucity of data that evaluates PK variables of TMP-SMX in
critically ill patients. However, in hyperdynamic, acutely ill
trauma patients [e.g., those with systemic inflammatory
response syndrome (SIRS)], the half-life of SMX appears to
be shorter and the Vd and Cl are larger (53). These data are
in conflict with a study evaluating PK parameters of TMP-
SMX in critically ill and noncritically ill AIDS patients
where the Vd, Cl, and the half-life were similar between
the two groups (54). Since there is potential for renal and
bone marrow toxicity, monitoring of sulfonamide levels
would be prudent in the critically ill patient, especially
those patients with underlying renal dysfunction. A serum
sulfonamide level of 50 to 150 mg/L is considered adequate
for optimal therapy (30).

Miscellaneous Anti-infective Agents
Fluconazole and Itraconazole
Other agents that infrequently require TDM are the “azole”
antifungal agents (e.g., fluconazole, itraconazole). Intact oral
itraconazole capsules (not suspension) depend on the acidity
of GI tract for absorption. It may be helpful to check an
itraconazole level to assess oral absorption in those patients
who are concomitantly taking gastric acid suppressing
agents (e.g., H2-antagonists and proton pump inhibitors) (55).

Ganciclovir
Ganciclovir is an antiviral agent used primarily for the treat-
ment or prophylaxis of cytomegalovirus (CMV). It is highly
nephrotoxic and can cause leukopenia and thrombocytope-
nia. The elimination of ganciclovir depends upon renal
excretion, and therefore dose adjustments for impaired
renal function is necessary in order to avoid adverse side
effects (30). Guidelines for dosage adjustments for renal
dysfunction exist (7). Occasionally, (especially patients on
dialysis), it may be necessary to check the ganciclovir
serum level and perform a PK analysis.

Cardiovascular Drugs
Digoxin
In critically ill patients, the most common use of digoxin is to
control the heart rate in the setting of atrial fibrillation. The
bioavailability of digoxin tablets is 50% to 90%. Although
there is better bioavailability with the capsule formulation,
the most common route of administration in the adult ICU
is the IV route. Digoxin has a large Vd (about 7.3 L/kg)
because of its extensive tissue binding (40,56).

However, in the setting of renal failure (estimated
creatinine Cl ,20 mL/min or those patients dependent on
hemodialysis), the Vd is reduced. Loading and maintenance
doses of digoxin will need to be adjusted accordingly for this
reduction in Vd. Digoxin is not distributed into fat, and
therefore the loading dose should be based on an estimate
of ideal body weight (7). Digoxin has a long two-compart-
mental distribution phase, that explains the delay in its
pharmacological action.
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The sampling time of serum digoxin levels is import-
ant because serum digoxin levels drawn during the initial
distribution phase may be falsely elevated. Therefore, it is
important to wait at least four hours after an IV dose and
six hours after an oral dose to check a serum digoxin level.
Normally, 60% to 80% of digoxin is eliminated unchanged
in the urine. Metabolism and biliary excretion contribute to
nonrenal elimination.

The elimination half-life of digoxin is about one to two
days in subjects with normal renal function and may be as
long as five days in anuric patients. In critically ill patients
with renal dysfunction, it is necessary to monitor digoxin
serum levels closely and adjust the dosage as needed.
The generally accepted therapeutic range of digoxin is
0.8–1.2 mcg/mL (for heart failure) and 0.8–2.0 mcg/mL
(for atrial fibrillation). It is important to note that the immu-
noassays used to measure serum digoxin are not specific and
may react with certain drug metabolites or endogenous
digoxin-like substances (7,40), which could lead to a falsely
elevated level.

Digoxin can interact with several drugs. Some of the
most important digoxin–drug interactions involve the
calcium channel blockers (e.g., diltiazem and verapamil)
and amiodarone, both of which can increase the serum
digoxin level significantly. Therefore, the dosage must be
reduced and the digoxin level measured as needed.

Critically ill patients with electrolyte abnormalities
(hypokalemia, hypomagnesemia, and hypercalcemia) are
at higher risk of developing digoxin toxicity (ventricular
arrhythmias, heart block, and other arrhythmias) (7,40).
Close monitoring of serum electrolytes, renal function, and
digoxin levels, performing PK analysis, and calculating an
individualized dosage are highly recommended in ICU
patients receiving digoxin.

Lidocaine
In critically ill patients, lidocaine is used to manage serious
ventricular dysrhythmias. Because lidocaine has poor oral
absorption, it is given initially by an IV bolus followed by
a continuous IV infusion. Its Vd is about 1.3 L/kg (57). In
ADHF, the Vd is decreased, whereas in chronic liver
disease, it is increased (23). Lidocaine is mainly metabolized
in the liver and its metabolites depend on renal clearance
for their elimination. The usual elimination half-life of
lidocaine is about 100 minutes, but in liver failure, the half-
life may be prolonged. Frequent measurement of serum lido-
caine levels is needed in critically ill patients with some
degree of liver or heart failure. The therapeutic lidocaine
level is 1–5 mg/L (57).

Procainamide
In critically ill patients, procainamide may be used in the
treatment of ventricular and supraventricular dysrhythmias.
It is usually used as continuous IV infusion in the ICU and
switched to an oral form when appropriate. Oral bioavail-
ability is about 75% to 100%, and it has a larger Vd than
lidocaine (1.7–2.2 L/kg) (58). The therapeutic procainamide
level is 4–8 mcg/mL, and although higher concentrations
have been used in some patients, levels exceeding 8 mcg/
mL have been associated with electrocardiographic
changes (prolongation of the PR interval, QT, or QRS inter-
vals) (59). The elimination half-life of procainamide is
about three hours. It is metabolized in the liver to N-acetyl
procainamide (NAPA), which is an active metabolite and is
eliminated renally. In critically ill patients with some

degree of renal dysfunction, NAPA can accumulate and
cause adverse effects. Therefore, close monitoring of serum
procainamide and NAPA levels are needed.

Anticonvulsants
TBI patients often require treatment or prophylaxis for sei-
zures. In these cases, the most commonly used agent is phe-
nytoin. Carbamazepine, valproic acid, and phenobarbital
may be used if phenytoin is ineffective or contraindicated.

Phenytoin
Phenytoin is the first-line agent for seizure prophylaxis fol-
lowing TBI. In the ICU, physical barriers or disease states
can limit the appropriateness of administering medications
enterally. Concurrent use of enteral feeding can further com-
plicate the absorption of phenytoin; the intramuscular route
is also unreliable and not recommended (60). The IV route is
most commonly used in unstable, critically ill patients.
Unlike the oral capsules, which are extended release, the
injectable form of phenytoin is not and usually requires
more than once-daily dosing.

Phenytoin is highly bound to albumin, and critically ill
patients may have a significant degree of hypoalbuminemia,
which results in an increased free fraction of phenytoin.
There are formulas for adjusting the total phenytoin level
that is usually reported by the laboratory in order to main-
tain a therapeutic-free level (60). However, the reliability of
these equations is questionable; therefore, in critically ill
patients, measurement of free and total phenytoin levels
may be necessary.

Mainly metabolized in the liver, phenytoin is a low-
extraction type drug; thus, changes in liver blood flow
minimally affect its metabolism. However, induction or inhi-
bition of liver microsomal enzymes will markedly affect the
liver metabolism of phenytoin. This enzyme system is satur-
able, which explains the Michaelis–Menten elimination of
phenytoin, that is, an increase in serum concentration
of phenytoin beyond a certain point may not increase the rate
of its clearance. So a small increase in dose can disproportio-
nately increase the serum concentration and increase the
risk of toxicity (60). The therapeutic range of serum phenytoin
is 10–20 mg/L. The normal free fraction is about 10%,
corresponding to a free plasma concentration of 1 to 2 mg/L.

In critically ill patients with oliguria and hypoalbumi-
nemia, the free fraction of the drug can be increased; there-
fore, monitoring of both total and free serum phenytoin
levels may be necessary. Following TBI, the rate of phenytoin
metabolism may be increased (in the early hypermetabolic
phase) and require an increased daily dosage. It is important
to watch for changes in the rate of phenytoin metabolism in
this subgroup. As the hypermetabolic state subsides, the rate
of phenytoin metabolism may decrease substantially, and
the dosage will have to be decreased.

Carbamazepine
Carbamazepine is usually the second-line anticonvulsant
agent chosen in trauma patients. Carbamazepine is not avail-
able in an IV formulation and this limits its usefulness in the
ICU setting. Oral bioavailability is about 75% but it may be
variable and dissolution rate dependent (61). It is highly
bound to a-1-acid glycoprotein, which can explain the
increase in dosage requirement in some burn patients. It is
mainly metabolized in the liver, and carbamazepine has the
ability to induce its own metabolism. This self-induced
metabolism usually starts after three to five days of therapy.
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Frequent monitoring of carbamazepine serum concen-
trations in critically ill patients may be necessary. The thera-
peutic range is 4–12 mg/L (62). The adverse effects of
carbamazepine include bone marrow suppression mani-
fested by leukopenia and/or thrombocytopenia. It also can
cause a hyponatremic hypo-osmolar condition similar to
the syndrome of inappropriate antidiuretic hormone
secretion (61).

Valproic Acid
Valproic acid is available in injectable form and this has
increased its role in the ICU setting, usually as a second or
third choice anticonvulsant in trauma patients. It is highly
protein bound, mostly to albumin, and this binding
appears to be saturable. The protein binding may actually
decrease in TBI patients (61), so monitoring the free and
total valproic acid levels may be necessary. Valproic acid is
metabolized in the liver and because of its low extraction
ratio, changes in liver perfusion usually do not alter its clear-
ance. However, drugs that induce liver microsomal enzymes
(e.g., phenytoin, phenobarbital, and carbamazepine) can
increase valproic acid metabolism. Valproic acid itself is an
inhibitor of liver enzymes and can affect the clearance of
some drugs (63). The appropriate therapeutic range for
valproic acid is not clear. It is thought that the minimum
effective trough serum level for optimal seizure control
is 50 mg/L (61) and the upper limit is probably about
120 mg/L. The most serious adverse effects are hepatotoxicity
and thrombocytopenia.

Barbiturates
Barbiturates are not used as much in today’s ICU as they
historically have been used. Pentobarbital is occasionally
used in TBI patients for control of resistant-increased
intracranial pressure, and phenobarbital may be used as an
anticonvulsant for other patients in the ICU. Phenobarbital
is about 50% protein bound; however, in trauma and burn
patients (especially those with uremia), the free fraction
may be much higher (61). Hepatic enzymes oxidize pheno-
barbital, and changes in liver blood flow do not alter its
clearance. It is a powerful inducer of liver enzymes, which
can affect the metabolism of other hepatically metabolized
drugs. The therapeutic range is 15–40 mg/L. The major
adverse effects seen are those involving the CNS (e.g.,
drowsiness, lethargy, hangover).

Immunosuppressants
The immunosuppressant agent regiments used for both
solid organ and bone marrow transplantations are usually
metabolized in the liver and have drug interactions invol-
ving the CP450 enzyme system. In treating critically ill
patients, clinicians must be familiar with these agents or
seek the help of colleagues who are experts in this field.
The interactions of immunosuppressants must be recog-
nized and evaluated, and appropriate measures taken, if
necessary.

Cyclosporine
Cyclosporine is a commonly used immunosuppressive
agent alone and in combination with other immunosuppres-
sive drugs. It is extensively metabolized in the liver to
metabolites that depend on the biliary pathway for elimin-
ation. Cyclosporine is associated with a high degree of
nephrotoxicity and has numerous drug–drug interactions
(64). Cyclosporine levels must be monitored frequently

because there is no practical PK model available for analysis.
When evaluating cyclosporine levels, it is vital to consider
the sample type (whole blood vs. plasma) and the technique
used for measurement [(immunoassay vs. high performance
liquid chromatography (HPLC)].

Different sample types and techniques used have
different values. Therefore, care must be taken to assure
that the desired serum level range is normalized for poten-
tial variables. The target immunosuppressant level is
also highly variable and depends on the type of organ
transplanted and the specific center that performed the
transplant. Other variables that can help define the target
level would include clinician experience, the clinical
picture of the patient, the time after the transplant, past
rejection history, adverse effects, and potential drug–drug
interactions. Whenever a drug is added or discontinued,
the effect on the cyclosporine level must be considered and
the dosage should be reevaluated.

Cyclosporine can cause an increase in serum creatinine,
which appears to be proportional to the cyclosporine level.
Unless a decrease in the cyclosporine level is clinically indi-
cated, there is no need for dosage adjustment for renal dys-
function or CRRT. With liver dysfunction, cyclosporine can
accumulate resulting in an increased blood level. Cyclospor-
ine can also increase the bilirubin level. Although this increase
can be secondary to liver dysfunction, it is usually due to
some degree of cholestasis. This is usually observed during
initial cyclosporine therapy. After a few days, the bilirubin
usually begins to decline; if not, the clinician should consider
other causes including cyclosporine-induced hepatotoxicity.
Drug interactions are extensive and can be divided into
three types (Table 10) as those that can affect metabolism,
bioavailability, or nephrotoxicity of cyclosporine.

Tacrolimus
Tacrolimus is an immunosuppressant similar to cyclosporine.
It is extensively metabolized in the liver and can cause
nephrotoxicity (64). Daily checking of the trough tacrolimus
level is often necessary as the target range is quite variable.
In addition, most of the previous discussion about cyclospor-
ine also applies to tacrolimus. It is about 100 times more
potent than cyclosporine on a weight basis; therefore, tacroli-
mus dosage and serum levels are about one-hundredth those
of cyclosporine.

Sirolimus
Sirolimus is the newest immunosuppressive drug in the
United States and its role is continually evolving. It is pri-
marily used in combination with cyclosporine or tacrolimus
to achieve an adequate level of global immunosuppression
while minimizing the patient’s exposure to the nephrotoxic
immunosuppressants (e.g., cyclosporine and tacrolimus)
(65). Many institutions strongly recommend monitoring
sirolimus levels to avoid adverse effects, especially in criti-
cally ill patients. One of the serious unwanted effects of sir-
olimus is leukopenia (also see Volume 2, Chapter 57). More
studies are needed to define an appropriate sirolimus level
when it is used with cyclosporine- or tacrolimus-based
immunosuppressive regimens. Investigators are studying
sirolimus to determine whether it can be used without
cyclosporine or tacrolimus. If so, the target level for
various organ transplantations should be defined. Drug
interactions with sirolimus are similar to those found with
tacrolimus and cyclosporine (Table 10).
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Miscellaneous (Mycophenolate and Azathioprine)
Azathioprine and mycophenolate belong to the antimetabo-
lite class of immunosuppressive agents and are used in
combination with corticosteroids and either cyclosporine
or tacrolimus. The dosage ranges from 2 g/day up to
3 g/day and primarily depends on the type of organ trans-
planted. Azathioprine has an important drug–drug inter-
action with allopurinol. If used together, the dose of
azathioprine should be reduced to avoid the accumulation
of azathioprine’s active metabolite (6-mercaptopurine). It
is important to monitor for dose limiting adverse effects
such as bone marrow suppression (neutropenia, pancytope-
nia), GI distress (nausea/vomiting, diarrhea, abdominal
pain), and liver dysfunction (cholestasis, elevated hepatic
enzymes).

DRUG-INDUCED FEVER

Drug fever is defined as a febrile response to a drug
without cutaneous manifestations and is estimated to
occur in about 10% of hospitalized patients (66). The inci-
dence may be higher in critically ill patients because they are
on more medications. It may be difficult to recognize drug
fever in ICU patients, as there are potentially multiple
causes of fever (see Volume 2, Chapter 46). Although it
usually occurs one to two weeks after a drug was started,
it can occur at any time. This can lead to prolonged hospital-
ization and unnecessary tests. The most common cause of
drug fever is a hypersensitivity reaction. Altered thermore-
gulatory mechanism, idiosyncratic reactions, and the
pharmacological action of drugs can also be the cause of
drug fever (66). Some common ICU drugs that are associated

with drug fever are listed in Volume 2, Chapter 46. Treat-
ment of drug fever consists of discontinuation of the sus-
pected offending medication.

DRUG-INDUCED RASH (TOXIC EPIDERMAL NECROLYSIS/
STEVENS^JOHNSON SYNDROME)

The most common adverse drug reactions (ADRs) are those
involving the skin. They affect about 2% to 3% of hospital-
ized patients (67). Among those, only a small percentage
are life threatening. Stevens–Johnson syndrome (SJS) is
fatal in about 5% of patient cases and toxic epidermal necro-
lysis (TEN) in about 30% of patient cases (67). The clinical
features and prognosis of these two diseases are different,
yet they have similar histopathological findings and are
caused by similar drugs. Some consider SJS to be a mild
form of TEN.

If epidermal detachment is less than 10% of the total
body surface area, it is classified as SJS. If it is greater than
30%, it is classified as TEN. If the affected area is between
10% and 30%, then it is considered an overlapped case of
SJS–TEN. The incidence of SJS is 1.2 to 5 per million per
year and for TEN 0.4 to 1.2 per million per year (67).
Drugs that are associated with SJS and TEN and are com-
monly used in an adult ICU are listed in Table 11 (68).

Among drugs that can cause reactions, sulfonamides
are the most frequent. Phenytoin, phenobarbital, and carba-
mazepine all can cause these severe cutaneous reactions.
These three drugs have related chemical structures and are
metabolized by similar pathways to reactive compounds. It
is these reactive compounds that are thought to be immuno-
genic, causing the cutaneous reaction (69). Because of exten-
sive skin detachment, the treatment is the same as for burn
victims and requires a burn intensive care facility. The
seriousness of these reactions and the lack of definitively

Table 10 Major Drug Interactions with Cyclosporine,

Tacrolimus, and Sirolimus

Drugs that increase the absorption of cyclosporine (tacrolimus and

sirolimus): grapefruit juice, metoclopramide, oral erythromycin,

cyclosporine (increases sirolimus)

Drugs that affect the metabolism of cyclosporine (tacrolimus

and sirolimus): drugs that increase metabolism:

carbamazepine, phenobarbital, phenytoin, rifampin,

St. John’s wort

Drugs that decrease metabolism: allopurinol, amiodarone,

androgens, azole antifungal agents (fluconazole, itraconazole,

ketoconazole), bromocriptine, clarithromycin,

erythromycin, diltiazem, nefazodone, nicardipine, nifedipine,

oral contraceptives, sirolimus verapamil

Drugs that increase the nephrotoxicity of cyclosporine (tacroli-

mus): acyclovir, aminoglycosides, amphotericin B, foscarnet,

ganciclovir, tacrolimus (cyclosporine), NSAIDs, vancomycin,

and other nephrotoxic agents

Miscellaneous: digoxin (decrease clearance of digoxin by cyclos-

porine); neuromuscular blockers (prolonged neuromuscular

blockage); HMG-CoA reductase inhibitors (increase risk of

myopathy with cyclosporine); caspofungin (decreased tacroli-

mus and sirolimus levels, increased caspofungin level with

cyclosporine)

Abbreviations: HMG-CoA, 3-hydroxy-3-methylglutaryl-Coenzyme A;

NSAIDs, nonsteroidal anti-inflammatory drugs.

Table 11 Medications Associated with Stevens–Johnson

Syndrome and/or Toxic Epidermal Necrolysis

Stevens–Johnson syndrome Toxic epidermal necrolysis

Acetaminophen Acetaminophen

Allopurinol Allopurinol

Carbamazepine Barbiturates

Cephalosporins Carbamazepine

Cotrimoxazole Chloramphenicol

Ibuprofen Ibuprofen

Macrolides

(e.g., erythromycin)

Imidazole antifungal agents

(e.g., ketoconazole)

Penicillins Indomethacin

Phenobarbital Lamotrigine

Phenytoin Macrolides

Propranolol Penicillins

Quinolones Phenytoin

Sulfadiazine Quinine

Sulfonamides Quinolones

Thiazides Ranitidine

Valproic acid Sulfonamides

Sulindac

Tetracyclines

Valproic acid

Source: Adapted from Ref. 68.
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effective treatment have produced a large body of literature
on some effective and ineffective treatments (70).

As soon as the diagnosis of SJS/TEN has been made,
the suspected agent(s) should be withdrawn. Early discon-
tinuation of causative agents has been reported to improve
the outcome (68,71). The principles of symptomatic treat-
ments are the same as for burns, which include meticulous
skin care, fluid replacement, nutritional support, and antimi-
crobial therapy (67). Plasmapheresis, immunosuppressive
therapy, oral corticosteroids, human IV immunoglobulin,
all have been used with varying degrees of success (70).
Their role in the treatment of SJS and TEN remains to be
established.

EYE TO THE FUTURE

Personalized medicine is a concept that describes patients
receiving the most appropriate drugs with the most fitting
dosage based on their genetic makeup (72). This concept
appears to be gaining clarity as our knowledge regarding
the human genome expands. Poor drug tolerability,
adverse drug events, and therapeutic failure may be
explained by genetic differences. Patients may express differ-
ent alleles on genes that are responsible for creating certain
drug-metabolizing enzymes (e.g., CP450 enzyme system,
namely CP2C9, CP2C19, CP2D6). These differences may
lead to diversity among patients’ metabolic transformation
of a particular medication, leading to individual variability
in the efficacy and toxicity of drugs (73,74). It is important
to remember that genetic polymorphisms do not always
translate into phenotypic changes (75). The study of the
genetic basis for individual drug response is called pharma-
cogenomics. Initially, pharmacogenomics focused on drug
metabolism but has recently expanded to evaluate drug
transporters that can influence the absorption, distribution,
and excretion of medications as well as drug receptors (75).

Several examples of genetic differences in drug metab-
olism reside within the CP450 enzyme system. For example,
approximately 8% to 10% of Caucasians are deficient in the
isoform CP2D6, which represents the main metabolic
pathway of drugs such as antidysrhythmic agents, b-
adrenoreceptor blockers, tricyclic antidepressants, and
certain opioids like codeine (76). For patients with this
deficiency, b-adrenoreceptor blockade will be more pro-
nounced and the effect of codeine will be much less
because of the impaired production of the active metabolite,
morphine. Another example of genetic polymorphism lies in
the CP2C9 isoform and warfarin metabolism. Individuals
expressing this mutation can only tolerate low doses of
warfarin because their clearance is about 10% of those
without the mutation (48).

Perhaps one of the more popular proteins that have
recently been studied is PGP, that is involved in energy-
dependent transport of drugs and their metabolites into
urine, bile, and the intestinal lumen. PGP also plays a large
role in regulating drug concentrations in the brain
(e.g., digoxin, cyclosporine, and dexamethasone) (75). It is
understood that individuals express PGP in differing
amounts, contributing to the concept that genetic makeup
plays a critical role in the PK of drugs.

Finally, there are genetic alterations in drug receptors
which can result in a wide variation in drug effect. Some
of these examples include the b2-adrenoreceptor and
response to b2-agonists, the ACE and the renal protective

effects of ACE inhibitors, and apolipoprotein E and the
response to the HMG-CoA reductase inhibitors (77–81).

With the advent of genetic testing, pharmacogenomics
may help health-care providers determine the most appropri-
ate drug and dose for each patient. Until there is widespread
availability of genetic testing (e.g., point-of-care), empiric,
population-based treatment algorithms will probably remain
the foundation of drug therapy. However, certain disease
states may warrant a patient-specific genetic evaluation to
identify the most effective treatment regimen and to minimize
drug toxicity.

SUMMARY

Rational drug therapy is an essential part in the management
of critically ill patients. Clinical pharmacology provides the
necessary tools for an individualized approach to drug
therapy, using PK and PD principles. With all of the vari-
ables that potentially can change in the critically ill patient,
it is important to individualize drug therapy. This challenge
can be minimalized with multidisciplinary involvement and
careful monitoring of the patient to prevent iatrogenic
adverse reactions.

Organ failure is responsible for a majority of the altera-
tions of PK and PD parameters in the critical-care setting.
Renal dysfunction can alter the Vd and ultimately the Cl of
some drugs. Liver dysfunction can be due to extrinsic
causes such as decreased liver blood flow or as a result of
some intrinsic changes such as altered hepatic microsomal
enzyme activities. Both of these factors can contribute to a
decrease in hepatic drug metabolism.

ADHF can lead to an impairment of drug Cl and/or a
reduction in the Vd by underperfusing organs responsible
for metabolism or elimination (i.e., liver and kidneys). PK
changes are difficult to predict in heart failure and will
assume importance with narrow therapeutic index drugs
(i.e., digoxin, lidocaine, procainamide). Depending on the
extent of the burn injury and time after the insult, the
volume of distribution, protein binding, and Cl of some
drugs can be altered.

In the setting of decreased liver and kidney perfusion,
the clearances of sedatives and analgesic drugs are often
reduced. Any change in their protein binding or changes
in liver function may have a significant impact on their
therapeutic or adverse effects. Changes in GI motility or
changes in GI tract pH can affect the absorption and GI
metabolism of some drugs. Often ICU patients are on tube
feedings, which can interfere and lead to decreased or
unpredictable absorption of many drugs.

There are several mechanisms by which drugs can
interact, but most can be categorized into PK, PD, or com-
bined interactions. PK interactions include those that alter
absorption, distribution, metabolism, or excretion; PD inter-
actions include those that alter the effect of the drug on the
body. Stimulation of the CP450 enzyme system in the liver
and small intestine can lead to an increased metabolism of
certain drugs; conversely, inhibition of this system can lead
to elevated drug levels. With the knowledge of the CP450
enzyme systems and drugs that are known to be substrates,
inducers, and inhibitors, health-care practitioners may be
able to anticipate clinically important drug interactions.

The critically ill patient’s status can be dynamic and
changes in bioavailability, Vd, protein binding, clearance,
and half-life can generate suboptimal drug concentrations.
There is great potential for diagnostic genetic tests to
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elucidate patient-specific polymorphisms, which will help
the clinician develop a specific pharmacotherapeutic plan.
Finally, it is important to frequently sample serum drug
levels of narrow therapeutic index medications, in order to
individualize therapy as much as possible.

KEY POINTS

The unbound (“free”) drug molecule exerts the pharma-
cological effect by interacting with the cellular receptor.
Protein-binding alterations occur in critically ill patients
and must be considered in order to properly interpret
measured drug concentrations and their predicted PD
effects.
The primary organs involved in clearance are the
kidneys and the liver but other organ systems (e.g.,
lungs) may be involved.
Multiple variables (PK and PD) affect the critically ill
patient. Accordingly, multidisciplinary involvement
and careful monitoring is required to optimize drug
therapy.
GFR is often estimated based on a patient’s serum crea-
tinine and ideal body weight. Since critically ill patients
may have a decrease in muscle mass, creatinine clear-
ance (and GFR) can be overestimated.
If renal dysfunction is severe enough to require dialysis,
dosage adjustment is often required.
In general, the CVVHDF removal of small drugs
depends on the diffusion and convection process,
whereas removal of larger drugs depends mostly on
convection and perhaps adsorption properties.
Up to 54% of critically ill patients will develop some
degree of liver dysfunction (17).
In critically ill patients with multiorgan failure, the net
effect on drug metabolism is difficult to predict and
must be carefully monitored.
ADHF can lead to an impairment of drug clearance
and/or a reduction in the Vd by underperfusing
organs responsible for metabolism or elimination (i.e.,
liver and kidneys) (23).
Drugs with a narrow therapeutic index (i.e., digoxin,
lidocaine, procainamide) require enhanced drug moni-
toring in patients with heart failure.
The clearance of some drugs during the hypermetabolic
phase of burn injury may be increased.
Cisatracurium is the ideal NMB drug for critically ill
patients with liver and renal failure who require only
a brief period of NMB.
Acidosis or alkalosis can change the protein binding of
drugs (40).
There are several ways by which the GI absorption of
drugs may be affected.
Stimulation of the CP450 enzyme system in the liver
and small intestine can lead to the increased metab-
olism of certain drugs; conversely, inhibition of this
system can lead to elevated drug levels.
Drug fever is defined as a febrile response to a drug
without cutaneous manifestations and is estimated to
occur in about 10% of hospitalized patients (66).
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INTRODUCTION

Pain is defined as an “unpleasant sensory or emotional
experience associated with actual or potential tissue
damage” (1). It is a complex phenomenon that combines
strong emotional responses with ensuing physiological and
psychological changes. Trauma patients often experience
severe, and at times, poorly controlled pain (2). The admin-
istration of analgesics and sedatives is sometimes delayed or
altogether avoided because of the concern that these drugs
may produce hypotension, respiratory depression, or
altered mental alertness (which could mask important diag-
nostic symptoms). Without compromising cardiopul-

monary status, judicious use of analgesics and sedatives
can relieve pain, provide a state of emotional calm, and
facilitate the diagnostic evaluation of trauma patients.

This chapter reviews the adverse effects of uncon-
trolled pain, and provides a clinical approach to analgesia
and sedation for both acute trauma and critical care. The
general approach utilizes the concept of the “analgesia and
sedation pyramid” (Fig. 1), which emphasizes a graded hier-
archy of treatment beginning with the removal of exacer-
bating factors and the baseline provision of a foundation of
analgesia prior to administering any anxiolytic or sedative
drugs. The pharmacology of the commonly employed
analgesics and sedative drugs are extensively reviewed,
and the assessment tools used in the evaluation of pain,
sedation, and delirium are thoroughly surveyed.

Treatment guidelines are provided for the manage-
ment of pain and anxiety in the prehospital period, in the
trauma resuscitation suite (TRS), and surgical intensive
care unit (SICU). Because delirium is an exceedingly
common and difficult-to-treat condition in critical care, its
evaluation, prevention, and treatment receives particular
focus. In addition, sedation and analgesia guidelines for
common trauma-related conditions are specifically
reviewed. The “Eye to the Future” section provides a
glimpse at a host of new analgesia and sedation therapies
on the horizon.

ADVERSE EFFECTS OF UNCONTROLLED PAIN

Poorly controlled pain in trauma and burn patients can
result in severe psychological trauma (3). When particularly
severe or emotionally laden, painful experiences can culmi-
nate as post-traumatic stress disorder (PTSD), (see Volume 2,
Chapter 65). Despite the high prevalence of psychological
sequelae, these phenomena have only recently received the
focus they merit.

The acute physiologic derangements resulting from
uncontrolled pain have been more widely recognized.
These include cardiovascular, pulmonary, and gastrointesti-
nal (GI) effects. In addition, a link between the opioid recep-
tors and the inflammatory response and coagulation system
has been recently established.

PTSD affects up to 40% of major trauma patients
(4,5). Major trauma elicits a neurohumoral stress
response manifested by the increased elaboration of cat-
echolamines, antidiuretic hormone, cortisol, renin, angioten-
sin II, and aldosterone (6,7). Decreased insulin secretion,
increased insulin resistance, proteinolysis, and glycogenoly-
sis all contribute to hyperglycemia (with its own set of detri-
mental consequences). Physiological responses to the stress
hormonal outflow include a hyperdynamic cardiovascular
state, ileus, and urinary retention. The increased heart rate
(HR), cardiac work, and O2 consumption ( _VO2) can lead to
a higher incidence of myocardial ischemia (8).

Poorly controlled pain in the chest wall or the upper
abdomen impairs pulmonary function. Splinting and inability
to cough lead to hypoventilation, atelectasis, hypoxemia, and
elevated risk of pneumonia. Pulmonary function studies fol-
lowing these injuries show decreased tidal volumes, increased
respiratory rate (RR), decreased functional residual capacity
(FRC) and vital capacity, among other findings (9). Successful
pain control can partially restore most of these processes,
improving pulmonary function.

Coagulopathy commonly ensues after major injury
(see Volume 2, Chapter 58), and opioid agonists have
recently been shown to partially mitigate this disorder.
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Coagulation and inflammation are linked through numerous
molecular pathways, including damaged endothelium, acti-
vated platelets, and the complexes of tissue factor, along
with factors VIIa and Xa (10). In addition, G protein-
coupled opioid receptors, expressed by T lymphocytes, neu-
trophils, monocytes, and macrophages have been found to
modulate the inflammatory response (11) and (because
coagulation and inflammation are linked) coagulaopathy
(10). Opioid agonists have also been shown to reduce the
inflammatory response by inhibiting the expression of proin-
flammatory cytokines (11,12).

GENERAL APPROACH: ANALGESIA AND SEDATION PYRAMID

Optimal pain management involves a stepwise, logical
approach beginning with the elimination of obvious
painful stimuli (e.g., fractures should be splinted), ascend-
ing to administration of analgesics prior to introducing

sedatives or neuroleptic drugs; and, only in rare cases is

deep sedation with neuromuscular blockade (NMB)
required. This approach is summarized in the “Analgesia
and Sedation Pyramid” (Fig. 1).

Initially, all patients should have their pain, discom-
fort, and anxiety treated by removal of exacerbating
factors, reducing and splinting fractures, normalizing sleep,
and becoming reintroduced to the environment (13,14).
Next, analgesics are provided until the pain is adequately
reduced. Dissipation of pain can by itself relieve anxiety
and emotional distress. Only after adequate analgesia has
been delivered, should antianxiety drugs be added.

Delirium can occur for numerous reasons, including
the withdrawal or toxicity of psychoactive drugs, traumatic
brain injury (TBI), and other causes of organic brain syn-
drome (OBS), including hypoxemia and organ dysfunction.
Accordingly, delirium is treated medically only after consid-
ering all the precipitating factors and adjusting doses of
all psychoactive drugs. Removing exacerbating factors and
administering adequate analgesics, antianxiety drugs, and/
or delirium drugs almost always provides adequate analge-
sia, sedation, and the desired level of consciousness.
However, when normally adequate doses of analgesia and
sedation fail to control severe agitation, deep sedation and
occasionally the use of NMB drugs may be required.

MECHANISMS OF PAIN
Neural Pathways
Over 300 years ago, René Descartes deduced that pain
signals are transmitted from the periphery to the central

Deep sedation
with

neuromuscular
blockade

Treatment of delirium

Sedation

Analgesia

Sleep normalization 
(in critical care patients)

Emotional supportPain stimulus
reduction

Figure 1 Analgesia and sedation pyramid. This figure graphic-

ally depicts the hierarchy of treatment with the most commonly

employed drugs and techniques at the base of the pyramid, and the

less often used drugs at the top. The base of the pyramid rests upon

the three pillars of basic patient care techniques that, themselves,

decrease the severity and emotional content of pain (emotional

support, reduction of pain stimulus, and sleep normalization). Pain

stimulus reduction techniques include splinting, immobilizing, and

reducing fractures. Sleep normalization helps to decrease agitation

and delirium; emotional support helps to decrease the secondary

negative effects of pain. Considerations for analgesia consist of

systemic administration and regional techniques. Emphasis with

treatment begins on establishing adequate analgesia before

ascending to anxiolysis (sedation treatment or to control delirium).

Treatment of anxiety and agitation per se should be given after

pain—an anxiety-provoking stimulus—has been addressed.

Pharmacotherapy directed to treat delirium should be administered

after delirium-inducing factors are mitigated. Neuromuscular

blockade with deep sedation is reserved to the severely agitated

or delirious patient unresponsive to a stepwise pharmacological

approach.

Figure 2 Descartes’ (1664) first conceptualized pain pathway.

He writes: “If for example fire (A) comes near the foot (B), the

minute particles of this fire, which as you know move with great

velocity, have the power to set in motion the spot of the skin of the

foot which they touch, and by this means pulling upon the delicate

thread (C) which is attached to the spot of the skin, they open up at

the same instant the pore (D, E) against which the delicate thread

ends (F), just as by pulling at one end of a rope makes to strike at

the same instant a bell which hangs at the other end.” Source: From

Refs. 15, 16.
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nervous system (CNS) and interpreted in the brain. He
hypothesized that the pain stimulus is analogous to
pulling a string at the site of injury, while the other end of
the string triggers an alarm bell inside the brain (Fig. 2)
(15,16). Modern descriptions of pain pathways similarly
refer to noxious stimuli that trigger signals from the periph-
ery to the brain. However, in contrast to the model intro-
duced by Descartes, the pain experience is now recognized
as a dynamic process involving multiple humoral modu-
lators and neurotransmitters, along with complex neural
connectivity (Fig. 3).

Peripheral sensory nerve fibers that respond to
noxious mechanical or chemical stimuli are known as
primary nociceptors. These are typically thinly myelinated
Ad or unmyelinated C fibers with the cell bodies located
within the dorsal root ganglia. As with other primary affer-
ent nerves, these fibers form synapses with second order
ascending neurons within the dorsal columns of the spinal
cord. Important ascending nociceptive pathways contained
within the spinal cord include the anterior spinothalamic,
spinoreticular, and spinomesencephalic tracts along with
the postsynaptic dorsal column fibers. Descending neural
pathways in the spinal cord also play a role in pain
modulation.

Details have recently emerged about the complexity of
the cerebral nociceptive neuronal network. The ascending
spinal tracts converge at the nuclei of the lateral and medial
thalamus, which then project nerve fibers to the somatosensory
cortex. This supratentorial neural network is primarily respon-
sible for the sensory-discriminative aspects of the pain experi-
ence. The motivational component of pain is processed within
the association cortex, involving the limbic system and the
anterior cingulate gyrus (both integral structures involved in
PTSD—see Volume 2, Chapter 65).

Progression from Acute to Persistent Pain
The likelihood of developing chronic or persistent pain syn-
dromes (pain that lasts longer than three months after injury
despite the absence of ongoing trauma) is increased in
patients who have inadequately managed pain in the
immediate postinjury period (17). Sensitization of periph-
eral neurons takes place early after injury due to the
release of inflammatory mediators such as Hþ, Kþ, prosta-
glandins, and bradykinin, as well as neuropeptides such
as substance P and calcitonin gene-related peptide
(CGRP). The sensitized peripheral nerves result in percep-
tion of pain in response to an innocuous stimulus (allo-
dynia) and exaggerated pain response to a noxious
stimulus (hyperalgesia).

Sustained stimulation of peripheral pain fibers can
also lead to sensitization of the central neurons within the
spinal cord. Following injury, persistent pain fiber stimu-
lation activates N-methyl-D-aspartate (NMDA) receptors.
This molecular change results in a facilitated pain state,
now widely referred to as “wind-up.” It can develop within
several minutes after injury and is manifested by enhanced
sensitivity to mechanical stimuli around the injured tissue.
With healing, injury-related pain (including wind-up)
usually resolves within a few days to several weeks.
However, sometimes long-term changes in the peripheral
or central nervous system take place leading to pain that per-
sists long after the tissue has healed. Persistent pain due to
the abnormal peripheral or central nerve conduction is
referred to as neuropathic pain.

Preemptive Analgesia and Pain Reduction
Pre-emptive analgesia is a method of pain control aimed at
reducing the initial intensity of pain, and thereby preventing
the development of persistent or neuropathic pain syn-
dromes (18). If transmission of the initial noxious stimulus
is altogether prevented by the analgesics at the receptor
sites, then the neuronal sensitization will be less likely to
occur. In trauma, where significant secondary tissue injury
occurs, very early postinjury analgesia can be preemptive
if it improves pain control, reduces total analgesic require-
ments, and prevents progression to persistent pain.

The administration of analgesia at the earliest
possible opportunity will likely have a beneficial effect on

the long-term outcome of patients who sustain tissue
injury from trauma or surgery. This clinical consensus
is supported by abundant experimental data; indeed,
patients with initially poorly controlled pain are more
prone to develop persistent pain than the patients who
have received early satisfactory analgesia (17–19).
However, contrary to this evidence and probably due to
numerous confounding variables, some clinical studies of
effectiveness of pre-emptive or early post-trauma analgesia
in improving pain control and preventing persistent pain
were inconclusive (20).

PHARMACOLOGY REVIEW

Because pain mechanisms are complex, analgesic pharma-
cotherapy often consists of several classes of drugs, each
targeting a different neural pathway. Such an approach,
known as multimodal analgesia, capitalizes upon analgesic
synergy between various drugs while mitigating their
deleterious side effects.

Figure 3 Sensory pathway from skin to brain. Specialized axon

terminals in skin transduce pain and sensory events for processing

by first-order (peripheral) sensory neurons in the ipsilateral,

segmental dorsal root ganglion, whose pseudo unipolar extension

terminates in the dorsal horn (substantia gelatinosa) of the spinal

cord. Additional processing occurs in deeper layers of the dorsal

horn at the same and higher levels. Major sensory and pain

pathways including the lateral and ventral spinothalamic tracts and

medial lemniscus organize sensory fibers in their progression

through the brainstem and thalamus before cerebral cortical

termination. Source: Courtesy of Robert R. Myers, UCSD

School of Medicine peripheral nerve research group.
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Nonsteroidal Anti-inflammatory Drugs/Cyclooxygenase
Enzyme Inhibitors
Herbs containing nonsteroidal anti-inflammatory drugs
(NSAIDs) were known by ancient Egyptians, and are
referred to in the Ebers papyrus (21). In 1763, Edward
Stone isolated salicin, the glycoside of salicylic acid, from
the bark of a willow tree (Salix alba). Today NSAIDs are
among the most commonly used medications worldwide.
Although employed for centuries in the treatment of pain,
fever, and inflammation, the molecular mechanism of
NSAIDs was not elucidated until the 1970s by Vane et al.
(22). It was then discovered that NSAIDs inhibit the
enzyme cyclooxygenase (COX), and the subsequent for-
mation of prostaglandin E (PGE). The predominant COX
enzyme isoform, COX-1, is expressed constitutively in
many tissues, including the kidneys, GI tract, platelets, and
endothelium; whereas the COX-2 isoform is typically
produced only following tissue injury. However, COX-2 is
also expressed constitutively in some tissues, including the
CNS, renal cortex, pancreas, and uterus.

Several well-known adverse effects, such as GI irri-
tation, renal insufficiency, platelet inhibition, bronchospasm,
and elevated liver enzyme levels, can complicate therapy
with NSAIDs. Nonspecific inhibition of COX enzymes can
cause platelet deactivation (irreversible with aspirin and
indomethacin) (23), renal insufficiency, and GI mucosal
erosion and perforation. COX-2 specific inhibitors are safer
than nonspecific COX inhibitors, with respect to GI erosions
and platelet inactivation (24,25). However, they retain the
renal side effects seen with nonspecific COX inhibitors (26).

More recently, COX-2 enzyme inhibition has been
shown to also retard angiogenesis and healing (27–29);
however, these effects are probably mild. The ultimate
decision for the use of NSAIDs and selective COX-2
inhibitors in trauma or critical care is based on the type and
extent of injury (especially intracranial hemorrhagic lesions),
and the presence of relative contraindications such as renal
insufficiency or coagulopathy (including the concomitant
use of anticoagulant or thrombolytic drugs), and so on.

Numerous NSAIDs are available as first-line analge-
sics for mild pain (Table 1). Among these, ketorolac is the
only NSAID available in intravenous (IV) form in the
United States. For this reason, and because of its relatively
high analgesic efficacy, ketorolac is commonly selected
for postoperative analgesia in trauma and critical care.
Ketorolac inhibits platelet function; however, numerous
studies were unable to define the risk of bleeding
associated with this drug (30). Increase in bleeding time
after administration of a high IV dose (60 mg) of ketorolac
to healthy volunteers was shown to be mild and generally
insignificant (31). Ketorolac can be administered IV or intra-
muscularly (IM) every six hours at 15- to 30-mg doses for
five days. In trauma patients with massive tissue injury
(especially in the CNS) and/or coagulopathy, ketorolac is
contraindicated.

Acetaminophen (paracetamol) differs from typical
NSAIDs in its mechanism of action and side effect profile.
Its inhibition of prostaglandin synthesis appears to be
limited to the CNS. Acetaminophen lacks anti-inflammatory
activity in the peripheral tissues and, consequently, does not
pose the same degree of bleeding risks as typical NSAIDs.
However, at high doses acetaminophen (.100 mg/kg in
adults or .150 mg/kg in children) can cause severe hepato-
toxicity, and with chronic use has been shown to cause renal
impairment (32,33).

Paracetamol is available in IV and oral (PO) forms in
Europe, whereas acetaminophen is only available in PO
form in the United States. Side effects from short-term use
of this medication are rare. However, liver toxicity following
overdose can be lethal (see Volume 1, Chapter 31 and Volume
2, Chapter 36). Contraindications are limited to patients with
severe hepatic disease and those allergic to the drug. Analge-
sia occurs approximately 30 minutes after IV administration
of paracetamol (2 g over 15-minute infusion).

Local Anesthetics (Sodium Channel Blockers)
Structurally related to the prototype cocaine, local anesthetic
drugs produce reversible block of voltage-gated sodium
channels, thereby increasing the threshold required for
electrical excitation of the neuron. These drugs can be
applied topically, injected locally, IV, epidurally, intrathe-
cally, and orally.

Lidocaine is available in the injectible form as well as
in various topical formulations. This local anesthetic has
relatively low levels of CNS and cardiovascular toxicity.
The duration of action of subcutaneous (SQ) lidocaine can
be prolonged by local vasoconstriction achieved by the
addition of epinephrine. Lidocaine is also infused intrave-
nously to treat ventricular dysrhythmias and has shown to
be efficacious in the treatment of refractory pain in burn
patients (34).

Bupivacaine is more potent, but has a slower onset
than lidocaine. Its duration of action depends on vascular
absorption at the site of injection and can persist for as
long as 12 hours (more commonly three to six hours) with
the peripheral nerve blocks and three hours with epidural
or intrathecal blockade (more commonly 1.5–2 hours).
Compared to other local anesthetics, bupivacaine exhibits
greater sensory than motor blockade, and it is often used

Table 1 Nonsteroidal Anti-inflammatory Drugs Used

for Analgesia

Generic drug (trade name) Recommended dose

Aspirin 325–650 mg every 4 hr

Ibuprofen (Motrinw) 200–800 mg 3–4 times a day

Ketorolac (Toradolw) Maximum duration of administration

is 5 days

IV/IM: 15–30 mg every 6 hrs,

maximum dose is 60 mg/24 hrs in

patients 65 yr or older

Oral: 10 mg every 4–6 hrs not to

exceed 40 mg/24 hrs (Note: IM

dosing not recommended.)

Naproxen (Naprosynw) 250–500 mg twice a day

Diclofenac (Voltarenw) 50–75 mg twice a day or 50 mg

3 times a day

Etodolac (Lodinew) 200–400 mg every 6–8 hrs

Flurbiprofen (Ansaidw) 200–300 mg daily divided 2 to

3 times a day

Indomethacin (Indocinw) 25–50 mg every 6–8 hrs

Ketoprofen (Orudisw) 25–50 mg every 6–8 hrs

Nabumetone (Relafenw) 1000–2000 mg daily or divided twice

a day

Sulindac (Clinorilw) 150 mg twice a day

Abbreviations: IM, intramuscularly; IV, intravenously.
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for local infiltration and regional nerve blockade. Ropiva-
caine, structurally similar to bupivacaine, is slightly less
potent, but is safer with respect to cardiotoxicity (35).

Systemically administered local anesthetics can be
used to block sodium channels involved in pain trans-
mission, and to decrease ventricular irritability (e.g.,
lidocaine infusion). However, when doses are too high
(Table 2), sodium channels of inhibitory nerves located in
the CNS can become blocked causing seizures; at higher
plasma concentrations, myocardial tissue becomes irritable,
causing dysrhythmias. The excitatory neurotoxic effects
range from tremors and agitation to generalized seizures.

Myocardial toxicity can occur after administration of
any local anesthetic, but it is most characteristically associ-
ated with the highly lipophilic agents (e.g., bupivacaine),
which are characterized by “fast in, slow out” kinetics.
Cardiac toxicity is manifested by depression of myocardial
contractility, atrioventricular blocks, and ventricular dys-
rhythmias. In order to avoid neurotoxic and cardiovascular
complications, local anesthetics are administered for regional
and topical anesthesia incrementally at submaximal doses
(Table 2). Inadvertent intravascular injections of local anes-
thetics are avoided by repeated aspiration through the needle.

Local anesthetics do not work efficiently when
injected in the vicinity of infected tissue. Local tissue
acidemia occurs in the presence of cellulitis, abscess, and
other forms of tissue infections. The impaired function of
local anesthetics in infected tissues occurs because they are
weak bases, and in aqueous solution, the relative concen-
tration of neutral or ionized molecules is pH dependent.
The neutral (nonionized) form of the local anesthetics

preferentially permeates the cellular membrane of the
neuron to its site of action at the sodium channel of the
axon (Fig. 4). The fraction of neutral species decreases with
a fall in tissue pH. Accordingly, their efficacy is diminished
and onset of action is delayed in an acidic environment,
where the polar (ionized) form predominates and is unable
to traverse the nerve cell membrane.

Opioids
General Considerations
Opioids provide analgesia by stimulating m 2 1 and k opioid
receptors. These receptors are distributed throughout the
CNS particularly along the pain pathways and processing
centers such as laminae I and II of the dorsal column of
the spinal cord, spinal trigeminal nucleus, locus ceruleus,
and periaqueductal gray. Opioid receptor activity results
in the inhibition of the ascending pain pathways, and by
activation of the descending inhibitory spinal pathways.

Specific Opioids
Morphine is a widely used opioid in treatment of acute pain.
It conjugates in the liver to morphine-3-gluconoride (M3G)
and morphine-6-gluconoride (M6G). M6G is a potent
analgesic and probably contributes significantly to analgesia,
particularly after prolonged morphine use. M3G, on the
other hand, is neurotoxic and can result in hyperalgesia.

Following an IV administration, morphine provides
peak analgesic and respiratory effects at 15 to 20 minutes
with a clinical duration of two to three hours (Table 3).

Table 2 Maximum Doses of Local Anesthetics in 70-kg Patient

Drug

Commonly employed

concentration (%) Plain solution

Epinephrine-containing

solution

Lidocaine 0.5–1.0 300 mg (4.5 mg/kg) 500 mg (7 mg/kg)

Bupivacaine 0.125–0.5 175 mg (3 mg/kg) per dose, 440 mg per 24 hrs Not established

Ropivacaine 0.2–0.5 Dose of 770 mg/24 hrs has not been reported Not established
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H+

H+

H+H+
H+

H+

H+

H+

Sodium channel
protein complex

Cell membrane

Extracellular space
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Local anesthetic molecule,
ionized species
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Figure 4 Schematic representation of ionized and neutral species of local anesthetic in the intracellular and extracellular media. The

binding site of sodium channel receptor complex is located within the axon on the cytoplasm side of the cell membrane. Ionized

(protonated) species of local anesthetics bind to the active site of the sodium channel protein complex, whereas neutral (deprotonated) local

anesthetic species cross the cell membrane into the cytoplasm.
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Peak analgesia with IM or SQ morphine is less predictable,
but typically occurs after 45 to 90 minutes, with a clinical
duration of three to four hours. Compared to the IV dose,
a much smaller dose of morphine is required to produce
analgesia with epidural administration, and up to 100
times less with intrathecal injection. The onset of analgesia
following epidural administration of morphine is
30 minutes, with peak effect at two to three hours, and
dose-dependent clinical duration of 4 to 18 hours. Intrathecal
morphine bolus has an onset of around five minutes, and
may provide analgesia for up to 24 hours. Bioavailability
of PO morphine is 30%. Several formulations of PO
morphine are able to provide sustained analgesia for up to
24 hours.

Fentanyl is a synthetic opioid structurally similar to
meperidine. Peak analgesia following IV administration of
this highly lipophilic drug is achieved within several
minutes (Table 3). Fentanyl exhibits a two-phase pharmacoki-
netic profile. It is first taken up by the central compartments
(lungs initially absorb 75% of IV fentanyl bolus). Fentanyl is
then widely redistributed in body tissues (b-elimination),
followed by a slow metabolism in the liver (b-elimination).
Although the b-elimination half-life of fentanyl is slightly
longer than that of morphine, its plasma concentration falls
rapidly after a single small bolus (due to a-elimination), and
its duration of analgesia is typically only 30 to 60 minutes
following a small dose (50–100 mg), 60 to 90 minutes after
moderate dose (150–250 mg) and two to four hours after
larger doses (500–1000 mg).

Fentanyl is a potent opioid, and 100 mg of this drug is
equianalgesic to 10 mg IV morphine. Because of its lipophilic
properties and the propensity for redistribution, epidurally
administered fentanyl provides analgesia at both the spinal
level as well as at supraspinal CNS centers following sys-
temic absorption and distribution. Fentanyl acts predomi-
nantly at the spinal level when administered as an
epidural bolus, and at both spinal and supraspinal sites
when continuously infused (36). In addition to the parenteral
form, fentanyl is available as a sustained-release transdermal
patch, and as a transmucosal lozenge applied to the buccal
mucosa to treat breakthrough pain.

Other fentanyl derivatives are occasionally used in
acute trauma and critical care. Alfentanil is an opioid that
is approximately one-third as potent as fentanyl, and has a

very short duration of action (15 to 25 minutes). In contrast
to fentanyl, accumulation of alfentanil in the tissue is insig-
nificant. The brief duration of action of alfentanil limits its
use in acute post-traumatic pain except for very short-term
procedural analgesia. Sufentanil is 5 to 10 times more
potent than fentanyl. It causes approximately the same
degree of respiratory depression and sedation as fentanyl
at equipotent dosing.

Remifentanil is an opioid agonist with the most rapid
onset (less than one minute) and the shortest duration of
action of all clinically available opioids. It is metabolized
via hydrolysis by tissue esterases; thus, its metabolism and
elimination do not depend on hepatic or renal mechanisms.
The blood concentration of remifentanil decreases by 50%
after only three to six minutes, and its rapid elimination is
independent of the duration of its administration. The
dose range of IV infusion of remifentanil is 0.1–2 mg/kg/
min. Rapid dissipation of analgesia and return of pain
after remifentanil discontinuation precludes its routine use
for acute trauma. However, intensivists and anesthesiolo-
gists experienced in its use can safely administer remifenta-
nil for brief episodes of intense pain. Furthermore, as an IV
infusion, remifentanil may be indicated in patients with mul-
tiple organ dysfunction syndrome (MODS), in whom
unwanted prolonged analgesic and sedative effects might
occur with the use of other drugs.

Hydromorphone is a semisynthetic morphine analog
that can be administered PO, rectally (PR), IV, and epidu-
rally. A 2-mg IV dose of this opioid is equipotent to 10 mg
of IV morphine (Table 3). Following IV administration of
hydromorphone, full analgesic and respiratory depressive
effects are achieved within 15 minutes, lasting up to three
to four hours (37). Hydromorphone is commonly used for
epidural analgesia. Its water–lipid solubility properties lie
between those of morphine and fentanyl; consequently,
hydromorphone does not spread cephalad within the cere-
brospinal fluid (CSF) as much as morphine, nor does it redis-
tribute into the systemic circulation as much as fentanyl.

Meperidine is a synthetic opioid that is approximately
one-tenth as potent as morphine. In patients with normal
renal function, meperidine is injected IVor IM at incremental
12.5 to 75-mg doses to a maximum of 800 mg in 24 hours.
Peak analgesia and respiratory depression occurs within 10
to 15 minutes following IV administration, with a clinical
duration of two to three hours. Meperidine, as a member
of the phenylpiperidine class, has strong local analgesic
properties (38). It also exhibits activity at a2-adrenoreceptors
(39). Reported exacerbation of postoperative delirium and
tachycardia are attributed to the anticholinergic properties
of meperidine (40).

Meperidine has a neurotoxic metabolite, normeperi-
dine. This renally excreted compound has a long elimination
half-life and can induce myoclonus and seizures after
repeated use, particularly in patients with renal impairment.
Meperidine also interacts with monoamine oxidase inhibi-
tors (MAOIs). This interaction can lead to accumulation of
serotonin, resulting in hyperpyrexia (see Volume 1,
Chapter 40 and Volume 2, Chapter 46), delirium, and sei-
zures. Due to its severe side effects and potential compli-
cations, meperidine should be reserved for patients whose
pain could not be adequately controlled with safer opioids.

Methadone is a synthetic opioid structurally unrelated
to morphine. In addition to the opioid activity at the m-
receptors, methadone has an additional analgesic effect man-
ifested through antagonism of NMDA receptors. Parenterally
administered methadone is equipotent to IV morphine;

Table 3 Pharmacokinetic Properties (Onset, Peak, Effect,

Clinical Duration, and Half-Life) After Single IV Bolus of

Commonly Used Opioids

Drug/property

Onset

(min)

Peaka

(min)

Clinical duration

of analgesia

Morphine 3–5 15–20 2–4 hr

Fentanyl 1 5 Low dose (25–150 mg):

30–45 min

Moderate dose

(150–500 mg):

45 min to 2 hr

High dose (.500 mg):

2–4 hr

Hydromorphone 3–5 15–20 3–4 hr

Meperidine 3–5 15–20 2–4 hr

aPeak analgesia and respiratory depression effects tend to occur at the same

time.
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however, its pharmacokinetic profile is quite distinct. Typical
onset of analgesia is 10 to 20 minutes following an IV bolus,
and between 30 and 60 minutes after a PO dose.

Methadone bioavailability (41–99%) and elimination
half-life (15 to 120 hours) can vary widely among patients
(41). Furthermore, because of a rapid initial redistribution
phase, and a long and unpredictable elimination phase,
there is an apparent dissociation between the relatively
short duration of analgesic properties (six to eight hours)
and cumulative plasma concentration. Consequently, initial
doses of this drug should be low, with gradual and infrequent
(every three days) upward dose titration. Due to the dimin-
ished euphoric effects and low abuse potential, methadone
is widely used to treat opioid addiction as a once-a-day
dosing of approximately 30 mg. When used for analgesia,
dosing is scheduled three to four times a day.

Naloxone is a semisynthetic opioid antagonist devoid
of agonist activity. The competitive antagonism of opioid
receptors is brief in duration, typically lasting less than
45 minutes. Therefore, repeated doses, or IV infusion, of
naloxone are required to antagonize the effect of long-
acting opioids. Onset of action is within one to two
minutes after IV administration. Naloxone is primarily
used to reverse opioid overdose. Administration of high
dose (400 mg) of naloxone is recommended only in the situ-
ation of opioid-induced apnea accompanied by difficulty to
maintain airway. Because of significant side effects, including
pulmonary edema, prior practices of administering 2 mg of
naloxone (equivalent to 5 ampules of naloxone each contain-
ing 400 mg) is no longer recommended as part of a routine
prehospital or emergency department (ED) “coma cocktail.”
Instead, titration of opioid antagonism to effect is currently
recommended, as dictated by the clinical circumstances.

Nalbuphine is a mixed opioid agonist/antagonist. It
provides analgesia via k receptor agonism, with analgesic
potency equivalent to that of IV morphine. Nalbuphine is
associated with opioid-specific side effects, including respir-
atory depression. Nalbuphine-produced analgesia, somno-
lence, and respiratory depression, are however, limited by
a ceiling effect. Although nalbuphine is a potent analgesic,
as a m-receptor antagonist it reverses some of the opioid
effects; it is accordingly used to treat opioid-induced pruri-
tis, sedation, and respiratory depression.

Relative Potencies of Opioids
Clinicians are often faced with the need to change opioid
regimens. Examples of such changes are conversion from
the IV to PO route, and substitution of one opioid for
another because of intolerable side effects.

When switching from one opioid to another in
nonopioid-tolerant patients, equianalgesic doses are initially
recommended. There is large variability in individual
responses to different opioids; therefore, opioid equianalge-
sic conversion tables (Table 4) are used only as an approxi-
mate guide in establishing opioid therapy. In addition, it is
generally recommended that only 75% of the calculated
dose of the next opioid drug should be used in chronic
pain patients, to account for the incomplete cross-tolerance
effects. Particular caution should be exercised when the
opioid regimen is changed to methadone, because of its
long and unpredictable half-life.

Adverse Side Effects of Opioid Therapy
Among the side effects associated with opioids (Table 5),

respiratory depression, loss of airway, and hypotension are

potentially the most dangerous. Indeed, fear of respiratory
depression is a common cause of inadequate analgesia in

critically ill patients. Opioids exhibit a dose-related
increase in apneic threshold and CO2 responsiveness
(increasingly higher CO2 partial pressure is required to
stimulate spontaneous breathing). They also decrease the
RR and, consequently, the V̇E. Longer-acting opioids such
as morphine have slower onset and longer duration of res-
piratory depression than shorter-acting fentanyl. Opioid-
induced respiratory depression can be mitigated by
gradual titration. Monitoring of oxygen saturation, end-
tidal CO2, RR, and respiratory effort can provide accurate
and continuous assessment of the respiratory status.

Pain stimulates the respiratory drive and counteracts
the sedative effects of opioids. Consequently, patients on
relatively high doses of opioids, who then undergo regional

nerve blockade, can develop acute respiratory depression
because of abrupt abolition of the afferent pain stimulus.

Decrease in GI motility and constipation develops in
many patients treated with opioids. These patients are at
increased risk of not tolerating enteral nutrition. In order
to reduce this risk, it is prudent to administer bowel pro-
motility agents early in critically ill patients who are receiv-
ing opioids and demonstrating decreased gut motility.

A progressive program involving a combination
regimen, consisting of oral cellulose (e.g., Metamucilw) a soft-
ening agent (docusate), a cathartic (senna compounds), and
an osmotic (lactulose, polyethylene glycol), is usually more
effective than single-drug treatment. In refractory cases,
patients require colonic lavage or oral bowel preparations.
Severe GI stasis may respond to PO naloxone, starting at
doses of 0.4–1.2 mg every four to six hours to induce bowel
movement. Because of the risk of bowel perforation,
PO naloxone is strictly contraindicated in patients with
bowel obstruction. In addition, metoclopromide and/or
erythromycin can be used as gastropropulsive drugs (both
also contraindicated in the setting of bowel obstruction).

Opioid-induced nausea occurs in 10% to 40% of
patients; however, it tends to abate gradually in most patients
due to tolerance. Several mechanisms may be responsible for
nausea, including delayed gastric emptying, vestibular sensi-
tivity, and effects on the chemoreceptor trigger zone. Drugs
effective for treating opioid-induced nausea include scopola-
mine, prochlorperazine, and serotonin receptor antagonists
such as dolasetron or ondansetron, antihistimines, neuroleptic
agents (haloperidol, chlorpromazine, and droperidol), benzo-
diazepines, and corticosteroids. Metoclopramide can treat
nausea caused by delayed gastric emptying.

Sedation is a common opioid side effect that can be
both beneficial and deleterious. The first step in reducing
severity of this side effect is the discontinuation of any

Table 4 Equianalgesic Doses of Parenterally and Orally

Administered Opioids

Drug Intravenous (mg) Oral equivalent (mg)

Morphine 10 30

Fentanyl 0.1 NA

Hydromorphone 2 7.5

Meperidine 100 300

Methadone 10 10–20

Oxycodone NA 20

Abbreviation: NA, not available.
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other CNS depressants and correction of coexisting meta-
bolic problems. Subsequent steps include adjusting the
opioid dose, rotating to a different opioid (42), or treating
somnolence with psychostimulants such as methylpheni-
date or dextroamphetamine.

Modafinil (Provigilw) is a newer psychostimulant that
was initially developed for treatment of narcolepsy; it is now
also approved by the Food and Drug Administration (FDA)
for reduction of daytime somnolence in shift workers. Mod-
afinil reportedly has lesser abuse potential than traditional
psychostimulant drugs, and may have a role in persistently
somnolent critical care patients.

High-dose-opioid-induced myoclonus requires an
immediate reduction in dose. Patients treated with opioids
can develop tolerance, physical dependence, and addiction
(discussed subsequently).

Sedative, Hypnotic, and Anxiolytic Drugs
Several classes of drugs are available for anxiolysis and
sedation in trauma and critical care (Table 6). They
include benzodiazepines, propofol, dexmedetomidine, and
ketamine. Sedating properties of opioids are unpredictable

because of this property and respiratory depression, they
are not used to primarily treat anxiety, agitation, or delirium.
However, the early and adequate administration of opioid
analgesia will often minimize the need for subsequent seda-
tive administration. Benzodiazepines and propofol suppress
respiration in a dose-related fashion. They also blunt and
eventually lead to the obliteration of laryngeal airway pro-
tecting reflexes and pharyngeal muscle tone, thereby contri-
buting to the risk of loss of airway and aspiration of gastric
contents when heavily sedating doses are used. In contrast,
dexmedetomidine does not depress respiration or airway
reflexes and has other particular advantages as described
subsequently.

Benzodiazepines
Midazolam is a potent, short-acting benzodiazepine used
extensively as a sedative/anxiolytic in perioperative,
acute trauma, and critical care settings. As with other
benzodiazepines, midazolam increases the affinity for
gamma amino butyric acid (GABA) receptor by changing
the conformation of GABAA receptor complex. Onset of
action following IV midazolam administration is within 1

Table 5 Opioid Receptor–Specific Analgesic Effects and Side Effects

Action or side effect Receptor Comments

Supraspinal analgesia m-1, k Cranial-level analgesia occurs with systemically administered opioids

Spinal analgesia k Predominant-spinal level analgesia occurs with subarachnoid and epidural opioid administration

Respiratory depression m-2 Respiratory effects of opioids generally coincide with analgesic effects

Sympatholysis m-1, k, s In patients with preexisting hypovolemia, opioids can precipitate severe decrease in blood pressure

driven by sympatholysis

Sedation m-1, k Tolerance to sedative effects develops with time

Bradycardia m-1 Bradycardia is more prominent with fast-acting lipophilic opioids such as fentanyl

Miosis k Tolerance to this effect develops with time

Constipation, intestinal

motility retardation

m-2 More common with systemic opioids than neuroaxial opioids

Pruritus m-2 Pruritis is more common with neuraxial than systemic opioids

Nausea and vomiting m-2 Nausea occurs in more than 30% of patients

Dysphoria, delirium,

hallucinations

s Opioids contribute to development of delirium in intensive care

Euphoria, addiction,

physical dependence

m-2 Physical dependence is a normal physiologic response that develops over time

Table 6 Pharmacology of Single-Dose Bolus of Sedatives, Hypnotics, and Neuroleptic Drugs

Drug Typical dose IV

Onset time

after IV bolus

Duration

of action

Midazolam 1–2 mg 2–5 min 1–2 hr

Diazepam 1–5 mg 2–5 min 2–3 hr

Lorazepam 1–2 mg 20–30 min 3–4 hr

Propofol 50–100 mg Less than 1 min 5–10 min

Dexmedetomide Loading dose: 1 mg/kg for

10 min, followed by

infusion: 0.2–0.7 mg/kg/hr

Less than 5 min 15–30 min

Ketamine 20–50 mg Less than 1 min 15–45 min

Haloperidol 1–5 mg 5–10 min 4–8 hr

Ziprasidone 10–20 mg 30 min 3–5 hr

Typical initial doses are generally on the lower dose range, with titration upward as patient response warrants. These doses can

cause apnea in elderly or hypovolemic patients and are suggested only for fully resuscitated patients requiring bolus dose of drug.

Abbreviation: IV, intravenously.
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to 5 minutes. Sedation occurs 5 to 15 minutes after IM, and 10
to 30 minutes after PO administrations. It has an elimination
half-life of one to five hours, and a clinical duration of action
ranging from two to four hours depending upon dose and
chronicity of use. Bioavailability of midazolam is approxi-
mately 35%. Typical adult IV anxiolytic dose is 0.5 to 2 mg;
it may be repeated every five minutes until the desired
level of sedation is delivered.

Lorazepam is an intermediate-acting benzodiazepine,
and is available both IV and PO. Its half-life of 12 hours is
intermediate between midazolam and diazepam. Despite
the markedly longer half-life compared to midazolam, the
clinical duration of action of lorazepam is only slightly
longer (three to six hours). The durations of action of both
midazolam and lorazepam are more predictable than that
of diazepam (as described later). The onset of action follow-
ing IV administration of lorazepam is, however, slower than
that of midazolam or diazepam. Accordingly, lorazepam is
less suitable for rapid treatment of titration and acute
anxiety. Lorazepam does serve as an excellent drug for pro-
longed sedation (longer than 72 hours) in critically ill
patients. It has no active metabolites, but the conjugated
form (which is normally excreted in the urine) accumulates
in patients with renal failure.

Diazepam is a longer-acting benzodiazepine than
either midazolam or lorazepam. It can be administered IV,
PO, or PR. In addition to its sedative and anxiolytic proper-
ties, diazepam is also used as an anticonvulsant and skeletal
muscle antispasticity agent. Typical onset of action after an
IV administration is one to five minutes. Diazepam has a
half-life exceeding 30 hours; however, its clinical duration
of action is only six hours. This discrepancy is presumed
to be due to its extensive protein binding (98%). Diazepam
is metabolized to active metabolite desmethyldiazepam,
which accumulates in renal failure. Single-dose adminis-
tration typically results in rapid onset as well as rapid
dissipation of sedation. However, systemic absorption of
diazepam even after a single IM dose can be slow and unpre-
dictable. Repeated doses and continuous infusion cause
accumulation of diazepam and its metabolites, resulting in
delayed awakening.

Nonbenzodiazepine sedative-hypnotic drugs include
zolpidem (Ambienw), zaleplon (Sonataw), and eszopiclone
(Lunestaw). Although they are active at the GABA receptors,
these drugs are chemically unrelated to classic benzo-
diazepines, and are less likely to produce residual sedation.
After fast onset, the duration of action of zaleplon and zolpi-
dem is approximately four hours and six to eight hours
respectively.

Flumazenil is a specific benzodiazepine antagonist
with strong affinity to the GABA receptors. It is useful in
treating the respiratory depressant and sedative effects of
benzodiazepines. In the absence of benzodiazepines, fluma-
zenil is usually devoid of clinically significant intrinsic
activity. However, it has been used to improve the mental
state of critically ill patients with hepatic encephalopathy.
The onset of action of IV flumazenil is less than one
minute, with the peak effect in one to three minutes, and
duration of action between 40 and 90 minutes. To reverse
benzodiazepine-induced CNS depression, the typical initial
adult dose of flumazenil is 0.2 mg; it may be repeated
every minute to a total of 1 mg in five minutes. This titration
sequence may be repeated at 20-minute intervals, up to a
maximum of 3 mg/hr (43). In long-term benzodiazepine
users, and if given in too large of a dose (rather than titrated
as recommended), flumazenil can precipitate seizures or

other withdrawal symptoms, including acute onset of

severe anxiety, myoclonus, and tremors.

Propofol
Propofol is a sedative-hypnotic agent not related to other
anesthetics or sedatives. Within the CNS it exhibits agonist
activity at the GABAA receptors by activating the chloride
channels. In addition, propofol inhibits the NMDA
subtype of glutamate receptors (44). It is administered IV
as a series of bolus doses for procedural sedation, or more
commonly in the SICU by continuous infusion. Injection of
propofol is often associated with transient burning pain in
the injection site veins. Pain is decreased if administered
approximately five minutes after fentanyl 1–2 mg/kg,
and/or after IV lidocaine is administered.

Following IV administration of general-anesthesia-
induction dose (2 mg/kg), unconsciousness occurs within
20 to 40 seconds. The time to onset of sedation, which
requires significantly smaller doses than for anesthesia, is
one to five minutes. Sedation with propofol continues as
long as the infusion provides adequate drug serum concen-
tration. Emergence occurs approximately 10 minutes after
administration of a single bolus dose, and awakening
usually occurs in less than 30 minutes following cessation
of infusions shorter than 72 hours in duration. Sedation
with propofol typically requires infusion rates ranging
from 25–150 mg/kg/min depending upon the patient’s base-
line level of consciousness, metabolism, and concomitant
psychoactive drug administration.

Dexmedetomidine
Dexmedetomidine is a recently introduced selective a2-
adrenoceptor agonist that exerts centrally acting sedative,
analgesic, and sympatholytic effects. Among the distingui-
shing properties of this sedative drug is the preservation of
respiratory drive and protective airway reflexes.

Dexmedetomidine is clinically indicated for sedation
of intubated trauma and critically ill patients in preparation
for extubation, and in nonintubated patients requiring
sedation. The relative absence of respiratory depression is
unique to this drug, and allows for its continuation through-
out the weaning process, including the first few hours to
days after extubation. However, dexmedetomidine is more
expensive than most of the other sedative drugs.

Dexmedetomidine is particularly beneficial in patients
with obstructive sleep apnea (they tend to be more sensitive
to the respiratory depressant properties of opioids and
benzodiazepines than patients without the disorder). It is
also particularly useful in those with alcohol or drug addic-
tion (whose sedation is often difficult to titrate using propo-
fol or benzodiazepines).

Dexmedetomidine is administered by an IV infusion. It
is distributed to the tissues with an onset of action occurring
within five minutes and a b-elimination half-life of six
minutes. Recovery from the effects of dexmedetomidine is
rapid (15 to 30 minutes) at normal sedative doses, although
its terminal elimination half-life is in the order of two hours.
Dexmedetomidine is commonly infused by first administer-
ing a loading bolus of 1 mg/kg over 10 minutes, followed by
an initial infusion rates between 0.2 and 0.7 mg /kg/hr titrated
to an effect. Chronic pain patients, alcoholics, and drug
addicts frequently require much higher doses. The authors
often employ doses ranging between 1 and 2 mg/kg/hr in
patients with long-term sedative or opioid use, including
those patients with a current history of chronic pain.
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Hemodynamic changes are frequently observed
during dexmedetomidine administration. A short-lived
hypertensive response will occasionally occur during the
initiation of dexmedetomidine infusion (especially during
the bolus load). This effect is almost always followed by a
decrease in blood pressure (BP) and HR. Patients with
prominent vagal tone, such as young athletes, and those
on b-blockers are particularly susceptible to severe bradycar-
dia (treatable with vagolytic or sympathomimetic drugs)
during dexmedetomidine infusion. Some of the side effects
from dexmedetomidine can appear similar to those of
opioids, with decreased HR, BP, and small pupils. However,
in contrast to opioid administration, dexmedetomidine does
not depress respiration.

Ketamine
Ketamine in doses of 2 mg/kg IV, 10 mg/kg IM, or 30 mg/kg
PO serves as a sedative-hypnotic drug similar in structure
and activity to phencyclidine (PCP). It produces profound
analgesia even at subanesthetic doses. The analgesic and
anesthetic effects of ketamine are achieved through several
mechanisms. It inhibits cholinergic pathways and has
strong sympathomimetic activity. Ketamine also noncompe-
titively inhibits NMDA receptors. Despite this theoretical
neuroprotective property, ketamine also increases cerebral
metabolic rate of oxygen (CMRO2) and cerebral blood flow
(CBF); thus, it has not been used in TBI patients for fear of
increasing intracranial pressure (ICP).

In addition to contributing to analgesia, NMDA recep-
tor blockade is responsible for psychosis-like side effects.
Ketamine is particularly active within the limbic system
and the cortex and thereby produces a feeling of dissociation
from the environment. Its administration is typically
followed by increased HR, BP (sympathomimetic effect),
and muscle tone; a cataleptic state ensues with most patients,
requiring only intermittent reassurances from the anesthe-
siologist. As this dissociative state occurs, horizontal nystag-
mus becomes evident.

The strong sympathetic activity is observed in most
hemodynamically normal patients who have received
ketamine. However, hypovolemic and other patients who
are under physiologic stress, are often unable to mount
strong adrenergic response, due to depletion of, and insensi-
tivity to, already massively elaborated catecholamines and
the direct myocardial effects will become predominant.

The hemodynamically unstable, hemorrhaging trauma

patient is a classic example where ketamine predominantly
exhibits cardiac depressant effects (45).

On the other hand, at therapeutic doses, ketamine
offers several advantages, including preservation of pharyn-
geal and laryngeal reflexes and spontaneous respiration.
Thus, in adequately resuscitated patients, ketamine is extre-
mely useful and widely used by injection or infusion
during painful procedures (e.g., wound debridement, or
burn wound dressing changes). These beneficial properties
make ketamine a good choice for use in austere military set-
tings. Ketamine also possesses potent bronchodilator effects,
and is particularly useful in the treatment of patients with
bronchospasm. Ketamine also produces significant salivation
and bronchorrhea; accordingly, small prophylactic doses of
glycopyrrolate are recommended prior to its administration.

Neuroleptic Drugs
Several neuroleptic (antipsychotic) medications are available
for the treatment of delirium. Haloperidol is arguably the

most commonly used neuroleptic drug in the treatment of delir-
ium and acute psychotic disorders in the trauma and critically
ill patients. Its mechanism of action involves the blockade of
postsynaptic dopamine-2 (D2) receptors. Haloperidol has an
FDA indication for PO and IM use. However, it is most com-
monly injected, a route of administration still without FDA
approval. Onset of action after an IV dose of haloperidol
occurs within 3 to 20 minutes, and the tranquilizing effect typi-
cally lasts two to four hours. Some mental status changes may,
however, last as long as 12 hours.

Droperidol has long been used by anesthesiologists as
both a neuroleptic drug and an antiemetic. The CNS proper-
ties of droperidol are similar to those of haloperidol;
however, droperidol has a more pronounced a1-adrenergic
receptor blocking effect, which can exacerbate hypotension
in hemodynamically unstable patients. Droperidol is also
associated with prolongation of the QTc interval, with theor-
etically increased risk of serious ventricular dysrhythmias
including Torsade de Pointes. Although the increased risk
of cardiac dysrhythmias with droperidol has been recently
widely publicized, many believe that this risk has been
overemphasized in the literature (Volume 2, Chapter 20).

The slightly elevated risk of Torsade de Pointes
associated with droperidol is also present with other
antipsychotic drugs including haloperidol.

Ziprasidone, olanzapine, and risperidone represent
newer atypical antipsychotic drugs. They tend to cause
less sedation, fewer mental status changes, and extrapyrami-
dal symptoms than the traditional neuroleptic drugs like
haloperidol. The likelihood of developing tardive dyskinesia
(TD) is reportedly reduced with the atypical compared to
traditional neuroleptics. If PO administration of these
drugs cannot be tolerated, then ziprasidone and olanzapine
can be administered parenterally. Ziprasidone is adminis-
tered IM to a total of 40 mg per 24 hours at 10-mg doses
every two hours or 20-mg doses every four hours. Olanzapine
is dosed at 5- to 10-mg IM every two hours to a maximum of
two doses per 24 hours.

Skeletal Muscle Antispasticity Drugs
Muscle spasms contribute substantially to the pain due to
injuries of spine and the extremities. For this reason, skeletal
muscle antispasticity drugs play an important role in con-
trolling acute postoperative and postinjury pain. These
drugs are not related to NMB agents, which cause temporary
skeletal muscle paralysis, and consequent complete apnea
(Volume 2, Chapter 6). Drugs used for the purpose of reliev-
ing or preventing skeletal muscle spasms belong to various
classes and include benzodiazepines (Table 7). Diazepam is
the usual first-line drug for short-term spasticity; however,
in presence of excessive somnolence or renal insufficiency,
other drug categories, for example, cyclobenzaprine or
baclofen, are typically used instead. Tizanadine, a newer
antispasticity agent, also has analgesic properties through
the activity at the central a2-adrenergic receptors. Although
muscle antispasticity drugs work by a variety of mechan-
isms, they all cause a certain degree of CNS depression
manifested by drowsiness and sedation.

Other Analgesic Agents
Neuropathic pain conditions generally develop over time,
yet there is mounting evidence that nerve sensitization and
abnormal sensory nerve conduction originating at the
initial time of trauma can serve to establish the pathologic
neural pathways. Opioids are generally the most effective
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medications for systemic treatment of most categories of
severe pain states. However, improved analgesia can be pro-
vided for some patients using adjuvant analgesics (anticon-
vulsants and antidepressant drugs) in concert with opioids.

Anticonvulsants constitute a class of several unrelated
compounds that interfere with peripheral and central nerve
conduction. Their mechanisms of action include sodium
channel blockade, and modulation of calcium channels and
GABA receptors. Gabapentin is a first-line anticonvulsant
drug used in the treatment of neuropathic pain. Due to its
pronounced sedative side effects, gabapentin is gradually
titrated over one to two weeks from a single nightly dose
of 300–900 mg three times a day. Pregabalin is a recently
introduced anticonvulsant drug that also has received an
FDA approval to treat several neuropathic pain states. It
offers quicker onset of analgesia than gabapentin, with gen-
erally fewer side effects, and can be titrated to its mainten-
ance dose of 300 mg per day in seven days (half the time
of gabapentin).

The analgesic effects of tricyclic antidepressant (TCA)
drugs probably result from sodium channel blockade and
activity at the adrenergic a-receptors in the descending
spinal pathways. Amitriptyline (Elavilw) is typically the
first-line TCA employed in the treatment of neuropathic
pain. It is usually administered at bedtime because of the pro-
found sedative effects. If sedation is not desired, then other
TCAs, such as nortriptyline or desipramine, can be used
instead. The experience with selective serotonin reuptake
inhibitors (SSRIs) for analgesia has been largely disappoint-
ing. In contrast, the new norepinephrine/serotonin reuptake
inhibitor, duloxetine, is quite effective in treatment of neuro-
pathic pain. Indeed, it has been approved by the FDA to treat
diabetic peripheral neuropathy at a 60-mg-per-day dose.

Routes of Administration
Intravenous Route
Intermittent Bolus vs. Continuous Infusion
The IV route of administration is preferred for the initial
titration of analgesic and sedative drugs in acute trauma
and critically ill patients, since it is associated with the short-
est onset time and the most predictable effect. Continuous IV
infusion is advantageous in that it provides steady serum
concentration of the drugs. However, continuous infusion
can also result in the accumulation of the drug in the

tissues, and consequently delayed awakening. This requires
vigilance and frequent reassessment of sedation and anal-
gesia. Intermittent, demand-based, clinician-administered
boluses are often helpful in avoiding excessive accumulation
of the drug, but they can lead to undesirable peaks and
troughs in the drug serum concentration (Fig. 5).

Patient-Controlled Analgesia
Because of relatively narrow therapeutic index of opioids,
the concentration of the drugs tends to fluctuate widely
between above and below the therapeutic level whenever
administered as a bolus or on an “as needed” basis by the
bedside nurse (Fig. 5). This often results in respiratory
depression and oversedation alternating with poorly con-
trolled pain. Whenever the patients are awake and coopera-
tive, patient-controlled analgesia (PCA) can mitigate the
problem of widely fluctuating drug serum concentrations.
The use of PCA results in a decreased total opioid dosage
during hospitalization and better pain control with smaller,

Table 7 Antispasticity Drugs

Drug Mechanism of action Dosing Common side effects

Diazepam GABA agonist 5–10 mg IV or PO q6 hrs PRN Sedation

Cyclobenzaprine (Flexerilw) Unknown, centrally acting 5 mg PO TID, titrate to 10 mg PO TID Sedation, dizziness

Baclofen GABAB agonist 5 mg PO TID, titrate to 80 mg a day Sedation, delirium, urinary

retention

Tizanidine (Zanaflexw) Centrally acting a2-adrenergic

agonist

4–8 PO q6 hrs, maximum

36 mg per 24 hr

Dizziness, fatigue, dry mouth

Carispodol (Somaw) Unknown, centrally acting 350 mg PO TID Sedation, tremor, dizziness

Chlorzoxazone (Parafon

Fortew, Paraflexw)

Unknown, appears to be

sedation-related

250–500 mg PO TID to QID Sedation, dizziness

Methocarbamol (Robaxinw) Unknown, centrally acting 1–3 g IV/IM QD for 3 days;

1.5 g QID for 2–3 days

Sedation, dizziness

Orphenadrine (Norflexw) Unknown, centrally acting,

anticholinergic

60 mg IV/IM q12 hr;

100 mg PO q12 hr

Dry mouth and other

anticholinergic effects

Abbreviations: GABA, gamma amino butyric acid; IV, intravenously; IM, intramuscularly; PO, orally; PRN, as needed; TID, three times a day; QD, once a day; QID,

four times a day.

Figure 5 Serum concentrations of opioid analgesic delivered by

patient-controlled analgesia (PCA) devices, versus clinician-

administered doses. The serum concentration of opioid analgesics

fluctuates within a narrower range in patients using PCA than

patients receiving clinician-administered boluses only.
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more frequent dosing. Typical IV PCA schedules for adult
patients who are not tolerant to opioids are summarized in
Table 8. Patients in a stable physiological and emotional
state, who are awake and are able to operate the PCA
button, are the most likely to benefit from IV PCA.

Intramuscular Injections
Intermittent IM injections of drugs, although still widely

practiced, are ill suited for analgesia and sedation

in trauma and critical care. With IM injections, plasma
concentrations can vary two-fold, and the time to peak con-
centration can vary three-fold in the same individual. In
terms of interpatient variability, the maximum plasma
concentration can differ five-fold, whereas the time to peak
concentration can vary seven-fold (46). Furthermore, the
patients must overcome the fear and unpleasantness of a
needle puncture every time their trauma or surgical pain
requires relief.

Enteral Administration
The GI tract provides unpredictable absorption of medi-
cations in hemodynamically unstable trauma and critically
ill patients and those with impaired bowel function, such
as ileus or bowel obstruction. However, patients with
intact intestinal motility and the ability to tolerate enteral
feeding are also capable of processing PO medications, and
can generally receive analgesics and sedatives orally with
predictable results. Some drugs, such as gradually released
morphine and oxycodone, are absorbed systemically at a
predictable rate only if the tablet or capsule is ingested
intact. Ingestion of crushed tablets or opened capsules
results in immediate, instead of gradual, systemic delivery
of the drug and the risk of initial opioid overdose.

CLINICAL ASSESSMENTOF PAIN AND SEDATION

The clinical evaluation of pain is challenging, partly because
of an inherently subjective nature of the pain experience.
Emotional turmoil can exacerbate, while stoicism can dimin-
ish the outward expression of pain. Successful management
of pain and emotional distress requires frequent assessments
of pain, level of consciousness, and delirium. Several scoring
systems have been developed for this purpose.

Pain Assessment Scores
The numeric rating scale (NRS) is an 11-point system widely
used to assess acute pain in trauma and critical care. With
this scale, the patients identify their pain level on a scale of

zero (no pain) to 10 (the most severe pain imaginable). The
NRS is a valid (47) and reliable (48) tool that is easy to
administer and does not require any specialized tools or
training.

The visual analog scale (VAS) represents another
common pain assessment tool used in both clinical and
research settings. The VAS pain score is obtained using a
100-mm ruler with “no pain” marked on the left, and
“maximum pain” on the right ends. Patients slide the
cursor along the ruler to a position that they believe reflects
the intensity of their pain. Alternatively, the patients can
report their pain by placing a mark along a 100-mm line
drawn on a sheet of paper. Compared with the NRS, VAS
ratings require greater attention and patient effort. It is there-
fore slightly less reliable than the NRS in acute trauma and
critical care (48), but easier to use in awake, but nonverbal
(e.g., intubated) patients.

Pain intensity in children and other individuals unable
to respond to either the NRS or the VAS can be quantitatively
assessed using scales showing a variety of facial expressions.
These scales typically contain photographs or drawings of
facial emotions ranging from laughing to crying (Fig. 6).
These scales, usually displaying six to nine faces, are con-
sidered suitable for adults and children three years of age
or older. Other nonverbal pain scores utilize behavioral
and/or physiological parameters that reflect pain intensity.
Such behavioral and physiologic variables as facial
expression, activity, guarding, BP, RR, and pupil size can
be scored (49). An inherent shortcoming of nonverbal pain
scoring methods is the recognition that the behavioral and

Table 8 Initial Intravenous Patient-Controlled Analgesia Schedule for Patients Who Are Not Opioid Tolerant

Opioid drug and dose

Modality Morphine Hydromorphone Fentanyl

Continuous infusion (moderate pain) None None None

Continuous infusion (severe pain) 1–1.5 mg/hr 0.2–0.4 mg/hr 0.005–0.01 mg/hr

Bolus dose (moderate pain) 1 mg 0.2 mg 0.01 mg

Bolus dose (severe pain) 1.5–2 mg 0.3–0.4 mg 0.015–0.02 mg

Lockout interval 8 min 8 min 8 min

Hourly clinician-activated dose 3 mg 0.6 mg 0.03 mg

For patients who are not opioid tolerant, continuous infusion is not recommended. The initial recommended dose may be incrementally increased to an effect.

Moderate pain—fracture of lower or upper extremity. Severe pain—multiple rib fractures, large upper abdominal incision, or gunshot wound.

Figure 6 Facial expression pain scale. This universal scale can

be used with patients from all geographic areas of the globe and

does not rely upon language. However, certain cultures (and indi-

viduals within any society) respond differently to the same level of

pain. For instance, certain stoic patients may provide a facial score

of 3–4, but may have pain only in the mild to discomforting range

(2–4 of 10), yet have a hysterical component appearing like a 10

due to either their emotional make up or due to the stress they

attribute to the event (see Volume 2, Chapter 65 for a review of

acute stress disorders and posttraumatic stress disorder).

88 Atwater et al.



physiologic parameters associated with pain can also be
exhibited in pain-free, but emotionally distressed or agitated
patients. Distinguishing pain from agitation, delirium, or
frank psychosis in these patients can be challenging.

Sedation Scoring Tools and Electric Brain
Activity Monitoring
Nearly all sedative drugs result in varying degrees of respir-
atory depression; and, in higher doses, excessive sedation or
delirium can occur. At the other extreme, inadequate seda-
tion can result in physiologic stress and agitation leading
to accidental self-extubation and the dislodgement of
indwelling devices like intravascular catheters and feeding
tubes (50,51). Frequent assessment of sedation is important
for achieving and maintaining an optimal level of conscious-
ness and avoiding the side effects of the drugs or the disrup-
tive critical care environment.

Sedation Scores
Several sedation scoring systems are available for evaluating
level of consciousness in trauma and critical care patients.
Ramsay sedation score (RSS) is a semiquantitative scale
based on the patient’s response to the surroundings (Table 9)
(52,53). This six-point scoring system describes the levels of
consciousness ranging from the awake and agitated to an
unconscious state with absent light glabellar tap response.

The Riker sedation agitation scale (SAS) evolved from
the RSS and consists of seven points describing the states of
sedation and agitation in terms of observed behavior of the
patient, with calm and cooperative state located in the
middle of the scale (Table 10) (54). SAS is highly correlated
with the RSS in assessing sedation and agitation in the
SICU. However, the SAS provides additional information
by stratifying agitation into three separate categories (com-
pared to only two in the RSS).

The Richmond agitation sedation scale (RASS) has
further expanded the scoring possibilities and oriented the
range of responses in a more intuitive format, offering
improved validity and reliability compared to the RSS,
SAS, and other scoring systems (55,56). RASS is the
first, and so far the only, sedation measuring tool that has
been validated for its ability to detect changes in sedation

over consecutive days in critical care (55).
Similar to other sedation scores, the RASS is designed

to quantify the degree of sedation and agitation of the
patient based on behavioral observation. In this scoring
system, the patients who are alert and calm receive a
balanced 0 score; others are assigned scores that deviate
from the center in relation to their aberrancy with combative
(score þ4) at one extreme, and unarousable (score –5) at the
other (Table 11).

Electric Brain Activity Monitoring
An established relationship exists between the electro-
encephalogram (EEG) and the effects of sedatives and anes-
thetics on the cerebral metabolic rate (57). In general, the
observed decrease in EEG wave frequency is proportional
to the lower neuronal firing rate produced by sedatives
and anesthetics. However, interpretation of raw EEG wave
patterns often requires considerable expertise. Furthermore,
the unprocessed EEG signals do not always correlate well
with drug-induced changes in neuronal activity except at
very high doses.

Table 9 Ramsay Sedation Score

Awake levels Patient description

1 Anxious, agitated, or restless

2 Cooperative, orientated, or tranquil

3 Responds to command only

4 Brisk response to a light glabellar tap

5 Sluggish response to a light glabellar tap

6 No response to a light glabellar tap

Table 10 Riker Sedation Agitation Scale

Score Patient’s state

Description of

patient’s behavior

7 Dangerous

agitation

Pulls at endotracheal tube, tries to remove

catheters, climbs over bedrail, strikes at

staff, thrashes side to side

6 Very agitated Does not calm despite frequent verbal

reminding of limits, requires physical

restraints, bites endotracheal tube

5 Agitated Anxious or mildly agitated, attempts to sit

up, calms down to verbal instructions

4 Calm and

cooperative

Calm, awakens easily, follows commands

3 Sedated Difficult to arouse, awakens to verbal

stimuli or gentle shaking but drifts off

again, follows simple commands

2 Very sedated Arouses to physical stimuli, but does not

communicate or follow commands,

may move spontaneously

1 Unarousable Minimal or no response to noxious

stimuli, does not communicate or

follow commands

Table 11 Richmond Agitation and Sedation Scale

Score Descriptor Characteristics

þ4 Combative Combative, violent, immediate danger

to staff

þ3 Very agitated Pulls or removes tube(s) or catheter(s);

aggressive

þ2 Agitated Frequent nonpurposeful movement,

fights ventilator

þ1 Restless Anxious, apprehensive, but movements

not aggressive or vigorous

0 Alert and calm

21 Drowsy Not fully alert, but has sustained awa-

kening to voice (eye opening and

contact .10 sec)

22 Lightly sedated Briefly awakens to voice (eye opening

and contact ,10 sec)

23 Moderately

sedated

Movement or eye opening to voice (but

no eye contact)

24 Deeply sedated No response to voice, but movement or

eye opening to physical stimulation

25 Unarousable No response to voice or physical

stimulation
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In contrast to the raw EEG, analyzed processed EEG
patterns, such as the 95% spectral edge frequency, appear
to accurately reflect the degree of sedation (57). Proprietary
tools, including the Bispectral Index Encephalographic
analysis (BISw) and patient state index (PSIw),, are empiri-
cally derived methods of EEG processing with conversion to
a linear analog scale. Neuronal activity in the fully awake
brain is assigned a score of 100, and absence of activity is
defined as a score of zero with both BIS and PSI systems
(58,59). Patients are likely to respond to verbal commands
when the BIS number is over 70, but not have any recall
unless the BIS is .80 (Fig. 7). Patients are unlikely to
respond to commands when the BIS values are ,50 (60).

The ability of processed EEG methods (e.g., BIS or PSI)
to assess the degree of sedation and awareness has been
demonstrated in some (58–62), but not in other studies
(63–65). Interpretation of BIS and PSI scores is complicated
by the fact that similar levels of sedation that are brought
about by different classes of drugs (opioids, benzo-
diazepines, or propofol) can result in different processed
EEG scores (60). However, consistent and anesthetic-
independent measurements of the states of awareness have
been recently demonstrated (66).

The American Society of Anesthesiologists (ASA) has
recently issued a Practice Advisory for Intraoperative
Awareness and Brain Function Monitoring (67). This ASA
advisory recommends against routine and universal use of
electric brain activity monitors. It has, however, issued a con-
sensus “that the decision to use a brain function monitor
should be made on a case-by-case basis by the individual
practitioner for selected patients (e.g., light anesthesia).”
The ASA practice advisory did not make any specific rec-
ommendations concerning the use of electric brain activity
monitors in the trauma or critical care settings. Pro-
cessed electric brain activity monitoring appears to corre-

late reasonably well with other sedation assessment
methods such as the RASS (as described earlier);
however, it remains unclear whether routine use of this
technique improves the outcomes, and additional studies

in acute trauma and critical care are needed.

Assessment of Delirium
Delirium is manifested by the acute onset of an altered level
of awareness or consciousness, inattention, lethargy or agita-
tion, worsening of symptoms at night, and disorganized
thinking. It can be precipitated by many factors, including
primary cerebral diseases, such as cerebrovascular accident,
seizure, mass lesions, and contusions. Other common factors
that can cause or exacerbate delirium include medications or
toxins, stessful environment and circumstances, alteration
in sleep cycles, metabolic and endocrine disorders, and
intracerebral infection (68).

Delirium in critical care is exceedingly common,
with an estimated incidence between 60% and 80%

(69–71). Delirium is considered a psychiatric disorder
with diagnositic criteria defined in the diagnostic and stat-
istical manual of mental disorders (DSM-IV) (72). Delirium
can appear as hypoactive (quiet), hyperactive, or mixed.

Patients with hyperactive delirium most commonly
exhibit agitated and combative behavior. Administration of
sedatives to patients in this state often results in a transition
to hypoactive delirium (i.e., although the agitated behavior
is apparently controlled, the patients continue to harbor dis-
organized thinking). Patients with hypoactive delirium
appear withdrawn, lethargic, and apathetic. Mixed delirium
describes the condition with fluctuating mental states
between hyperactive and hypoactive.

Delirium invariably involves changes in conscious-
ness, with the spectrum of states that include sedation or
anxiety. Accordingly, evaluation of delirium is always
entwined with assessment of sedation utilizing such tools
as the RASS (as described earlier). In general, patients with
hypervigilant altered level of consciousness (RASS ¼ þ4 to
þ1) are in need of evaluation for delirium. At the same
time, presence of other conditions, such as dementia,
psychogenic dissociative disorders, mania, and complex
partial seizures, should be ruled out. Patients with
RASS ¼ –3 to –5 can also be suffering from an OBS
causing a hypoactive form of delirium (or be oversedated
with anxiolytic or antipsychotic drugs). Assessment and
diagnosis of delirium on the basis of DSM-IV criteria
requires extensive experience and knowledge of causes
of OBS.

An additional diagnostic tool is available for character-
ization of delirium in patients with altered level of con-
sciousness measured by RSS, SAS, or RASS. This tool,
named CAM-ICU, is based on the confusion assessment
method (CAM) scoring system (73). CAM-ICU allows
rapid evaluation of delirium by clinicians who do not have
extensive training in psychiatry. This test shows excellent
validity and reliability when compared to determination of
delirium using DSM-IV criteria (74). CAM-ICU evaluates
delirium on the basis of four principal features: (i) acute or
fluctuating mental status changes, (ii) inattention, (iii) disor-
ganized thinking, and (iv) altered level of consciousness
(Table 12). Delirium, according to CAM-ICU, is established
when both features (i) and (ii), and either features (iii) or
(iv) are positive.

ANALGESIA AND SEDATION FOR ACUTE TRAUMA

Pain and anxiety in trauma patients present a variety of chal-
lenges and circumstances. In some patients, extreme comba-
tive behavior, respiratory distress, inhalation burn injury,
and neurological or mechanical loss of airway protection
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dictate immediate intubation with relatively liberal
analgesia and sedation. In other patients, the threat to
safety or loss of airway is not immediate or severe; in these
circumstances, analgesics and sedatives are administered
gradually and judiciously. The discussion below reviews
the analgesia and sedation considerations for trauma in the
prehospital setting, during transport, and in the TRS.

Prehospital Considerations
General Approach and Recommendations
In general, pain in the field tends to be undertreated, and
even in isolated limb injuries, only a minority (22%) of
the patients receive analgesia before arriving in the hospital
(75). Pain and anxiety should be treated as long as doing so
does not interfere with patient’s physiological status.
Indeed, properly titrated analgesia can improve ventilatory
and hemodynamic states, and facilitate patient evaluation.
In all cases, IV analgesics and sedatives are withheld
until IV access is established, O2 is administered, pulse
oximetry monitoring is applied, and the initial survey
demonstrates that the patient is awake, alert, cooperative,
and hemodynamically stable enough to tolerate medi-
cations.

Hemodynamic status is often deceptively stable
immediately after the trauma; consequently, the ability to
thoroughly assess the extent of injuries and blood loss in
the field is limited. With this in mind, prehospital analgesia
and sedation must be titrated gradually and with caution. In
the presence of obvious major injuries, extensive blood loss,
internal organ damage, or neurological compromise, analge-
sics should be withheld until the patient is transported to the
hospital.

In patients meeting the above criteria for sedation and
analgesia, opioids such as fentanyl (0.01–0.025 mg),
morphine (1–3 mg), or hydromorphone (0.2–0.6 mg) can

be administered IV at 5-minute (fentanyl) to 15-minute
(morphine, hydromorphone) intervals. In initially stable
patients, analgesia can be titrated to a RR of 12 to 15
breaths per minute and a reassuring blood pressure.
Oxygen saturation and exhaled CO2 (if available), should
be continuously monitored.

Severe pain is a common cause of agitation following
acute trauma. But so is hypovolemic shock. Accordingly,
opioid administration must be titrated to a state of emotional
calm without causing respiratory or hemodynamic compro-
mise. Only if agitation persists after achieving adequate
analgesia and continued cardiopulmonary stability, should
sedatives such as midazolam be administered. Gradual titra-
tion of this drug should be limited to 0.5–1 mg every five
minutes. Vital signs and the level of consciousness are fre-
quently monitored, because the interpatient variability in
the response to sedatives can be extreme and unpredictable,
and coadministered benzodiazepines and opioids can have
synergetic depressive hemodynamic and respiratory effects.

Nitrous oxide (N2O) is not recommended in the
acute trauma setting. At therapeutic concentration it
occupies substantial alveolar space, displacing O2 and thus
decreasing its partial pressure in arterial blood (PaO2). In
addition, N2O causes rapid expansion of gas-filled spaces,
such as pneumothorax or pneumocephalus (as described later).

N2O does possess amnestic, hypnotic, and analgesic
properties, and is thus favored by some prehospital prac-
titioners. Indeed, analgesic properties of N2O at a concen-
tration of 20% to 25% are equivalent to 15-mg IV morphine
dose (76). Because N2O is used for analgesia and sedation
during transport by some emergency medical systems in
Europe (77–79), some treatment guidelines are provided.
Most importantly, oxygen should always be administered
first, and O2 saturation monitoring should be established
in all patients prior to initiating administration of N2O.
Secondly, oxygen must continue to be administered along

Table 12 The Confusion Assessment Method for the Diagnosis of Delirium in the Intensive Care Unit (CAM-ICU)

Feature Assessment variables

I. Acute onset of mental status

changes or fluctuating course

Is there evidence of an acute change in mental status from the baseline?

Did the (abnormal) behavior fluctuate during the past 24 hr, i.e., tend to come and go or increase and

decrease in severity?

Did the sedation scale (e.g., SAS or MAAS) or GCS fluctuate in the past 24 hr?

II. Inattention Did the patient have difficulty focusing attention?

Is there a reduced ability to maintain and shift attention?

How does the patient score on the attention screening examination (ASE)?

III. Disorganized thinking If the patient is already extubated from the ventilator, determine whether or not the patient’s thinking is

disorganized or incoherent, such as rambling or irrelevant conversation, unclear or illogical flow of

ideas, or unpredictable switching from subject to subject

For those still on the ventilator, can the patient answer simple, logical (yes/no) questions correctly?

IV. Altered level of conscious-

ness [any level of con-

sciousness other than alert

(e.g., vigilant, lethargic,

stupor, or coma)]

Alert: normal, fully aware of environment, interacts appropriately

Vigilant: hyperalert

Lethargic: drowsy but easily aroused, unaware of some elements in the environment

Stupor: difficult to arouse, unaware of some or all elements in the environment, or not spontaneously

interacting with the interviewer; becomes incompletely aware and inappropriately interactive when

prodded strongly

Coma: unarousable, unaware of all elements in the environment, with no spontaneous interaction or

awareness of the interviewer

Patients are diagnosed with delirium if they have both features (I) and (II) and either feature (III) or (IV).

Abbreviations: SAS, sedation-analgesia scale; MAAS, motor activity assessment scale; GCS, Glasgow Coma Scale.

Source: From Refs. 51, 70.
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with N2O at all times, and N2O fraction should never exceed
50% with 50% O2.

N2O can exacerbate pneumocephalus, pneumothorax,
and pneumoperitoneum by the following mechanism. N2O is
carried in blood and rapidly accumulates in closed gas-filled
spaces that are normally occupied with nitrogen. Because
N2O is 34 times more soluble in blood than nitrogen, it enters
the gas-filled spaces faster than nitrogen can exit. Potentially
catastrophic increase in pressure or volume in the gas-filled
spaces ensues. For this reason, N2O should not be used if
injuries to the head, abdomen, or thoracic region are suspected.

Specific Prehospital Scenarios
Trapped Patient
Immediate extraction, stabilization, and transport of trapped
patients are not always possible. While waiting for extrication
from vehicles or structures, patients can be conscious and
awake, and experience overwhelming anxiety in addition to
severe pain. This experience can increase the risk of develop-
ing PTSD (see Volume 2, Chapter 65). Limited access to the
trapped patient dictates extreme caution in pain and anxiety
management. In addition to gentle reassurance, some
pharmacologic treatment of pain and anxiety may be appro-
priate; however, drug administration should occur only
after establishing an IV, administering oxygen, monitoring
O2 saturation with pulse oximetry, evaluating the ABCs,
and confirming that the patient is not in an immediate risk
of developing hypovolemic shock.

Because the threat of losing the airway is particularly
dangerous in trapped patients, establishing physical access
to the airway and administering supplemental O2 are
crucial prerequisites to analgesia administration. In these
patients, severe pain and agitation can be treated with IV
ketamine (0.1 mg/kg). These doses can be repeated every 5
to 10 minutes. Alternatively, repeated small IV doses of fen-
tanyl (25–50 mg every three to five minutes) can be adminis-
tered with particular attention to the preservation of
wakefulness, adequate ventilation, absence of likely TBI,
and reassuring hemodynamic status.

If adequate analgesia has been achieved but the
patient develops agitation or becomes uncooperative, hypo-
volemia should be immediately assumed, and no additional
analgesics or sedatives should be administered. Only after
hemodynamic stability is assured, and agitation or anxiety
continues, should midazolam be titrated IV in small (0.25–
0.5 mg) doses every five minutes. Patients who become
extremely uncooperative and hostile may require intubation
and deeper sedation; these patients should be considered at
high risk for TBI, and their pupil size and reactivity should
be continuously monitored.

Long Transport
The treatment of pain, anxiety, and delirium in the injured
trauma patient during transport (see Volume 1, Chapter 7)
can be complicated particularly if the transit time is pro-
longed. One problem is that during transport by air, the
partial pressure of oxygen is reduced in proportion to
the decrease in ambient atmospheric pressure. At 5000 feet
the atmospheric pressure is approximately 85%, and at
18,000 feet 50% of the pressure at sea level. In order to pre-
serve oxygen supply, its fraction in the inhaled gas should
be increased in proportion to the decrease in atmospheric
pressure. Nitrous oxide is contraindicated in altitude
because of the risk of expansion or increase in pressure in
closed gas-filled cavities (as described earlier).

Because the extent of injuries in the majority of trans-
ported patients remains largely unknown, administration
of opioid analgesics should be conservative. IV doses of
fentanyl (0.01–0.025 mg), morphine (0.5–1.5 mg), or
hydromorphone (0.1–0.3 mg) are administered at 15-
minute intervals. Vital signs, including O2 saturation and
end-tidal CO2 (if available), are continuously monitored.

As an alternative to systemic opioids, pain from inju-
ries to upper and lower extremities can be treated with per-
ipheral nerve blockade, provided that contraindications are
not present (see Volume 1, Chapter 20). This is particularly
important when the limb is anesthetized. Casts should be
bivalved during transport to accommodate pressure
changes, otherwise, the development of a compartment syn-
drome can go unnoticed.

Pharmacologic sedation is provided to agitated
patients only after adequate analgesia has been achieved
and intravascular volume has been shown to be adequate.
For this purpose, IV midazolam can be titrated at 0.5- to
1-mg doses every three to five minutes, as the vital signs
and level of consciousness are monitored.

Trauma Resuscitation Suite Considerations
General Approach and Recommendations
Analgesia and sedation guidelines for TRS are similar to
those utilized in the prehospital setting. However, more moni-
toring and treatment resources are available in the TRS, and
analgesics can be titrated to effect in a more controlled environ-
ment. Drugs are selected based upon the type of injury, sever-
ity, and location of pain along with the baseline mental and
emotional status of the patient. Treatment choices include sys-
temic analgesics, sedatives, and local and regional techniques.

In the TRS, as in the prehospital setting, analgesics and
sedatives are withheld until oxygen is administered, func-

tioning IV is placed, O2 saturation is monitored, and the
patient demonstrates cardiopulmonary stability after the
initial ABCDEs of the primary survey.

Administration of analgesia and sedation in presence of
isolated injuries of the extremities is usually relatively uncom-
plicated (80). Severe pain associated with such injuries is typi-
cally treated with IV fentanyl (0.01–0.05 mg), morphine (1–
5 mg), or hydromorphone (0.2–1 mg) at intervals of 5
minutes (fentanyl) to 15 minutes (morphine and hydromor-
phone). Pain, vital signs, including oxygen saturation and
end-tidal CO2, are closely monitored during opioid titration.
NSAIDs such as ketorolac or acetaminophen, and antispasti-
city agents (diazepam 5–10 mg IV or PO) can be used to
augment opioid analgesia and reduce opioid requirements
in otherwise stable patients with isolated extremity injuries.

Regional analgesia can be used to treat pain in the
emergency. Techniques include neuroaxial (spinal and epi-
dural) and peripheral nerve blockades (see Volume 1,
Chapter 20 and Volume 2, Chapter 25). Neuroaxial adminis-
tration of local anesthetics, in addition to providing analge-
sia, causes loss of sympathetic tone. This effect can result is
severe cardiovascular compromise in trauma patients who
depend on the sympathetic tone to maintain hemodynamic
stability. For this reason, epidural and spinal analgesia are
rarely used in the acute management of patients, except for
those with isolated lower extremity injuries.

Specific Trauma Resuscitation Suite Scenarios
Procedural Analgesia
Analgesia and sedation are frequently required during inva-
sive studies and minor procedures in the TRS. Procedures
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commonly performed in the ED and TRS are listed in Table 13,
and include laceration repair and reduction of fractures and
dislocations (81). Acute and transient pain exacerbation,
which often accompanies such procedures, is optimally
treated with short-acting analgesics or sedatives. The pre-
viously enumerated prerequisites for prehospital and TRS
analgesia and sedation pertain to these patients as well, includ-
ing the need for O2 administration, functioning IV, and moni-
toring O2 saturation, BP, echocardiogram (ECG), and RR. In
addition, emergency airway management equipment must be
available, and the patients must continue to be cooperative
and stable.

Fentanyl and midazolam, with their rapid onsets and
short durations of action, are commonly used for analgesia
and sedation for minor procedures. In combination, these
drugs provide a balance of analgesia and amnesia, with
short-term sedation. During the titration of fentanyl and
midazolam, the level of consciousness and vital signs,
including oxygen saturation and end-tidal CO2, are continu-
ously monitored. In hemodynamically stable and awake
patients, midazolam (0.5–1 mg) and fentanyl (0.025–
0.05 mg) are administered at five-minute intervals. Although
midazolam primarily treats anxiety and provides amnesia
and fentanyl primarily treats pain, sedative and respiratory
depressant effects of these drugs are synergistic. Further-
more, severe pain provoked by manipulation of injured
tissue can rapidly dissipate following fracture or dislocation
reduction. With abrupt reduction in the pain stimulus,
patients who have received relatively large doses of seda-
tives and analgesics are at increased risk of losing control
of airway, respiratory drive, and consciousness.

Propofol, with its short duration of action, quick onset,
ease of titration, and relative safety, has also emerged as a
commonly employed drug for procedural sedation. It is par-
ticularly suitable for procedures associated with severe, but
short-lived pain, such as the reduction of a dislocated limb.
However, in larger doses propofol can result in inadvertent
unconsciousness, apnea and loss of airway reflexes, and
hypotension. Adherence to the initially low and gradually
increasing infusion rates is therefore important during
propofol dose titration.

Typical initial infusion rate of propofol is 25 mg/kg/
min. To achieve desired level of sedation, the infusion rate
can be increased by 20% to 30% every five minutes. Propofol

can also be administered by intermittent 0.1–0.2 mg/kg
boluses immediately prior to painful manipulation. Addi-
tional doses are typically injected at one- to five-minute
intervals to the desired clinical effect.

As with other sedatives and analgesics, supplemental
O2 should be applied first, and vital signs be monitored,
including oxygen saturation and end-tidal CO2, and
mental status (82). Throughout the procedure, the patients
should be able to respond purposefully to verbal commands.
Propofol and opioids, such as fentanyl, can be coadminis-
tered, however, propofol and opioid boluses should not be
given simultaneously because of compounded risk of respir-
atory depression and excessive sedation (74).

Ketamine is another suitable procedural sedative-
analgesic. It is commonly employed in the acute trauma
due to rapid onset and dissipation of action, strong analgesic
effect, sympathomimetic activity, bronchodilation, and pres-
ervation of laryngeal reflexes. Because of these beneficial
physiological effects, which also support cardiopulmonary
status and spontaneous ventilation, ketamine is frequently
chosen in the military setting. However, because of other
effects, particularly the unpleasant and emotionally
disturbing dissociative mental state, ketamine is often
supplemented with a benzodiazepine.

Ketamine can exhibit cardiovascular depressant effects
in patients who are unable to mount additional sympathetic
output, such as patients in hypovolemic shock (these
patients should instead be promptly resuscitated, and may
require intubation, positive pressure ventilation along with
scopolamine for amnesia). Despite its unpredictable hemo-
dynamic effects and contraindication in patients with TBI,
ketamine remains a first-line drug for sedation and induc-
tion of anesthesia in the presence of severe bronchospasm,
and in uncooperative patients without an IV access.

Combative Patient in the Trauma Resuscitation Suite
Evaluation and treatment of violent or combative patients can
be uniquely challenging. Several factors can contribute to
combative behavior in the acute trauma patient including
TBI, hypoxia, hypovolemic shock, intoxication, psychiatric
illness, and OBS from baseline organ failure. Hypovolemic
shock and/or TBI need to be immediately ruled out in all comba-
tive patients, because prompt and successful management of

these problems can markedly improve outcomes. Other

Table 13 Analgesia and Sedation for Common Acute Trauma Procedures

Procedure Local analgesia Comments

Laceration repair Yes Local analgesia first, then systemic analgesia and sedation as needed

Fracture reduction Yesa Brief analgesia (þ/2) sedation for severe transient pain

Dislocation No Brief sedation (to relax guarding muscle spasm, and to provide amnesia for severe

transient pain)þminor postreduction analgesia

Chest tube placement Yes In hemodynamically unstable patients, only local anesthesia should be used. In others

small doses of sedatives (þ/2) analgesics are useful, but local anesthesia (at least

100 mg in 10 mL) is essential

Deep peritoneal lavage Yes Local analgesia is usually adequate in unstable patients. If fully stable (rare with this

procedure), sedatives and analgesics are appropriate

Steinman pin placement Yes Local anesthesia does not cover the bone pain. Patients who are hemodynamically stable

should receive analgesics þ/2 sedatives

Suprapubic catheter

placement

Yes Local anesthesia with supplemental sedatives and analgesics based upon patient status

Tongs/halo placement Yes Local anesthesia plus systemic analgesics þ/2 sedatives

aMay use hematoma block (80)—especially for upper arm (distal radius fracture) reduction.
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causes of combativeness that need to be considered include
anxiety disorders precipitated by exposure to the confusing
and chaotic environment of the TRS that are emotionally
overwhelming to some patients.

Besides interfering with evaluation and treatment,
combative patients are at risk of harming themselves and
others. It is therefore essential for the treating clinicians to
rapidly gain complete control of the patient. Some violent
and completely uncooperative patients require deep seda-
tion with induction of general anesthesia, with NMB and
intubation. This measure is resorted to in circumstances
where other means of analgesia and sedation are either
ineffective or too risky, such as in patients with potential
major organ compromise or tenuous airway.

Often agitated and combative patients identify severe
pain as the main source of their distress. If these patients are
not at risk of cardiovascular collapse or loss of airway, then
their pain can, and should, be judiciously treated. The first
choice for analgesia in severe pain (without concomitant
TBI) is usually an opioid drug. Opioids are typically titrated
to effect as a series of small sequential IV boluses of fentanyl
(0.01–0.05 mg), morphine (1–5 mg), or hydromorphone
(0.2–1 mg) every 5 minutes (fentanyl) or every 15 minutes
(morphine and hydromorphone). Vital signs, especially RR
and BP, and the level of consciousness are continuously
monitored during opioid titration, with the endpoint being
analgesia with a RR .10–12.

After achieving adequate opioid-based analgesia,
midazolam can be administered to treat agitation. It is
titrated in 0.5- to 1-mg doses every five minutes. Coadminis-
tered opioids and benzodiazepines can synergistically cause
excessive respiratory depression and sedation (83).

Increasingly, dexmedetomidine (no intrinsic respiratory
depression) is becoming the sedative of choice to supplement
low-dose opioids in acute trauma patients. In those who
require rapid recurrent evaluation of neurologic status, dex-
medetomidine is particularly efficacious, because the sedative
effect can continue without significant depression of mental
acuity. In this setting dexmedetomidine is started as an
infusion (without a bolus load) at 0.2–0.7 mg/kg/hr.

ANALGESIA AND SEDATION FOR CRITICAL CARE

Trauma patients in critical care exhibit diverse underlying
pathologies, emotional states, pain levels, and analgesic
and sedative dose requirements. The majority of these
patients develop some degree of delirium during the inten-
sive care unit (ICU) stay. Nonpharmacologic interventions,
such as reduction of pain stimulus by repositioning, sleep
normalization, verbal orientation and reassurance are the
initial steps in treatment (Fig. 1).

Pharmacologic analgesia usually consists of opioids,
whose doses are titrated and are empirically determined
by clinical response. Titration of opioids should be rapidly
completed with adequate serum drug levels achieved
within 30 minutes of initiating therapy. Sedatives are intro-
duced only after administering adequate analgesia and are
likewise titrated to the desired effect. Deep sedation with
muscle paralysis and mechanical ventilation may be initially
required for some critical care patients.

Analgesia
Opioids remain the cornerstone of treatment for moderate to
severe pain in critical care. The IV route of drug adminis-

tration is usually preferred since IM or SQ drug delivery
can be painful and have unpredictable absorption rates.
The latter problem is accentuated in critically ill patients,
who can exhibit highly variable responses to opioids. In
general, choice of an opioid for each patient depends on its
potency, side effects, and ease of titration.

Fentanyl is often the first-line opioid analgesic in critical
care. It provides rapid onset of analgesia and a relatively short
clinical duration in small bolus doses, and is easily titratable
by infusion. Fentanyl can be administered at 0.025- to
0.1-mg IV boluses every five minutes, or infused at an initial
rate of 0.002–0.005 mg/kg/hr. The bolus doses and infusion
rates can be gradually increased as needed to provide an
adequate analgesic effect. Occasionally, opioid-tolerant
patients may require fentanyl doses as high as 0.03 mg/kg/hr.

Morphine is also routinely used for analgesia in criti-
cal care. It can be gradually titrated with typical boluses of
1–5 mg every 15 minutes. After initial stabilization, mor-
phine is generally infused IV at 3–10 mg/hr. Considerably
higher doses and infusion rates may be required in opioid
tolerant patients. Hydromorphone can be titrated to an
analgesic effect with 0.2- to 1-mg IV doses every 10 to 15
minutes, or infused at 0.5–3 mg/hr.

Sedation for Treatment of Anxiety and Agitation
Assessment of the level of consciousness, including sedation
and anxiety, is discussed earlier. Anxiety in the injured can
arise from many causes, including pain, the circumstances,
and sensory deprivation or overload. Treatment of pain
often leads to dissipation of anxiety. Accordingly, sedatives
should not be routinely administered until adequate analge-
sia has been delivered.

Because there is a continuum between light to deep
levels of sedation, ultimately progressing to general anesthe-
sia (84), the goals of sedation and its desired depth should be
defined for each patient. This determination should be based
on the nature and extent of injury, as well as the physiologi-
cal and mental status of the patient. Managing deeply
sedated patients can be easier than those who are slightly
sedated; however, deep sedation carries multiple risks,

including delayed awakening, ventilator-associated pneu-
monia, postsedation delirium, muscle wasting, and
pressure sores (85). In most patients, the optimum
level of sedation is achieved by titration to state of calm, or
to comfortable but easily arousable states (e.g., RASS ¼ 0).
Deeper levels of sedation can be required when painful pro-
cedures are performed or to facilitate ventilatory support
[i.e., patients with adult respiratory distress syndrome
(ARDS) or TBI].

The sedative drug choice is generally guided by
several factors, including the need for rapid awakening
(e.g., to perform neurological exams) versus an anticipated
prolonged sedation, without the need for awakenings.
Other considerations include cost and the potential side
effects. Drugs most commonly used for induction and main-
tenance of sedation are benzodiazepines, propofol, and
dexmedetomidine.

Propofol with its rapid onset and short duration of action
is well suited for short-term sedation in critical care, particu-
larly in patients at risk for increased ICP, who may need
frequent reversal sedation to conduct neurological exams.

Metabolism of propofol is minimally affected by hepatic
and renal dysfunction, and its metabolites are inactive. Times
of onset and levels of sedation with propofol and midazolam
are similar, and after short-term sedation (less than 24 hours)
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propofol and midazolam exhibit similar times to awakening
though they wake up from propofol faster and are more
clear-headed (51,86–88). After sedation between 24 and 72
hours, the times to awakening with propofol (0.25–2.5
hours) are considerably shorter than with midazolam
(2.8–30 hours). Similarly, sedation with propofol for longer
than 72 hours provides significantly faster awakening and
extubation than with midazolam (0.25–4 hours with propofol
compared to 2.8–49 hours with midazolam) (51,89).

Because of its numerous side effects, propofol admin-
istration requires a high degree of vigilance. It causes respir-
atory depression, and reduces systemic vascular resistance
and ionotropy. In some patients these effects result in signifi-
cant systemic hypotension; whereas in others BP is relatively
preserved. It is often impossible to predict the extent of
hypotensive effect in the patient. Prolonged infusion of
high-dose propofol increases serum triglycerides (51,90)
and elevation of serum pancreatic enzymes (91,92). Lactic
acidosis, bradycardia, and hyperlipidemia were reported
in pediatric patients after 48-hour infusion of high-dose pro-
pofol (66 mg/kg/min) (as described later) (93). Prolonged
infusion of even higher dose (.83 mg/kg/min) is associated
with increased risk of cardiac dysrhythmias and arrest (94).
Propofol is also relatively expensive and commonly causes
pain in the peripheral vein during the injection. In consider-
ation of all the benefits and risks associated with propofol, it
is often the sedative of choice when rapid awakening or
extubation are required (51).

Benzodiazepines remain the mainstay of sedative and
anxiolytic therapy in chronically sedated critical care
patients and those without acute TBI, primarily because
they are relatively inexpensive and lack some side effects
associated with propofol. Benzodiazepines, however, also
possess several deleterious side effects. Although generally
less severe than with propofol, respiratory and cardiovascu-
lar depression can occur even at moderate doses. Prolonged
respiratory depression and delayed awakening are common
after extended periods of benzodiazepine infusion. In order
to mitigate delayed awakening and avoid excessive accumu-
lation of the drug, level of consciousness should be fre-
quently assessed and downward titration in the infusion
rate should occur as tolerated.

An important practice consideration in this regard is
the need to allow critical care patients to benefit from sleep
that is not unnecessarily disrupted. One such approach
allows the night shift nurse (19:00–07:00) to obtain a com-
plete neurological exam of the patient at the beginning and
end of shift, but limits evening awakenings to the bare
minimum in otherwise stable patients. Pupils can be
checked in sedated patients who are at risk for TBI on an
hourly basis. Many of these patients will also have an ICP
monitor in place during the early and most vulnerable
stages of recovery. In these same patients, the day shift
nurse tries to decrease the sedation to as low of a dose that
is tolerated, (while analgesia is maintained), and efforts are
made to increase the patient’s orientation and interactions
with treatments such as physical therapy, weaning from
mechanical ventilation, and other activities.

Midazolam, with its strong amnestic properties and
ease of titration, is one of the first-line benzodiazepines
used in critical care and is particularly recommended for
acute anxiolysis, rapid sedation, and infusion for less than
two to three days (51). Indeed, it has largely replaced diaze-
pam in critical care due to its shorter and more predictable
duration of action. Time to awakening is less predictable
after infusing midazolam for longer than three days,

particularly in patients who are obese, or with liver or
renal insufficiency. Prolonged sedation in these patients is
attributed to the accumulation of midazolam and its active
metabolite, a-hydroxymidazolam.

Lorazepam has longer elimination half-life and slower
onset than midazolam or diazepam (Table 6). It is, accord-
ingly, less suitable for rapid titration of sedation because
the responses to the dose changes are delayed. With pro-
longed high-dose infusion of lorazepam (over 18 mg/hr for
longer than four weeks), its solvents (polyethylene glycol
and propylene glycol) can be responsible for acute tubular
necrosis (generally reversible), lactic acidosis, and hyperos-
molar states (51). With this in mind, lorazepam is inexpen-
sive and devoid of active metabolites. It offers predictable
half-life and less variable time to awakening than even
midazolam (51,95), and is a suitable choice for long-term
(72 hours or longer) sedation at moderate doses (51).

Diazepam, similarly to midazolam, provides fast onset
and is useful in acute sedation. Diazepam is, however, less
suitable for continuous infusion or repeated boluses than
midazolam or lorazepam because of gradual buildup of
active metabolites with very long elimination half-life. In
addition, diazepam can cause irritation of the veins and
thrombophlebitis when injected peripherally. Because of
unpredictable half-life of diazepam and its metabolites, it
is not recommended for sedation in repeated doses or
continuous infusion.

The benzodiazepine antagonist flumazenil is avail-
able, but not routinely used, in critical care for reversal of
sedation after prolonged benzodiazepine administration.
The duration of action of a single IV dose of flumazenil is
approximately 30 minutes, and the reversal of benzo-
diazepine-induced sedation under these circumstances is
likely to be short-lived. Several factors other than benzo-
diazepines could be responsible for prolonged sedation,
and should always be considered prior to administration
of flumazenil. Flumazenil at 0.5-mg doses can precipitate
benzodiazepine withdrawal symptoms including seizures
and increased cardiovascular oxygen demand (as described
earlier). In patients who have received prolonged benzo-
diazepine infusion, residual sedation can be treated with
short-term infusion of flumazenil (0.5 mg/hr) (96), instead
of a single dose. However, only a single dose of flumazenil
is recommended to test whether unexplained prolonged
sedation is due to benzodiazepines (51).

Dexmedetomidine is increasingly utilized in critically
ill patients whose sedation is difficult to manage with tra-
ditional (e.g., propofol or benzodiazepine) drugs. The
pharmacologic properties of dexmedetomidine (described
earlier) are distinct from those of other sedatives. In thera-
peutic doses, dexmedetomidine does not suppress respirat-
ory drive or airway reflexes, making it a very useful drug
during weaning to extubation, particularly in cases where
airway or breathing are subject to compromise (e.g.,

obesity, sleep apnea, and thoracic cage trauma). Seda-
tion produced by dexmedetomidine is characterized by a
state of calm, in which patients are easily arousable to mild
stimuli (97). Unlike propofol or benzodiazepines, dexmedeto-
midine is also an effective analgesic (98), whereas its hypnotic
effects are insignificant (99).

Several prominent side effects require vigilance in admin-
istration of dexmedetomidine. Transient hypertension can
initially occur especially when the loading dose is employed.
Sympatholytic effects of dexmedetomidine result in often ben-
eficial decrease in serum catecholamine levels (99). However,
ensuing bradycardia and hypotension are also common.
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Young and athletic patients with strong vagal tone are particu-
larly susceptible to extreme bradycardia. These effects can be
treated with vagolytic or sympathomimetic drugs.

With its unique pharmacologic properties, dexmedeto-
midine provides a balance of sedation, anxiolysis, and
analgesia without respiratory drive suppression. In some
patients dexmedetomidine is sufficient as a sole sedative-
analgesic, and in other patients it is helpful in reducing the
dose requirement of other sedatives and analgesics (36).
Indeed, coadministration of dexmedetomidine with opioids
decreases the opioid requirement and can produce optimal
balance of analgesia and sedation (36). Similarly, combined
infusion of propofol and dexmedetomidine produces a
deeper sedation level than with dexmedetomidine alone,
and decreases the dose requirement of propofol, thus
mitigating its hypnotic and respiratory depressant effects.

Treatment of Delirium
Assessment of delirium is required in all critical care patients
with an altered level of consciousness. The principal causes
of delirium in the ICU includes: physical illness, infection,
metabolic disorders, sleep deprivation, and psychoactive
pharmacologic agents both resulting in a loss of frame of
reference person, place, and time. Delirium is associated
with increased morbidity and should be promptly treated
and, if possible, prevented.

Preventive and nonpharmacological approaches to
delirium include repeatedly reorienting the patients during
the daytime and promoting sleep at night by reducing disrup-
tive noise and light stimulation. Another important method
for limiting delirium is by mobilizing patients as early as poss-
ible, and promoting physical and cognitive activities (71).
Since opioids, sedatives, and other psychoactive drugs can
exacerbate and even induce delirium; the ongoing analgesic
and sedative doses are reviewed and, if possible, reduced.

If nonpharmacological measures and opioid and seda-
tive dose reduction are not successful in treating delirium,
then antipsychotic drugs, such as haloperidol, can be used.
Haloperidol can be administered PO, IM, and IV (IV route,
however, is not approved by the FDA) (as described
earlier). Although compelling evidence is still emerging,
there are numerous reports of successful use of newer atypi-
cal antipsychotic drugs—olanzapine, risperidone, and zipra-
sidone in treatment of delirium in critical care (100,101).
These drugs cause less sedation, mental status changes,
and extrapyramidal symptoms than traditional antipsycho-
tics. Reportedly, the risk of developing tarditive dyskinesia
with atypical antipsychotics is also reduced.

All antipsychotic medications active at the dopamine
receptors carry the risk of inducing QTc interval pro-
longation and consequent ventricular arrhythmia. Patients
with QTc .500 milli seconds, recent myocardial infarction,
or uncompensated heart failure should be closely monitored
if antipsychotic drugs are required. They should also receive
concomitant magnesium infusion to a target serum mag-
nesium ion concentration which is normal, or slightly
above normal (typically 2–3 mg/dL). Tracking QTc
changes with serial ECGs is necessary in all patients
treated with antipsychotic drugs.

SPECIAL CONDITIONS IN TRAUMA AND CRITICAL CARE
Thoracic Trauma
Pain resulting from thoracic trauma, including chest wall
contusions and rib fractures, severely restricts ventilatory

efforts and efficiency. Systemic opioids can further depress
ventilation in these patients. Without regional analgesia,
some of these patients require deep sedation, intubation,
and positive pressure ventilation. For patients who,
because of significant pulmonary contusions or parenchy-
mal injury, pneumonia, or polytrauma, are anticipated to
require prolonged mechanical ventilation; systemic analge-
sia and sedation is fully appropriate.

However, in the awake patient with trauma limited to
thoracic cage (i.e., multiple rib fractures) and no underlying
pulmonary parenchymal injury, thoracic epidural analgesia
is beneficial as it will allow earlier weaning, extubation, and
mobilization of the patient. Regional techniques that have
demonstrated better pain relief and safety than systemic
analgesics include epidural and intrathecal analgesia, inter-
costal and paravertebral nerves blockade, and interpleural
analgesia (102). The specifics of regional analgesia for chest
injuries are further discussed in Volume 2, Chapter 25.

Regional analgesia techniques in the thoracic seg-
ments bear inherent risks of nerve injury, pneumothorax,
uncontrolled bleeding, and infection. Risks and benefits of
these techniques should be carefully weighed for each
patient. In general, thoracic regional analgesia should
be considered in patients who are at risk of respiratory
failure because of severe chest wall motion-related pain.

Conversely, regional analgesia techniques should not be
used in patients whose pain can be adequately controlled
with systemic analgesics.

Burns
Burn injury, discussed in Volume 1, Chapter 34 often results
in severe pain, which is markedly exacerbated during dres-
sing changes. Analgesia for burn injury almost universally
includes opioids, typically fentanyl, morphine, or hydromor-
phone (103). At the time of dressing changes, the pain is
usually treated with short- or ultrashort-acting fentanyl,
sufentanil, or alfentanil. Ketamine, with its anesthetic and
analgesic effect, sympathomimetic activity, and relative
absence of respiratory depressive effects, is particularly suit-
able for short-duration analgesia during dressing changes in
spontaneously ventilating, nonintubated patients.

Sedation and amnesia can be achieved with short-
acting midazolam or propofol. Titration of all sedatives
and analgesics requires increased vigilance because
protein-bound drugs often have increased bioavailability
in the characteristically hypoalbuminemic burn patients
(104). These patients also have elevated metabolic rates
and develop early tolerance to sedatives and analgesics,
resulting in higher infusion rates and, consequently,
increased risk of vasodilatation or myocardial depression.
Regional analgesia is rarely used in burn injuries because
of the infection risks. Adjuvant drugs such as antidepres-
sants and anticonvulsants, as well as IV lidocaine infusion,
can reduce pain and hyperalgesia (3,34).

Organ Dysfunction
The kidneys and liver are the primary organs of drug metab-
olism and excretion. Dysfunction of these organs inevitably
results in significantly impaired drug and metabolite clear-
ance. This usually results in markedly increased duration
of action, enhanced pharmacological effect, and increased
risk of dangerous side effects.

Accumulations of metabolic products of morphine
and meperidine are particularly ominous. Renally excreted
M3G is one of the main metabolic products of morphine.
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Unlike M6G, it exhibits antianalgesic properties. It was also
implicated in neurotoxic side effects, with resultant hyperal-
gesia, myoclonus, and seizures (as described earlier) (105).
Clinically significant accumulation of morphine glucuro-
nides have been clearly observed in patients with renal
insufficiency (106). Accordingly, in these patients, morphine
should be changed to opioids less affected by renal clearance
(i.e., fentanyl or hydromorphone).

Meperidine is converted to a neurotoxic metabolite,
normeperidine (as described earlier). It has long elimination
half-life and can induce myoclonus and refractory general-
ized seizures. Meperidine should be used with caution
even in patients with normal renal function, and completely
avoided in all cases of renal insufficiency.

The effects of midazolam are enhanced in patients
with hepatic or renal failure because of elevated unbound
fraction of the drug (107). Furthermore, its plasma clearance
is markedly decreased in patients with liver failure.
Accumulation of renally excreted midazolam metabolites
can result in prolonged sedation and coma (108). Even in
healthy patients, midazolam tends to accumulate in the
tissues, and after infusion longer than 48 to 72 hours, the
time to awakening and extubation becomes prolonged and
unpredictable (as described earlier).

Diazepam and its main active metabolite, desmethyl-
diazepam, tends to accumulate in all patients, resulting in
prolonged and unpredictable sedation. In the presence of
liver or kidney dysfunction, the ability to predict the
effects and duration of action of diazepam is further dimin-
ished. For this reason, diazepam, which is rarely used in
critical care, should never be used for sedation of patients
with hepatic or renal insufficiency.

Use of propofol and fentanyl are generally the best
choices of sedation and analgesia in patients with organ
failure. Clearance of these short-acting drugs appears to be
unaffected by hepatic or renal dysfunction, and their princi-
pal metabolic products are inactive. Clearance of dexmede-
tomidine, on the other hand, is impaired in the presence of
liver and kidney dysfunction. Recent, yet unpublished
studies have shown systemic hypertension and cerebral
vasoconstriction at very high doses. Accordingly, dexmede-
tomidine must be used cautiously when organ dysfunction
could significantly increase blood levels.

Drug Addiction, Dependence, and Tolerance
All opioid analgesics bear an inherent risk of developing tol-
erance, dependence, and addiction. In the acute trauma
and critically ill patients, presence or suspicion of opioid
addiction should not preclude aggressive treatment of
pain with opioids. These behavioral and physiological
manifestations of prolonged opioid use can be addressed
and treated during recovery in the hospital or as an outpatient.

Physical dependence to opioids is defined by the
development of an abstinence (withdrawal) syndrome
when the opioid is discontinued. It is manifested by
anxiety, irritability, chills, hot flashes, joint pain, lacrimation,
rhinorrhea, diaphoresis, nausea and vomiting, abdominal
cramps, diarrhea, and “flu-like” symptoms. Except for the
patients who physiologically cannot tolerate a moderate
increase in sympathetic outflow, opioid withdrawal symp-
toms are self-limiting and not life-threatening. Withdrawal
symptoms can occur after as little as two weeks of opioid
use. These symptoms appear 6 to 12 hours after discontinu-
ing short-acting opioids. With long-acting opioids, the
withdrawal symptoms are usually milder, and their onset

is slower. To prevent these symptoms, opioids should
never be discontinued abruptly, but tapered gradually. Clo-
nidine, in topical or PO forms, is routinely administered to
counteract the symptoms of opioid withdrawal. Similarly,
dexmedetomidine has been recently used to facilitate dis-
continuation of opioids (109).

Opioid addiction, unrelated to drug dependence or
tolerance, is characterized by an aberrant behavior and
psychological dependence. Addicted patients crave,
request, and consume opioids to satisfy the emotional
urge. In the presence of severe acute pain, some patients
may exhibit pseudoaddiction symptoms with behavioral
patterns similar to that in addiction. In contrast to addicted
patients, the pseudoaddicted patients revert to normal beha-
vior once adequate analgesia is achieved, without develop-
ing symptoms of opioid intoxication, such as somnolence
or slurred speech.

Opioid tolerance manifests as a gradually increased
drug requirement to maintain the same level of analgesia.
Tolerance has been shown to develop in laboratory
animals as well as in patients who have undergone surgeries
with even short-term courses of opioids. Younger patients
tend to become opioid tolerant more rapidly than older
adults. The development of tolerance to opioids should be
expected in all critical care patients who receive these
drugs for more than five to seven days. However, other
causes for increased opioid requirement, such as progression
of disease, infection, compartment syndrome, pressure
ulcers, and so on, should always be considered first.

Dependence on benzodiazepines can also develop in
critically ill patients after several weeks of continuous
daily use. Unlike the opioid withdrawal, the abstinence
symptoms after abrupt discontinuation of benzodiazepines
can be life-threatening. Depending on the half-life of the
benzodiazepine, the onset of symptoms usually occurs
within one to two days. The symptoms can range from
mild agitation to generalized seizures and include anxiety,
increased HR and BP, diaphoresis, nausea and vomiting,
and hallucinations. These symptoms are typically treated
with administration of benzodiazepines, followed by a
gradual taper.

Age-Related Considerations
Pediatric Patients
Children, including infants and neonates, are susceptible to
the complications of the pain-induced stress response (79).
Accordingly, adequate analgesia and sedation can suppress
physiological responses to noxious stimuli, thereby improv-
ing postoperative recovery (110,111). Assessment of pain in
children may be difficult, particularly in the critically ill.
Physiological responses, parental interpretations, and facial
expression interpretation scales can be helpful in assessing
pain (as described earlier) (112).

Opioids such as fentanyl, morphine, and hydromor-
phone are usually the primary analgesics in treatment of
moderate or severe pain in children. In addition to their
analgesic properties, opioids can be even more effective
than benzodiazepines for sedation of infants and neonates.
Ketamine is used for sedation and analgesia in patients
with bronchospasm or who are hemodynamically unstable.
In patients with adequately controlled pain, sedation and
amnesia can be achieved with bolus injection or continuous
infusion of midazolam. Pentobarbital and other barbiturates
can be effective, but benzodiazepines and opioids are
usually more suitable to the provision of adequate sedation.

Chapter 5: Analgesia and Sedation for Trauma and Critical Care 97



Chloral hydrate, a CNS depressant, is still available in PO
and PR forms, but is rarely used because of serious side
effects and toxicity (113). These include severe respiratory
depression and low blood pressure, cardiac dysrhythmias,
and liver damage.

Propofol is an effective sedative in children and can be
safely used short-term for procedures and in critical care
(114). However, safety of propofol for prolonged sedation
in children remains undetermined. In addition to cardiovas-
cular and respiratory depression, propofol use has been
associated with numerous reports of rare but sometimes
fatal “pediatric propofol infusion syndrome” (PRIS). This
syndrome is the constellation of metabolic acidosis, cardiac
and renal failure, and rhabdomyolysis. Although PRIS
occurs primarily after prolonged (.48 hours) infusion of
propofol, metabolic acidosis has been reported even after
short periods of infusion (115). Exact mechanism of PRIS is
unknown, but it may be related to the impairment of intra-
cellular free fatty acid utilization (116). In children, doses
of propofol exceeding 4 mg/kg/hr should generally be
avoided. Experience with dexmedetomidine in children is
still limited, but numerous reports describe successful seda-
tion with this drug in pediatric critical care and anesthesia
(109,117,118).

Elderly Patients
Although the age-related changes in the pharmacokinetic
properties of drugs are not well defined, and can be
gradual and unpredictable (119), the elderly often require
reduced doses of sedatives and analgesics. Sedative effects
of midazolam increase in intensity and duration with age.
Indeed, it exhibits a twofold increase in the half-life
between ages 20 and 80 (120). The elderly are also more sus-
ceptible than younger adults to the adverse side effects of
benzodiazepines and often exhibit dizziness, confusion,
hallucinations, hypothermia, urinary retention and consti-
pation, and urinary or bowel incontinence (40,121). In
general, it is prudent to use half or less the normal adult
dose of the benzodiazepines in the elderly.

Propofol, in general, provides rapid recovery and rela-
tively small propensity for accumulation or tolerance (122);
however, in the elderly, clearance of this drug is decreased
and its sedative effects are more pronounced. Consequently,
the elderly generally require approximately one-half of the
usual adult bolus doses or infusion rates of propofol.

In the elderly, fentanyl and related lipophilic opioids
exhibit twofold potency with respect to analgesia and
sedation, and their doses should be adjusted accordingly
(123). Clearance of morphine and its active metabolites,
M6G and M3G, decreases with age, resulting in increased
apparent potency and risk of toxicity and overdose.
Because of its slower metabolism, morphine is administered
in smaller and less frequent doses in the elderly than in
younger adults.

EYE TO THE FUTURE

The management of pain and anxiety in acute trauma and
critical care is poised for a major transformation with the
clinical introduction of a number of recently discovered
agents, along with the continued developments of monitor-
ing technologies, and refinements in the usage of existing
drugs. Opioids, local anesthetics, and NSAIDs will likely
retain a role in pain management of acute trauma and critical

care, whereas sedative/anxiolytic and antipsychotic drugs
will see major changes. The balance between the increased
cardiovascular risk and the benefit of prevention of GI
bleeding will determine the future of selective COX-2
inhibitors, including the long-anticipated IV form.

Recently, a new variant of COX enzyme, COX-3, has
been described (124). This isoenzyme modulates pain,
inflammatory, and febrile response primarily by a central
mechanism, and is a potential target of future COX-3-
specific inhibitors. Indeed, some existing drugs, including
acetaminophen, exert their analgesic effect primarily by
their inhibition of the COX-3 enzyme.

Expanding knowledge and understanding of pain
mechanisms provides the potential targets for new classes
of analgesics. Such targets include NMDA receptor,
calcium channels, tumor necrosis factora (TNF-a), spinal
mitogen activated protein (MAP) kinase, and genes respon-
sible for sodium channel synthesis. Compounds active at
these sites are currently in various stages of development.
Ziconitide, a calcium channel antagonist, has recently been
introduced as a potent analgesic for intrathecal use. This
peptide, derived from sea-snail venom, has shown strong
analgesic effects in patients with refractory chronic pain.

Interestingly, erythropoietin, a compound involved in
suppression of TNF-a synthesis, has shown promising
analgesic effects in neuropathic pain, and its efficacy and
safety are currently studied in animal models (125).

An isoform of spinal MAP kinase, p38b, is identified
as an important mediator of pain processing and sensitiz-
ation. Down-regulation of p38b in the spinal microglia was
shown to prevent the development of hyperalgesia in rats
who have received injection of formalin or intrathecal sub-
stance P (126). Such down-regulation of p38b has been
demonstrated with intrathecal administration of minocy-
cline, also resulting in blocking inflammation-induced
hyperalgia (127). It appears that minocycline, an antibiotic,
attenuates p38b as part of inhibition of microglia through a
mechanism unrelated to its antibiotic activity.

A novel approach incorporating gene-related pain
therapy has been recently described (128). This approach
targets the synthesis of sensory nerve NaV1.8 sodium
channels that are present in dorsal root ganglia and are
implicated in pathogenesis of neuropathic and inflamma-
tory pain. This in vitro study involved the synthesis of
DNA fragments, designed to transcribe short hairpin
RNA targeting synthesis the sodium channels. The DNA
fragments were then incorporated in the recombinant len-
toviruses. Infecting rat dorsal root ganglia cells expressing
sodium channels with the lentoviruses resulted in a cessa-
tion of production of the sodium channel protein and its
corresponding mRNA. Silencing sodium channel–produ-
cing DNA with internally transcribed RNA is conceptually
attractive, particularly since the role of these sodium chan-
nels in mediating of neuropathic and inflammatory pain
has already been established (129). Safety and efficacy of
this technique in animals and humans is currently under
investigation.

SUMMARY

Treating pain is compassionate, and a new impetus exists for
meticulous and timely analgesia. If pain is treated early,
immediate and long-term psychological and physiological
postinjury complications can be reduced. Addressing
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analgesia is therefore imperative for all trauma and critically
ill patients.

Management of pain and anxiety in the injured gener-
ally follows the path from the least to the more intensive and
invasive approaches. In all situations, the treatment starts
with reassurance, emotional support, and avoidance of
pain-provoking stimuli. Pain is then treated with pharma-
cotherapy. Sedation should be added only after achieving
an adequate foundation of analgesia (Fig. 1). Depending
on the goals and desired results, sedation and treatment of
delirium is a continuum ranging from mild sedation to a
state of unconsciousness.

Most sedatives and opioids suppress respiratory
drive, laryngeal reflexes, and hemodynamics. With vigilance
and close attention to respiratory, neurologic, and cardiovas-
cular parameters, administration of these drugs is per-
formed by gradual titration. Peripheral or neuroaxial
regional analgesic techniques are suitable for some acute
trauma and critical care situations.

Children, the elderly, and those with substance abuse
problems differ from the average adult patients in their
responses to sedatives and analgesics. Like all humans,
these patients exhibit severe stress response to injury and
experience pain and anxiety.

Significant advances, both technical and conceptual,
were made over the past several decades in the management
of pain. However, to this day, opioids remain the mainstay of
management of moderate to severe pain. It is becoming
increasingly apparent that the pain signal is modulated in
the periphery and within the CNS by multiple mechanisms.
Some of these pain-modulating signaling molecules and
receptors may in the future become targets for a new gener-
ation of analgesic drugs.

KEY POINTS

Without compromising cardiopulmonary status, judi-
cious use of analgesics and sedatives can relieve pain,
provide a state of emotional calm, and facilitate the
diagnostic evaluation of trauma patients.
PTSD affects up to 40% of major trauma patients (4,5).
Optimal pain management involves a stepwise logical
approach beginning with the elimination of obvious
painful stimuli (e.g., splinting fractures), ascending to
administration of analgesics prior to introducing seda-
tives or neuroleptic drugs; and, only in rare cases is
deep sedation with NMB required.
There is a general consensus that administration of
analgesia at the earliest possible opportunity will likely
have beneficial effect on the long-term outcome of pati-
ents who sustain tissue injury from trauma or surgery.
Local anesthetics do not work efficiently when injected
in the vicinity of infected tissue.
Among the side effects associated with opioids
(Table 5), respiratory depression, loss of airway, and
hypotension are potentially the most dangerous.
Indeed, fear of respiratory depression is a common
cause of inadequate analgesia in critically ill patients.
Pain stimulates the respiratory drive and counteracts
the sedative effects of opioids. Consequently, patients
on relatively high doses of opioids, who then undergo
regional nerve blockade, can develop acute respiratory
depression because of abrupt abolition of the afferent
pain stimulus.

In long-term benzodiazepine users, and if given in too
large of a dose (rather than titrated as recommended
above), flumazenil can precipitate seizures or other
withdrawal symptoms, including acute onset of
severe anxiety, muscle jerks, and tremors.
The hemodynamically unstable, hemorrhaging trauma
patient is a classic example where ketamine predomi-
nantly exhibits cardiac-depressant effects (45).
The slightly elevated risk of Torsade de Pointes associ-
ated with droperidol, is also present with other antipsy-
chotic drugs including haloperidol.
Intermittent IM injections of drugs, although still
widely practiced, are ill suited for analgesia and seda-
tion in trauma and critical care.
RASS is the first and so far the only sedation measuring tool
that has been validated for its ability to detect changes in
sedation over consecutive days in critical care (55).
Processed electric brain activity monitoring appear to
correlate reasonably well with other sedation assess-
ment methods such as the RASS; however, it remains
unclear whether routine use of this technique improves
the outcomes, and additional studies in acute trauma
and critical care are needed.
Delirium in critical care is exceedingly common, with
an estimated incidence between 60% and 80% (69–71).
Nitrous oxide (N2O) is not recommended in the acute
trauma setting.
In ED and TRS, as in the prehospital setting, analgesics
and sedatives are withheld until oxygen is adminis-
tered, functioning IV is placed, O2 saturation is moni-
tored, and the patient demonstrates cardiopulmonary
stability after the initial ABCDEs of the primary survey.
Hypovolemic shock and/or TBI need to be immediately
ruled out in all combative patients, because prompt and
successful management of these problems can mark-
edly improve outcomes.
Managing deeply sedated patients can be easier than
those who are slightly sedated; however, deep sedation
carries multiple risks, including delayed awakening,
ventilator-associated pneumonia, postsedation delir-
ium, muscle wasting, and pressure sores (85).
In therapeutic doses, dexmedetomidine does not sup-
press respiratory drive or airway reflexes, making it a
very useful drug during weaning to extubation, par-
ticularly in cases where airway or breathing are
subject to compromise (e.g., obesity, sleep apnea, and
thoracic cage trauma).
In general, thoracic regional analgesia should be con-
sidered in patients who are at risk of respiratory
failure because of severe chest wall motion-related
pain. Conversely, regional analgesia techniques
should not be used in patients whose pain can be ade-
quately controlled with systemic analgesics.
Titration of all sedatives and analgesics requires
increased vigilance because protein-bound drugs
often have increased bioavailability in the characteristi-
cally hypoalbuminemic burn patients (104).
In the acute trauma and critically ill patients, presence
or suspicion of opioid addiction should not preclude
aggressive treatment of pain with opioids.
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INTRODUCTION

Neuromuscular blockade (NMB) use in trauma and critical
care presents several unique challenges. First and foremost
is its interference with the ability to repeatedly evaluate
the neurological status of patients, both during initial resus-
citation and later in the intensive care unit (ICU). Second,
altered renal and hepatic function changes the pharmaco-
kinetic and pharmacodynamic profiles of many NMB
drugs. Third, some patients requiring prolonged adminis-
tration of NMBs during their ICU stay, increase their risk
of postparalytic syndrome. Fourth, critical illness polyneuro-
pathy (CIP) and steroid-related myopathy are additional
complications that may compound the issue of prolonged
weakness. Finally, the emergent nature of severe traumatic
injuries further complicate the situation (especially head
trauma), as incomplete information about the patient’s pre-
injury neurological status or other underlying medical con-
ditions, may be unavailable to guide the proper use of
sedatives and NMBs (1–8).

In an ideal situation, appropriate sedation allows
patients to remain in a calm, communicative state during
their ICU stay, and illness does not become so severe
that prolonged NMB use is required. However, the reality
is different when one is dealing with head trauma
and critically ill patients with multiple organ dysfunction
syndrome (MODS). Treatable causes of agitation and
confusion (e.g., meningitis or other systemic infections,
hypoxia, pain, drug or alcohol withdrawal, and cerebral
vascular events) should be investigated before sedation
and high-dose analgesia is administered (9). Similarly,
analgesia and sedation should be administered prior
to the use of NMB drugs. Furthermore, paralyzed patients
may be able to process external auditory and tactile
stimuli since NMB drugs are devoid of sedative, amnestic,
or analgesic activity. Hence, once hemodynamically
stable, all patients receiving NMB drugs must receive seda-
tive, amnestic, and analgesic drugs to prevent recall and
discomfort (10–12).

This chapter will review the clinically relevant history,
physiology, and pharmacology of the NMB drugs com-
monly employed in trauma and critical care. This review
will also discuss reversal agents, interactions caused by
various disease states and other drugs, as well as the
specific indications for NMB use and monitoring tech-
niques. Finally, the chapter reviews the complications of
prolonged blockade, CIP, and steroid-related myopathy.
The eye to the future focuses upon improving drugs and
monitoring and limiting the complications.

HISTORYOF NEUROMUSCULAR BLOCKING DRUGS

As early as the 15th century, immediately following the
explorations of Columbus, stories began to circulate
through Europe of South American Indian tribes who used
poisoned arrows. The preparation and use of the poisonous
agent called curare (or Woorari), which probably meant
“bird killer,” was described by Peter Martyr, the royal
chronicler for Spain following expeditions to Venezuela in
a book entitled De Orbe Novo (13).

However, it was the noted geographer, Alexander von
Humboldt (1807), who provided the first reliable eye witness
accounts of the actual preparation of curare by South
American natives. The concoction included the bark of
Strychnos toxifera or S. guianensis, and especially Chondrodendron
tomentosum. Other plant additives and, in some cases, venom
from snakes or ants were also used depending upon the
specific South American tribe making the curare (explaining
the disparity in ingredients reported from various sources).
The entire mixture was simmered in water for a couple
days and condensed into a viscous resin. Dart tips were
then dipped into the curare and fired through blowguns at
small prey.

In 1811, Sir Benjamin Bodie discovered that during
curare intoxication, the heart continues to beat even after
breathing stops. By 1845, Claude Bernard had traced the
action of curare to the neuromuscular junction (NMJ), by
demonstrating that both neural conduction and direct mus-
cular response were intact in the curarized frog. The work of
Bernard and others led us to our current understanding of
the structure and function of the NMJ. The nervous system
innervates skeletal muscle to produce movement. Muscle
depolarization results from a single action potential, which
causes a brief contraction followed by relaxation. This
response is called a muscle twitch (14).

However, curare’s potential use as a medicinal agent
was not realized until the 19th century. The first recorded
clinical use of curare as a muscle relaxant during surgery
occurred in Leipzig, Germany, in 1912, when a surgeon
used it to facilitate abdominal closure (15). Curare was
used by both American and English anesthetists in 1941–
1943 with growing confidence and understanding about its
dosing and side effects as it was beginning to be considered
safe (16,17).

By 1946, one publication described a series of 1000
anesthetized patients where d-tubocurare (dTc) was used
as a muscle relaxant (18). The authors of that publication
described the intentional use of paralytic doses of dTc in
conjunction with adjuvants to provide unconsciousness,
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analgesia, and relaxation (the components of a balanced anes-
thetic). However, a decade later, Beecher and Todd (19) report
a sixfold increase in mortality of patients who had received an
NMB. The increased mortality resulted from administering
dTc to sicker patients and more widespread use by those
who were less familiar with its pharmacology and reversal
considerations. Additionally, the early anesthesiologists
maintained spontaneous ventilation in their patients during
curare anesthetics, further increasing the complexity of
management and risk of complications.

During the last 60 years, a number of newer NMB
drugs have been introduced to clinical practice. In addition,
improved understanding of the prejunctional and postjunc-
tional effects of drugs has helped explain some of the differ-
ences recognized between the benzylisoquinolinium and
steroidal drugs, and explains the synergism produced
when used together.

Better understanding of the limitations as well as
the more sophisticated use of twitch monitors (e.g., post-
tetanic fade, and double burst technologies) has increased
safety. A supershort onset-drug (rapicuronium) has come
and gone from clinical use due to its significant histamine
release-related complications. Conversely, two long-acting
drugs, doxacurnium (a benzylisoquinolinium) and pipercur-
onium (a steroidal drug), have come and gone due to com-
plications related to their excessively long duration of action.

Another newer drug (rocuronium) has filled a particu-
larly important niche in emergency trauma airway manage-
ment; and another newer NMB drug (cisatracurium) has
special properties of value in critically ill patients suffering
from hepatic and renal failure requiring short term NMB in
the ICU and OR. These and other clinically relevant NMB
drugs are reviewed in subsequent sections of this chapter.

PHYSIOLOGYOF THE NEUROMUSCULAR JUNCTION

The nerve cell, together with the muscle fibers it innervates,
is called the motor unit. The nerve impulse initiated in the
nerve body travels along the axon to the nerve terminal,
which synapses with somewhere between 15 and 1500
muscle fibers (depending upon the function). Muscles
subserving fine movements, such as extraocular muscles,
are richly innervated, with fewer muscle fibers per motor
unit. Whereas, muscles such as the gastrocnemius, which
do not require fine control, are less intensively innervated
(i.e., large numbers of muscle fibers per motor unit) (20).

Neuromuscular Junction Anatomy
The NMJ consists of a motor nerve terminal (prejunctional
side) and a motor endplate (postjunctional side), separated
by a synaptic cleft (Fig. 1). The motor end plate is a uniquely
chemosensitive and highly involuted area of muscle mem-
brane located opposite the motor nerve terminal. A gap, or
synaptic cleft (20–50 nm wide), separates the nerve terminal
from the muscle fiber. The neural signal is propagated

along the axon electrically to the nerve terminal, but cross-
ing the synapse requires the chemical messenger acetyl-
choline (ACh). Electrical transmission then resumes in a
second neuron or in a muscle fiber (in the case of neuromus-
cular transmission).

The Motor Nerve Terminal
The terminal portion of the motor axon is a specialized struc-
ture designed for the production and release of ACh (Fig. 2).

The axon terminal contains subcellular structures involved
with energy production, protein synthesis, as well as
calcium binding and storage. It also synthesizes choline
and acetate to form ACh. This reaction is catalyzed by the
enzyme acetyltransferase. Choline is also recycled (as
described below). ACh is the chemical messenger (a qua-
ternary ammonium compound) for neural communication
at several locations besides the NMJ, including some
central nervous system pathways, the autonomic ganglia,
all postganglionic parasympathetic nerve endings, and a few
postganglionic sympathetic nerve endings (see Volume 2,
Chapter 1) (21).

When an electrical impulse arrives at the nerve term-
inal of the NMJ, approximately 200 to 400 synaptic vesicles
(SV) fuse with the nerve cell membrane after a calcium-
calmodulin-mediated activation of the SV–SNARE complex
triggers docking and priming. Soon after fusion, the ACh
molecules are released into the synaptic cleft by exocytosis
(Fig. 2). Calcium is required for the process and magnesium
inhibits it. Each SV (or quanta) contains 5000 to 10,000
molecules of ACh, which diffuse across the synaptic
cleft and bind with nicotinic ACh receptors (nAChRs)
on the motor end plate of the muscle fiber, triggering a
conformational change in the receptor allowing entry of
sodium and the propagation of an action potential in the
muscle.

In the absence of nerve stimulation, quanta are spon-
taneously released at random. These result in small depolariz-
ations of the motor end plate known as miniature end-plate
potentials (MEPPs). Although MEPPs can be recorded, they
are not strong enough to allow any significant Naþ entry and
thus do not cause firing of the muscle cell.

Postjunctional Acetylcholine Receptor
Each nAChR is a protein complex made up of five subunits:
two alpha, one beta, one gamma, and one delta (Fig. 3).
These subunits form a transmembrane pore, as well as

Figure 1 Neuromuscular junction anatomy. The nerve terminal

is separated from the motor end plate by a synaptic cleft (or gap)

approximately 20–50 nm wide. ACh is present in vesicles of the

axon for release in response to nerve impulses. ACh diffuses across

the synaptic cleft and binds to receptors concentrated on the JF of

the skeletal muscle endplate. Acetylcholinesterase is present in the

JF to facilitate rapid hydrolysis of ACh. Abbreviations: ACh,

acetylcholine; AChE, acetylcholinesterase; JF, junctional folds;

M, mitochondria; V, vesicles. Source: From Ref. 183.
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binding sites for ACh NMB drugs. The M2 transmembrane-
spanning segment of each subunit lines the cation selective
channel (Fig. 3) (21). The ACh binding sites are located on the
ad and a1 subunits. In the absence of ACh the pore is closed.
Simultaneous binding of two ACh molecules to a nAChR
leads to a conformational change in the three dimensional
shape of the subunits opening the pore (increased permeability
to sodium). If enough nAChR channels are opened (as
occurs when 200–400 quanta of ACh are released into the

synaptic cleft), the resultant change in transmembrane
potential will exceed –50 mV, and an action potential will
be propagated to the entire motor unit, resulting in muscular
contraction (21).

The termination of normal, physiologic depolarization
is caused by diffusion of free ACh from the cleft, unbinding
of ACh from the receptor, and breakdown of the ACh mol-
ecule by fixed acetylcholinesterase (AChE) located in the
invaginations of the motor end plate (Fig. 1). ACh is hydro-
lyzed by AChE to acetate and choline. The choline is reab-
sorbed into the nerve terminal, and in the presence of
cholineacetyltransferanse (CAT) combines with acetyl-CoA
(produced in the axon terminal mitochondria, via the
Kreb’s cycle) to reform ACh, which is then repackaged in
vesicles (Fig. 2). The level of ACh falls below the threshold
required for excitation before the end of the muscle’s

refractory period. Therefore, a single nerve action potential
can elicit only one twitch (20,21).

CLINICAL PHARMACOLOGYOF NEUROMUSCULAR
BLOCKADE DRUGS

The selection of NMB is based upon the clinical situation, the
side effect profile, and cost. The clinical needs during the
routine induction of anesthesia are different than during
emergent intubation, and different still during maintenance
of anesthesia—or during care in the ICU. For routine induc-
tion and intubation, a moderately rapid onset and brief dur-
ation of action are important NMB attributes, whereas in
emergency intubation, an ultra rapidonset and minimal
side effects are critical, while the duration of action is less
important. This is true because in the emergency situation,
waking the patient up and coming back another time

Figure 3 Subunit composition of the nicotinic acetylcholine

receptor (nAChR) in the endplate surface of adult mammalian

muscle. The adult AChR is an intrinsic membrane protein with five

distinct subunits (a2bd1). Each subunit contains four helical

domains labeled M1 to M4. The M2 domain forms the channel

pore. Top: A single a subunit (gray) with its N and C termini on the

extracellular surface of the membrane lipid bilayer (black).

Between the N and C termini, the a subunit forms four helices (M1,

M2, M3, and M4) that span the membrane bilayer. Bottom: The

pentameric structure of the nAChR of adult mammalian muscle.

The N termini of two subunits cooperate to form two distinct

binding pockets for acetylcholine. These pockets occur at the 1–a

and the d–a subunit interface. The M2 membrane spanning

domain of each subunit lines the ion channel. The doubly liganded

ion channel has equal permeability to Naþ and Kþ; Ca2þ

contributes approximately 2.5% to the total permeability.

Abbreviations: Ach, acetylcholine; AChE, acetylcholinesterase;

ATP, adenosine triphosphate; CAT, choline acetyltransferase;

CoA, coenzyme A; PK, protein kinase. Source: From Ref. 21.

Figure 2 Motor nerve terminal. Schematic depiction of the

synaptic vesicle exocytosis–endocytosis cycle. After an action

potential and Ca2þ influx, phosphorylation of synapsin is activated

by calcium-calmodulin activated protein kinases I and II. This

results in the mobilization of synaptic vesicles (SVs) from the

cytomatrix toward the plasma membrane. The formation of the

complex is an essential step for the docking process. After fusion of

SVs with the presynaptic plasma membrane, acetylcholine (ACh)

is released into the synaptic cleft. Some of the released ACh

molecules bind to the nicotinic ACh receptors on the postsynaptic

membrane, while the rest is rapidly hydrolyzed by the acetyl-

cholinesterase present in the synaptic cleft forming choline and

acetate. Choline is recycled into the terminal by a high-affinity

uptake system, making it available for the resynthesis of ACh.

Exocytosis is followed by endocytosis in a process dependent on

the formation of a clathrin coat and of action of dynamin. After

recovering of SV membrane, the coated vesicle uncoats and

another cycle starts again. Source: From Ref. 21.
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to attempt intubation is almost never an option. For
maintenance of NMB, facilitated paralysis (e.g., during
anesthesia and in the ICU), reliability of duration, affordabil-
ity and minimized side effects are the most important
characteristics (22,23).

The NMB drugs can be classified in one of three
common ways (Table 1): (i) according to the type of block
produced (i.e., depolarizing vs. nondepolarizing), (ii) based
upon the duration of action (i.e., ultrashort, short, intermedi-
ate, long), and (iii) in relation to the molecular structure (i.e.,
ACh-like, benzylisoquinolinium compound, or aminoster-
oid compound) (22–24). In this review, drugs will be orga-
nized into depolarizing (chiefly succinylcholine) and
nondepolarizing (all the rest). The molecular structure
does have certain clinical impacts, and will be referred to
where appropriate (22).

Depolarizing Drugs (Succinylcholine)
The only depolarizing NMB drug in current clinical use is
succinylcholine, which acts as an ACh analog binding to
the nicotinic cholinergic receptors, initially causing depolari-
zation. The blockade that ensues results from the slow
hydrolysis of succinylcholine by AChE (relative to the
rapid hydrolysis of ACh) and, consequently, repolarization
is delayed until the succinylcholine is hydrolyzed. This
results in a brief period of repetitive depolarizations of
various motor units, often manifested by transient muscular
fasiculations (25), particularly in the hands, feet, and face
(26). This “fasciculation” phase is transient and followed
by blockade of neuromuscular transmission and flaccid
paralysis (25). Succinylcholine has a sufficiently rapid onset
(45 to 60 seconds) to allow endotracheal intubation within
60 seconds and remains the NMB drug of choice for rapid-
sequence induction (RSI), unless contraindicated due to its
many known side effects (27).

Succinylcholine is administered in doses of 1–1.5 mg/
kg intravenously. The duration of NMB due to succinylcho-
line is typically three to five minutes (28). However, some
patients (who may be otherwise healthy or suffering from
certain medical conditions in which plasma cholinesterase
levels are depressed) can experience a prolonged duration
of action. Decreased quantity or quality of plasma cholin-
esterase results in a prolonged duration of NMB due to suc-

cinylcholine. Pregnant patients, and those with impaired
hepatic function, have depressed plasma levels of pseudo-
cholinesterase; others may have congenitally abnormal
pseudocholinesterase activity, both situations resulting in
prolonged drug effect when succinlycholine is administered
(Fig. 4) (18,28,29). These patients will have a prolonged

duration of action of other drugs dependent upon pseudo-
cholinesterase for metabolism (e.g., mivicurium). Table 2
lists conditions that can cause decreased or increased activity
of plasma cholinesterases.

In the ICU setting, succinylcholine is not used as a con-
tinuous infusion. Rather, it is utilized for rapid-sequence intu-
bation (RSI) only, in order to achieve rapid paralysis and
facilitate intubation of the airway in patients at increased
risk for regurgitation of gastric contents. Succinylcholine
has a number of cardiac side effects including sinus bradycar-
dia, junctional rhythms, or even sinus arrest due to the
concomitant binding to cardiac muscarinic receptors. These
effects are more prominent in younger patients, and after
administration of a second dose of the drug very soon
(within minutes) after the first dose (21). The administration
of succinylcholine ordinarily results in a small rise in
serum Kþ concentration (0.5–1 mEq/L) because of muscle
depolarization and potassium release.

In patients with denervated muscle, particularly
following upper motor neuron injury or following muscle
injury (burns, massive trauma), serum Kþ levels can
increase by as much as 85% following succinylcholine

administration (30), resulting in peaked T waves, widened
QRS complexes, loss of P waves, and occasionally, ventri-
cular fibrillation and cardiac arrest. The therapy for
succinylcholine-induced hyperkalemic ventricular fibrilla-
tion and arrest includes: (i) immediate institution of

Table 1 Classification of Neuromuscular Blockade Drugs

Drug Type of block Duration Structure

Succinylcholine

Atracurium

Cisatracurium

Mivacurium

Doxacuriuma

Depolarizing

Nondepolarizing

Nondepolarizing

Nondepolarizing

Nondepolarizing

Ultrashort

Short

Intermediate

Short

Long

ACh-like

Benzylisoquinolinium

Benzylisoquinolinium

Benzylisoquinolinium

Benzylisoquinolinium

Pancuronium Nondepolarizing Long Aminosteroid

Vecuromium Nondepolarizing Intermediate Aminosteroid

Rocuronium Nondepolarizing Intermediate-long Aminosteroid

Pipecuroniuma Nondepolarizing Long Aminosteroid

aNo longer available clinically in United States.

Figure 4 Correlation between the duration of succinylcholine

neuromuscular blockade and butyrylcholinesterase activity. The

normal range of activity lies between the arrows. Source: Modified

From Ref. 184.
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cardiopulmonary resuscitation (CPR), (ii) administration of
calcium chloride (to stabilize the membrane), (iii) alkaliniza-
tion by hyperventilation and NaHCO3 administration (to
decrease the [Kþ]), (iv) concomitant administration of
glucose and insulin (to drive Kþ into cells), (v) b-agonist
administration (to stimulate the Naþ/Kþ ATPase), (vi) Furo-
semide to promote diuresis and Kþ loss, and (vii) treatments
using Kþ binding resins (e.g., kayexylate) administered via
the GI tract are not efficacious acutely, but can help decrease
serum [Kþ] over time. CPR must continue until potassium
levels have returned toward baseline. Cardioversion will
not be effective until the serum [Kþ] is decreased towards
normal and the membrane stabilized by specific treatment
(i.e., ionized calcium administration), all of which should
occur concomitantly with CPR (Table 3).

The exaggerated potassium release seen with dener-
vated, traumatized, or debilitated muscles is related to the

proliferation of extrajunctional cholinergic receptors and
the resultant increase in Kþ release following succinylcholine
administration (31). Because of the delay between injury and
receptor synthesis, patients can be given succinylcholine
safely 72 hours after acute upper motor neuron injury,
and/or 24 to 48 hours following major burns (32). The risk
of potassium release has been shown to persist for as long
as two years after injury in some cases, and should be pre-
sumed to be present in any patient with persistent denerva-
tion. Further discussions of succinylcholine-induced
hyperkalemia resulting from neurologic injury and burns
are found in Volume 1, Chapters 23 and 34, respectively.

Succincylcholine has a number of other side effects
resulting in several relative contraindications for its use. A
number of studies have shown increases in intracranial,
intraocular, and intragastric pressure after administration
of succinylcholine. It can also act as a trigger for malignant
hyperthermia, and can cause myoglobinuria, trismus, and
phase II block (a complex phenomenon resulting in NMJ
dysfunction following prolonged exposure to depolarizing
agents).

Nondepolarizing Drugs
Nondepolarizing NMB agents competitively inhibit the action
of ACh at the NMJ through one of three mechanisms: (i)
binding to nicotinic cholinergic receptors and preventing the
conformational change that allows passage of sodium ions;
(ii) physical obstruction of the channel, preventing passage
of sodium; and (iii) presynaptic inhibition of ACh release
(minimal clinical significance) (21). The nondepolarizing
agents are all derived from one of two chemical groups, ben-
zylisoquinoliniums and aminosteroids (Tables 1 and 4).
The benzylisoquinolinium class of NMB drugs are character-
ized by the following main attributes: high potency, lack of
vagolytic effect, propensity for histamine release (except
for cisatricurium), and novel methods of degradation, for
example, Hoffmann elimination (atricurium and cisatricur-
ium) and enzyme-catalyzed ester hydrolysis (mivicurium).
The oldest member of this class, dTc, also has a ganglion
blockade effect, which may add to the hypotensive effect
resulting from histamine release. Metocurine also has a

Table 3 Specific Therapy for Hyperkalemia

Drug Dose/delivery Rationale/comments

Calcium chloride 250–1000 mg

IV push

Does not actually decrease [Kþ]. Vitally important, however,

and should be employed immediately to stabilize the

myocardial membrane (separates the resting membrane

potential from the threshold potential)

NaHCO3 1–2 mEq/1 kg

IV push

Alkalanization helps drive Kþ back into cells. Hyperventilation

should also be employed, especially in the first 5–10 min

Epinephrine 0.1–0.2 mEq/kg/min

IV drip

b-agonists increase the Naþ/Kþ ATPase which brings Kþ into

cells, while moving Naþ out

Lasixw (furosemide) 10–40 mg

IV push

Lasix helps promote Kþ loss in the urine. Slow (takes minutes

to hours to work)

Glucose and insulin Administer 1 AmpD50 and begin

D5W drop; then administer 5

units of regular insulin

Insulin and glucose will drive Kþ into cells. The D50

administration and D5W drop should be started prior to

insulin administration, unless patient has a known blood

glucose .150 at the time

Kayexalatew (sodium

polystyrene sulfonate)

Depends upon starting [Kþ] Slowest (takes hours or days to work), only indicated if the

patient’s serum [Kþ] was high prior to the succinylcholine

administration

Table 2 Factors Affecting Plasma Cholinesterase Activity

Decreased activity of plasma

cholinesterase

Increased activity of

plasma cholinesterase

Inherited deficiency Obesity, hyperlipidemia

Essential hypertension

Thyrotoxicosis

Nephrosis

Asthma, alcoholism,

schizophrenia

Physiological variance: last

trimester of pregnancy, newborns,

infants

Acquired causes: liver diseases

(acute hepatitis, hepatic meta-

stasis), hyperpyrexia, myocardial

infarction, acute infections, carci-

nomas, uremia, malnutrition,

chronic debilitating diseases,

burns, epilepsy

Iatrogenic causes: radiation therapy,

anticancer therapy, MAO inhibi-

tors, neostigmine, esmolol, orga-

nophosphorus insecticides

Abbreviation: MAO, monaminoxidase.
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ganglion blockade effect, but weaker than dTc. Both DTc and
metocurine are more precisely categorized as isoquinoli-
nium drugs, and are no longer available in the United
States. None of the benzylisoquinolinium drugs have a clini-
cally significant ganglionic blockade effect.

Modifications of the steroidal nucleus of androstane
resulted in potent synthetic NMBs, of which pancuronium
was the first synthesized. Later, pipercuronium, vecuro-
nium, rocuronium, and rapicuronium were synthesized.
Renal excretion, elimination in the bile, and metabolism
are all important characteristics of the steroidal NMBs.
Uptake by the liver is more important for the intermediate-
acting vecurunium and rocuronium, than for the longer-
acting pancuronium and pipercuronium.

The onset of action of the nondepolarizing agents is
dose dependent; as the dose is increased, the time to attain
adequate intubating conditions is shortened (27). They
produce a depression of evoked twitch amplitude, and
they result in frequency-dependent suppression of neuro-
muscular transmission, which manifests either in tetanic
fade or in train-of-four (TOF) fade (33). Metabolism of each
nondepolarizing agent varies from drug to drug (34).

The use of muscle relaxants in ICU patients has
increased significantly over the last 15 years, in large part
because of their record of safe intraoperative use.
However, it has become increasingly recognized that the
long-term administration results in pharmacokinetics and
side effect profiles are quite different from those found in
the operating room (OR). A survey indicates that the NMB
agents have been used in a variety of practices like bolus
administration and continuous infusion with and without
monitoring of degree of NMB (26). We will discuss the
commonly used drugs in ICU in detail.

Rocuronium
Rocuronium is less potent than its predecessor steroidal NMBs
but has a more rapid onset of action. Rocuronium is mainly
used as an NMB during RSI in patients with contraindica-
tions to succinylcholine [e.g., burns, upper motor neuron
injury, chronic bedrest (>30 days), and history of malignant
hyperthermia, etc.]. Rocuronium in a dose of 1.2 mg/Kg
provides intubating conditions at 60 seconds, which are
similar to that produced by succinylcholine (Table 4) (35).

Although it may cause mild vagolysis, it does not character-
istically cause any significant hemodynamic perturbation.
Rocuronium is hepatically metabolized and renally excreted.
It is rarely used in ICU as a maintenance infusion NMB
drug because of the availability of less expensive alterna-
tives, for example, pancuronium and vecuronium. Closely
related rapicuronium has the most rapid onset, but was
never useful clinically in trauma or other RSI situations
due to its propensity for significant histamine release and
subsequent hypotension. Rapicuronium is no longer avail-
able clinically.

Vecuronium
Vecuronium is an intermediate-acting NMB drug, initially
used during surgical anesthesia. Vecuronium has now
come into widespread use in the ICU because of its negli-
gible hemodynamic side effects and affordability, having
become generic a decade ago. Vecuronium is an aminoster-
oid NMB drug produced by demethylation of the pancuro-
nium molecule, with which it is roughly equipotent.
Vecuronium undergoes spontaneous deacetylation in the
liver to three metabolites with varying degrees of activity.

The main vecuronium metabolite, 3,17-dihydroxyvecuro-

nium, has only 2% of the activity of the parent compound,
whereas the 3-hydroxy derivative has 60% of the activity
of the parent compound, and is excreted renally. The
half-life of vecuronium is moderately prolonged in both
renal and hepatic failure. This effect is typically
negligible after short-term use, but can become more
significant with prolonged administration as in the ICU
setting (36).

Pancuronium
Pancuronium is the first synthesized aminosteroid NMB drug
with a 40-year history of clinical use. It is excreted primarily as
an unchanged drug by the kidneys, although biliary excretion
of unchanged drugs also occurs (13). Minimal metabolism in
the liver produces an active 3-hydroxy metabolite with
roughly one-half the activity of the parent compound. The
3-hydroxy metabolite is excreted equally in the kidney and
bile. Because pancuronium and its metabolites are
mainly (70%) excreted in the urine, a prolonged duration

Table 4 Infusion Dosing Recommendations for Intensive Care Unit and Routes of Elimination for Neuromuscular Blockade Agents

Structural classification Relaxant

ETT bolus dose,

mg/kg

ICU continuous

infusion (usual range) Routes of elimination

Depolarizing Succinylcholine 1–2 — Plasma cholinesterase

Nondepolarizing

Benzylisoquinolinium Mivacurium

Atracurium

Cisatracurium

Tubocurarine

0.15–0.25

0.3–0.5

0.15–0.2

0.25–0.5

every 2–3 hrs

4 mcg/kg/min (4–20)

11–13 mcg/kg/min (4.5–29.5)

3 mcg/kg/min (0.5–10.2)

Not recommended

Plasma cholinesterase

Ester hydrolysis and

Hoffmann elimination

Hoffmann elimination

Primarily renal, some biliary

Aminosteroid Rocuronium

Vecuronium

Pancuronium

0.6 (elective)

1.2 (RSI)

0.1

0.03–0

10–12 mcg/kg/min (4–16)

1 mcg/kg/min (0.8–1.2)

1 mcg/kg/min (1–2)

Primarily hepatic, some renal

Biliary and hepatic;

active metabolite (3-desacetyl)

Primarily renal, some biliary

Abbreviations: ETT, endotracheal tube/induction; ICU, intensive care unit; RSI, rapid sequence intubation/induction (when speed of onset is critical).
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of action occurs in renal failure. Pancuronium has
a vagolytic effect, which may cause tachycardia, and rarely
mild hypertension (22,24). Pancuronium should be avoided
in patients who cannot tolerate the vagolytic mediated increase
in heart rate (e.g., severe coronary artery disease, severe aortic
stenosis, severe mitral stenosis). Conversely, clinically signifi-
cant bradycardia is occasionally seen after cessation of pro-
longed pancuronium infusion. For all other patients,
especially the typical young, previously healthy trauma
victim, the inexpensive pancuronium appears to be a suitable
drug for prolonged NMB infusion in the ICU.

Atracurium
Atracurium is a short, acting benzylisoquinolinium NMB; this
bis-quarternary nitrogen compound was designed to be inde-
pendent of hepatic and renal elimination. Its metabolism (and
offset) depends upon two mechanisms: the first is known as
Hoffmann elimination, the nonenzymatic, chemical degra-
dation of quarternary ammonium salts; the second, and prob-
ably more important, is the nonspecific ester hydrolysis
occuring in plasma and tissue. Atracurium is relatively
stable at pH 3.0 and 48C, but becomes unstable when injected
into the warm bloodstream. There are several metabolites of
atracurium, one of which (laudanosine), has been shown to
cause seizures in dogs when given in very high doses. Lauda-
nosine is very unlikely to be of any significance in humans, as
the atracurium dose given to the dogs was far higher than
used clinically. Laudanosine does not have any muscle relax-
ant properties but it does have neuroexcitatory properties.
Laudanosine is excreted by the kidneys and may accumulate
in patients with renal failure. The accumulation of laudano-
sine in human subjects can theoretically result in excessive
neural stimulation and seizures. However, despite two
decades of clinical use, there has never been a single docu-
mented occurrence of atracurium-induced seizures in
humans. Atracurium has essentially no effects on nicotinic
autonomic receptors or muscarinic cardiac receptors.
However, atracurium administration may lead to vasodilation
and hypotension caused by histamine release, especially
when it is administered rapidly and in large doses (24).

Cisatracurium
Cisatracurium is an intermediate-duration benzylisoquinoli-
nium NMB drug. It is a sterioisomer of atracurium but is
three times as potent per milligram, so less of the drug
is required for an equivalent response. Cisatracurium, like
atracurium, is rapidly inactivated in the plasma via Hoff-
mann degradation (nonenzymatic breakdown at normal
body temperature and pH) and ester hydrolysis (24).

Because its elimination does not depend upon renal or
hepatic function, cisatracurium is often used in patients
with renal and hepatic dysfunction. The amount of lauda-
nosine released after prolonged infusion of cisatracurium is
much less than that compared to atracurium. Cisatracurium
does not cause histamine release, and therefore is not associ-
ated with the bronchospasm, hypotension, and tachycardia
seen with atracurium (37–43). Patients requiring prolonged
NMB infusion will not necessarily benefit from cisatracur-
ium. However, patients with liver and/or renal disease,
especially those who require a complete and prompt
recovery, are likely to benefit from cisatracurium use.

Other Neuromuscular Blockade Drugs
Seldom Used in Critical Care
A number of other NMB agents including mivacurium,
doxacurium, and pipecuronium, have been used in the
operative environment but have not come into widespread
use in the ICU setting. Mivacurium is short acting but
never became popular in the ICU setting, partly due to its
propensity for histamine release. Mivacurium is rapidly
hydralized by plasma cholinesterase (as occurs with succi-
nylcholine), explaining its rather short duration of action
in normal patients.

Mivacurium is useful for procedures such as bronch-
eoscopies in intubated patients, when rapid return of neuro-
logical monitoring status is wanted. Doxacurium and
pipecuroium were never used to any significant extent in
the ICU due to their long durations of action. Both drugs
have been taken off the market due to complications
related to prolonged NMB. Table 4 provides a summary of
the dose and routes of elimination of the NMB drugs com-
monly employed in trauma and critical care.

Pharmacokinetics and Pharmacodynamics
A useful way of distinguishing between pharmacodynamics
and pharmacokinetics is that the former is what drugs do to
patients; the latter is what patients do to drugs. Pharmaco-
kinetics describes the time-dependent fate of a dosage of
drug as it undergoes redistribution, metabolism and
excretion. Because all NMBs are polar, highly ionized com-
pounds and therefore very water soluble and fat insoluble,
they have a small volume of distribution (mainly the extra-
cellular fluid unless metabolized). The speed of onset of
drug activity is best described as a function of dose and
volume of distribution, whereas the offset depends on the
method of elimination. The pharmacodynamics of NMBs
are best described using a dose-response curve (Fig. 5) (24).
This curve is determined at steady state (i.e., not during a
period of drug administration or redistribution), and the
effects of the drug are determined at several different doses.
NMBs have a dose-response curve that is sigmoidal in

Figure 5 Schematic representation of a semilogarithmic plot

of muscle relaxant dose versus neuromusucular block. A drug

of high potency would be represented by doxacrium, one of

medium potency by atracurium, and one of low potency by

rocuronium. The graph illustrates that the relative potencies of

the muscle relaxants span a range of approximately two orders

of magnitude. Source: From Ref. 185.
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shape, demonstrating a direct relationship between dose and
response (24). Once the maximal effect is achieved (total
paralysis), no further effect occurs at the NMJ regardless of
the dose.

NEUROMUSCULAR BLOCKADE ANTAGONISTS

The muscle relaxant effects of nonodepolarizing NMB drugs
can be reversed in one of two ways: (i) spontaneously, as
the NMJ and plasma concentrations of the relaxant declines;
or (ii) by pharmacologic reversal with AChE inhibitors (44).

Reversal agents function by raising the concentration
of ACh at the NMJ. This can be achieved by either reducing
the breakdown of ACh (e.g., AChE inhibitors), or by
facilitating greater release of ACh at the nerve terminal
(e.g., aminopyridines). This section focuses mainly on the
effects of anticholinesteases drugs (AChE inhibitors) (24).

AChE inhibitors produce their effects by binding
to, and inhibiting the enzyme (AChE). The resulting increase
in ACh in the synaptic cleft of the NMJ helps the ACh
compete more favorably with NMB drugs for available ACh

receptors. The reversal agents currently in use are neostig-
mine, pyridostigmine, and edrophonium. Neostigmine and
pyridostigmine bind with AChE to form inert enzyme–sub-
strate complexes (44). Edrophonium acts differently. It forms a
reversible electrostatic bond with the enzyme (45,46). Table 5
lists the dosages and other key parameters of the three AChE
inhibitors currently used in clinical practice.

However, AChE inhibitors should only be used when
patients have at least 1 to 2 twitches on TOF, as elicited by the
peripheral nerve stimulator (PNS) described below. In other
words, some receptors must be free for ACh to work. With
,1 twitch, the free ACh does not have an adequate
number of unoccupied receptors to bind with to provide a
return to normal muscle strength. The more intense the
block (the less twitches present), the greater the dose of
reversal drug needed. However, there is no advantage to
giving more than 0.07 mg/kg of neostigmine (the appropri-
ate dose if 1 to 2 twitches are present on TOF). If 3 to 4
twitches are present, neosigmine 0.04 mg/kg is suggested,
or edrophonium 0.05 mg/kg.

An unpredictable response occurs at the NMJ to AChE
inhibitors in the setting of a phase II block. Accordingly,
reversal by AChE inhibitors is not recommended for this cir-
cumstance or for other causes of prolonged blockade follow-
ing succinylcholine administration.

There is a limited role for AChE inhibitors in critical care;
because, in contrast to the OR, there is rarely an urgent need to
reverse NMB in the ICU. However, some situations may arise
when AChE inhibitors are useful (41). Pyridostigmine is
frequently used in myasthenia gravis patients; neostigmine

may be administered to patients with prolonged NMB, such
as when the patient has only one twitch on PNS despite
being many hours since the last NMB dose and a clinical
benefit for early extubation is identified (i.e., following heart
or lung transplantation).

Adverse effects commonly associated with the admin-
istration of AChE inhibitors include cardiac, gastrointestinal
(GI), and respiratory effects, all of which are secondary to
muscarinic stimulation. The cardiovascular effects are of
greatest concern and include bradycardia, heart block,
and cardiac arrest (24). Onset of bradycardia is rapid for
edrophonium (45,46), slower for neostigmine (44), and
slowest for pyridostigmine (47–49). GI side effects include
increased salivary, gastric, and intestinal secretions and
increased intestinal peristalsis (50). To prevent these side
effects, anticholinergic agents such as atropine or glycopyrro-
late are usually administered in conjuction with AChE
inhibitors (44).

Atropine and gylcopyrrolate have muscarinic blocking
effects but exert almost no activity on the nicotinic receptors
(46). In general, atropine is coadministered with edropho-
nium, and glycopyrrolate is given with either neostigmine
or pyridostigmine. Atropine’s more rapid onset of action
closely parallels that of edrophonium, while the less rapid
onset of action of glycopyrrolate more closely matches the
slower onset of neostigmine and pyridostigmine.

DISEASE STATE AND DRUG INTERACTIONS

Changes in disease processes (Table 6) alter drug require-
ments in the ICU patient (12,24). The diseases afflicting
ICU patients may significantly impact NMB drug pharma-
cokinetics. The worsening condition of a patient leading
to multiorgan system failure (including renal failure)
may impact excretion of certain NMBs like pancuronium,
and to a lesser degree vecuronium and rocuronium.

Table 6 Significant Disease State Electrolyte and Acid–Base

Interactions with Neuromuscular Blockade Drugs

Potentiation of NMB Neuromuscular diseases: myasthenia

gravis, Eaton-Lambert syndrome

Electrolyte disturbances: hypermagne-

semia, hyponatrmeia, hypokalemia,

hypocalcemia

Acidosis (conditions that prolong

metabolism): atypical plasma

cholinesterase, renal disease, hepatic

disease

Antagonism of NMB Neuromuscular diseases: hemiparesis

or paraparesis, demyelinating

lesions, peripheral neuropathies

Other: hypercalcemia, alkalosis, burn

injury

Increased risk for

cardiac arrhythmias

or cardiac arrest

with succinylcholine

Acute phase of injury following: major

burns, multiple trauma, spinal cord

injury, extensive denervation of

skeletal muscle, upper motor neuron

injury

Other: hyperkalemia, digitalis toxicity

Abbreviation: NMB, neuromuscular blockade.

Table 5 Acetylcholinesterase Inhibitors

Agents

Dose

(mg/kg)

Onset

(min)

Duration

(min) Elimination

Edrophonium 0.5–1.0 0.5–1.0 50–73 70% renal,

30% hepatic

Neostigmine 0.025–0.075 3.0–7.0 70–82 50% renal,

50% hepatic

Pyridostigmine 0.1–0.3 4.0–12.0 123–137 75% renal,

25% hepatic
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Various electrolytes also have intrinsic effects on
neuromuscular transmission also shown in Table 6.

Other drugs initiated or discontinued during the use
of NMB drugs may have significant interaction with the dur-
ation of blockade (Table 7). Aminoglycoside antibiotics have
synergistic actions with NMB drugs at the NMJ, and can
influence both, the degree and duration of paralysis. They
act by inhibition of presynaptic ACh release and depress
postjunctional sensitivity (51). Anticonvulsants, conversely,
can significantly increase the drug requirement for
NMB drugs; phenytoin therapy has been shown to
increase pancuronium requirements by 80% in neurosurgical
patients (52).

The degree of paralysis should always be closely mon-
itored to confirm adequacy of blockade. Monitoring may
also help to recognize changes in organ function and NMB
drug metabolism or excretion sooner than might be revealed
by intermittent laboratory tests of organ function.

DOSING STRATEGIES

The NMB drugs can be administered by bolus technique as
needed “pro re nata” (PRN), or via a regularly scheduled
regimen, or via a continuous infusion. The PRN bolus tech-
niques are only appropriate for patients who can tolerate

Table 7 Significant Drug Interactions with Neuromuscular Blockade Agents

Drug Clinical effect SUX NDP Management

Antidysrhythmics (e.g., quinidine,

procainamide, lidocaine)

Enhanced NMB activity þ þ Response should be monitored using lowest

dose possible to achieve adequate blockade

Antibiotics (e.g., aminoglycosides,

tetracyclines, polymyxins,

clindamycin, piperacillin)

Potential for prolonged

respiratory depression,

excessive blockade

þ þ Observation for residual effects following

NMB administration

Aprotinin (Trasylolw) Enhanced NMB activity þ Monitor with PNS, use lowest therapeutic dose

Azathioprine (various) Reversal of NMB þ Monitor effects of NMB agent and adjust dose

as needed

Calcium channel blockers

[nicardipine (various);

verapamil (various)]

Enhanced NMB þ þ Monitor effects of NMB agent and adjust dose

as needed

Carbamazepine (various) More rapid recovery time follow-

ing NMB administration

þ Monitor patients for clinical response; may

need higher/more frequent doses of NMB

agent

Corticosteroids Prolonged muscle weakness and

myopathy

þ Minimize duration of coadministration; if

prolonged concomitant use required, allow

NMB-free periods to reduce total dose

administered. Monitor with PNS, use lowest

therapeutic dose

Digoxin (various) Risk of cardiac arrhythmias þ þ Noted specifically with succinylcholine and

pancuronium; cardiac monitoring should be

performed if used concomitantly

Fosphenytoin

(Cerebyxw)

More rapid recovery time follow-

ing NMB administration

þ Monitor patients for clinical response; may

need higher/more frequent doses of NMB

agent

Inhalation anesthetics Enhanced NMB activity þ þ When used concurrently, less NMB is

required. Potentiation is greatest with

enflurane and isoflurane

Lithium Enhanced NMB activity þ Monitor with PNS, use lowest therapeutic dose

Magnesium salts Enhanced NMB activity þ þ Monitor with PNS, use lowest therapeutic dose

Metoclopramide (various) Enhanced NMB activity þ Monitor with PNS, use lowest therapeutic dose

Oral contraceptives

(when taken chronically)

Enhanced NMB activity þ þ Monitor with PNS, use lowest therapeutic dose

Oxytocin (various) Enhanced NMB activity þ Monitor with PNS, use lowest therapeutic dose

Phenytoin (various) More rapid recovery time follow-

ing NMB administration

þ Monitor patients for clinical response; may

need higher/more frequent doses of NMB

agent

Tacrine (Cognexw) Prolongation of NMB activity þ Monitor with PNS, use lowest therapeutic dose

TCAs Risk of ventricular arrhythmias þ Documented in patients receiving chronic

TCAs, who are anesthetized with halothane

and administered pancuronium

Terbutaline (various) Enhanced NMB activity þ Monitor with PNS, use lowest therapeutic dose

Note: þ indicates presence of interaction.

Abbreviations: NDP, nondepolarizing neuromuscular blockade drugs; NMB, neuromuscular blockade; PNS, peripheral nerve stimulator; SUX, succinylcho-

line; TCAs, tricyclic antidepressants.
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intermittent movement in the ICU, without jeopardizing oxy-
genation, intracranial pressure (ICP) elevations, or life-sustain-
ing therapy (e.g., intra-aortic balloon pump, etc.). Scheduled
doses or infusions are best used in patients requiring constant
paralysis. When tolerated, the intermittent lessening of the
degree of NMB and occasional drug holiday may prevent or
ameliorate the up regulation of ACh receptors seen with
long-term blockade (53). Administration of NMB drug by infu-
sion is convenient and minimizes the peak and valley effect
typically seen with intermittent doses. However, if not moni-
tored with PNS twitch monitoring, patients may receive an
overdose of NMB drug. Drugs typically classified as shorter
acting may be longer acting in the presence of organ failure
because of the presence of active metabolites (36). Patients
treated for long periods of time with NMB drugs often
develop tolerance or resistance (54–56). Prolonged immobiliz-
ation, by itself, results in muscle atrophy, enlargement of the
ACh-sensitive area (31,57), receptor proliferation, and resist-
ance to NMB drugs. There are a number of reports of neuropa-
thy, myopathy, or abnormality of the NMJ in ICU patients
treated with steroids and NMB drugs (58,59).

The appropriate dosing strategy varies from patient to
patient, but it is clear that vigilance to prevent overdose,

conservative use of paralytics, and prompt discontinuation
when the drug is no longer necessary are essential. In criti-
cally ill patients, organ function, blood flow, and care-
giving personnel change constantly. The risks inherent in
paralyzing a patient (e.g., ventilator disconnection) are com-
pounded by the duration of paralysis in the ICU.

INDICATIONS FOR NEUROMUSCULAR BLOCKADE
DRUGS IN THE CRITICALLY ILL
Relative Requirements
The relative requirements for NMB drugs (as well as seda-
tion, amnesia, and analgesia) depend upon the admitting
condition, severity of disease, and the intensity of treatment
(60,61). Some form of analgesia is usually required for
patients who have suffered from trauma or have undergone
surgery (see Volume 2, Chapter 5). Opiates provide the foun-
dation as they are useful in relieving pain and provide some
degree of anxiolysis. Benzodiazepines, propofol, or dexme-
ditomidine are useful drugs for minimizing anxiety and agi-
tation. NMB drugs should only be employed when
appropriate use of these drugs alone fails to provide safe
nursing conditions in the ICU (Table 8). We are still searching

Table 8 Indications for Neuromuscular Blockade Drug Use in Critical Care

Indication Comments

ETT placement or ETT change Although intubation is best accomplished with complete paralysis, once the ETT

tube is in place, there is no absolute need for continued NMB drug use.

Facilitate mechanical ventilation in ARDS

patients

NMB drugs are never indicated to facilitate MV in normal patterns (adequate

sedation and analgesia will accomplish this). However, in severe ARDS with stiff

lungs and profound transpulmonary shunt, NMB drugs may be required to allow

certain ventilatory techniques (i.e., prolonged I:E ratio) (also see Volume 2,

Chapters 23, 24, 25, and 27).

Eliminate movement-related increased ICP in

severe TBI

TBI patients with compliant cranial contents and normal ICP do not need, or benefit

from, NMB drug use. However, very tight brains may have exacerbations in ICP

associated with movement, coughing or bucking, and NMB drugs are appropri-

ate, as long as maximum sedation and analgesia has already been employed (also

see Volume 1, Chapter 23 and Volume 2, Chapters 1, 7, and 12).

Reduce V̇O2 and work of breathing in patient with

shock

Temporary use of NMB drugs in this setting is acceptable. However, once the

patient is resuscitated, NMB drugs should be halted, and sedatives should be

titrated to effect.

Tetanus spasms Tetanus spasms are painful, and are best treated with high-dose sedation and

analgesics. However, supplementation with high NMB drugs while administering

the antitoxin and penicillin is acceptable initial management.

Combative patients with severe injuries Brief NMB drug use in this setting is appropriate as long as sedatives are also

employed. Once life-threatening injuries are treated, or ruled out, paralysis

should be discontinued and sedatives titrated to effect.

Following decompression of abdominal compart-

ment syndrome or other surgical procedure

where abdominal fascia is temporarily open

When patients are nursed in the ICU following procedures where the intra-

abdominal contents are edematous, and the fascia is temporarily left open, NMB

drugs are needed to maintain abdominal domain of the contents. However, after

3 to 5 days the fascia should be closed. If unable, then techniques not involving

NMB drugs should be considered.

Abolish shivering;

abolish status epilepticus;

facilitation of hyperventilation

These are relatively nonsubstantiated reasons for NMB drugs. In the case of

shivering, adequate sedation analgesia and warming is usually satisfactory. In

status epilepticus, the patient should receive increasing doses of antiseizure

medications, monitored by EEG (paralysis may dangerously mask seizure

activity). Brief initial hyperventilation to control ICP prior to operative

management is acceptable treatment. However, prophylactic, prolonged

hyperventilation is associated with worse outcomes for TBI and not indicated

(see Volume 1, Chapter 23 and Volume 2, Chapters 1, 12, and 14).

Abbreviations: ARDS, acute respiratory distress syndrome; EEG, electroencephalogram; ETT, endotracheal tube; ICP, intracranial pressure; ICU, intensive

care unit; MV, mechanical ventilation; NMB, neuromuscular blockade; TBI, traumatic brain injury; V̇O2, oxygen consumption.
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for better individual patient factors, which would indicate
the requirements for different drugs. The studies published
so far have tried to identify the needs for various combi-
nations of drugs in ICU patients using three basic
approaches (informed anecdotes, subjective impressions,
and objective assessment).

Informed Anecdote
Informed anecdote is assessment of NMB needs on the basis
of anecdotal experiences of medical and nursing personnel
who have themselves been patients in an ICU before. Most
commonly they reflect pain, anxiety, and disorientation.
The use of NMB drugs causes particular concern.
However, knowledge of the situation, diseases, and drugs
might have influenced their fear and anxieties, causing bias.

Subjective Impressions
Subjective impressions are the recollections of the experi-
ences of patients who have stayed in the ICU. Bion et al.
(62), interviewed 60 patients after their discharge from a
general ICU and found that the most common recollections
were of physical therapy and of the presence of a urinary
catheter (75% of patients recalled these), although these
were not found to be particularly distressing by the majority
of patients. Those who recalled having thirst, pain, or anxiety
most commonly reported this to be an unpleasant experience.

Objective Assessment
Objective assessment occurs when the clinician uses a quan-
tifiable bioassay to determine need and effect of NMB drugs.
Objectively there are very few clinical tests available like the
Glasgow Coma Scale, Visual Analog Scale for assessment of
pain, and Ramsay Sedation Score for assessment of sedation.
Rather, without a quantifiable bioassay, the only clinical end-
point is patient movement. Unfortunately, movement can be
harmful in the few patient conditions that require NMBs
[e.g., high ICP or severe acute respiratory distress syndrome
(ARDS)]. PNSs, a form of bioassay, are used clinically to
guide the titration of NMB drugs.

Neuromuscular blocking drugs should never be
administered without concomitant amnesics, sedatives,
and/or analgesics. Patients too unstable to tolerate tra-
ditional analgesics or sedatives can receive scopolamine until
stable. The administration of sedatives and analgesics also facili-
tates mechanical ventilation by improving patient comfort, sup-
pressing cough-related bucking, and by minimizing responses
to recurrent noxious stimuli such as suctioning (63).

Fentanyl, morphine, and dilaudid are the most com-
monly used parenteral narcotics. These drugs are potent res-
piratory depressants but have little direct effect on the
cardiovascular system when administered as continuous
infusions. These drugs do not increase Cerebral Metabloic
Rate of Oxygen (CMRO2), Cerebral Blood Flow (CBF), or
Intracranial Pressure (ICP) when administered in conven-
tional doses (see Volume 2, Chapter 5).

The past 25 years have witnessed a tremendous
increase in the use of NMB agents in ICUs for a variety of
interventions, paralleling advances in technology such as
newer modes of mechanical ventilation. Along with the
increased use of NMB agents have come reports about
dangerous and costly complications including persistent
paralysis (discussed below) (21,24,26,40,64–71). In addition,
a disconcerting lack of knowledge about NMB agent therapy
has been recognized (40,72–77).

Goal-Directed Indications
Goal-directed indications are those which dictate NMB use to
achieve a specific goal (e.g., minimize perturbations in ICP).
The most common indications for NMB drug use include
those shown in Table 8 and discussed below. Intubation,
control of ICP (Volume 2, Chapter 12), mechanical ventilation
in ARDS patients (Volume 2, Chapters 24, 25, and 27), open
abdominal fascia after damage control surgery (Volume 1,
Chapter 21), release of abdominal compartment syndrome
(Volume 2, Chapter 34), or control of hemodynamically
unstable patients in shock, minimizes O2 consumption
(Volume 2, Chapter 18). Other indications are relative,
and not necessarily based upon strong scientific principles
(e.g., control of seizing or agitated patients), as these patients
typically require sedation not more paralysis (78).

Although NMB drugs are occasionally required to
help control ICP in patients with intracranial hypertension
following traumatic brain injury (TBI), the routine use fol-
lowing TBI is not necessary (76). Chemical paralysis with
minimal movement allowed (T1) (i.e., one twitch response
out of four on a PNS) will mask neurologic deterioration
that would normally be reflected in alteration of the motor
examination. Pupillary changes, one of the few neurologic
assessment tools available during NMB-induced paralysis,
can indicate a cerebral event, but papillary function
can also be altered by certain anticholinergic drugs used
during resuscitation, including atropine and scopolamine
(16). Prolonged absence of the motor examination is never
optimal following TBI and should only be tolerated
in cases of very high ICP requiring NMB and appropriate
sedation (i.e., propofol) or barbiturates-induced coma.

The administration of NMB drugs to minimize airway
pressures in patients with severe oxygenation and venti-
lation failure (e.g., ARDS) and those requiring ventilatory
modes with prolonged Inspiratory : Expiratory (I:E) ratios,
and hypercapnia, is well established. The goals of therapy
here are to decrease peak inspiratory pressure and
improve oxygenation (63).

The administration of NMBs to control movement of
patients with severe hemodynamic instability and compro-
mised oxygen delivery states may also be beneficial
(20,24,79). In shock states, skeletal muscle activity
(e.g., work of breathing), may utilize up to 24% of O2

consumption (58). This increased metabolic demand may
cause ischemia to vulnerable tissues. The administration of
NMB agents may temporarily diminish the excess oxygen
consumption (VO2) allowing improved tissue oxygenation
of at-risk tissue beds (e.g., myocardial emdothelium, or
renal cortex) until medical intervention can intercede.

NMB drugs have occasionally been administered to
control muscle rigidity in tetanus (80,81). Indeed, the contrac-
tures are painful and should be treated with NMB drugs.
However, the mainstay of treatment is tetanus antitoxin (to
neutralize unbound toxin), penicillin (to prevent further
bacterial growth and toxin elaboration), and sedatives and
analgesics to control anxiety and pain.

Occasionally, NMBs are used to facilitate a motionless
state in patients with gaping and unstable surgical incisions
(79). Vascular or reconstructive surgeons may request that a
patient be immobile for 48 hours after a major flap reconstruc-
tion with tenuous vascular anastomosis. Similarly, the use of
NMBs to immobilize severely agitated patients is not rec-
ommended. Indeed, given that sedatives and analgesics are
titrated to effect, maximum doses of sedation and analgesics
do not exist in intubated, mechanically ventilated patients.
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MONITORING OF NEUROMUSCULAR BLOCKADE

A combination of clinical oversight and a peripheral nerve
stimulus monitoring (twitch monitoring) is recommended
whenever patients are given NMB agents in an ICU. The
goals of monitoring are to ensure adequate NMB effect
during the therapeutic administration of the drug, and to
verify full return of NMJ function after the drug is
stopped. The clinical assessment of NMB drugs is dependent
upon observation of muscle movement such as the ability to
open the eyes, extend the tongue, or breathe spontaneously.

The most reliable single clinical measure of return of
NMJ function is ability to head lift for five seconds or

more. However, this measurement requires patient
cooperation and is influenced by sedatives and analgesics.
When patients are capable of performing this task, they cor-
relate with full return of TOF and absence of fade for five
seconds. However, even with this full return of clinical func-
tion, as many as 50% of NMJ receptors may retain blockade.

The most objective measurement of the degree of
blockade in noncooperative or sedated patients is obtained
with the demonstration of sustained tetanus through the
use of a PNS. The PNS was first used to determine neu-
romuscular function during anesthesia in 1958 (82,83).
Twitch monitoring with a PNS is the tool used to measure
receptor occupancy. A supramaximal electrical stimulus (a
stimulus sufficient to recruit all the motor units subserved
by the stimulated nerve) is applied to a nerve and the
motor response is measured. With depolarizing agents, the
response to each stimulus in a series (a TOF successive
stimuli, for example) is diminished equally. With nondepo-
larizing agents, on the other hand, each successive response
is smaller than the previous one, demonstrating “fade” or
fatigue (Fig. 6). The latter response is directly analogous to
the response seen with myasthenia gravis, in which there
is actual loss of ACh receptors, rather than pharmacologic
blockade (21,24).

Technical Aspects of Peripheral Nerve Stimulator Monitoring
The PNS delivers electric current to the nerve through electro-
des, which may be of three types: needle, ball, or pregelled.

Pregelled electrodes, the most commonly used, are self-
adhering, comfortable, and noninvasive. However, the
large surface area of the regular adult electrode may mini-
mize current density and reduce the likelihood of attaining
supramaximal stimulation (84). This potential problem
may be eliminated with use of pediatric electrodes, which
are smaller. The skin underneath the electrodes must be
clean, dry, and hairless. For substantial edema or obesity,
the ball electrode system is a good choice, allowing a
precise location of the electrical stimulus. Needle electrodes
are seldom used in patients with adequate skin coverage;
because, although they provide excellent electrical conduc-
tion, they are uncomfortable and present risks for infection
and nerve displacement (85). However, in burned patients
and those with other exfoliative dermatological conditions,
sterile disposable needle electrodes are commonly
employed.

Several patterns of nerve stimulation are available,
such as single twitch, tetanic stimulation, post-tetanic facili-
tation or potentiation, TOF, and doubleburst. Of these, TOF
is the least painful and most frequently used in ICUs (86).
The PNS should be able to deliver 50–60 mA at all frequen-
cies. However, in lightly sedated patients lower current
should be used. The frequency with which the PNS
impulse is applied depends upon the technique of twitch
monitoring employed. For example, single twitch 0.1–
0.15 Hz, TOF is 2 Hz delivered every 0.5 seconds, and
repeated every 10 seconds, tetanus is typically achieved
with frequencies in the 50–100 Hz range.

Single Stimulus
The single twitch (aka single stimulus) mode involves one
impulse with duration of 0.2 to 0.3 milliseconds. It may be
repeated every 10 seconds and no sooner, to achieve
optimum results, since more frequent stimulation may lead
to ACh depletion, reduction of muscle twitch, and overesti-
mation of blockade (82). A positive response to a single
stimulus is not synonymous with absence of NMB. Muscle
response is still present when 75% of the nicotonic receptors
are occupied by the NMB agents (87). The muscle response
disappears completely when 90% of the receptors have
been occupied (85,88).

Train-of-Four Stimulation
The TOF method involves four electrical stimuli of 2 Hz
delivered to a peripheral nerve at intervals of 0.5 seconds,
repeatable every 10 seconds. Stimulation of the ulnar nerve
with TOF evokes four twitches of the adductor pollicis
muscle (83,89). The adductor pollicis muscle response is
characterized by adduction of the thumb medially across
the palm. In nondepolarizing block, the last thumb adduc-
tion of a TOF disappears first, and the first twitch disappears
last. Blockade is quantified by counting the number of
thumb adductions (90). Four twitches correlates with
�75% receptor blockade. This level of blockade is clinically
manifested by normal expiratory flow rate and vital capacity.
Three twitches indicate a blockade of 80%; two, 85%; and
one, 90%. When all four twitches are absent, 100% receptor
occlusion is assumed to be present (82,83).

Tetanic Stimulation
Also called tetanus, this nerve stimulation test involves
rapid impulses (30, 50, or 100 Hz) delivered to the nerve in
which large amounts of ACh are synthesized, mobilized,
and released. The frequencies most commonly used for

Figure 6 Pattern of electrical stimulation and evoked muscle

responses to train-of-four (TOF) nerve stimulation before and after

injection of nondepolarizing (Non-dep.) and depolarizing (Dep.)

neuromuscular blocking drugs (arrow). Source: From Ref. 186.

Abbreviation: TOF, train-of-four.
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this test (50–100 Hz) when delivered for five seconds, stres-
ses the NMJ to the same extent as a maximal voluntary effort
(82). At these higher frequencies, the duration of the refrac-
tory period is increased, fatigue of the end-plate occurs,
and fade may be elicited due to the decreasing capacity of
ACh to compete with the NMB drug at the postjunctional
receptor (91). Tetanic stimulation may be repeated every
one to two minutes to allow the end-plate to return to a
steady state between stimuli (82). This test is a sensitive
assessment of NMB (88,92). At 100 Hz for five seconds,
fade develops when 50% of the receptors are blocked.
Absence of fade is the best test using the PNS for assuring
that the patient has enough ACh available at the NMJ to tol-
erate extubation of the trachea, and correlates with head lift
for five seconds (Table 9). However, tetanus is painful and
unacceptable to the nonsedated ICU patient (20,83).

Post-tetanic Facilitation or Potentiation
Mobilization and enhanced synthesis of ACh occur during
and immediately after cessation of tetanic stimulation.
There is an increase in the readily releasable fraction of
ACh. This event is manifested in the stronger twitch
response to the single stimulus test within three to five
seconds after tetanic stimulation. This phenomenon, referred

to as post-tetanic facilitation or potentiation (83–85,89), is
seen only with nondepolarizing blockade (Fig. 7). This test
is the best method for determining how soon a patient will
likely begin to show a twitch in the absence of any detectable
twitch with either TOF or tetanus by themselves.

Double-Burst Stimulation
Double-burst stimulation is a newer mode of electrical nerve
stimulation developed with the specific aim of allowing
manual (tactile) detection of small amounts of residual
NMB under clinical conditions. It consists of two short
bursts of 50-Hz tetanic stimulation separated by 750 milli-
seconds. The duration of each square wave impulse in the
burst is 0.2 milliseconds. In the nonblocked NMJ, the
response to double-burst stimulation over a peripheral
nerve is two short muscle contractions of equal strength. In
the partially blocked NMJ, the second response is weaker
than the first (i.e., the response fades). Although useful
and quantifiable for research purposes, this technique has
not yet become popular in clinical use (83).

TOF stimulation is the most commonly employed
method of peripheral nerve monitoring to assess the level
of NMB, and is uncomfortable but not as painful as
tetanus, and unlike single stimulus, the first twitch of a

Table 9 Tests of Neuromuscular Junction Transmission and Reversal of Neuromuscular Blockade

Test

Acceptable value

(results suggest

normal clinical value)

% NMJ receptors

occupied with

NMB when

acceptable

value acheived Comments

Single twitch Qualitatively as strong as

baseline

75–80 Uncomfortable, need to know twitch strength versus

baseline. Insensitive as an indicator of recovery, but

useful as a gauge of NMJ blockade depth.

TOF No palpable fade 70–75 Still uncomfortable, but more sensitive as an indicator of

recovery than single twitch is. Useful as a gauge of depth

of block by counting the number of responses perceptible.

Sustained tetanus

(50 Hz for 5 sec)

No palpable fade 70 Very uncomfortable, but reliable indicator of adequate

recovery.

Double burst No palpable fade 60–70 Uncomfortable, but more sensitive than TOF as an indicator

of NMJ function. No perceptible fade indicates TOF

recovery of at least 60%.

Sustained tetanus

(100 Hz for 5 sec)

No palpable fade 50 Very painful—a “stress test.” Lack of fade at 100 Hz is the

most reliable indicator of NMJ recovery.

Tidal volume At least 5 mL/kg 80 Insensitive as an indicator of NMJ recovery.

Vital capacity At least 20 mL/kg 70 Requires patient cooperation, is not the best for determining

clinical recovery of NMJ blockade.

Inspiratory force At least –40 cm H2O 50 Sometimes difficult to perform without endotracheal

intubation, but reliable gauge of normal diaphragmatic

function.

Head lift Must be performed

unaided with patient

supine at 1808 and sus-

tained for 5 sec

50 Requires patient cooperation, but remains the gold standard

test for determining clinical function (should be

performed with patient in a completely supine

position).

Hand grip Sustained at a level quali-

tatively similar to pre-

induction baseline

50 Only reliable if patient is awake and cooperative. Sustained

strong grip is good gauge of normal function, but not of

patient alertness or ability to protect the airway.

Sustained bite Sustained jaw clench or

tongue blade

50 Only reliable if patient is awake and cooperative. Often a poor

measure of patient alertness or ability to protect airway.

Abbreviations: NMJ, neuromuscular junction; TOF, train-of-four.
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TOF serves as a control for the fourth. Furthermore, in
residual NMB, TOF is more sensitive than the single stimu-
lus test (93). The degree of blockade that optimizes a
patient’s outcome depends upon the clinical circumstances,
and thus, has not been scientifically determined (94). It is
generally agreed that at least one or two of four (1/4–2/4)
twitches should be maintained throughout therapy if clini-
cally feasible (83,95–99).

Clinically, the most commonly used peripheral nerves
for twitch monitoring are the ulnar (Fig. 8), and facial (Fig. 9).
However, in some situations, other peripheral nerves
(including the posterior fibial and peroneal nerves) are also
employed. The ulnar nerve, which innervates the adductor
pollicis muscle, is the most widely used for scientific quanti-
fication. The most accessible portion of the ulnar nerve is
between the tendon of the flexor carpi ulnaris medially
and the ulnar artery laterally, about 2–5 cm proximal from
the flexor crease of the wrist (83). Electrodes must be
placed along the nerve; improper placement increases resist-
ance and reduces nerve stimulation. The electrodes should
be rechecked for placement with each use (at least hourly)
and they should be changed daily to assure adequate
contact and that underlying skin is in good condition.

Current of stimulation—“submaximal” current is used
to stimulate the nerve in ICU patients. This level of current is
less than what is used during general anesthesia, which is
typically “supramaximal” (and painful in awake or lightly
anesthesized patients). Submaximal current is determined
by identifying the least amount of current required for a
positive evoked muscle response and then by increasing
the current on the PNS by a one-number increment on
the output dial. The typical PNS has a number range from
1 to 10, with 10 being maximum current (50–60 mA). Sub-
maximal current usually correlates with numbers 4
through 6 on the current output dial (which relates approxi-
mately to 25 mA) (100).

Overestimation and Underestimation of Neuromuscular
Blockade Using a Peripheral Nerve Stimulator
The degree of blockade may be overestimated when no
muscle response is evoked, yet there are overt signs of
muscle movement. Overestimation is usually due to impro-
per technique, malfunction of the instrument, dead battery,
increased resistance due to improper electrode placement,
poor skin contact, or inadequate skin preparation. In case

Figure 7 Pattern of stimulation and evoked muscle responses to

tetanic nerve stimulation (50 Hz) for five seconds and post-tetanic

stimulation (1.0 Hz) twitch. Stimulation was applied before

injection of neuromuscular blocking drugs and during moderate

nondepolarizing and depolarizing blocks. Note fade in the response

to tetanic stimulation, plus post-tetanic facilitation of transmission

during nondepolarizing blockade. During depolarizing blockade,

the tetanic response is well sustained and no post-tetanic

facilitation of transmission occurs. Abbreviation: Te, tetanic.

Source: From Ref. 186.

Figure 8 Ulnar nerve-innervated hand muscles suitable for

monitoring of neuromuscular block. Stimulation of the nerve

evokes contraction of the adductor pollicis muscle, which results in

thumb adduction. Hence, the thumb is the recommended site for

assessment of the mechanical twitch response. Other ulnar nerve-

innervated hand muscles include the hypothenar (m. abductor

digiti minimi) and the first dorsal interosseous (near the adductor

pollicis, but on the dorsal side of the hand). Abbreviations: m,

muscle; n, nerve. Source: From Ref. 187.

Figure 9 Positioning of stimulating electrodes over the

facial nerve. The electrode nearest the eye is negative.

Source: From Ref. 187.
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of difficulty, check connections, verify electrode placements,
change the battery, ensure proper skin preparation, and
increase output to maximal power (83,100,101). A comple-
tely blocked NMJ of the ulnar–adductor pollicis motor
unit will result in an absence of twitch (thumb movement)
when stimulating the ulnar nerve with the PNS. However,
the muscle itself retains contractile function and will
exhibit four thumb adductions to the TOF test if the
muscle is directly stimulated by the electrical current
(83). Hence, the level of blockade may be erroneously
underestimated with improper direct muscle stimulation
and the patient may receive an increased dose of the NMB
agent. A similar effect can occur while monitoring with the
facial nerve, if facial muscles are directly stimulated. Periph-
eral edema and obesity increase the distance between the
nerve and electrodes, thus decreasing the amount of
stimulus delivered to the nerve (101,102). Peripheral
hypothermia causes impairment of neuromuscular trans-
mission and may be a source of error in TOF evaluation
(103,104). Sepsis or CIP may also affect nerve transmission
and, theoretically, TOF monitoring (105).

Precautions While Using Peripheral Nerve Monitoring
Abnormal responses can occur in the presence of neuromus-
cular diseases, so an otherwise normal extremity should be
used for TOF monitoring (106).

The frequency of TOF monitoring is dependent on
whether the drug is actively titrated or is administered as
an infusion (81,103). Testing has been advocated at least
every four hours during active titration and every eight
hours during maintenance infusion (81,103). Sensory altera-
tions are experienced by chemically paralyzed patients who
are inadequately sedated and those who do not receive any
amnestic agents. This traumatic experience may be alle-
viated by frequent orientation, talking to patients before
any procedure, and placing signs on the bedside to remind
others about their unique needs (107).

Some people advocate discontinuing paralytics every
so often (e.g., every 24 hours) to allow the NMJ to recover
(20,108). The ability to do this will depend upon the patient’s
underlying condition.

Patients must be protected from the adverse effects of
immobility (20,103,109). Changing body position every two
hours and applying sequential compression stockings must
be an integral part of their care. Passive range of motion
exercises at regular intervals, as well as padding of elbows
and bony prominences must be ensured. Low-dose anticoa-
gulation may assist in the prevention of venous thrombosis.
Because the ability to blink is absent, eyes should be lubri-
cated and/or closed to prevent corneal drying and abrasions
(81,103). To prevent aspiration, the head of the bed should be
elevated, particularly during enteral feeding (unless spinal
injury precautions don’t allow).

PROLONGEDMOTORWEAKNESS FOLLOWING
NEUROMUSCULAR BLOCKADE (AKA POSTPARALYTIC
SYNDROME)

Postparalytic syndrome is also known as prolonged or per-
sistent weakness after NMB drug use. The incidence of this
complication is unknown, but a small prospective study
estimated the risk for developing prolonged weakness as
5% to 10% if muscle relaxants had been used for more
than 24 hours (110). Patients with severe asthma have also

been reported to develop myopathy (111), while several
retrospective reports suggest that up to 70% of critically ill
patients who share certain characteristics remain weak
after prolonged administration of pancuronium or vecuro-
nium (75,112–115). Although the majority of the cases
reported in the literature are following the use of the more
commonly employed aminosteroidal NMB drugs, there are
case reports following the use of benzylisoquinoliniums as
well (116).

The etiology of postparalytic syndrome is incom-
pletely understood, but may result form injury mediated

directly by the drug, its active metabolites, or by drug–
drug or drug–disease state interactions. Persistent
NMB is most frequently associated with changes in pharma-
cokinetics secondary to renal or hepatic failure or to accumu-
lation of active metabolites (117). All three metabolites of
vecuronium (3-desacetylvecuronium, 17-desacetylvecuro-
nium, and 3,17-desacetylvecuronium) have neuromuscular
blocking properties. This has caused some to believe that
atracurium or cisatracurium may be preferable in patients
with renal and/or hepatic failure as they are metabolized
spontaneously at body temperature and pH via Hoffmann
elimination and also via hydrolysis by plasma esterase.
Although their metabolite laudanosine may accumulate in
patients with renal failure and/or hepatic failure (118), it
does not have any muscle relaxant properties, and even
after 71 days of infusion of atracurium the accumulation of
laudanosine was minimal (119). The half-life of laudanosine
is increased in patients with renal failure (120,121) and in
animals with hepatic failure (122). Laudanosine is not elimi-
nated by dialysis (123). Patients recovered faster after atra-
curium (105 minutes), compared to vecuronium (6 to 37
hours) in a study of ICU patients with renal impairment (36).

Intermittent dosage or continuous infusions of nonde-
polarizing relaxants can cause peripheral storage compart-
ments to become saturated, resulting in decreased
clearance of the drug (124–126). Prolonged weakness may
also be caused by functional defects in the motor unit
(nerve, muscle, or NMJ), that is, both myopathies and/or
neuropathies may occur (131). Long-term use of NMB
drugs in trauma patients is associated with other compli-
cations as well. For example, trauma patients are already
at increased risk of infectious complications, and prolonged
use of NMB drugs is characterized by significantly longer
ICU stay, more frequent pneumonia, and a trend toward a
higher rate of sepsis (8,127).

Additional factors contributing to prolonged
duration of NMB include inadvertent overdosing (125),
drug interactions (in particular with aminoglycosides and
quinidine) (128–130), electrolyte abnormalities (e.g., hyper-
magnesemia, hypophosphatemia) acidosis (131–134),
underlying muscular disorders (e.g., myasthenia gravis)
(133–135), and hypothermia (136). Antibiotics and mag-
nesium work on pre- and postsynaptic levels while several
cardiovascular drugs (lidocaine, beta-blockers, calcium
channel blockers, quinidine) influence ion transport at the
NMJ and can potentiate NMB. Completeness of NMB must
be monitored in these patients to guide the administration
of drugs, to avoid overdoses, to maintain muscle activity,
and to detect a chain of reactions among concomitant
medications or pathophysiologic changes (137).

Neurologic examination of these patients often reveals
paresis, or flaccid paralysis of distal and proximal muscles
and the diaphragm in the presence of normal sensory func-
tion (117). Serum creatine kinase levels may be normal or
increased up to 100-fold (115,138,139). Clinical examination

Chapter 6: Neuromuscular Blockade for Trauma and Critical Care 117



may not be adequate for diagnosis and electrodiagnostic
studies, and biopsies of muscles revealing degeneration of
type I and II muscle fibers and nerves are often needed for
accurate diagnosis of the cause of weakness in ICU patients.
Electrophysiologic studies demonstrated reduced amplitude
of motor-evoked responses and of compound action poten-
tials, consistent with myopathy with unaltered sensory con-
duction (139,140). A general decrease in myofibrillar protein
content, absence of myosin messenger RNA with very low
thick-filament/thin-filament protein rations were also found
(140). Histopathologic features include degenerative changes,
fiber atrophy, evidence of regeneration with predominant
involvement of the type I muscle fiber, and necrosis (141).

The complexities associated with pharmacological
paralysis in critically ill patients warrants the comprehensive
approach to care that multidisciplinary team members can
provide (142). The weakness may persist from weeks to
months. The management largely involves the same care
that was given while patients were paralyzed. Regularly
evaluate the patient for signs of recovery from NMBs.
When patients can breathe on their own (i.e., weaned from
mechanical ventilation—see Volume 2, Chapter 28), and
are able to clear secretions and maintain some degree of pul-
monary reserve, they can be discharged from the ICU.

CRITICAL ILLNESS POLYNEUROPATHY

CIP is acute axonal neuropathies involving both sensory
and motor nerves, developing during critical illness,
especially with sepsis or systemic inflammatory response

syndrome (SIRS). The severity of CIP can begin to
remit spontaneously once the critical condition is under
control (143). CIP was first reported by Bolton, Zochodne,
and others in the 1980s (144). It is a sensory motor poly-
neuropathy as opposed to a myopathic polyneuropathy.
The increased jitter in patients with CIP indicates that it is
primarily an axonal neuropathy with a lesion of terminal
motor axons (145). It is increasingly recognized, and occurs
particularly in sicker, older patients with sepsis. Seventy
percent of reported cases had sepsis during their stay in
ICU (146–152). Other risk factors for the development of
CIP include hyperosmolarity, parenteral nutrition, nondepo-
larizing NMBs, and neurologic failure (153). Investigators
have speculated that the peripheral nerves are another
organ system that is affected adversely by SIRS (see
Volume 2, Chapter 63) (146,154). CIP can be seen in up to
one-third of critically ill patients with SIRS (usually due to
sepsis) (155). Disturbances in the microcirculation to peri-
pheral nerves occur with sepsis and diabetes mellitus and
can induce axonal hypoxia and degeneration. The local
balance of leukocyte activities is of importance in the patho-
physiology of muscle weakness in CIP and myopathy (156).
Furthermore, the neurologic effects of SIRS are thought to be
mediated by released mediators like cytokines and free
radicals, affecting the microcirculation of the central and
peripheral nervous system (157). The reduction in the risk
of polyneuropathy with intensive insulin therapy (Volume
2, Chapter 60), regardless of the concomitant use of corticos-
teroids or aminoglycosides, suggests that hyperglycemia,
insulin deficiency, or both contribute to axonal dysfunction
and degeneration (146,158). The linear relation between
blood glucose levels and the risk of polyneuropathy suggests
that maintenance of the lowest possible level is necessary.
The reduced need for mechanical ventilation in patients
who received intensive insulin therapy is explained in part

by the reduced rate of critical-illness polyneuropathy,
though a direct anabolic effect of insulin on respiratory
muscles may also play a part (159).

The clinical picture of CIP is similar to that of the patient
with an acute myopathy and may include delayed weaning
from the respirator, muscle weakness, and prolonging of the
mobilization phase. The onset is early, within 72 hours after
onset of septic shock (160). CIP is an early feature of multior-
gan dysfunction syndrome (142,140). Nerve conduction
studies typically exhibit a reduction in amplitudes of com-
pound muscle action potentials and sensory nerve action
potentials (161). Abnormalities in phrenic nerve conductions
also are observed frequently, and that may further contribute
to delayed weaning from the ventilator in many patients
(157,162). On needle electromyography (EMG) examination
of the limb muscles and diaphragm, the most common
finding is abnormal spontaneous activity (fibrillation poten-
tials and positive sharp waves) (163). Biopsies of peripheral
nerves reveal primary axonal degeneration of motor and
sensory fibers. Inflammation of peripheral nerves is not
observed in CIP; the absence of inflammation can help dis-
tinguish CIP from the Guillain-Barre syndrome. Muscle biop-
sies demonstrate denervation atrophy of proximal and distal
muscles. Central chromatolysis of anterior horn cells and
loss of dorsal root ganglion cells occur as the result of the per-
ipheral nerve axonal changes (163,164). Because neuromuscu-
lar abnormalities seem to develop earlier than previously
reported, EMG should be considered more frequently and
earlier as a diagnostic test (165).

The specific course and long-term outcome of CIP
remains unclear. The management of CIP is symptomatic,
including the provision of adequate nutrition, sedation,
analgesia, and amnesia, along with aggressive supportive
care including long-term physical therapy and rehab
(Volume 2, Chapter 66). Incomplete recovery within one to
two years after the onset of disease occurs frequently in
patients with CIP (166). If the underlying problem causing
sepsis and/or SIRS can be treated successfully, full recovery
from CIP can occur. This recovery often occurs in a matter of
weeks in milder cases and in months in more severe cases
(157). The longer the length of stay in the critical care unit,
longer the duration of sepsis, and greater body weight loss
were found to be significantly related with poor recovery
(152). Mortality may be as high as 60% and relates to the
medical rather than to the neurological condition (155).
Advice to family and patients regarding long-term prognosis
is related to the likely etiology of prolonged weakness (162).

CRITICAL ILLNESS^RELATEDMYOPATHY

Several reports suggest that the prolonged weakness following
NMB agent use in ICU patients has an association with concur-
rently administered corticosteroids. Sepsis has long been
associated with muscle weakness. Critical illness–related
muscle weakness delays recovery and often causes prolonged
ventilator dependence (75,115,137,138,155,167–170). This
entity may not necessarily be related to the provision of NMB
drugs. However, both the administration of steroids and
sepsis are likely implicated.

Steroid-Related Myopathy
Ramsay et al. proposed that critically ill patients have sus-
ceptible skeletal muscle that awaits a trigger to create the
muscle damage. Ramsay et al. speculated that long-term
and large-dose steroids prime the muscle in the ICU
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patient, and the NMB agent might then trigger a cascade of
severe muscle damage, reflected by increased serum creatine
phosphokinase (CPK), and characterized microscopically as
damage to the muscle cell proteins and gross muscle
atrophy. The muscle membrane loses its ability to contract
due to altered membrane sodium currents and loss of
myosin thick filaments, resulting in profound and prolonged
weakness (143,155,163). In a prospective study, Douglass et
al. demonstrated elevated CPK in 19 of 25 patients who
required mechanical ventilatory support for severe asthma
and who received vecuronium for more than two days
along with high-dose corticosteroids. Nine of the 25 patients
developed a clinically apparent myopathy (114). Many other
reports describe otherwise healthy asthmatic patients who
remained quadriplegic days to weeks after simultaneous
treatment with corticosteroids and NMB agents
(114,115,138,168). In one instance after rapid tapering of sys-
temic steroids, the patient quickly regained muscle strength,
was extubated and sent for rehabilitation therapy (171). A
recent case report shows that the metabolic alterations
associated with hyperthyroidism may enhance the risk of
developing critical illness myopathy after the administration
of antibiotics, NMBs, and steroids in the ICU (171,172).
Additional support for corticosteroid-induced muscular
atrophy comes from animal studies. These studies have
also shown that denervation increases the number of gluco-
corticosteroid receptors, which causes preferential depletion
of myosin filaments and atrophy (164). Corticosteroid-
related myopathy primarily affects type 2 fibers; routine
EMG most precisely evaluates type 1 fibers, and therefore

its results can be equivocal or normal (163). TOF moni-
toring was not employed in the studies published so far;
although its use may be able to reduce the incidence of pro-
longed weakness, the assertion is speculative. While most
reports of prolonged weakness involve the use of vecuro-
nium and pancuronium, acute myopathy with atracurium
and cisatracurium has also been reported (114,173–175).

Sepsis-Related Myopathy
Critical illness myopathy not related to steroids is also
encountered in patients suffering from systemic inflamma-
tory response syndrome (SIRS) and multiple organ failure
(MOF). Muscle biopsy reveals fiber atrophy, internalized
nuclei, rimmed vacuoles, fatty degeneration, fibrosis, and
single fiber necrosis (176–178). Electrophoretic determi-
nation of the myosin/actin ratio is an alternate method for
diagnosing critical illness myopathy (178).

In contrast to steroid-induced myopathy, the nonste-
roid-involved version is not usually associated with
elevated CPK. This entity is probably sepsis induced, and
muscle force can be shown to be altered early in the
course of sepsis. The pathology may be related to mitochon-
drial dysfunction and decreased ATP or increased concen-
tration of reactive oxygen species (ROS) (179). Recently,
Brealey et al. demonstrated that muscle biopsies obtained
from septic patients had increased amounts of inducible
nitric oxide synthase (iNOS) (180). This finding raised
the concern that nitric oxide (NO) or other products of
NO degradation (i.e., the highly toxic peroxynitrate
molecule) might be the active factor. Wray et al. have
introduced supporting data with the finding that the
ubiquitin pathway is activated in the muscle of septic
patients (181).

The ubiquitin pathway is responsible for degrading
abnormal proteins in normal cells and may be causing unin-

tended injury to skeletal muscle. Interestingly, ubiquitin is
stimulated by peroxinitrate and other ROS and may also
be involved in the pathway of corticosteroid induced
muscle protein breakdown (182). Thus, the final common
pathway for both sepsis-induced myopathy, and steroid-
induced myopathy may be ROS-triggered activation of
the ubiquitin pathway and resultant muscle protein
degradation.

EYE TOTHE FUTURE

The need for NMB use in critically ill patients is expected to
increase over time since we care for increasingly sick and
complex patients in the ICU. Our knowledge about compli-
cations of NMBs in this patient population also continues to
increase. There is a need for an NMB drug that will be free
from all the long-term side effects (prolonged motor weak-
ness CIP, and steroid-related myopathy). Furthermore, the
drug should also provide hemodynamic stability and
ideally be void of harmful metabolites.

Improved capabilities for continuous monitoring of
NMB will also be helpful. Currently available methods are
increasingly being used, even though errors may occur in
critically ill patients, especially in edematous or obese
patients, and when the PNS is improperly utilized. Besides
improved training, better techniques for evaluating the
nerve, muscle and NMJ are needed. Recognition that some
elements of CIP occur early in the ICU course of sepsis/
SIRS should alert the clinician to avoid unnecessary NMB
drug use and closely titrate serum glucose in these patients.
Additionally, early use of EMG in this population might
provide additional data on pathophysiology (though
interrogation of type 2 fibers requires further enhancement
and development of EMG technology).

SUMMARY

Several factors influence recovery after the use of NMB
agents in ICU patients. These factors include concomitant
drug use, length of therapy, end-organ function, primary
disease process, and availability of neuromuscular monitor-
ing devices. NMB drugs should be used only when their use
is essential for optimal care. Clinicians need to be educated
regarding the effects of NMB agents; in particular, they
need to know that these agents are devoid of anxiolytic,
amnestic, and analgesic properties. Prolongation of NMB
carries the concomitant risk of prolonged ventilatory
support, increased length of hospitalization, and higher
associated costs.

Proposed methods to decrease the risk of prolonged
blockade include peripheral nerve stimulation monitoring,
periodic drug discontinuation, recognition of interacting
drug therapy, and attention to electrolyte and acid–base
management. Adjunctive therapies, such as early phys-
ical, occupational, and nutritional therapy, may also
affect the length of blockade. Most importantly, patient-
specific factors that may identify patients at risk for pro-
longed blockade, such as concomitant corticosteroid and/
or aminoglycoside use, presence of renal and/or hepatic
failure, should be assessed when deciding to use NMB
agents.

The following is recommended if NMB agent use is
indicated in the patient in ICU:
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1. Never use an NMB unless absolutely required (Table 8).
2. Always administer an amnestic, analgesic and/or seda-

tive agent before and throughout administration of an
NMB agent.

3. Select NMB agent based on its pharmacokinetics,
pharmacodynamics, and adverse-effect profile.

4. Carefully monitor the drug’s effect by employing a PNS
to prevent inadvertent overdosing. Intermittently dis-
continue the NMB agent to check for patient movement
(and use this opportunity to revisit the need for NMB),
whenever clinically feasible.

5. Recognize potential drug interactions and disease
states that may potentiate or prolong the effects of the
NMB agent.

6. Consider the cost of the agent, and also keep in mind the
indirect costs of prolonged hospitalization secondary to
prolonged NMB or persistent weakness.

KEY POINTS

The neural signal is propagated along the axon electri-
cally to the nerve terminal, but crossing the synapse
requires the chemical messenger ACh.
If enough nAChR channels are opened (as occurs when
200–400 quanta of ACh are released into the synaptic
cleft), the resultant change in transmembrane potential
will exceed –50 mV, and an action potential will be pro-
pagated to the entire motor unit, resulting in muscular
contraction.
Decreased quantity or quality of plasma cholinesterase
results in a prolonged duration of NMB due to succinyl-
choline.
In patients with denervated muscle (particularly fol-
lowing upper motor neuron injury) or following
muscle injury (burns, massive trauma), serum Kþ

levels can increase by as much as 85% following succi-
nylcholine administration (30), resulting in peaked T
waves, widened QRS complexes, loss of P waves, and
occasionally ventricular fibrillation and cardiac arrest.
The nondepolarizing agents are all derived from one of
two chemical groups, benzylisoquinoliniums and ami-
nosteroids (Tables 1 and 4).
Rocuronium is mainly used as an NMB during RSI in
patients with contraindications to succinylcholine [e.g.,
burns, upper motor neuron injury, chronic bedrest (.30
days), and history of malignant hyperthermia, etc.].
The main vecuronium metabolite, 3,17-dihydroxyvecu-
ronium, has only 2% of the activity of the parent
compound, whereas the 3-hydroxy derivative has 60%
of the activity of the parent compound and is excreted
renally.
Because pancuronium and its metabolites are mainly
(70%) excreted in the urine, a prolonged duration of
action occurs in renal failure.
Because its elimination does not depend upon renal or
hepatic function, cisatracurium is often used in patients
with renal and hepatic dysfunction.
AChE inhibitors produce their effects by binding to and
inhibiting the enzyme (AChE). The resulting increase in
ACh in the synaptic cleft of the NMJ helps the ACh
compete more favorably with NMB drugs for available
ACh receptors.
Neuromuscular blocking drugs should never be admi-
nistered without concomitant amnesics, sedatives, and/
or analgesics.

The most reliable single clinical measure of return of
NMJ function is the ability to head lift for five
seconds or more.
The most objective measurement of the degree of block-
ade in noncooperative or sedated patients is obtained
with the demonstration of sustained tetanus through
the use of a PNS.
The etiology of postparalytic syndrome is incompletely
understood, but may result from injury mediated
directly by the drug, its active metabolites, or by
drug–drug or drug–disease state interactions.
CIP is acute axonal neuropathies involving both
sensory and motor nerves developing during critical
illness, especially with sepsis or SIRS.
Corticosteroid-related myopathy primarily affects type
2 fibers; routine EMG most precisely evaluates type 1
fibers, and therefore its results can be equivocal or
normal.
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INTRODUCTION

This chapter reviews the equipment and techniques avail-
able for monitoring the brain and spinal cord for trauma
and critical care. A detailed neurological examination is
still the gold standard to evaluate brain and spinal
cord function. Traditional examination includes assess-
ment of the level of consciousness, pupillary response,
motor function, sensory function, and cranial nerves (1).
In many instances, such basic clinical neurological assess-
ments guide surgical interventions and other important
clinical decisions. However, sedatives, muscle relaxants,
as well as existing neuropathology or acute trauma con-
ditions may significantly impair the sensitivity or
even the ability to perform a standard neurological
examination.

A host of neurological monitoring devices have
been developed as surrogates for the clinical neurological
exam. The improved monitoring technology has made it
possible to obtain real-time assessment of several par-
ameters of central nervous system (CNS) function.
However, not all aspects of CNS function can be moni-
tored with the current technology. Furthermore, no moni-
toring modalities presently employed provide prospective
prediction of deterioration in CNS function, or ade-
quately warn of impending progression of injury. None-
theless, monitoring provides useful information for
evaluating the patient’s current condition, recent pro-
gress, and need for therapy.

Research efforts continue to improve monitoring tech-
niques in terms of predictive value, reliability, accuracy, and
safety. The most important monitoring modalities in current
clinical use are reviewed in this manuscript. The major focus
of this chapter is in describing the technical aspects of these
monitors and the indications for use. Because intracranial
pressure (ICP) monitoring is so widely used clinically, we
briefly review the basic anatomy and physiology underpin-
ning the ICP volume relationship (elastance). We also
provide high-quality figures showing the precise locations
of the various ICP monitoring devices, anticipating
that this additional review will improve the understanding
and safety of ICP monitoring (also see Volume 2, Chapter
1). After reviewing the basic monitoring modalities, the
chapter closes with a section dedicated to the monitoring
modalities of the future (including cerebral microdialysis
catheters and pupilometry).

INTRACRANIAL PRESSURE MONITORING
Anatomy and Physiology
Most neurosurgical catastrophes and much of the morbidity
following traumatic brain injury (TBI) results from elevated
ICP. Thus, a brief outline of the normal physiologic mechan-
isms that maintain the balance between pressure and
volume inside the dural sac is useful to improve the under-
standing of the concepts underpinning ICP monitoring (2,3).

The normal adult produces approximately 500 mL of
cerebrospinal fluid (CSF) in a 24-hour period. Approxi-
mately 150 mL is present in the intracranial space at any
given time (see Volume 2, Chapter 1 for details of CSF pro-
duction and removal). The intradural space consists of the
intraspinal space plus the intracranial space. The total
volume of this space in the adult is approximately
1700 mL, of which approximately 10% is spinal fluid, 10%
blood volume, and 80% brain and spinal cord tissue.
Because the spinal dural sac is not always fully distended,
some increase in volume of the intradural space can be
achieved at the expense of compression of the spinal epi-
dural veins. Once the dural sac is fully distended, any
further increase in volume of one component of the intracra-
nial space must be offset by a decrease in volume of one of
the other components. This concept is known by cerebral
physiologists as the Monro-Kellie doctrine (summarized in
Equation 1 later) (4,5).

The normal contents of the intracranial space are
brain, blood, and CSF. When a formula is used to represent
the intracranial volume–pressure relationships, a term is
often included to represent the presence of any other intra-
cranial mass (e.g., tumor or hematoma):

Vcsf þ Vblood þ Vbrain þ Vother ¼ Vconstant (1)

Thus with a pathologic increase in one component, at
least one of the others must decrease to maintain a constant
volume. If the accommodating component volume decrease
is equal to the volume added, then pressure does not change.
The most effective and earliest compensation is displace-
ment of CSF from the cranial space into the spinal space
(compressing epidural veins), followed by reabsorption of
CSF across the arachnoid villi (a less immediate accommoda-
tive process). As the ICP rises, the CSF production rate
begins to decrease, further aiding compensation (this is a
slower process). The second major volume compensation is
the displacement of intracranial pial blood volume into the
venous sinuses. Finally, the brain itself can be compressed
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to compensate for increases in volume. This is well exempli-
fied by acute hydrocephalus, where the brain is compressed
by the CSF resulting in ventricular enlargement, or in an
acute epidural hematoma, when the brain is acutely com-
pressed and distorted by the mass of the hematoma.

A diagrammatic summary of these principles is pre-
sented in Figure 1. The fundamental concept illustrated in
the figure is that patients with the same ICP values may
differ significantly in intracerebral compliance (i.e., ICP
values taken in isolation can be quite misleading if they
are not considered within the framework of compliance).
Clinical factors affecting intracranial dynamics that should
be considered when interpreting static ICP measurements
include the intracranial pathology revealed in the computed
tomography (CT) scan and/or witnessed in the operating
room, the amount of therapy required to produce the
present ICP value, and the sensitivity of the ICP reading to
external stimuli (e.g., suctioning, turning, etc.).

The intracranial space is divided into a series of com-
partments by the foramen magnum and the folds of the
dura, the falx, and the tentorium. The anterior fossa is separ-
ated from the middle fossa by the lesser wing of the sphe-
noid bone. The right half of the supratentorial space is
separated from the left by the falx cerebri, and the supraten-
torial space is separated from the infratentorial space by the
tentorium. Finally, the intracranial space becomes the
intraspinal canal at the foramen magnum. Understanding

this compartmentalization is important because swelling or
pressure increases in one compartment can result in distor-
tion and displacement of brain into another compartment,
with consequent tissue and vascular compression, resulting
in brain dysfunction, damage, or death. These pathphysiogi-
cal mechanisms create the clinical brain herniation
syndromes.

Normally, the CSF pressure is slightly lower than the
cerebral venous pressure, but slightly higher than the
central venous pressure. Because cerebral venous pressure
is difficult to measure clinically, the ICP is used as a surro-
gate. The cerebral perfusion pressure (CPP) is defined as
the difference between mean arterial pressure (MAP) and
ICP (as shown in Equation 2).

CPP ¼MAP� ICP (2)

Any decrease in MAP or increase in ICP will result
in a decrease in CPP. Once the injured brain CPP falls
below 50 to 60 mmHg, ischemia, compression, or herniation
of the brain may occur (6–9). The interested reader may refer
to Volume 1, Chapter 23 for a review of CPP within the
context of TBI management.

Within the limits of autoregulation (CPP 50–
150 mmHg) the cerebral vessels respond to decreased CPP
by vasodilating, decreasing resistance to flow and thus
maintaining the same cerebral blood flow (CBF), despite
either a decline in arterial pressure or an increase in ICP.
Below the limits of autoregulation, the CBF falls as the
CPP is lowered. Cerebral metabolism is preserved to a CBF
of about 50% of the normal level, after which some
degree of cerebral ischemia begins. As blood flow falls
below 25% of normal, irreversible damage begins. Thus,
autoregulation is an additional brain protective mechanism
against increased ICP. Unfortunately, autoregulation is not
always preserved following TBI, and thus therapy is
directed at maintaining normal or nearly normal ICP and
MAP with the aim of preserving CBF (2,3,6–9).

It is also important to recognize that any obstruction to
CSF drainage, such as jugular venous obstruction, increases
in intrathoracic pressure (pneumothorax, excessive PEEP),
which in turn can increase ICP just as an acute increase in
brain edema or hemorrhage in the cranium. When the ICP
increases above 20 mmHg, CPP may be impaired.

Continuous ICP monitoring has been used to guide the
management of patients with head injury (Volume 1, Chapter
23 and Volume 2, Chapter 12), intracerebral hemorrhage
(Volume 2, Chapter 14), and brain tumors. ICP monitoring
is indicated in patients with severe head injury (GCS 3 to 8
after resuscitation) with nontrivial findings on CT scan. ICP
monitoring is also appropriate in patients with severe head
injury with a normal CT scan if two or more of the following
features are noted at admission: age over 40 years, unilateral
or bilateral motor posturing, and systolic blood pressure
�90 mmHg (3). The relationship between uncontrolled ICP
elevation and mortality has been firmly established in
patients with head injury, and ICP monitoring is becoming
a standard method of care for their management (3).

The common denominator for many neurosurgical cat-
astrophes is elevated ICP, along with a resultant cerebral her-
niation, focal ischemia or globally elevated ICP, and diffused
cerebral ischemia. As cerebral herniation progresses and the
subarachnoid spaces are occluded, the transmission of
pressure within the craniospinal axis is impeded, setting the
stage for a larger increase in pressure for any given increase
in volume [Fig. 1 and (Fig. 3 in Volume 1, Chapter 23)].

Figure 1 The interrelationship of compliance and ICP. In

this figure, compliance is represented by the spring and ICP by

the sliding indicator. The three components of the intracranial

volume are shown as boxes (cerebrospinal fluid). The left shows

the representation of the normal situation, in which

compliance is maximal and ICP is within the normal range.

The center shows the situation in which a postulated brain

injury has resulted in an intracranial hematoma with contused

and edematous brain. The resultant expansion of intracranial

volume has used up the intracranial compliance (i.e., compressed

the spring), but the ICP has not risen beyond the normal range.

The right shows the situation in which the lesions have

expanded further, expending the intracranial compliance and

raising the ICP. It is important to note that in left and

center figures the ICP is within the normal range despite

critically different intracranial dynamics. Abbreviations: CSF,

cerebrospinal fluid; ICP, intracranial pressure. Source: From

Ref. 10.
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The frequent waves of increased ICP may further abolish
pressure autoregulation making the brain more prone to
ischemia at the same CPP. A progressive loss of compensa-
tory ability often follows an intracranial catastrophe, and
an acute increase in volume that was tolerated (i.e., caused
minimal increase in ICP) in the first few hours after the
insult, may not be tolerated 24 hours later because of
the exhaustion of the compensatory mechanisms (leading
to dangerously elevated ICP). After TBI and cerebral
aneurysm rupture, subarachnoid blood may clog the CSF
reabsorption pathways (i.e., the arachnoid villi), further
exacerbating ICP management.

Continuous ICP monitoring has been used to guide
the management of patients with TBI and other causes of
cerebral hypertension (e.g., intracerebral hemorrhage, large
brain tumors, and hydrocephalus). The relationship
between uncontrolled ICP elevation and fatality has been
firmly established in TBI patients, and is the standard of
care for the early management of severe closed head injury
(GCS � 8) (3,6–8). Although ICP monitoring does not
measure neural function or recovery, its measurement does
permit detection and prompt treatment of increased ICP
(e.g., due to brain edema, hydrocephalus, or hemorrhage),
which is known to impair neurological function (9). The
techniques used to monitor ICP include ventricular cath-
eters, subdural subarachnoid (Richmond) bolts, epidural
transducers, and intraparenchymal fiberoptic devices (10).

Intracranial Pressure Monitoring Techniques
ICP monitoring can be performed with many different
devices and requires knowledge of the indications, con-
traindications, and potential complications that may arise
(Tables 1–3). Other than ventriculostomy, the remaining
options for ICP monitoring do not provide the potential
for CSF drainage in the management of ICP elevations.
However, these other options (Richmond bolt, epidural

ICP monitors and intraparenchymal monitors) are associ-
ated with a decreased risk of intracerebral hemorrhage com-
pared to ventriculostomy. Regardless of the ICP monitoring
device employed, the ICP “number” should never be taken
in isolation, and never substituted for a thorough neuro-
logical assessment, even when such examination is limited
by coma or sedation.

Ventriculostomy
The intraventricular catheter, in addition to meas-

uring ICP, allows therapeutic CSF drainage. The intra-
ventricular catheter is the gold standard method of

Table 1 Indications for Intracranial Pressure Monitoring

Indication Criteria and rationale

Trauma GCS � 8

Inability to follow

neurological exam from trauma

or during necessary sedation or

anesthesia

Intracranial hemorrhage When expansion of hemorrhage

would lead to surgical

intervention, monitoring can

provide immediate information.

General ICP management

Intracranial neoplasm Patients who develop brain swelling

during operative resection or

during closure, monitoring can be

useful in the perioperative period

Post–AVM surgery AVM resection leads to

redistribution of blood flow

and often postoperative edema

requiring slow awakening from

anesthesia and often

postoperative sedation

Abbreviations: AVM, arterial venous malformation; GCS, Glasgow Coma

Scale; ICP, intracranial pressure.

Table 2 Contraindications to Intracranial Pressure Monitoring

Contraindication Rationale/comments

Coagulopathy Ventricular catheterization should be

avoided in thrombocytopenia

(platelet count less than 100,000)

or INR greater than 1.2.

Other monitoring techniques are

less risky; however, the patient

should always have coagulopathy

corrected prior to monitor

placement

Immunosuppression Patients with impaired immunologic

status have an increased risk for

infection creating a relative

contraindication

Clinical irrelevance Should not be used in patients with

nonsurvivable prognosis

Note: International normalization ratio of the partial thromboplastin (PT)

time (ratio of PT measured divided by the PT control).

Abbreviation: INR, international normalization ratio.

Table 3 Complications of Intracranial Pressure Monitoring

Complication Rationale/comments

Infection Placement of ICP monitors can lead

to local wound infections,

meningitis, ventriculitis, and brain

abscess

Risk of meningitis and ventriculitis

greater with ventricular

catheterization

Unclear if routine replacement of

devices prevents infection

Hemorrhage Most morbid complication of monitor

placement

Can result from direct trauma

(intracerebral or intraventricular)

or overdrainage of CSF (subdural)

Greatest risk with ventricular

catheterization (1/70–100)

Measurement error If devices are not placed and

calibrated accurately, erroneous

measurements may lead to

inappropriate therapy or

intervention

Abbreviations: CSF, cerebrospinal fluid; ICP, intracranial pressure.
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monitoring ICP, which was first used in 1960 (11). A plastic
catheter is introduced into the lateral ventricle and con-
nected to an external transducer (Fig. 2). The intraventricular
catheter measures ICP reliably, allows therapeutic CSF drai-
nage, and is recommended for early ICP monitoring, follow-
ing trauma in patients with anticipated ICP elevations (3,10).
In the setting of trauma, ventricular size is often reduced
subsequent to increased ICP, making the blind insertion of
a ventricular catheter more difficult. If the ventricle cannot
be cannulated by the third attempt, an alternative technique
for ICP monitoring should be used, as the risk of compli-
cations increases with each passage.

Most neurosurgeons recommend using the frontal,
parasagittal approach for the insertion site by employing
Kocher’s point (2–3 cm lateral to midline and just anterior
to coronal suture). Other approaches do exist, however, the
frontal approach offers good access to the frontal horn of
the lateral ventricular system, minimizes the involvement
of eloquent brain tissue during the passage of the catheter,
and facilitates nursing care while the patient is supine
in bed. Surgeon familiarity with whichever approach is
chosen is paramount (Fig. 3). Some of the potential problems
with ventriculostomies are occlusion and dampening,

misplacement into important structures causing brain
tissue damage, intracerebral hematoma, intraventricular
hemorrhage and infection (12). The probability of clogging
the ventricular catheter increases if it is left open in a col-
lapsed ventricle, and it is not possible to monitor ICP with
a ventriculostomy while it is left open to drain. In the
setting of trauma we recommend one- to two-minute
periods of drainage for ICPs .20 mmHg, with reclamping
the catheter if no CSF is drained. This allows for CSF to
build in the ventricle and the ICP measurements in the
interim.

Richmond Bolt
The Richmond (subdural-subarachnoid) bolt usually con-
sists of a certain type of hollow screw with its tip passing
through the dura and thus projecting 1–2 mm below the
inner table of the skull and gets seated adjacent to the ara-
chnoid, covering the brain surface. If the bolt is seated to
superficial position, there is a risk of dislodgement and/or
loss of pressure (Fig. 4). If it is seated too deeply the brain

Figure 2 Ventirculostomy insertion technique including:

trephination (A), durotomy (B), ventricular cannulation (C), and

subcutaneous tunneling of catheter (D). Trephination (A) is

accomplished with an 11/64-inch bit, care being taken not to

lacerate the dura or plunge into the brain. Following

trephination, the wound is thoroughly irrigated to remove all

debris. A cruciate durotomy (B) is performed using a No. 11

blade. The size of the durotomy is limited so that the catheter

will just pass through the opening, thereby avoiding a

cerebrospinal fluid leak. Care is taken to avoid lacerating the

underlying brain. The ventricle is cannulated (C) at no more

than 5 cm from the dura, keeping the catheter at a right angle

to the skull. The ventricular catheter is tunneled subcutaneously

(D) external to the galea aponeurotica, and brought out through

a separate exit wound, where it is well secured. Source: From Ref. 10.

Figure 3 Approaches for ventricular puncture. Six approaches

for accessing the cerebral ventricles through trephines in the

skull are shown in this figure. The ventricles are represented by

the shaded areas, and the path of the ventricular cannula is

shown as a dashed line. (A) Kocher’s point: 2–3 cm from the

midline, just anterior to the coronal suture. (B) Keen’s point:

2.5–3 cm posterior and superior to the top of the ear.

(C) Occipital parietal: 4 cm from the midline and 6 cm above

the inion (external occipital protuberance). (D) Dandy’s point:

2 cm from the midline and 3 cm above the inion. (E) Orbital:

1–2 cm behind the orbital rim. (F) Supraorbital: 4 cm above

the orbital rim in the plane of the pupil. Abbreviation: CSF,

cerebrospinal fluid. Source: From Ref. 10.
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surface may be penetrated leading to herniation into the
hollow screw and plugging up the system in the process.

The advantages of the Richmond bolt are its simple
insertion technique and lack of brain tissue penetration. On
the other hand, the bolt cannot be used to lower the ICP by
CSF drainage, it can produce infection, epidural bleeding,
and focal seizures. Furthermore, a blockage can occur in the

tubing, and the recording may get diminished or lost. Indeed,
a significant shortcoming of the Richmond bolt is its tendency
to become occluded with wound debris, dura and/or blood.

Epidural Intracranial Pressure Monitors
Two types of epidural ICP monitors have been developed. One
uses a pressure sensitive membrane contacting the dura, and
the other system uses a pressure sensitive pneumatic switch
that deforms as the dura changes. Although the risk of infec-
tion to the brain is lower because of the extradural placement,
there are several disadvantages, which include technically dif-
ficult placement, bleeding, difficult calibration after placement,
and inability to conduct the drain of the CSF therapeutically.

Intraparenchymal Intracranial Pressure Monitors
Intraparenchymal devices, for example, Caminow ICP

monitors (Camino Laboratories, San Diego, California,
U.S.A.), use a catheter that is inserted within cortical gray
matter, which allows direct measurement of brain tissue
pressure.

A right frontal site is usually chosen for insertion and,
because the intraventricular insertion (using Kocher’s point)
is not required, any cosmetic site in the lateral, frontal region
can be used (Fig. 5A). After trephination, the barrel is
threaded into the skull until it comes up against the plastic
stop, leaving its distal tip 1 to 2 mm below the inner table
of the skull (Fig. 5B). After creating a small hole in the
dura, the fiberoptic sensor is zeroed and then inserted
until the 5 cm mark is aligned with the top of the barrel,
which typically places the distal end of the fiberoptic
sensor 10 to 15 mm into the brain parenchyma (Fig. 5D).
Newly developed intraparenchymal fiberoptic devices
sense changes in the amount of light reflected off a pressure
sensitive diaphragm that is located at the tip; and pressure
can be displayed digitally on the device (Figs. 5E and 5G).
Output cables can also be used to send data to a standard
operating room (OR) or intensive care unit (ICU) monitor,
allowing real time display of ICP waveforms (5,13,14).

In comparison to a ventriculostomy, Camino monitors
are easier to insert and the intraparenchmal probe is of a
small diameter, generally causing imperceptible neurologic
injury. The advantages of this device are that infection is mini-
mized, and that leaks and catheter occlusion are nonexistent. In
addition, errors due to transducer malpositioning are mini-
mized. The main disadvantage of this device is that it cannot
be recalibrated after placement and drift may occur, necessitat-
ing the replacement of the fiberoptic probe under sterile con-
ditions. The most significant limitation of the fiberoptic device
is that it cannot be used for therapeutic CSF drainage (14).

In the setting of trauma, when the ICP is increased and
the ventricles are compressed, only a small amount of CSF
egress is seen during ventriculostomy placement. This
occurs from collapse of the ventricle around the catheter,
and if it is not recognized, the catheter may be withdrawn,
and it will be impossible to recannulate the ventricle at
that time. In this situation, the catheter should be left in
place and an additional second monitor such as the
Camino should be placed to monitor the ICP. When the
intraventricular catheter begins to drain as CSF collects in
the ventricle, one of the two monitors may then be
removed depending upon the clinical situation.

Intracranial Pressure Waveforms
The normal ICP waveform is pulsatile and coincident

with the cardiac cycle. However, the entire baseline rises

Figure 4 Richmond bolt trephination (A), durotomy (B),

insertion (C), air evacuation (D), and completion (E).

Trephination (A) is accomplished with a 1/4-inch bit, care

being taken not to lacerate the dura or plunge into the brain.

Following trephination, the wound is thoroughly irrigated to

remove all debris. Durotomy (B) is performed in a cruciate

fashion using a No. 11 blade. The two arms of the durotomy

completely cross the orifice in the skull so that the resulting

opening in the dura is of maximal size. Care is taken to leave

the underlying arachnoid membrane intact. Insertion (C) is

accomplished using the special driver; the bolt is screwed into

the skull at right angle so that the tip projects 1–2 mm below

the inner table. Air evacuation (D) is accomplished by gently

filling the lumen of the bolt with nonbacteriostatic normal saline

solution; continue until no air bubbles remain. The Richmond

bolt monitoring system is completed when connected to the

transducer as shown in (E). Source: From Ref. 10.
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Figure 5 Insertion of the Camino fiberoptic intracranial pressure (ICP) monitoring system including trephination (A), barrel insertion

(B), dural penetration (C), channel formation (D), zeroing (E), insertion (F), and completion (G). Trephination (A) is accomplished

with a 7/64-inch bit, with care taken not to lacerate the dura or plunge into the brain. Following trephination, the wound is thoroughly

irrigated to remove all debris. The barrel is screwed into the skull (B) until it comes up on the stop mounted on the device to control

the depth of insertion. The dura is penetrated (C) with a 20-gauge needle passed only deep enough to create a small durotomy.

Forming the channel for the monitor (D) is accompanied by passing the supplied trochar through the barrel and the durotomy as

far as the trochar design allows. This forms a cavity for the monitor, which extends 15 mm beyond the tip of the barrel. Zeroing

the system (E) must occur prior to insertion of the monitor. To accomplish this, the system is connected to the transducer

and the small slotted knob is adjusted with the supplied screwdriver until the system is set to zero. Inserting the monitor (F) occurs

after zeroing is accomplished. The monitor is passed through the barrel until the 5-cm mark is at the top. At this point, the

catheter tip will project 13 mm beyond the tip of the barrel and will not touch the tip of the tissue cavity. The knurled knob is gently

tightened to secure the fiberoptic catheter in place, and the collar is slid down over the top of the barrel, sealing the system.

The complete Camino fiberoptic ICP monitoring system is shown in (G). Source: From Ref. 10.
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and falls in concert with the respiratory cycle (as do all
physiologic fluid waveforms). The normal fluctuations
in the ICP waveform are characterized as having three
pressure peaks (Fig. 6) (15). The initial, also the tallest peak
(P1) is due to the arterial pulsation transmitted to the brain
parynchyma and CSF. The second peak (P2) is termed as
the tidal or rebound wave and reflects intracranial com-
pliance. The third peak (P3) is almost always lower than
P2, and is called the dicrotic wave representing venous
pulsations that is transmitted to the brain. In the normal
compliant brain the magnitude of pressure wave is small
whereas, in tight brains the change in pressure with any
change in volume (dP/dV) is large. Besides these charac-
teristic three-peaked ICP waveforms, which occur with
the cardiac cycle, additional changes to the entire baseline
occur with alterations in intracranial compliance. Further-
more, changes in baseline occur with ventilation as
follows: In the spontaneously breathing patient, inhalation
decreases intrathoracic pressure and promotes venous
drainage (lowering ICP). Whereas, exhalation leads to
decreased venous outflow from the cranium causing
increased ICP. The opposite is true with positive pressure
ventilation. As ICP rises and cerebral compliance
decreases (from any cause), the venous components dis-
appear and the arterial pulses become more pronounced.

In 1960, Lundberg reported the results of direct ICP
monitoring by means of ventriculostomy in 143 patients
(11). In his report he outlined the pathophysiology and clini-
cal significance of three pathologic ICP waveform patterns
designated as “A” waves, “B” waves, and “C” waves.

Lundberg “A” waves, also known as plateau waves,
are characterized by a steep ICP elevation to .50 mmHg
lasting for two minutes to 20 minutes followed by an
abrupt fall to initial ICP levels. Usually the new baseline is
slightly higher after the “A” wave. These “A” waves recur
with increasing frequency, duration, and amplitude and
often occur with a simultaneous increase in mean arterial

pressure. Lundberg recognized these waves as harbingers
of impending uncontrollable ICP, probably resulting from
an exhaustion of intracranial compliance and buffering
capacity (Fig. 7A).

Lundberg “B” waves, also known as pressure pulses,
are characterized by ICP elevations of 10 to 20 mm lasting
between 30 seconds to two minutes. These waves are vari-
ations with types of periodic breathing and are more fre-
quently seen with increased ICP and decreased intracranial
compliance. Note the relationship is not entirely consistent
and represents a qualitative finding during ICP elevations
(Fig. 7B).

Lundberg “C” waves, reflecting Traube-Hering arterial
waves, are characterized by variable ICP elevations with a
frequency of four to eight per minute. They may represent
preterminal state and are occasionally seen on top of
plateau waves. Similar to “B” waves, they are suggestive
but not pathognomonic of increased ICP (Fig. 7C) (11).

Currently the emphasis is on the early recognition and
successful treatment of ICP elevations. Accordingly, the
aforementioned Lundberg pathologic (“A”, “B”, and “C”)
pressure waves are infrequently seen. However, when they
are seen in patients who are resistant to therapeutic inter-
ventions, they portend worse outcomes.

BRAIN ELECTRICAL ACTIVITY
Electroencephalogram
The electrical activity of the brain recorded by surface elec-
troencephalogram (EEG) originates in the superficial layers
of the cerebral cortex. Electrical activity of deep neurons
adds to the complexity of surface signals. The analysis of
EEG tracing primarily involves determination and evalu-
ation of signal strength (amplitude) and pattern (frequency
and morphology) (16,17). EEG is valuable in the investi-
gation of intermittent or persistent brain dysfunction and
remains essential in the evaluation of epilepsy. However,
the role of EEG monitoring in trauma and critical care has
been limited.

The classic EEG is recorded on up to 32 channels to
improve sensitivity. The arrangement of electrodes is
referred to as the “montage.” Different montage patterns
are designed to improve signal reception from the brain
area of interest (16,17).

The different EEG patterns are characterized by their
voltage, frequency, morphology, distribution, symmetry,
persistence, and reactivity over the scalp. Brain electrical
activity is commonly categorized according to its frequency:
Delta, ,4 Hz; theta, 4–8 Hz; alpha, 8–12 Hz; and beta,
.12 Hz (Fig. 8). In 75% to 90% of the normal population, a
dominant alpha range EEG is manifested, but this may be
seen in only 28% to 50% of the elderly individuals. A domi-
nant beta range is seen in 7% to 8%, whereas, 3% to 4% show
dominant activity in the theta range. Only 1% has a mixed
EEG without any classifiable dominant frequency (16,17).

Effect of Anesthetic Agents, Analgesics, and
Sedatives on Electroencephalogram
In the normal brain, the induction of inhaled anesthetics
initially decreases alpha activity and increases beta activity.
As anesthesia deepens, EEG frequency decreases further
until lower-frequency theta and delta moves predominate.
Further increase in anesthetic depth will lead to burst sup-
pression. At 2 MAC isoflurane, an electrical silence can be

Figure 6 The intracranial pressure (ICP) volume (elastance)

curve. Elastance is defined as the change (delta) in pressure (dP)

for a unit change in volume (dV). The term elastance (dP/dV) is

the inverse of compliance (dV/dP). The ICP waveform results

from the arterial (and to a lesser extent venous) pressure

waveforms occurring with the cardiac cycle, when the brain is

compliant (low elastance), the dP/dV is small, whereas when

the brain is noncompliant the elastance is large (i.e., the dP/dV

is large), and the ICP waveforms have both a higher baseline,

and a higher pulse pressure. Source: From Ref. 15.
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noticed. These deep anesthetic charges are similar to
hypothermia and brain death.

In lower doses, narcotics tend to increase the ampli-
tude of alpha and beta frequencies. In higher doses, theta
and delta bands develop, indicating sedation. Very high nar-
cotic levels result in a steady decline in EEG frequency until
delta predominates. Burst suppression does not occur with
narcotics. At extremely high doses, seizure, like activity
has been recorded in dogs and rodents (18) (also seen with
high normeperidine levels in humans). However, in the
absence of normeperidine, narcotics have not reproducibly
caused convulsive seizures in humans (19,20). Although
epileptiform activity (21) and temporal lobe activation (18)
have been reported in humans, these changes are not analo-
gous to seizures.

In low doses, benzodiazepines and barbiturates cause
a decrease in the percentage of alpha waves, and an increase
in the beta activity. At high doses, theta and delta activities
predominate. In very high doses, they can cause periods of
electrical silence interspersed with brief episodes of activity
this pattern is termed burst suppression. The EEG verifica-
tion of burst suppression is valuable when determining the
dose that is required to induce and maintain barbiturate
coma (22).

Etomidate and propofol administration alters EEG tra-
cings in a fashion similar to barbiturates. In small doses
(0.1 mg/kg) etomidate enhances interictal activity of
seizure foci. However, the myoclonic activity sometimes
seen with etomidate is not related to seizures. In higher

Figure 7 Lundberg’s “A,” “B,” and “C” waves (respectively). Lundberg’s “A” waves, also referred to as plateau waves (A), are

actually intracranial pressure (ICP) waveform trends measured over 30 to 90 minutes. These ICP trends are characterized by a steep

ramp up to pressures of nearly 50 to 80 mmHg, over a duration of 2 to 15 minutes. The peak (“A” wave) is followed by an abrupt

fall to a new baseline slightly higher than that of the initial ICP waveform. Lundberg’s “A” waveforms tend to recur at increasing

frequencies, durations, and amplitudes with progressively higher baselines. Lundberg “A” waves reflect extreme compromise of

intracranial compliance and are harbingers of uncontrollable ICP. Lundberg’s “B” waves (B) are pressure pulses of 10–20 mmHg

that occur at a frequency of 0.5 to 2 waves per minute. Lundberg’s “B” waves illustrated in this figure are highlighted with asterisks.

They usually occur in the setting of increased ICP and generally indicate decreased intracranial compliance, although in a

less consistent manner than “A” waves. Lundberg’s “C” waves (C) are ICP waveforms reflecting arterial Traube-Hering waves.

They suggest diminished intracranial compliance in a qualitative fashion similar to “B” waves. “C” waves illustrated in this figure

are highlighted with asterisks. Source: From Ref. 10.

Figure 8 Electroencephalogram waves illustrated and labeled

according to their classic frequency related distributions. Delta

waves have frequencies ,4 Hz but typically have higher

amplitudes than beta or theta waves. Theta waves have

frequencies between 8 and 12 Hz and typically have varying

amplitude as shown. Beta waves have the highest frequencies

(.12 Hz), but are low in amplitude. Source: From Ref. 150.
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doses, etomidate causes EEG slowing and ultimately burst
suppression. Propofol produces an increase in the alpha
rhythm initially, followed by an increase in theta and delta
activity, and finally (at very high doses) burst suppression
(23). With regard to dexmedetomidine, human EEG data
are not well characterized. However in the rat, dexmedeto-
midine causes progressive slowing of EEG with increasing
doses of drug and some enhancements in amplitude
(similar to the effects seen with opioids) (24).

Electroencephalogram Changes Resulting
from Critical Care Events
In addition to the pharmacological effects, physiological
changes can cause important EEG effects (25,26). It is essen-
tial that any EEG changes should be interpreted within the
clinical context in which they are observed.

Carbon Dioxide, Oxygen, and Body Temperature
Hypocarbia causes slowing of the EEG and increased sus-
ceptibility to sedative/hypnotic drugs. Mild hypercarbia
(5–20% above normal) causes decreased cerebral excitability
and an increased seizure threshold. High level (30% above
normal) results in increased cerebral excitability and epi-
leptic activity. Very high levels (50% above normal)
produce EEG depression (27).

Hyperoxia causes a low amplitude and fast frequency
EEG pattern, characteristic of (but not essentially indicative
of) cerebral excitation. Decreased brain oxygenation initially
causes increased cerebral excitability. If hypoxia persists to
cause anoxic death of enough brain cells, burst suppression
or diffuse alpha pattern may emerge (both also seen in drug
intoxication) (28). With brain and brainstem death EEG
slows further, ultimately resulting in EEG silence (17,28).

Cerebral Blood Flow
The EEG has never been demonstrated to correlate with

CBF except at very low levels. Specifically, EEG changes
begin to occur when CBF decreases ,30% of normal (Fig. 9)
(29). However, the EEG threshold for detection of ischemia
in injured brain is unknown. Additionally, at the threshold
of electrical failure, aerobic metabolism may still be occur-
ring. Most clinical studies of EEG and CBF have occurred
during carotid endarterectomy (30–32). Overall, neurologi-
cal outcome is more dependent on the duration of anaerobic
flow deficits than on the EEG changes, during the periods of
low flow (29–32). Nonetheless, the EEG has certain value as
a warning that CBF may be decreasing, thereby reaching a
dangerous level.

Brain Death
Persistent EEG electrical silence is characteristic of, but not
pathognomonic of brain death (33–35). However, barbiturate
coma, metabolic dysfunction (e.g., hepatic encephalopathy),
severe hypothermia (temperature ,188C), and other con-
founding factors may also produce cerebral electrical silence
on EEG. Indeed, hypothermia causes progressive slowing of
brain activity below 358C. Complete EEG silence occurs
with marked hypothermia (below 188C) (36–39).

Because an EEG silence pattern is not specific for

brain death, it should never be used exclusively to diagnose
brain death, but rather only as a confirmatory test.
Particularly in the presence of any of these confounding
factors, other confirming data (e.g., brain flow study) must
be used to make the diagnosis of brain death (see Volume 2,
Chapter 16).

Processed Electroencephalogram Monitoring
Difficulty in using and interpreting the multichannel raw
EEG stimulated the development of computerized proces-
sing of EEG data. The processed EEG generally does not
employ many scalp electrodes to generate a satisfactory
signal and typically uses adhesive contact electrodes that
are easily replaceable. These electrodes have to be placed
across the forehead. However, needles or standard cup elec-
trodes can also be used.

Several signal processing techniques have been uti-
lized; including compressed spectral array (CSA), power
spectrum, zero cross, and a periodic analysis (40). The EEG
signal is usually digitized, processed, and then graphically
displayed. Advanced signal analyses such as source localiz-
ation, quantitative EEG brain mapping, and high-resolution
EEG are being developed, but their clinical applications are
not yet fully defined (40).

The advantage of the processed EEG is that
the real-time analysis can quickly interpreted with minimal

training, resulting in a more rapid detection of clini-
cal problems (e.g., ischemia, seizure), and institution of
the treatment.

The processed EEG is potentially valuable in the ICU
because it can be used to continuously monitor abnormal
electrical activity and also the EEG effects of a given
therapy, thus improving the titration of interventions in
intensive care patients (40,41). For example, processed EEG
monitoring can be used to assess and adjust sedation.
Severe pain or discomfort increases EEG activity in the
higher frequencies and increases the amplitude across all
bands diffusely; while mildly sedated patients show
decreased alpha and increased beta amplitude, and heavily
sedated ones show decreased frequency and amplitudea-
cross all bands (40). Also, processed EEG may be useful for
ischemia detection but sensitivity is decreased by electrode
location and number of channels. Advanced signal analyses
such as source localization, quantitative EEG brain mapping,
and high-resolution EEG are being developed, but their
clinical applications are not yet fully defined (26).

Bispectral Electroencephalogram Signal Processing
and Monitoring
The bispectral index (BIS) is a complex EEG parameter com-
posed by using statistical data analysis to identify the

Figure 9 Detection of cerebral ischemia with electro-

encephalogram (EEG) monitoring. The normal adult brain has

baseline EEG waveforms in the alpha range (8–12 Hz). With

increasing ischemia the waveform slows some into the theta range

(4–8 Hz), and the amplitude continues to diminish until electrical

silence ultimately occurs (not shown). Source: From Ref. 151.
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components of the EEG that were found to correlate with the
clinical depth of sedation and amnesia with high accuracy
and reproducibility (42). These data were normalized to a
unitless scale from zero (no EEG activity) to 100 (awake).
Its ability to measure these endpoints is thought to be signifi-
cantly better than assessment by usual clinical signs alone
(42). Intraoperative experience shows that anesthetic
drugs can be titrated to a specific quantitative endpoint
(BIS monitor range of 50–60); to avoid recall, a level
between 60 and 80 can be chosen if sedation and amnesia
are the desired endpoints in the ICU (42–47).

Evoked Potentials
Nerve stimulation to evoke responses is used for monitoring
the functional integrity of specific sensory and motor path-
ways. An evoked potential (EP) is an event gated sequential
recording and averaging of multiple EEG traces in repetitive
specified time epochs. Each EEG epoch is a reproducible
EEG response to a specific stimulus that tests a certain
neural pathway. EP technology has a specific nomenclature
for waveform description: polarity (negative, positive),
latency (msec), amplitude (mV), etc. (Fig. 10) (48).

Compromise of a neurological pathway is mani-
fested as an increase in the latency, or a decrease in the

amplitude of EPs, or both. Various types of EPs have
been used for many years in the OR. There is an increasing
interest in the use of evoked potentials as monitors in ICUs
(48,49). It has not yet achieved the anticipated widespread
use due to technological complexity, required skills, relative
patient discomfort, and signal deterioration with patient
movement and/or use of sedatives (though etomidate
tends to increase EPs). However, newer techniques may
allow more robust signal monitors for the ICU, thus these
neuro monitoring techniques will be reviewed here.

Brainstem Auditory Evoked Potentials
Brain stem auditory evoked potentials (BAEPs) are per-
formed by the application of audible clicks to the ears by
headphones or earplugs secured into one ear canal, while

white noise is used to mask the opposite ear (50). BAEPs
are relatively resistant to drug effects. Benzodiazepines
have been reported to have minimal effects, decreasing
amplitude and increasing latency (51). However, no corre-
lation between early latency BAEP and the presence of
amnesia has been shown but there is probably a correlation
with late latency BAEP (52). Analgesic opioids have no sig-
nificant effects on amplitude or latency (53). Propofol may
increase BAEPs latency minimally without changes in
amplitude (54). In summary, drug-induced alterations to
BAEPs are generally not very substantial. Thus BAEPs can
be used to assess brainstem function in a patient treated
with various CNS depressants in the ICU.

Visual Evoked Potentials
Visual evoked potentials (VEPs) are recorded by applying
flashing lights to the eyes. In patients who are sedated or
unconscious, the eyelids must be taped shut and the light
is then applied through the closed lid or by light-emitting
contact lenses applied under the lid. These patients present
a challenge for recording VEPs because they cannot focus
their eyes. Therefore, VEPs are technically difficult to
obtain and questions have risen about their usefulness in
monitoring. Also, VEPs are more sensitive than the other
EP modalities, to the effects of different drugs further dimin-
ishing their usefulness in critical care (48).

Somatosensory Evoked Potentials
Somatosensory evoked potentials (SSEPs) electrodes usually
are applied to the median, ulnar, peroneal, or tibial nerves
(55). SSEPs are mainly used in the OR to monitor the
spinal cord ascending pathways, functional integrity during
spine surgery. SSEPs are also used to assess deep brain struc-
tures during some vascular neurosurgical procedures. SSEPs
use in critical care is still not as common as a monitor. SSEPs
are more sensitive to the effects of CNS depressant drugs than
BAEPs (55). Benzodiazepines were reported to cause
decreased amplitude and increase latency (56–58). Opioids
have been reported to produce no effect or minimal increase
in latencies and decrease in amplitude even in high doses
(59–61). Propofol produces depression of SSEPs, but it
still allows effective monitoring (62,63), whereas, etomidate
increases SSEP amplitude (55).

Motor Evoked Potentials
Motor evoked potentials (MEPs) can be produced by direct
(epidural) or indirect (transosseous) stimulation of the
brain or spinal cord by either electrical or magnetic stimu-
lation, causing contralateral peripheral nerve signals, elec-
tromyographic signals, or overt muscle contractions (64).
MEPs are used to assess motor cortex, subcortical, and
descending motor pathways. These are mainly used in the
OR to monitor the spinal cord descending pathways, func-
tional integrity during spine surgery. Further investigations
with MEPs are needed to fully define their usefulness in
critical care.

MEPs are extremely sensitive to depression by benzo-
diazepines, propofol, and inhaled anesthetic drugs (55).
MEPs appear to be relatively unaffected by opioids and are
less effected by etomidate (which actually enhances EPs) and
dexmedetomidine (65,66). Neuromuscular blockade obviously
affects the recorded electromyographic (EMG) response and
must be carefully used (if used at all) to provide adequate
monitoring conditions. Maintaining one or two twitches in
a train of four can permit reliable MEP responses that has

Figure 10 Evoked potential (EP) waveform. The latency is

the duration in milliseconds (msec) between the stimulus and

the EP waveform. The amplitude is typically recorded in

microvolts (mV), but varies according to the type of EP. For

example, somatosensory evoked potentials typically have

amplitudes in the 1 to 3 mV range, whereas motor evoked

potentials (MEPs) typically have amplitudes that range

between 5 mV (neurogenic MEPs) and 25 mV (epidural MEPs),

all the way up to 500 mV (myogenic MEPs).
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to be recorded (55,64). Due to the limitations of current
technology, neither SSEPs nor MEPS are used in the
ICU. However, both are used operatively (see Volume 1,
Chapter 26).

Clinical Interpretation of Evoked Potential
Changes in Context of Critical Care Events
The disease states commonly seen in the ICU produce EP
changes due to ischemic insults and/or anatomic disruption
of relevant neurological pathways. Compromise or injury of
these pathways is manifest as an increase in the latency and/
or a decrease in the amplitude of EP waveforms. It has been
suggested that acute changes are more significant than
gradual ones. Nonetheless, transient EP changes may
occur without adverse effect (67). Also, in the ICU there
may be considerable variability in the EP signals (related
to temperature, PaO2, PaCO2, and artifacts related to
nursing procedures) that make the interpretation of EP
changes even more confusing.

Experimental reports of global cerebral ischemia
describe monitoring of EPs to adequately reflect the integrity
of CNS perfusion (68,69). Hypotension below levels of cer-
ebral autoregulation produces progressive decreases in EP
amplitudes until the waveform is completely lost (70). In
addition, SSEPs have been noted to correlate with the sever-
ity of neurological deficits after cerebral ischemia (71,72).
Persistence of SSEP waveforms, however, does not ensure
the absence of infarction risk in nonmonitored areas. It has
been shown that BAEPs are less sensitive than SSEPs to
ischemia.

Several animal studies suggest that SSEPs can be used
to detect focal ischemia (73,74). They have been used intra-
operatively for that purpose (75), but up to date there have
been few reports for EP use in the intensive care unit (76).
In the ICU, EPs may find a role to monitor patients at risk
of stroke (patients with transient ischemic attacks) or
worsening of new strokes, to possibly assess the effects of
peri-infarct edema, and in patients who already received
thrombolytic therapy for probable recurrences (76).

Vasospasm can occur after subarachnoid hemorrhage
and is characterized by increased blood velocity and
decreased blood flow. SSEPs can be used to detect the onset
of vasospasm (77,78). However, transcranial Dopplers (dis-
cussed later) are a better noninvasive monitor for vasospasm.

EPs are not yet developed to the degree that they can
provide a prognosis of patients with head injuries. EPs are
diminished in the setting of increased ICP (79,80). However,
the minimal ICP required to begin altering EP signals is
approximately 30 mmHg (81). Marked BAEPs changes
occur with herniation (82). Thus, EPs lag behind other indi-
cators such as IEP and Glasgow coma score in detecting
danger or predicting the neurological outcome (83–85).

SSEPs can be used to monitor spinal cord integrity and
may also be able to suggest prognosis after injury. Patients
with spinal cord injury can experience ascent of the level
of their deficit showing “spinal cord injury Potentials”
(SCIPs) (55). SSEPs can be a useful device to detect pro-
gression of a deficit and instituting therapies to prevent or
reverse this process (86). MEPs can be monitored in conjunc-
tion with SSEPs to evaluate the functional integrity of both
motor and sensory pathways, although studies suggest
that changes in only one modality are rare (55,87). EPs
have not totally been studied in a controlled fashion for
ICU monitoring of, spinal cord, and their utility remains to
be studied.

Occasionally patients do not arouse quickly after
lengthy neurosurgery even after procedures without
expected anatomic neurological problem and an uneventful
anesthesia. In this case, the routine postoperative neurologi-
cal assessment cannot be performed in a satisfactory manner.
In the setting of an unchanged brain CT, EPs may become
useful in these unconscious patients to confirm the integrity
of the central nervous system, until they regain conscious-
ness (88,89).

Several reports document that EPs change with brain
death, especially BAEP, which disappear in 80% of clinically
brain dead subjects. Continuous BAEP monitoring may
alert clinicians of the onset of brain death, sooner, and thus
facilitate earlier decisions regarding organ donation (i.e.,
before hemodynamic instability ensues) (90–92). However,
EPs cannot be used as a sole determinant of brain death.
Accordingly, a change in EP is best used to trigger a
review of patient status using other modalities.

CEREBRAL BLOOD FLOW
Transcranial Doppler Ultrasonography

Transcranial Doppler (TCD) is a noninvasive method that
uses sound waves for measuring CBF velocity. The
waveform displayed is related to the velocity and flow direc-
tion of the blood and provides real-time, beat-to-beat infor-
mation. TCD has been used in the ICU to detect cerebral
vasospasm and determine its severity, following subarach-
noid hemorrhage or aneurysm clipping (93–96). As a cer-
ebral artery constricts, velocity of blood flow within the
lumen increases to maintain blood flow. Mean velocity of
the middle cerebral artery (MCA) blood flow over 120 cm/
sec generally correlates with the presence of vasospasm by
cerebral angiography (Fig. 11). TCD may also be helpful in
monitoring head injured patients who go through three
phases postinjury: hypoperfusion, hyperemia, and vasos-
pasm (97,98).

Another important potential application of TCD is in
stroke. TCD provides a reasonably accurate way to charac-
terize the vascular system in ischemic stroke. Moreover,
TCD can also detect cerebral emboli and provide infor-
mation that can aid in making the needed therapeutic
decisions. Embolic events are unpredictable, infrequent,
and may or may not be symptomatic. Thus, TCD monitoring
may be used in the future to detect, count, and measure the
size of cerebral emboli (99–101).

TCD has also been used as a screening aid in the diag-
nosis of brain death. TCD in brain death shows a character-
istic blood flow pattern with brief systolic inflow of blood
followed by flow reversal in diastole (Fig. 12). Because the
dead brain no longer has blood flowing to the parenchyma,
the MCA takes a brief inflow of blood during systole and dis-
tends (but does not transmit blood further into the brain),
and that blood then exits the MCA during diastole (flow
reversal). TCD cannot be used as a sole determinant for
brain death. Nonetheless, observation of normal TCD wave-
form, in some cases, can be used to rule out the diagnosis of
brain death (102–105).

All intravenous anesthetics (except for ketamine)
decrease CBF. Thiopental, propofol, and benzodiazepines
tend to decrease cerebral flow velocity (CFV), while narcotics
have little increase or no effect on CFV (106). It must be noted
that many other physiological variables (e.g., temperature,
hypoxia, hyper- or hypocarbia, hematocrit level, and
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atherosclerotic vascular disease) can also affect TCD values
(106,107).

Laser Doppler Velocimetry/Flowmetry
The laser Doppler technique measures blood flow in the
microvasculature. This technique depends on the Doppler
principle where emitted light is scattered by moving red
blood cells. As a consequence it is either reflected, or
detected, or both after the wave frequency has changed.
The Doppler frequency shift is processed to provide a
blood flow measurement in the microvasculature. Scanning
of tissues enables blood flow mapping, and color coded
images of the blood flow can be displayed. The term com-
monly used to describe blood flow measured by the laser
Doppler technique is “flux.” Regions of interest can be
defined and statistical data calculated and recorded. Assess-
ments can be made using invasive procedures (needle fiber-
optic probe) or noninvasive with skin probes on the forehead
(108,109).

Cerebral Angiography
The development of other noninvasive diagnostic modalities
and the advancements in CT and magnetic resonance
imaging (MRI) technology has diminished the use of angio-
graphy. Angiography uses X-ray imaging of the cerebral
vessels after injection of a contrast medium via a catheter
threaded into the carotid and/or vertebral arteries. Digital
subtraction angiography (DSA) can show the vessels in iso-
lation by subtraction of bone images, and portable units may
soon find utility in the ICU (110). Potential risks are reaction
to the contrast material, bleeding from puncture site and
stroke by dislodged plaques or injury to cerebral vessels,
followed by vasospasm or thrombosis (97,111).

Perfusion Computed Tomography (Helical Computed
Tomography with Contrast Injection)
Continuous movement of the gantry of a CT scanner during
ultrafast signal acquisition can create helical CT images.
Overlapping the resulting two-dimensional (2-D) images
creates virtual high-resolution, three-dimensional (3-D)
images. Typical perfusion 3-D CTs have been carried out
with intravenous bolus injection of contrast media. Helical
CT scan can be extremely useful in the diagnosis of intracra-
nial lesions and vascular abnormalities, but is not as import-
ant in most TBI patients (Fig. 14) (112–114).

Magnetic Resonance Angiography
The development of MRI has led to much of the progress in
the diagnosis and management of neurological disorders
(115). MRI is a form of tissue analysis in which magnetic
field waves are applied and their resonance is analyzed to
probe tissue characteristics. Magnetic resonance angiogra-
phy (MRA) has also become a clinically useful tool; selective
MRA provides information about the origin and direction of
flow and circulation in collateral vessels, including the

Figure 11 Transcranial Doppler (TCD) waves before (A) and

after (B) the onset of cerebral vasospasm. Flow is shown on the

X axis. Above zero is forward flow, and below zero is reverse

flow. The top TCD profile (A) has a scale of 0 to 200 cm/sec

with record flow peak velocity at 115 cm/sec. The bottom TCD

profile (B), demonstrates vasospasm with peak velocities above

scale (.240 cm/sec). Source: From Ref. 151.

Figure 12 Reversal of transcranial Doppler (TCD) wave flow

during diastole characterizing brain death. The top TCD profile

shown has a scale of 0 to 120 cm/sec, above zero is forward flow,

below zero is backward flow. During systole, a brief inflow of

blood occurs in the middle cerebral artery (MCA), but due to the

lack of forward flow beyond that point (due to brain death), the

distended MCA expels its contained blood during diastole (flow

reversal). Source: From Ref. 151.
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ability to visualize aneurysms and arterial venous malfor-
mations (AVMs) (Fig. 13) (115–117).

Xenon-Enhanced Computed Tomography
Improvements in CT technology using inhaled xenon as a
radio-dense substance allowed acquiring three parameters
describing the cerebral hemodynamics: regional cerebral
blood volume (rCBV), blood mean transit time (MTT)
through cerebral capillaries, and rCBF at multiple levels
(Fig. 14 and 15) (118). It has also been used for many situ-
ations, these include: autoregulation assessment following
trauma, outcome prediction, detection of vasospasm (and
resultant regions of ischemia), and bedside titration of blood
pressure and ventilation to CBF. In general it is an excellent
method to detect and quantitate the blood flow (118–120).

Xenon-133 Clearance
The inert gas xenon-133 clearance technique relates the
change in radiotracer activity over time (given intravenously
or by inhalation) to blood flow. It is a valuable diagnostic and
prognostic tool that allows bedside measurement of rCBF.
Owing to xenon rapid clearance from the brain, multiple
studies can be performed on the same day (121). Early
post-traumatic findings are predictive of the outcome,
whereas later measurements are correlated with functional
recovery. Easily operated computerized systems are now
available in which data are displayed as 2-D topographic
brain maps (121). Stable xenon-enhanced CT (SXe/CT)
uses a non radioactive stable xenon (131) and has been
well validated as a measure for rCBF (122). However, SXe/
CT-induced rCBF activation may cause overestimation of
actual rCBF in both TBI and subarachnoid hemorrhage
(SAH) patients (122).

Positron EmissionTomography
Positron emission tomography (PET) is a complex method of
brain imaging that requires a cyclotron to provide the
positron emitting isotopes. PET provides 3-D images
about cerebral metabolic rate, CBF, and oxygen extractions
(quantitative and functional images) (123). Recent studies
are showing high correlations with neuropsychological
testing (124).

Single Photon Emission Computed Tomography
Single photon emission computed tomography (SPECT)
technology uses a radionuclide to obtain 3-D images of its
distribution with a gamma camera and CT techniques. The
resultant images qualitatively reflect the regional blood
flow and may be able to predict the likelihood of ischemia.
Also, SPECT can differentiate neurological symptoms due
to ischemia (hypoperfusion) from epilepsy (hyperperfusion)
(125,126). SPECT is easily done but lacks the quantitative
accuracy of PET and xenon-based techniques.

INTRACRANIAL OXYGEN SATURATION
Jugular Bulb Venous Oxygen Saturation

Jugular bulb venous oxygen saturation (SjvO2) provides

a measurement of the global balance between cerebral
oxygen supply and demand. SjvO2 can be measured by
placing a fiberoptic catheter into the jugular bulb via the
internal jugular vein retrograde. Assuming CMRO2 to be
constant, acute changes in CBF will be reflected by the
SjvO2. However, smaller focal areas of cerebral ischemia

may go undetected with SjvO2 monitoring (127–131).
SjvO2 measurements of below 50% are indicative of global
cerebral ischemia. An increase in SjvO2 above 85% implies
either a rise in cerebral blood flow, shunting of blood away

Figure 13 Magnetic resonance angiography (MRA) images

of cerebral vessels. The arterial phase of the MRA image is

shown in (A), whereas the venous phase is shown in (B).

Source: From Ref. 152.
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from neurons, or a decrease in cerebral metabolism as occurs
in head injury, barbiturate coma, and impending brain
death SjvO2 monitoring is susceptible to artifacts caused
by baseline drift of the catheter or by lodging of the
sensor tip of the catheter against the wall of the vein.

Finally, areas of focal ischemia can occur with entirely
normal SjvO2 values (127–131).

Near Infrared Spectroscopy
Transcranial cerebral oximetry is a continuous, real-time,
and noninvasive technique based on the measurement of
infrared light wavelength’s absorption by hemoglobin. It
uses a near infrared light emitter and a dual receiver
placed usually over the lateral forehead. HbO2/Hb ratio is
then determined. Interpretation principles afterwards are
similar to those used with jugular bulb oxygen measuring
(Fig. 16). Regional oxygen saturation (rSO2) can thus be
measured transcutaneously with near infrared spectroscopy
(NIRS) to assess physiologic, pathologic, and therapeutic
events. Absolute levels ,50% or decrements .10% from
baseline readings are thought to indicate cerebral hypo-
perfusion. The saturation values are representative only of
the region beneath the sensor, and the presence of cerebral
extravascular blood collections may interfere with the
recordings or result in wrong values (132–134).

Brain Tissue PO2 Probes
Microprobes can be inserted directly into the brain par-

enchyma to measure PO2, PCO2, pH, temperature, and
many other variables, which indirectly indicate perfusion
changes of that particular region of the brain (134).

One such monitor, the Neurotrendw Cerebral Tissue Moni-
toring System (Codman, Raynham, Massachusetts, U.S.A.)
is commercially available, and has recently been shown to

Figure 14 CT perfusional xenon enhanced computed tomography—normal brain. The output can be displayed as: (A) contrast media

evolution in artery (curve 1), vein (curve 2), and cerebral parenchyma (curve 3); (B) regional cerebral blood volume; (C) regional

cerebral mean transit time; (D) regional cerebral blood flow; and (E) xenon perfusion mapping. Source: From Ref. 153.

Figure 15 Xenon-enhanced computed tomography

(CT)—traumatic brain injury. Xenon-enhanced CT blood flow

study in a patient with severe head injury. Left, anatomic

reference section [arrow indicates tip of regional cerebral blood

flow (rCBF) probe]; right, corresponding rCBF (mL/100 g/min)

image shows severe right hemispheric hypoperfusion

(corresponding to the severe right-sided lesion seen on CT

scan). Source: From Ref. 122.
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track declining brain pH and tissue PO2 (Brain-PtiO2) as
brain PCO2 and lactate (measured by microdialysis cath-
eter—see later discussion in “Eye To The Future”) increased
in a feline model of fluid percussion injury (FPI) and second-
ary hypoxic injury (135). Insertion-related hemorrhagic and
infectious complications are rare and the probes have little
baseline drift (131).

Unfortunately, human studies in normal brain do not
exist yet. Thus normal baseline and normal ischemic
thresholds are not yet confirmed. However, decreasing
human Brain-PtiO2 values have correlated highly with
outcome in patients with TBI (136,137). Brain tissue oxygen
PO2 , 25–30 mmHg is most likely an indication of impaired
brain oxygenation (138). However, the anarobic threshold is
probably in the range of an approximate Brain-PtiO2

,20 mmHg (139).

EYE TO THE FUTURE

Recent technologies and improvement of monitoring tech-
niques made it possible to have better, more accurate, and
more user friendly equipment available for neurological
monitoring in the ICU. However, most of the currently
available monitors remain sensitive to interfering signals
from other ICU equipment and patient movements,
which causes frequent artifact recording. Improving
monitor filters and sensitivity will allow better quality of
signal detection and decrease both missed events and false
alarms. As neurological monitors are becoming more
popular every day, multimodal monitors will soon become
available where different parameters can be detected simul-
taneously and displayed on a single monitor screen
(140,141).

Pupillometry and microdialysis are two head-injury
monitoring techniques on the horizon for clinical use.
Quantitative pupillometry offers the possibility of measur-
ing subtle changes in pupillary shape associated with
intracranial volume expansion. Adding to the basic exam,

pupillometry aims to provide earlier and more sophisti-
cated information about corresponding changes in brain
elastance (dP/dV). A relationship exists between ICP
higher than 20 mmHg and a reduction of constriction vel-
ocity of the pupil and a reduction of pupil size of less
than 10% appears to be associated with increases in brain
elastance (the inverse of compliance). Pupillometry is
becoming a reliable technology capable of providing data
on quantitative papillary function and further investigation
is warranted to establish its clinical relevance and appli-
cation (142).

Cerebral microdialysis catheters are a recently devel-
oped technology capable of directly measuring extracellular
cerebral metabolites at the bedside (143). Microdialysis is a
technique by which a fine tube is inserted into the brain
that measures the concentration of chemicals in the extra-
cellular space of the brain by mimicking the action of a
blood capillary. Molecules that pass through the semiperme-
able membrane are collected into vials and the very small
volumes are then analyzed.

Several substances can be studied, for example:
energy metabolites (e.g., glucose, lactate, and pyruvate),
excitatory amino acids (e.g., glutamate), and markers of
cell damage (e.g., glycerol), and inflammatory substances
(e.g., cytokines). In the setting of head injury reports have
shown glutamate levels to increase, lactate to increase, and
glucose and pyruvate levels to fall. Some studies have
shown an alteration of chemical substances with the insti-
tution of therapy. Further investigation aims to detect
changes in tissue chemistry at a stage when secondary
brain damage can be prevented (143). Microdialysis cath-
eters may be a useful monitor in the intensive care unit,
especially in patients with head injury, epilepsy, stroke,
and SAH (144–146).

Given evidence of prolonged neuromuscular blockade–
induced myopathy, the use of peripheral nerve stimulators
is recommended during neuromuscular blockade in the ICU
(147). Nerve stimulators are an essential tool, especially
during prolonged muscle relaxant infusions (148). Although
specific monitors of neuromuscular junction health have not
yet been developed, electrodiagnostictesting of neuromuscu-
lar disorders is continuing to evolve (149).

SUMMARY

The traditional means of clinically identifying neurological
events is by conducting a periodic examination to detect
neurologic deterioration. However, because of the high sen-
sitivity of the brain to ischemia and anoxia, the reliance on
intermittent examination may not immediately detect
deterioration and therefore risks neurological damage to
the patient.

Various neurological monitors are effective in detect-
ing impending changes in brain electrical activity, cerebral
ischemia, and anoxia, which make it possible that the onset
of such neurological insult maybe detected earlier. It was
proven that using these monitors in the ICU has dramati-
cally improved the quality of patient care and outcomes.

Selection of the monitored parameter and modality
depends on the clinical setting, diagnosis, and expected
sequelae. However, frequent neurological examinations
remain the gold standard of care.

Figure 16 Schematic representation of near infrared

spectroscopy (NIRS). The NIRS probe contains a light source

and two photodetectors. Photodetector 1 detects infrared light

absorption of scalp/extracranial blood and photodetector 2

detects infrared light absorption of both cerebral and

extracranial blood. Cerebral oxygenation is calculated by

subtracting absorption measured at detector 1 from that

measured at detector 2. Source: From Ref. 151.
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KEY POINTS

The cerebral perfusion pressure (CPP) is equal to the
difference between mean arterial pressure (MAP) and
ICP (CPP ¼MAP – ICP). Accordingly, any decrease in
MAP or increase in ICP will result in a decrease in CPP.
The intraventricular catheter, in addition to measuring
ICP, allows therapeutic CSF drainage.
Intraparenchymal devices, for example, Caminow ICP
monitors (Camino Laboratories, San Diego, California,
U.S.A.), use a catheter that is inserted within cortical
gray matter, which allows direct measurement of
brain tissue pressure.
The normal ICP waveform is pulsatile and coincident
with the cardiac cycle. However, the entire baseline
rises and falls in concert with the respiratory cycle (as
do all physiologic fluid waveforms).
The EEG has never been demonstrated to correlate with
CBF except at very low levels.
Because an EEG silence pattern is not specific for brain
death, it should never be used exclusively to diagnose
brain death.
The advantage of the processed EEG is that the real-
time analysis can be quickly interpreted with minimal
training, resulting in a more rapid detection of clinical
problems (e.g., ischemia, seizure), and institution of
the treatment.
Intraoperative experience shows that anesthetic drugs
can be titrated to a specific quantitative endpoint (BIS
monitor range of 50–60), to avoid recall; a level
between 60 and 80 can be chosen if sedation and
amnesia are the desired endpoints in the ICU.
Compromise of a neurological pathway is manifested
as an increase in the latency, or a decrease in the ampli-
tude of EPs, or both.
Transcranial Doppler (TCD) is a noninvasive method
that uses sound waves for measuring CBF velocity.
Jugular bulb venous oxygen saturation (SjvO2) pro-
vides a measurement of the global balance between cer-
ebral oxygen supply and demand.
Microprobes can be inserted directly into the brain par-
enchyma to measure PO2, PCO2, pH, temperature, and
many other variables, which indirectly indicate per-
fusion changes of that particular region of the brain.
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INTRODUCTION

Monitoring of respiratory gases in critically ill patients is
increasingly used, and with improved utilization and
understanding come opportunities to improve outcomes.
The widespread use of pulse oximetry in the late 1980s
revolutionized anesthesia management and is responsible
for saving countless lives. In the 1990s, this technology
quickly spread outside the operating room (OR) to
become a standard of care in the surgical intensive care
unit (SICU) and the emergency department (ED). Carbon
dioxide (CO2) monitoring has long been used in anesthesia
practice and is likewise becoming more commonly used in
critical care areas outside of the OR. This chapter reviews
the practical benefits of respiratory gas monitoring tech-
niques that are commonly employed in the OR and are
increasingly utilized in the trauma resuscitation suite
(TRS) and in the SICU.

CARBON DIOXIDE MONITORING

The partial pressure of arterial CO2 (PaCO2) is commonly
measured by arterial blood gas (ABG) sampling, but
inhaled and exhaled CO2 values provide additional clini-
cally relevant information, and can also be monitored in
the SICU. Exhaled gas CO2 concentrations provide
physiologic information about both systemic perfusion

and pulmonary function. Monitoring of exhaled gas
CO2 can be accomplished by colorimetric, capnometric, or
capnographic means. In colorimetric CO2 monitoring, a dis-
posable device, for example, Nellcor Easy Capw II (Pleasan-
ton, California, U.S.A.), is connected between the 15-mm
airway adapter of the endotracheal tube (ETT) and the ven-
tilator tubing. The presence of CO2 in the exhaled gas causes
a chemical reaction in the indicator device changing the color
from a baseline purple to yellow. The Nellcor Easy Cap II is a
commonly employed device for secondary confirmation of
ETT placement in locations outside of the OR, where capno-
graphy may not be available (see Volume 1, Chapters 8 and
9). While colorimetric monitoring provides qualitative infor-
mation, capnometric and capnographic monitoring devices
provide more quantitative information. The numerical
value of CO2 measured is typically reported in mmHg.
The end tidal CO2 (PETCO2) value is usually monitored in
the OR, as this most closely reflects the PaCO2. The
PETCO2 provides information about four important issues:

(i ) the correct placement of the ETT, (ii ) the ventilation
status, (iii ) the cardiac output (Q̇), and (iv ) the metabolic
status of the patient.

Metabolic Status of the Patient
As the cellular byproduct of respiration, CO2 blood levels
mirror metabolic rate. When the rate of metabolism
increases, the level of CO2 produced (V̇CO2) also increases.
A list of hypermetabolic disease processes commonly
encountered in critically ill trauma patients are listed in
Table 1. However, the PETCO2 and the PaCO2 can vary in
response to a variety of conditions (described later).

Correct Placement of the Endotracheal Tube
Incorrect placement of an ETT leads to catastrophic results if
it is not recognized immediately after it occurs. Historically,
physical exam findings were used to confirm placement.
Auscultation of the lungs is error prone, particularly in
noisy environments such as the TRS of the ED, in an ambu-
lance, or in a helicopter. Brunel et al. (1) found that 60% of
main-stem intubations occurred despite the reported pre-
sence of equal breath sounds on examination. His group
also found that cuff ballottement and referencing the mark-
ings on the ETT to the incisor line (as a measure of insertion
depth) were not completely reliable (1).

Other clinical indicators of endotracheal versus eso-
phageal intubation are likewise error prone. In one study
condensation was observed in the ETT in more than 50%
of patients intentionally intubated in the esophagus (2).
White and Slovis (3) summarize the reliability of the clinical
exam when they state that using physical exam alone as con-
firmation of correct ETT placement represents reliance on a
“fool’s gold standard.”

The American Society of Anesthesiologists Diffi-
cult Airway (ASADA) guidelines, along with the Advanced
Cardiac Life Supportw (ACLSw) guidelines currently rec-
ommend secondary confirmation of ETT placement with

exhaled CO2 measurement or an esophageal detector
device (EDD); as it has become increasingly recognized
that physical exam alone is error prone.

Animal studies have indicated that recent ingestion of
carbonated beverages may produce a false positive result (4).
As a result, the manufacturer’s recommendations for the
Nellcor Easy Capw II state that the colorimetric CO2 detector
color should be evaluated “after six full breaths”; the initial
breaths being delivered to “wash out” any CO2 artifact (5).

A concern with this technique is the potential delivery
of six full breaths of gas to the esophagus and stomach,
increasing the risk of aspiration. Capnometry, or better still
capnography allows for more precise confirmation of tube
placement, as long as the operator understands the workings
and artifacts affecting these devices. If the putative ETT is
actually incorrectly placed (e.g., in the esophagus), the
exhaled CO2 would decrease with each subsequent breath.
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The accuracy of either of these two modalities typically
allows for a detection endpoint to occur before six full breaths
have been delivered, provided the patient has adequate Q̇.
Silvestri et al. (6) found that in 153 patients, who received
out-of-hospital intubation, no unrecognized misplaced intu-
bations occurred in patients for whom paramedics used con-
tinuous PETCO2 monitoring. Continuous monitoring can also
alert the practitioner to accidental extubation of the patient, as
ETT dislodgement is common during both out-of-hospital
transport and intrahospital transport (7,8).

The major limitation of exhaled CO2 monitoring is in
patients with very low Q̇, and those in complete cardiac
arrest. If the time the patient has been without spontaneous
circulation has been prolonged, lack of PETCO2 may reflect
an absence of pulmonary blood flow rather than incorrect
tube placement. In this condition, an EDD is recommended
(see Volume 1, Chapters 8 and 9).

Cardiac Output
The heart and the lungs are the only organs that receive
100% of Q̇. In patients with fixed ventilation/perfusion
(V̇/Q̇) relationships in the lungs, and stable minute

ventilation (V̇E), the PETCO2 is proportional to Q̇ (9)
Gudipati et al. (10) demonstrated that PETCO2 during cardio-
pulmonary resuscitation (CPR) was predictive of animals
that survived resuscitative efforts. The PETCO2 also serves
as a useful indicator of the return of spontaneous circulation
after an arrest (11). The same group examined the effects of
PETCO2 on a controlled hemorrhage model in sheep, and
documented a logarithmic relationship between Q̇ and
PETCO2 (12).

Ventilation Status
The PETCO2 levels usually provide an approximation of
PaCO2 levels. As such, they allow practitioners to rapidly
determine if a patient is being hypoventilated, or more com-
monly hyperventilated. Aufderheide et al. (13) found that
paramedics were consistently hyperventilating patients in
cardiac arrest after they were intubated and that this was
associated with poor outcomes. An important alternate expla-
nation not considered by the authors that would perhaps better
explain the increased mortality associated with low PETCO2

was gross underresuscitation of intravascular volume. With
either explanation, an excessively elevated V̇/Q̇ condition
occurred, and this was most readily diagnosed with combined
monitoring of capnography and PaCO2 values.

Excessive and prolonged hyperventilation is also of
concern in patients with traumatic brain injury (TBI)
(Volume 1, Chapter 23). Although transient hyperventilation
is an appropriate temporizing treatment in cases of impending
herniation of brain tissue, its routine and prolonged use is
no longer endorsed (14). Hyperventilation may cause

cerebral vasoconstriction and hypoxia to regions of the brain.
There is evidence that paramedic-induced hyperventilation
routinely occurs after head injury. Davis et al. (15,16) found
that more than half of the patients studied had a PETCO2

level of less than 25 mmHg. A low PETCO2 value in multi-
trauma patients usually reflects insufficient Q̇ (i.e., under

resuscitation) and a resultant high (V̇/Q̇) as mentioned
previously. Accordingly, the study by Davis et al. (15)
[as in the case of Aufderheide et al. (13)], may not necessarily
have provided evidence of absolute hyperventilation (but
rather, relative underresuscitation of intravascular volume).

Typically, the PETCO2 value is slightly less than the con-
comitant PaCO2. This PETCO2–PaCO2 gradient can be affected
by a number of processes as summarized in Table 2. The use of
capnometryto assistwith tight ventilatory controlduringtrans-
port has been reported (17). However, the PETCO2-PaCO2

gradient needs to be established with an ABG to ensure that
the PETCO2 is truly reflecting the V̇E [as would occur with
stable alveolar dead space (VD alveolar), Q̇, and V̇CO2]. Other-
wise, a decreasing PETCO2 value is likely reflecting an increas-
ing V̇/Q̇ condition, as occurs during exsanguination.

Waveform Analysis
If capnography is applied, analysis of the PETCO2 waveform
can be a useful tool. Figure 1 shows a normal waveform.
Loss of the tracing altogether usually represents a circuit
disconnect, kinked tubing, or extubation of the trachea.
Gradually increasing levels of CO2 in the PETCO2 waveform
may indicate ongoing gradual hypoventilation, hyperther-
mia, or increased metabolism. In contrast, gradually decreas-
ing CO2 levels may indicate hemorrhage in a patient with a
fixed V̇E and V̇CO2. Abrupt decreases in PETCO2 often indi-
cate cardiopulmonary arrest, pulmonary embolism, or
sudden catastrophic blood loss (e.g., ruptured abdominal
aortic aneurysm).

An exaggerated upstroke in segment C–D (also
known as the plateau phase), as shown in Figure 2A, indi-
cates an increase in airway resistance with associated V̇/
Q̇ spread among the millions of alveoli. Such an exagger-
ated slope to the plateau phase of the capnographic trace is
often created by patients with reactive airways disease and

Table 1 Causes of Hypermetabolism

Postburn

Post-trauma

Post–CNS injury

Fever

Sepsis

Hyperthyroidism

Cocaine use

Methamphetamine use

Neuroleptic malignant syndrome

Malignant hyperthermia

Table 2 Factors that Increase the End-Tidal

Arterial CO2 Gradienta

Low cardiac output states

Hypovolemia

Blood loss

“Third-space” fluid losses

Excessive diuresis

Excessive GI losses

Impaired contractility

Myocardial ischemia

Dilated cardiomyopathy

Valvular heart disease

Pulmonary embolism

Elevated alveolar pressure

Increased tidal volumes

Increased I:E ratios

Increased PEEP

aNote that all entities that cause an increase in the

PETCO2–PaCO2 gradient are also factors that increase

the alveolar dead space.

Abbreviation: PEEP, positive end expiratory pressure.

146 Cohen et al.



those with chronic obstructive pulmonary disease (COPD).
However, an acute change in waveform during monitoring
may represent mucous plugging, bronchospasm, or a par-
tially kinked ETT. Changes in the shape of the capnographic
waveform typically precede decreases in oxygenation, as
would be detected by pulse oximetry monitoring; and thus
capnography would potentially allow for earlier warning
and intervention.

Prediction of Outcome in Trauma Patients
Several studies have examined PETCO2 values and tried to
extrapolate data on survivability after traumatic injury. As
expected, Tyburski et al. (18) found the best survival rates
in patients who had higher PETCO2 levels and a lower PET-

CO2 2 PaCO2, gradient at the end of emergency surgery.
The same group followed these experiments with a study
specifically examining the PETCO2–PaCO2 difference in
over 500 patients. The average gradient of PETCO2–PaCO2

was less than 10 mmHg in all survivors at all times. The
average gradient was greater than 10 mmHg in all nonsurvi-
vors at all times (19). This difference also held true in patients
who died more than 24 hours after surgery. Deakin et al.
looked at prehospital PETCO2 values as a predictor of
mortality. He found that at 20 minutes after intubation, a
PETCO2 , 3.25 kPa (�24.4 mmHg) was associated with
only a 5% survival rate to discharge rate (20). Aufderheide
et al. showed that in cardiac arrest patients, the poor survival
in hyperventilated patients may have been due to the
decrease in cardiac preload, or may have been due to hypo-
carbia itself (which, in the authors’ opinion, is the far less
plausible explanation). As suggested earlier, whether or not
the poor survival in trauma patients was a direct result of
decreased PETCO2, due to poor Q̇ cardiac output and/or a
decrease in cardiac preload against simple hyperventilation,
as posited by the authors, remains unexplored.

Transcutaneous CO2 (TCCO2) monitoring is a 20-year-
old technology, which is enjoying a resurgence of interest.
Heretofore, TCCO2 monitoring was largely utilized in the
neonatal intensive care units (NICUs). Commercially avail-
able versions of TCCO2 measuring devices, such as
the Novametrix TCO2Mw (Respironics, Inc., Murrysville,
Pennsylvania, U.S.A.), combine the continuous measure-
ment of TCCO2 and O2. Studies are being conducted to deter-
mine its reliability of TCCO2 monitoring in adult SICU
patients, and preliminary results look promising (21).

OXYGENMONITORING

Oxygen serves as the substrate for aerobic metabolism. After
entering the body via the lungs, O2 travels down a partial
pressure gradient from the atmosphere to its final site of
action, the electron transport chain of mitochondria
(Fig. 3). The O2 levels can be monitored at key sites along
the way, including the inspired gas, the alveolar gas
(reflected in the end tidal O2 concentration), the arterial
blood, the mixed venous blood, and with transcutaneous
sampling.

Inspired Gas and Alveolar Gas Monitoring
Monitoring the O2 concentration of inspired gas is a neces-
sity in anesthesia practice, and in other realms whenever
the precise concentration of inhaled O2 is important (i.e.,
whenever the potential for delivering a hypoxic gas
mixture exists). All mechanical ventilators in use in the
SICU should also have the ability to measure and continu-
ously display the fraction of inspired O2 (FIO2). This
becomes of increasing importance when gas mixtures such
as heliox, nitrous oxide (N2O), and nitric oxide (NO) are
administered (22). Monitoring the FIO2 of patients who are
not intubated is problematic, as only an approximation can
be made. Because the supplemental O2 will blend with,
and sometimes entrain, room air, the final FIO2 is related to
numerous factors including the flow rate of O2, the site of
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Figure 2 Common abnormalities seen in the alveolar plateau

phase of the capnogram. (A) Increased slope of alveolar plateau.

This waveform is consistent with increased airway resistance.

The increasing slope of the plateau phase (segment C–D from

Fig. 1) represents a gradient in CO2 release from various alveoli

as is commonly seen with bronchospasms or chronic

obstructive pulmonary disease. (B) Cardiogenic oscillations.

(C) Inspiratory effort during incomplete muscle relaxation

during anesthesia. (D) Side-stream sampling tube leak.

Source: Adapted from Ref. 60.

Figure 1 The essential elements of a normal capnogram. The

left-sided drawing depicts the anatomic components monitored,

and the apparatus involved in the capnographic display. The

right-sided drawing shows a normal capnographic display.

Segment A–B represents the zero baseline during early

exhalation of CO2-free gas from the anatomic dead space.

Segment B–C represents mixed dead space and alveolar gas. The

degree of slope in segment B–C represents the unevenness of

the exhalation time constants of various lung segments (i.e., if

all empty at the same time in a normal fashion, the upstroke is

nearly vertical). Segment C–D represents alveolar plateau phase.

D represents the end-tidal value. Segment D–E represents

inhalation. Source: From Ref. 6.
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administration (i.e., nasal vs. oral), the devices used (i.e.,
simple mask vs. a nonrebreather), along with the V̇E of the
patient. The partial pressure of O2 at the alveolus (PAO2) cor-
relates directly with the FIO2, as shown in the alveolar air
equation (Equation 1).

PAO2 ¼ ½FIO2 � (PB � PH2O)� � ½PaCO2=RQ� (1)

Arterial Blood Gas Monitoring
Loading of the oxygen from the alveoli to the red blood cells
(RBCs) within the pulmonary circulation is often impaired in
critically ill patients. Monitoring this pulmonary transfer of
O2 is a factor that is of interest to many intensivists. The mul-
tiple inert gas elimination technique has been cited as the
gold standard of oxygen transfer monitoring, but its use is
cumbersome and not widely available except in research set-
tings (23). One of the simplest methods of quantifying
oxygen transfer is by determining the alveolar arterial
partial pressure of O2 [P(A–a)O2] gradient, calculated as
shown in Equation 2:

P(A� a)O2 gradient ¼ PAO2 � PaO2 (2)

The P(A–a)O2 gradient should be on the order of 7 to
14 mmHg for patients breathing room air. As a person ages,
the normal PaO2 decreases, and the P(A–a)O2 gradient

conversely will increase. Breathing 100% oxygen (i.e.,
FIO2 ¼ 1.0) also results in a discrepancy in the calculation
of the P(A–a)O2 gradient. These two factors taken into
account, a elderly patient breathing at an FIO2 of 1.0 may
have an P(A–a)O2 gradient approaching 60 mmHg with
healthy lungs. This example highlights one drawback to
using the P(A–a)O2 gradient. Following the P(A–a)O2 gradi-
ent is most useful when examining trends. However, the
FIO2 must remain approximately the same to accurately
reflect the changes. Table 3 reviews common causes for
P(A–a)O2 gradient abnormalities.

Another method of estimating pulmonary oxygen
transfer is the PaO2/FIO2 (P/F) ratio. The normal P/F ratio
is �500 mmHg; acute lung injury (ALI) is defined as a P/F
ratio �300 mmHg, and the acute respiratory distress syn-
drome (ARDS) is defined as a P/F ratio �200 mmHg.
Although its attraction is its simplicity, inaccuracies occur
under a host of conditions seen in critically ill patients
such as low oxygen extraction (24), COPD (25), and large
intrapulmonary shunt (26).

Both right-to-left transpulmonary shunt (Q̇sQ̇t) and
low V̇A/Q̇ lung regions will contribute to an increase in the
P(A–a)O2 gradient. The P(A–a)O2 gradient does not
readily distinguish between shunt (e.g., basilar atelectasis)
and low V̇AQ̇ (e.g., COPD) pathophysiology. Due to the
sigmoid shape of the oxyhemoglobin dissociation curve, it

Figure 3 The oxygen cascade. The left side (“Y axis”) shows the partial pressure of O2 (PO2) in both KPa and mmHg. Oxygen

moves down a partial pressure gradient from dry atmospheric air (+160 mmHg at sea level) to the mitochondria (+3–20 mmHg),

which is the site of utilization. On the right/top is a summary of the factors influencing oxygenation at different levels in the cascade.

Source: From Ref. 61.
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is evident that any given P(A–a)O2 gradient is more signifi-
cant as the P(A–a)O2 decreases and hemoglobin begins to
desaturate. Accordingly, a more precise measure of oxygen-
ation deficit may be the actual determination of right-to-left
transpulmonary shunt or venous admixture.

Calculation of Right-to-Left Transpulmonary Shunt
In a simple two-compartment lung model (Fig. 4), consisting
of a perfused and oxygen-ventilated lung compartment and
a shunt lung compartment that is normally perfused but not
ventilated, the pulmonary shunt (Q̇S) fraction can be readily

derived by using the shunt equation (Equation 3)

_QS= _QT ¼ (Cc0O2
� CaO2 )=(Cc0O2

� C �vO2 ) (3)

where Q̇T is total cardiac output, Cc0O2
is the end capillary O2

content (CO2
), which represents the blood leaving the normal

lung unit, and is a valve that cannot be easily measured. The
Cc0O2

is assumed to be essentially the same as the PAO2, and
for calculation purposes, its value is derived by using the
alveolar air equation (Equation 1), as this represents ideal
oxygenation of arterial blood. The C �vO2 is the mixed
venous CO2

, and is measured in the blood aspirated from
the distal [pulmonary artery (PA)] port of the Swan-Ganz
catheter. The CO2

for any sample of blood is calculated by
using O2 content equation (Equation 4).

CO2
¼ ½Hb� � 1:34� Sat O2 þ 0:003� PO2 (4)

Intuitively, the numerator of the shunt equation quan-
tifies the oxygenation deficit (ideal oxygenation, Cc0O2

, minus
actual oxygenation, CaO2

), normalized by Q̇t, which is
estimated by the inverse of the denominator, that is,
1/(Cc0O2

2 C �vO2
). The term, 1/(Cc0O2

2 C �vO2
), closely approxi-

mates the expression, 1/(CaO2
2 C �vO2

), which is proportional
to Q̇T during conditions of constant V̇O2, as given by
rearrangement of the Fick equation (Equation 5).

_QT ¼
_VO2=(CaO2

� C �vO2
) (5)

As the Q̇S/Q̇T increases, the PaO2 will decrease in a
patient breathing the same FIO2. Thus, the ultimate PaO2

depends also upon the FIO2 and the Q̇S/Q̇T, provided the
other parameters remain stable. However, the greater
the Q̇S/Q̇T the less important is the FIO2 at determining
the final PaO2 (see Volume 2, Chapter 2). In addition, the
CaO2

can be decreased by a decline in the Q̇T (at a constant
_VO2) and by an increased _VO2 (for a constant Q̇T). In
either case (decreased Q̇T or increased _VO2), along with a
constant right-to-left shunt, the tissues must extract more
O2 from the blood per unit blood volume. Therefore, the
C �vO2 must primarily decrease (Fig. 4). When the blood
with lower C �vO2 passes through whatever shunt that exists
in the lung and remains unchanged in its oxygen compo-
sition, it must inevitably mix with oxygenated end pulmon-
ary capillary blood (c’ flow) and secondarily decrease the
CaO2

(Fig. 4). The pulmonary shunt fraction (Q̇S/Q̇T) is nor-
mally less than 5%. However, many conditions in trauma
and critical care increase the Q̇S/Q̇T including atelectasis,
pneumonia, cardiogenic and noncardiogenic pulmonary
edema, pneumothorax, hemothorax, and pulmonary contu-
sion to name a few. Atelectasis is one of the most common
problems that can dramatically increase Q̇S/Q̇T in patients
with otherwise normal lungs (Fig. 5).

If the lung is ventilated with an FIO2 , 1.0, then the
oxygenation defects resulting from low _VA= _Q units are
added to it due to shunt regions. In this case, Equation 3
becomes an expression of the so-called venous admixture
( _QVA). An attempt to discriminate between pulmonary
shunt units ( _VA= _Q ¼ 0) and venous admixture units (low
_VA= _Q) can be made by placing the patient on 100% O2

ventilation. Then, the difference between the venous admix-
ture fraction and the shunt fraction will estimate the
amount of low _VA= _Q units. However, this approach is
limited because low _VA= _Q lung units may collapse and

Table 3 Hypoxemia

Normal P(A–a)O2 gradient Increased P(A–a)O2 gradient

#PIO2

#FIO2

#PB

Hypoventilation

Right-to-left shunting

Transpulmonary

Intracardiac

Diffusion defect

Interstitial pulmonary

fibrosis
_V= _Q mismatch

Abbreviations: (A–a)O2 gradient, alveolar to arterial O2 partial pressure

gradient; PIO2, FIO2
. PB; FIO2, fractional concentration of inhaled O2;

PB, barometric pressure; _V= _Q; ventilation/perfusion; #, low.

Figure 4 Two-compartment lung model. Mixed venous

blood (�v) perfuses either ventilated alveolar (ALV O2)

capillaries and becomes oxygenated end-pulmonary capillary

blood (c0) or perfuses whatever true shunt pathways exist and

remains the same in composition (desaturated). These two

pathways must ultimately join together to form mixed

arterial (a) blood. If the cardiac output ( _QT) decreases

and/or the O2 consumption ( _VO2) increases, the tissues must

extract more oxygen per unit volume of blood than under

normal conditions. Thus, the primary effect of a decrease in
_QT or an increase in _VO2 is a decrease in �vO2 content. The

�v blood with a decreased O2 content must flow through the

shunt pathway as before (which may remain constant in size)

and lower the arterial content of O2. Thus, the secondary

effect of a decrease in _QT or an increase in _VO2 is a decrease in

arterial oxygen content. Source: From Ref. 62.
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convert themselves to shunt units during O2 breathing (i.e.,
absorption atelectasis).

Venous admixture can be calculated if a PA catheter is
in place, but requires numerous calculations. A simplified
version of this equation was developed by Rasanen et al.
(27) in 1988. These investigators termed this shunt approxi-
mation as the _V= _Q index (Equation 6).

_V= _Q index ¼
1� SaO2

1� SvO2
(6)

The _V= _Q index ignores content calculations and sub-
stitutes only the saturations (assuming the pulmonary capil-
lary saturation is 100%. Then the pulse oximeter saturation
and mixed venous saturations and all that are required.
The attractiveness of this equation is the ability to approxi-
mate shunt instantly from a continuous cardiac output PA
catheter and a pulse oximeter. An example calculation is pro-
vided from a patient with a SaO2 ¼ 90% (or 0.9) and
SvO2 ¼ 60% (or 0.6) the calculation would be as shown in
Equation 7.

_V= _Q index ¼
1� 0:9

1� 0:6
¼

0:1

0:4
¼ 0:25 (7)

The 25% shunt calculated fails to reflect the severity of
respiratory failure. Indeed, a _V= _Q index of 0.25 for a patient
breathing FIO2 ¼ 1.0 is far worse than a _V= _Q index of 0.25 for
a patient breathing FIO2 ¼ 0.3.

Complications with Arterial Blood Gas Measurement
An arterial puncture to obtain the sample may cause spasm,
clot, hematoma, and distal ischemia, all of which need to be
addressed immediately to prevent serious morbidity. The
predictive value of the Allen’s test in determining collateral
flow to the palmar arch has been shown to be poor, and
alternatives have been suggested (28). Care must be taken
in those patients who are anticoagulated and those who
have arterial occlusive diseases, such as Raynaud’s disease.

If an arterial line is used, an adequate amount of dead
space volume must be removed from the line before an
accurate sample can be obtained.

A recent study suggests that discarding twice the dead
space volume will ensure accurate blood gasses and electro-
lytes, while preventing unnecessary blood loss (29). Return-
ing the dead space blood to the patient and using pediatric
vials further diminishes the blood loss. Blood gases should
be analyzed immediately after they are obtained to decrease
the effects that metabolism and gas diffusion through the
syringe have on the sample. The temperature of the patient
may cause erroneous measurements. The solubility of
oxygen increases as blood is cooled. By convention, blood
gas analyzers are maintained at 378C. In a hypothermic
patient, the PaO2 will be artificially elevated. Much debate
has occurred over the years whether or not to correct for
temperature. If the change in temperature is mild to moder-
ate, it does not appear that temperature correction has any
significant effect on therapy (30).

Complications with Pulse Oximetry Measurement
Pulse oximetry relies on three principles: impedence

plethysmography, absorption spectrophotometry, and the
Beer-Lambert law. It distinguishes arterial blood from
that of venous and capillary blood by relying on the fact
that only arterial blood pulsates. All other sources of fluctu-
ating light absorption are filtered out. Current pulse oxi-
meters measure at two light wavelengths: 660 nm (red)
and 940 nm (infrared). The effects of carbon monoxide
(CO) on pulse oximetry have been studied in animals (31).
Hemoglobin bound to CO (carboxyhemoglobin) absorbs
light at 660 nm similarly to oxyhemoglobin, and at 940 nm
it is virtually invisible to the photodetector. The result is
that carboxyhemoglobin is spuriously detected by the
pulse oximeter as oxyhemoglobin and the saturation levels
of carboxyhemoglobin are artifactually elevated. Methemo-
globin’s effect on pulse oximetry has also been studied in
animals (32). At both 660 nm and 940 nm, methemoglobin
absorbs light equally. This corresponds to a saturation
reading of 85% on a typical pulse oximeter calibration algor-
ithm. Other causes of artifacts in pulse oximetry reading are
listed in Table 4.

Despite the large number of artifacts affecting the
pulse oximetry reading, it is an invaluable tool in reducing
the occurrence of hypoxia in the TRS, the trauma OR, and
the SICU. Patients with a high likelihood to have significant
hemoglobin species other than oxy- and deoxyhemoglobin
include inhalation burn victims (elevated carboxyhemoglo-
bin) and those who have received benzocaine or prilocaine
local anesthetics (elevated methemoglobin). These patients
should have their O2 saturation evaluated by a cooximeter
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Figure 5 Association between shunt fraction and atelectasis in

a normal subject. Atelectasis percentage data is derived from

computed tomography scans taken through the caudal lung,

just above the diaphragm, and right–left transpulmonary shunt

(Q̇sQ̇t) is calculated as a percent of the total cardiac output

( _Qt) during anesthesia. In this study, there was a close

correlation according to the equation: shunt ¼ atelectatic

areaþ 1.7 (r ¼ 0.1, P , 0.01). Source: From Ref. 63.

Table 4 Causes of Pulse Oximetry Artifact

Ambient lighting

Motion

Venous pulsations

Low perfusion: shock, low cardiac output

Malpositioned sensor

Hypothermia

Severe anemia

Dyes: methylene blue, indigo carmine, nail polish

Electrosurgical unit (Bovie) interference
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with the ABG sample rather than the pulse oximeter, which
will be erroneous.

Mixed Venous Oximetry
Mixed venous oximetry is an extension of pulse oximetry.
Specially designed PA catheters emit light, which are
reflected off of intact RBCs, down one set of fiberoptic
cables. The light is carried by another set of fiberoptic
cables to the photodetector. Mixed venous oxygen content
is determined by the following formula:

SvO2 ¼ SaO2 � ½ _VO2=( _Q� 1:36�Hgb)�

where _VO2 is oxygen consumption, Q̇ is cardiac output, and
Hgb is hemoglobin concentration. From the formula, it is
easy to see that a decrease in mixed venous oxygen satur-
ation is caused by either a decrease in Q̇ or a decrease in
hemoglobin concentration, provided the oxygen consump-
tion remains fixed. Causes of increased oxygen consumption
that would decrease mixed venous saturation include
sepsis, malignant hyperthermia, fever, and thyrotoxicosis.
Continuous mixed venous saturation monitoring does not
indicate to the practitioner the exact source of the disruption,
but it does provide a finite list of them, which can be used in
clinical assessment of the critically ill patient. The use of
central venous saturation has gained attention as it does
not require the placement of a PA catheter, but at least one
recent study found lack of equivalence between these two
methods (33). At the very least, the trends of central
venous saturation and mixed venous saturation are inter-
changeable, and monitoring the trend may be of more
clinical significance (34).

Tissue Oxygen Monitoring
Monitoring the oxygen at the tissues can either be noninva-
sive (cerebral oximetry, transcutaneous PO2) or invasive.
Transcutaneous PO2 requires equipment maintenance,
warmup time, and can result in skin burns. It has largely
been replaced in the clinical setting by pulse oximetry. The
data on cerebral oximetry is seemingly equivocal. Invasive
tissue monitoring is fraught with complications and this
provides information only about the tissue that the probe
is located within.

Near Infrared Spectroscopy
A newer modality for cerebral ischemia monitoring is near
infrared spectroscopy (NIRS). NIRS is a technology
designed to measure the adequacy of cerebral blood flow
(CBF), but remains controversial because there is no univer-
sal agreement about normal values and the permissible

degree of change. The device utilizes infrared light of
wavelengths 600–1300 nm to penetrate human tissue to a
depth of several centimeters. Within the human brain this
light is attenuated by the chromophores oxyhemoglobin,
deoxyhemoglobin, and oxidized cytochrome aa3. Position-
ing a near infrared light source and a photodetector in a
side-by-side configuration detects light attenuated and
reflected in a parabolic path through the scalp, skull, and
brain tissue (35). The standard probe placement of the
NIRS devices is on the forehead, thus providing an esti-
mation of tissue O2 saturation in the vascular bed
(primarily the venous component) of frontal lobes.

The most commonly utilized commercially available
devices are the INVOS line of devices (Somanetics Corpor-
ation, Troy, Michigan, U.S.A.). Although the INVOS-3100

was introduced over a decade ago, and was utilized with
minimal outcome data generated, questions arose regarding
the validity of normal measurements and the meanings of
abnormal numbers. The most notorious was the study by
Schwartz et al. (36) who measured NIRS in 18 dead patients.
They found that 6 of the 18 dead subjects (with obviously no
cerebral blood flow) had values above the lowest values
found in the healthy adults (or ¼ 60%). Additionally, Lewis
et al. (37) found poor correlation between NIRS and
jugular venous saturation readings in head-injured patients.
These findings raise serious concerns about the reliability of
regional saturation (rSO2) values obtained in adults by
current generation NIRS monitoring devices.

The newest version of the INVOS line, the 5100B, pro-
vides an onscreen trend (graph) display, and is updated
every 30 or 60 seconds (depending upon the settings). The
generated data can be stored for one hour to 24 hours, and
retrieved via supplied RS-232 port. The other widely
used, commercially available device is the NIRO-300w

(Hamamatsu Photonics K.K., Hamamatsu City, Japan).
Although these devices are based upon the same principle,
they both utilize different algorithms; however, studies gen-
erated on one device are not directly comparable with the
other. Furthermore, currently no specific indications for
these devices exist, and studies are still needed to correlate
NIRS values with neurologic outcomes for various
procedures (see “Eye to the Future” section).

Monitoring the Splanchnic System:
Gastric Tonometry
Gastric tonometry uses the measurement of gastric intramu-
cosal pH (pHim) as a method of determining the adequacy
of oxygenation and perfusion of the splanchnic bed.
Gastric pHim measurements are made to assess the ade-
quacy of perfusion of the splanchnic circulation. The splach-
nic circulation may be particularly prone to injury as a
consequence of hypoperfusion. Hypoperfusion-related
tissue to the splanchnic circulation may allow intestinal bac-
teria and endotoxins to gain access to the systemic circulation
(38). This so-called translocation of bacteria in hypoperfused
patients may trigger the elaboration of several mediators of
inflammation (interleukins, tumor necrosis factor, and acti-
vated white cells) that, in turn, contributes to the sepsis-
like state of circulatory failure, which leads eventually to
multiple organ failure (39). In an investigation in adult
patients with acute circulatory failure, pHim was a highly
predictive correlate of survival/nonsurvival, and its predic-
tive accuracy was better than that of serum lactate determi-
nations and greatly exceeded that of _DCO2, _VCO2, and
cardiac index (39).

Because pHim requires steady-state conditions to
establish baseline perfusion, it has been used more as an
intensive care unit (ICU) management tool than as a
monitor during initial resuscitation. Gastric pHim is calcu-
lated, using the Henderson-Hasselbach equation, from
measurements of intragastric PCO2 and arterial bicarbonate
concentration. First, the intragastric PCO2 is obtained via
tonometry (using a small, saline-filled intragastric
balloon). Next, the serum [HCO3

2] is measured, and
the machine then calculates the pHim. At least one gastric
tonometry device is available commercially (Tonocap;
Instrumentarium Corp., Helsinki, Finland; and, Datex-
Ohmeda). Gastric tonometry is discussed in greater detail
in Volume 2, Chapter 10.
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EYE TO THE FUTURE

As described earlier, TCCO2 and O2 measurements are routi-
nely used in pediatric ICUs in order to avoid serial arterial
punctures; these technologies should likewise be utilized
in adult units. A recent study involving COPD patients
showed that TCCO2 values accurately reflected PaCO2

values during mechanical ventilation in COPD patients
(40). However, the accuracy of these data seem to be
restricted to patients with PaCO2 values of ,56 mmHg (40).

Currently no reliable monitoring modality allows
clinicians to assess the efficacy of CPR. As discussed earlier
in this chapter, PETCO2 provides an indication of the Q̇ pro-
duced by chest compressions and can indicate return of
spontaneous circulation. This fact is now also endorsed by
the recent American Heart Association Guidelines for
Cardiopulmonary Resuscitation (41). However, to accurately
assess the Q̇, one needs to evaluate the PETCO2–PaCO2 gra-
dient. In the prehospital setting, ABG analysis may not be
available. However, the TCCO2 values closely approximate
the PaCO2 and can likely be used as a surrogate, but this
remains to be validated.

With regard to O2 monitoring the future resides in
increasing the ability to measure the saturation of various
specific tissues, such as splanchnic and renal circulation
(Volume 2, Chapter 10), cerebral (Volume 2, Chapter 7), etc.
In terms of cerebral oximetry (introduced above), both the
INVOS-5100w and the NIRO-300w are increasingly studied
as indicators of CBF and cerebral tissue oxygenation.
Although the data in TBI patients are mixed (37,42–47),
these instruments have recently been used with some
success in patients with cardiopulmonary bypass (CPB)
(48–53), subarachnoid hemorrhage (54), and in carotid
surgery (55,56).

Investigators are beginning to define threshold values
for animals in various settings. Hagino et al. (53) studied
pigs undergoing CPB, and were able to define a minimum
safe flow rate during CPB in these animals using the
NIRO-300w. Pigs were placed on CPB and cooled to
various levels, and then run on various levels of low flow
perfusion. Animals with an average tissue oxygenation
index of less than 55% showed cerebral injury, whereas
animals with an index of greater than 55% showed
minimal or no evidence of injury (53).

The contribution of extracranial blood (57), and other
artifacts continues to be a problem in some settings. In
addition, comparisons between the various commercially
available NIRS devices (e.g., NIRO-300 and the INVOS-
5100) are only qualitative currently, as both manufacturers
utilize different methodological approaches (including
diodes with varying band widths and different algorithms
to calculate saturations) (58). Once these concerns are
addressed, the authors expect NIRS to become more
widely employed in the near future, and ultimately begin
to provide clinically useful in certain realms, such as CPB,
carotid endartectomies, and certain neurosurgical pro-
cedures. Additional research is required before the role of
NIRS in trauma and critical care can be defined.

SUMMARY

Monitoring gas exchange in patients who have undergone
traumatic injury ranges from the simple, noninvasive
monitoring to the more invasive and complex modalities.
In the acutely decompensating patient, time to place a PA
catheter is a luxury that is rarely afforded. Pulse oximetry

has gained acceptance as a universal monitor, since its intro-
duction to the OR in the 1980s. Capnography which is well
known to anesthesiologists, has yet to gain such widespread
favor in the resuscitation area and the ICU. Despite the
benefits of continuous PETCO2 monitoring, one study
found that in the centers that did have access to it, more
than half “rarely” or “never” used it (59). It is perhaps the
simplest and easiest-to-implement monitor that has yet to
catch on. TCCO2 monitoring is in clinical use, but it cannot
provide all of the useful information that is made available
by capnography. Monitoring O2 comprises testing the con-
centration of it at various points on its cascade from the
atmosphere to the tissues. Currently, tissue oxygen monitor-
ing is in its preliminary stage, and advances are eagerly
anticipated.

KEY POINTS

Exhaled gas CO2 concentrations provide physiologic
information about both systemic perfusion and pulmon-
ary function.
The PETCO2 provides information about four important
issues: (i) the correct placement of the ETT, (ii) the
ventilation status, (iii) the cardiac output (Q̇), and (iv)
the metabolic status of the patient.
The American Society of Anesthesiologists Difficult
Airway (ASADA) guidelines, along with the ACLSw

guidelines now recommend secondary confirmation of
ETT placement with exhaled CO2 measurement or an eso-
phageal detector device (EDD) as it has become increas-
ingly recognized that physical exam alone is error prone.
In patients with fixed ventilation/perfusion (V̇/Q̇)
relationships in the lungs, and stable minute ventilation
(V̇E), the PETCO2 is proportional to the Q̇ (9).
A low PETCO2 value in multitrauma patients usually
reflects insufficient Q̇ (i.e., under resuscitation) and a
resultant high (V̇/Q̇) as mentioned previously.
An exaggerated upstroke in segment C–D (also known
as the plateau phase), as shown in Figure 2A, indicates
an increase in airway resistance with associated V̇/Q̇
spread among the millions of alveoli.
All mechanical ventilators in use in the SICU should
also have the ability to measure and continuously
display the fraction of inspired O2 (FIO2).
Both right-to-left transpulmonary shunt (Q̇sQ̇t) and low
_VA= _Q lung regions will contribute to an increase in the
P(A–a)O2 gradient.
Pulse oximetry relies on three principles: impedence
plethysmography, absorption spectrophotometry, and
the Beer-Lambert law.
NIRS is a technology designed to measure the adequacy
of CBF, but remains controversial because there is no
universal agreement about normal values and the
permissible degree of change.
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INTRODUCTION

The clinical assessment and monitoring of the cardiovascu-
lar system is a fundamental necessity in severely injured
and critically ill surgical patients to ensure optimal resuscita-
tion and perfusion of organ systems. Traditional methods for
cardiovascular evaluation were able to determine heart rate
(HR), rhythm, and blood pressure using simple noninvasive
means. The application of various invasive intravascular
catheters then provided us with continuous pressure and
flow measurements and was revolutionary to advanced
hemodynamic monitoring. Now, current technological
advances are returning to the development and perfection
of noninvasive tools, with the hope that they will have the
ability to acquire hemodynamic data with similar accuracy
and reliability as invasive devices currently provide.

Many situations in critically ill trauma and surgical
patients warrant monitoring of the heart and circulation.
Guidelines from the American College of Cardiology
(ACC)/American Heart Association (AHA) outline certain
comorbid conditions that increase cardiac risk in surgical
patients (Table 1) (1). Among these clinical predictors are
ischemic coronary disease, congestive heart failure, signifi-
cant dysrhythmias, and valvular heart disease. In the pre-
viously healthy patient, traumatic injury to the heart or
aorta may require hemodynamic monitoring to ensure
tissue oxygen delivery, while minimizing cardiac contractile
force (2). Conversely, injuries to the central nervous system
may require hemodynamic monitoring to facilitate resuscita-
tion from neurogenic shock, and therapies to maintain cer-
ebral and spinal cord perfusion pressure. Patients with
significant blood loss frominjury or surgery require monitoring
to optimize resuscitation and determine response to therapy. In
particular, geriatric blunt-trauma patients may have occult
hypoperfusion, and are at risk for untreated shock (3). Finally,
those patients developing overwhelming inflammatory
response from trauma or sepsis require monitoring to limit
organ system failure, and to guide supportive measures.

This chapter will provide a review of the tools in the
intensivist’s armamentarium to evaluate and monitor hemo-
dynamics in the intensive care unit (ICU). These devices
include electrocardiography, arterial pressure monitoring,
central venous pressure (CVP) monitoring, pulmonary
artery catheter (PAC) monitoring, and cardiac output moni-
toring. The focus of this chapter will be on the utilization of
these devices and interpretation of the acquired data in
the ICU. Further discussion on initial assessment of circula-
tion and shock in the emergency room (see Volume 1,
Chapter 12), preoperative evaluation and preparation (see
Volume 1, Chapter 17), basic cardiovascular physiology

(see Volume 2, Chapter 3), and management of cardiovascu-
lar problems in the ICU (see Volume 2, Chapters 17–22) can
be found in other chapters of this book.

ELECTROCARDIOGRAPHY

Monitoring HR and rhythm has become a standard of care
for patients admitted to the ICU. Einthoven first noted that
the electrical activity of the heart produces electrical currents
at the skin, giving rise to the development of surface electro-
cardiography. The electrocardiogram (ECG) depicts the elec-
trical events of the heart, providing information on cardiac
impulse morphology, HR, and abnormalities of these com-
ponents. While a static 12-lead ECG may be comprehensive
for the diagnosis of cardiac electrical abnormalities, continu-
ous monitoring of one or two leads in the ICU allows the
early detection of most HR changes, ischemic changes, tran-
sient abnormal beats, and dysrhythmias.

Heart Rate and Pulse Monitoring
Although the terms HR and pulse rate are commonly used
interchangeably in clinical situations, there are subtle differ-
ences and implications that distinguish the two terms. The
term HR, itself, may represent either the frequency of
cardiac electrical activity or the frequency of cardiac contrac-
tions. The mechanical contraction results in ejection of
blood into the aorta, which can be palpated in the arteries
as a pulse. Natural coupling of electrical and mechanical
cardiac events results in a condition where the pulse is
equal to the electrically monitored HR. Certain conditions,
such as pulseless electrical activity (PEA), are marked by a
dissociation of electrical and mechanical events resulting in
an electrical HR unequal to the mechanical HR.

Continuous ECG monitoring displays the electrical
activity of the heart and is the best method for determining
electrical HR, but does not always accurately reflect the
mechanical HR (pulse). Since most modern telemetry moni-
tors continuously display a computer-derived HR, it is criti-
cal that the clinician distinguish between cardiac electrical
activity and artifacts. Inadequate electrode-skin contact or
electrical interference within the monitoring equipment
may produce artifacts resulting in an inaccurately derived
HR. Patient motion or shivering may produce artifactual
activity on the display. High-amplitude P or T waves may
be incorrectly counted as QRS complexes by the telemetry
computer, resulting in falsely elevated rates. In those
patients with pacemakers, telemetry monitors may display
the rate of pacemaker spikes. It is incumbent on the clinician
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to determine if electrical capture is present, and to evaluate
whether there is a resultant mechanical contraction.

Accurate determination of mechanical HR, when
necessary, may be assessed several ways: (i) observing the
arterial pressure waveform of an intra-arterial catheter, (ii)
observing ventricular contractions at echocardiography, or
(iii) by observing change in pressures using a pulmonary
artery catheter. Auscultation for cardiac sounds alone is
often unreliable in the ICU, especially when HR is rapid
and when there is excessive ambient noise. The most
practical clinical estimate of mechanical HR is the pulse
rate palpated at a peripheral arterial site.

The pulse rate typically equals the mechanical HR,
except in conditions of irregular ventricular contractions
such as ventricular fibrillation, conditions in which the con-
tractile force is especially weak, or in association with per-
fusion deficit to the peripheral site. Pulse rate and rhythm
information adds a valuable adjunct to complete evaluation
of cardiac dysrhythmias. Accurate measurement of pulse
rate depends on measuring pressure changes with an
intra-arterial catheter, but may be estimated if a pulse oxi-
meter is available. While palpation of peripheral pulse has
similar shortcomings to auscultation of the heart in the
ICU, it may be the most rapid method to assess pulse rate
in those patients without other monitoring devices.

ECG lead II, displaying the electrical vector from the
right arm electrode to the left leg electrode, is most com-
monly used for routine continuous monitoring. This lead
best parallels the direction of forward electrical conduction,
and results in the greatest P wave voltage of any surface lead
configuration. The ability to rapidly detect and analyze
P wave presence and regularity best facilitates evaluation
of an abnormal rhythm. Placement of the limb electrodes
is routinely adjusted proximal to the standard positions
of the wrists and ankles, by placing arm electrodes over

the shoulders and leg electrodes over the lower torso
(Fig. 1). This modification reduces electrical noise from extre-
mity muscle contractions, while preserving the triangular
cardiac axes.

Ischemia Monitoring
The precordial leads are the most sensitive for detecting

myocardial ischemia in the operating room; this is presum-

ably true in the ICU as well. Indeed, London et al. studied
a large cohort of patients with known coronary artery
disease undergoing noncardiac, mainly vascular surgery
and found that V5 was most sensitive, detecting 75% of
ischemic events (4). Simultaneously monitoring both leads,
V4 and V5, increased sensitivity to 90%, whereas the stan-
dard II and V5 array was only 80% sensitive. Because lead
II is most sensitive for P wave evaluation and detects inferior
wall ischemia, simultaneous monitoring of lead II and V5 is
recommended. The V5 lead is classically placed over the left
fifth intercostal space, in the anterior axillary line (also see
Volume 2, Chapter 19).

ST Segment Depression
ECG changes suggestive of myocardial ischemia may occur
with or without any associated clinical symptoms (e.g., chest
pain, shortness of breath, dizziness, nausea) or signs (e.g.,
tachycardia, tachypnea, hypotension, or hypoxia). The rec-
ognition of acute ECG changes allows for the early detection
and management of myocardial ischemia. ST segment

depression is the most common manifestation of subendo-
cardial myocardial ischemia. ST segment depression is
commonly encountered during provocative ischemia
studies (e.g., treadmill test), and clinically when perfusion
pressure to a stenotic coronary artery drops below a critical
threshold value (Fig. 2). The ST segment is that part of the
ECG trace that immediately succeeds the QRS. The point
at which it “takes off” from the QRS is called the J (junction)
point. The position of the ST segment relative to baseline and
its slope should be noted and monitored. Changes in the
level of the ST segment are measured at the beginning of
the ST segment (i.e., the “J” point), and are compared to
the level of the isoelectric line, also known as the T-P
segment. The standard criterion for diagnosing ischemia is
ST segment depression of �0.10 mV or 1 mm (on a standard
amplitude signal calibration of 1 mV ¼ 10 mm), with a
downsloping depression representing worse ischemia than
a horizontal or upsloping segment (5).

ST Segment Elevation
Acute transmural myocardial ischemia, or infarction,

results in acute ST segment elevation. ST segment
elevation of .1 mm from the J point is considered abnormal
for women. However, ST segment elevation of 2 mm is the
threshold for men. Indeed, 1 mm of ST segment elevation
is normal for 90% of males, and the presence of prior myo-
cardial infarction (MI) and other conditions must also be
considered (6). In patients with Q waves, ST segment
elevation may be related to wall motion abnormalities. In
patients without Q waves, leads with ST segment elevation
are very specific indicators of the location of ischemia.
T wave inversions and new Q waves are suggestive of
either recent or evolving MI. For more detailed information
on the diagnosis and treatment of myocardial ischemia, the
reader is referred to Volume 2, Chapter 19.

Table 1 Clinical Predictors of Cardiac Risk

Major clinical predictors

Unstable coronary syndromes

Recent MI

Unstable angina

Decompensated CHF

Significant dysrhythmias

High-grade AV block

Symptomatic dysrhythmias

SVT

Severe valvular disease

Intermediate clinical predictors

Mild angina pectoris

Prior MI

Compensated or prior CHF

Diabetes mellitus

Minor clinical predictors

Advanced age

Abnormal ECG

Rhythm other than sinus

Low functional capacity

History of stroke

Uncontrolled systemic hypertension

Abbreviations: AV, atrioventricular; CHF, congestive heart failure; ECG,

electrocardiogram; MI, myocardial infarction; SVT, supraventricular

tachycardia.

Source: From Ref. 1.
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Dysrhythmia Monitoring
Similar to monitoring for myocardial ischemia, continuous
ECG monitoring in the ICU allows the early detection of
changes in cardiac rhythm, or those dysrhythmias that are
transient or episodic. The analysis of a dysrhythmia involves
the delineation of three characteristics—anatomic origin,

discharge sequence, and conduction sequence (7). After
initially identifying the dysrhythmia as a bradycardia (ven-
tricular rate ,60) or a tachycardia (ventricular rate .100),
the next priority in the analysis involves determining
whether the origin of the electrical impulse is sinoatrial
(SA), atrial, atrioventricular (AV), or ventricular. P waves

Figure 1 Recommendations for placement of 12-lead electrocardiogram electrodes. Electrodes are routinely adjusted proximal to the

standard positions of the wrists and ankles by placing arm electrodes over the shoulders and leg electrodes over the lower torso for

patients in the operating room, surgical intensive care unit, and during exercise testing. Abbreviations: RA, right arm; LA, left arm; RL,

right leg; LL, left leg. Source: From Ref. 5.

Figure 2 Abnormal and borderline ST segment depression criterion. ST depression is specific for ischemia when depressed greater

than or equal to 1.0 mm, and flat or downsloping. The ST segment depression is borderline when ranging between 0.5 and 1.0 mm and

flat or downsloping, or as much as 2.0 mm depressed but upsloping. Source: From Ref. 5.
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suggesting SA node origin are best observed in lead II,
while leads III, aVF, and V1 may be alternates. Lack of P
waves or abnormal P wave morphology indicates an origin
other than the SA node, and associated QRS complex widen-
ing may help localize the source to the AV junction or the
ventricles.

A full ECG rhythm strip is critical in the analysis of
dysrhythmias. Only with a rhythm strip can an adequate
assessment be made, regarding whether the discharge
sequence is normal sinus rhythm, atrial flutter, or atrial fibril-
lation, or whether some other ectopic or multifocal pattern
exists. Conduction sequence analysis involves the determi-
nation of whether the electrical conduction pattern is
normal, delayed, blocked, or aberrant. These identifying
points facilitate appropriate treatment selection. Table 2
outlines the most common dysrhythmias encountered in
surgical patients, and a more detailed discussion on the
diagnosis and therapy of dysrhythmias can be found in
Volume 2, Chapter 20.

ARTERIAL PRESSURE MONITORING
Physiology of Systemic Arterial Pressure
The function of the systemic arterial system is to distribute
oxygenated blood to the capillary beds throughout the
body, and to serve as a hydraulic filter and reservoir (8).
Measurement of arterial blood pressure provides a quanti-
tative assessment of the status of the hydraulic pressure
head supplying the cardiovascular system. The mean arter-
ial pressure (MAP) is the average blood pressure during
the cardiac cycle. The MAP can be expressed by a cardio-
vascular equivalent of Ohm’s law (E ¼ I � R; energy
potential ¼ current � resistance) as follows:

_Q� SVR (1)

where Q̇ is the cardiac output and SVR is the systemic vas-
cular resistance. Thus, the blood pressure is dependent

upon the Q̇ [HR � stroke volume (SV)] and the SVR:

_Q ¼ HR� SV (2)

The SV is dependent upon the preload, afterload, and
contractility of the heart. The SVR is chiefly governed by the
level of sympathetic stimulation. If SVR and HR are held
constant, then the SV will correlate directly with the blood
pressure. Indeed, Cullen found a correlation coefficient of
0.82 between changes in SV and systolic blood pressure (9).

The MAP is highest in the ascending aorta, and
drops minimally until the peripheral arteriolar bed is
reached (Fig. 3) (10). Accordingly, in normal patients,
the MAP measured in the larger arteries (radial, femoral,
dorsalis pedis) will be an accurate measure of the MAP at
the aorta. The pressure in the arterial system drives the
flow of blood toward the arterioles and through the capillary
system. Blood flow through the vast majority of the arterial
system is fairly continuous (except for the proximal aorta),
as only about 20% of the flow wave is pulsatile. The ascend-
ing aortic flow is quite pulsatile, with almost no flow occur-
ring during diastole (except to the coronary arteries).
Similarly, the arch of the aorta undergoes retrograde flow
during diastole, as blood flows out the arch vessels from
blood stored in the thoracic aorta. Blood flows out of the
distal aorta at a relatively slow 0.5 m/sec during diastole,
whereas the pulse pressure wave moves at about 10 m/sec
(11). However, it is the arterial pressure wave that can be
measured, and will be discussed further.

Arterial Pressure Waveform Characteristics
The arterial pressure waves are transformed as they proceed
from the proximal aorta to the distal arteries (Fig. 4). These
waveform changes include augmentation of the systolic
component and attenuation of the diastolic component.
These changes, along with dynamic response incompatibil-
ities in the catheter-manometer system, are responsible for
most disparities encountered between cuff pressures in the
brachial artery and the invasively measured pressure in
the radial artery (12).

The changing pattern in the arterial pressure waveform
is chiefly due to the reflection of waves from the periphery.

Table 2 Common Dysrhythmias in the Intensive Care Unit

Supraventricular

Sinus tachycardia

Sinus bradycardia

Sinus arrest

Sick sinus syndrome

Sinus node re-entrant tachycardia

Atrial fibrillation

Atrial flutter

Multifocal atrial tachycardia

Ectopic atrial tachycardia

Atrial re-entrant tachycardia

Atrioventricular

Atrioventricular junctional rhythm

Accelerated atrioventricular junctional rhythm

Atrioventricular nodal re-entrant tachycardia

Wolff-Parkinson-White syndrome

Ventricular

Ventricular tachycardia

Ventricular flutter

Ventricular fibrillation

Figure 3 Mean arterial pressure throughout the normal

circulation. Normal mean arterial blood pressure throughout the

circulation is depicted by the continuous trace beginning in the

left heart, and continuing through to the pulmonary veins. The

systolic/diastolic pulse pressure is shown for the aorta, large

arteries, and small arteries as a solid upright line, the top of

which indicates the systolic pressure and the bottom of which

indicates the diastolic pressure. Source: From Ref. 60.
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Just as waves are created in a still pool of water after an object
is thrown into it, these waves reflect back after hitting the
edge of the pool, producing a standing wave that adds to
(or subtracts from) the incident wave. The artery-arteriole
junction is thought to be the principal site of reflection.
Additionally, branching points are sites of arterial waveform
reflection and, finally, the tapering of arterial vessels as one
proceeds toward the periphery acts to amplify waves,
similar to how an ear trumpet amplifies sound waves (13).

Noninvasive Monitoring of Arterial Pressure
Arterial blood pressure can be measured noninvasively
using indirect methods (including palpation, auscultation,
and oscillometric technology) or invasively following
direct arterial cannulation and pressure transduction. All
of the noninvasive techniques of blood pressure determi-
nation utilize a Riva-Rocci cuff device. This apparatus
involves the inflation of a pneumatic cuff (connected to a
sphygmomanometer) that surrounds an extremity and
occludes a peripheral artery to the point of no-flow. The
physical changes that occur at the time of arterial occlusion
and return of flow are sensed and correlated with an arterial
blood pressure. Furthermore, the various noninvasive blood
pressure measurement techniques actually interrogate
different physical events. Thus, the blood pressure obtained
is a function of the way in which it is measured. Addition-
ally, there are many artifactual causes for blood pressure
measurement problems with a noninvasive technique,
which are not factors when monitoring the blood pressure
directly (14). In trauma situations and shock, the nonin-
vasive automatic blood pressure devices often fail to work
properly. In these situations, an invasive arterial line or

manual techniques are preferred.

Manual Intermittent Techniques
A variety of methods for measuring blood pressure are avail-
able, ranging from basic manual intermittent techniques, to
automated continuous technology. With only the means of
a sphygmomanometer, systolic arterial blood pressure can
be rapidly estimated by the Riva-Rocci technique, based on
measuring the external pressure required to compress the
brachial artery. This palpation method may be used when
a stethoscope is not available. While palpating the radial
arterial pulse, the cuff should be inflated to a level about
30 mmHg above the pressure, at which the pulse disappears.
Pressure should then be released from the cuff slowly until
the return of a regular palpable pulse, indicating a return
of pulsatile blood flow. This pressure is the estimation of
systolic arterial pressure.

With the assistance of a stethoscope, the auscultation
method not only provides a more accurate systolic pressure,
but also allows measurement of a diastolic arterial pressure.
As the sphygmomanometer cuff pressure is slowly released,
the return of pulsatile blood flow produces Korotkoff
sounds. The AHA has published guidelines on the determi-
nation of blood pressure by sphygmomanometry, and has
characterized five phases of Korotkoff sounds (Table 3)
(15). The systolic arterial blood pressure corresponds to the
pressure at which the sounds first appear at Phase I. The
diastolic blood pressure corresponds to the pressure at
which the sounds disappear at Phase V.

Automated Intermittent Devices
Noninvasive blood pressure monitoring has been auto-
mated to provide regular and repeated pressure measure-
ments using oscillometry. This method is derived on the
concept that as the occluding cuff is slowly deflated, the
return of arterial pulsations results in a counterpressure
onto the cuff. With continued cuff deflation and progressive
increase in arterial pulsations, the oscillation amplitude
increases. The definitions of systolic, diastolic, and mean
arterial pressures vary somewhat with different device
manufacturers. In general, the systolic pressure is determined
to be the point of rapid increase in oscillation amplitude,
while the mean pressure is determined to be the point of
maximum oscillation amplitude. With some devices, diastolic
pressure is taken to be the point of rapid decrease in
oscillation amplitude [Dinamap (Critikon)], while with
other manufacturers, the diastolic pressure is a derived
value based on the systolic and mean pressure measurements.

Although the automated oscillometric blood pressure
devices are quite accurate in normal patients, when the
patients are hypotensive (systolic blood pressure less than
80 mmHg) they tend to overestimate blood pressure,
compared to invasive monitoring (16). Furthermore, a
recent study by Davis et al. demonstrated that automatic
oscillometric blood pressure measurements were consist-
ently higher in hypotensive patients (potentially providing

Figure 4 Changing pattern of arterial pressure waveforms from

the aorta to the peripheral arteries. The contour of the arterial

pressure waveform changes as the pressure wave moves from the

proximal aorta to the periphery. The central aortic waveform is

more rounded and has a definite dicrotic notch. The dorsalis pedis

(and to a lesser degree the femoral) artery shows a delay in pulse

transmission, a more rapid upstroke (dp/dt), and a slurring of the

dicrotic notch. The systolic pressure increases and the diastolic

pressure decreases as the pressure wave moves distally. However,

the mean pressure remains the same. Source: From Ref. 61.

Table 3 Phases of Korotkoff Sounds

I. First appearance of clear, repetitive, tapping sounds (systolic

pressure)

II. Sounds are softer and longer, with the quality of an

intermittent murmur.

III. Sounds again become crisper and louder.

IV. Sounds are muffled, less distinct, and softer.

V. Sounds disappear completely (diastolic pressure)
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a false sense of resuscitation adequacy) (17). Accordingly,
automated devices are not recommended for field or
hospital triage decisions.

Continuous Automated Technology
Newer methods of continuous noninvasive blood pressure
measurement do exist, but these have not yet gained wide
acceptance clinically. Photoplethysmography relies on infra-
red light transmission to monitor the volume of a finger. An
inflatable cuff maintains the finger at a constant volume, and
continuous arterial pressure is measured as the counter
pressure required to maintain constant finger volume. One
study performed in patients undergoing spinal anesthesia
reported correlations of only approximately 0.72 to 0.79
between this technique [Finapres (Ohmeda)], and invasive
indwelling radial artery catheter measurements, citing
frequent unexplained large differences (18). Furthermore, it
has been shown that measurements of pressure with this
technique are very sensitive to malapplication of the finger
cuff, contributing to errors and limiting the reliability of
the device (19).

While photoplethysmography utilizes light trans-
mission as the initial trigger to influence cuff counterpres-
sure, the technique of arterial tonometry utilizes a surface
pressure transducer applied onto the skin directly over an
artery, to measure directly transmitted arterial pressure.
This device generates a real-time continuous waveform
and pressure measurement. A validation study of one of
these devices (JENTOW) was performed, comparing it
to intra-arterial catheter blood pressures in normotensive
and hypertensive patients (20). The findings showed that
tonometric pressures and waveforms correlated closely to
the intra-arterial components. This reliability was
limited in the conditions of rapid or large changes in blood
pressure.

Invasive Monitoring of Arterial Pressure
History
The Reverend Stephen Hales became the first person to
measure intra-arterial blood pressure when, in 1733, he can-
nulated the left crural artery of a horse (21). The resulting
pressure column rose 8 feet, 3 inches (327 mmHg) and
was noted to vary in height with the arterial pulse, and
the baseline drifted in correlation to the horse’s respiratory
rate and level of pain. The first direct invasive blood
pressure measurement in a human occurred in 1856,
when the French physician Faivre cannulated the super-
ficial femoral artery in the leg of an amputee. After
McLean (22) discovered heparin in 1916, and the strain
gauge was developed by Lambert and Wood (23) in 1947,
the critical components necessary for widespread measure-
ment of intra-arterial blood pressure were available.
However, the routine measurement of intra-arterial blood
pressure did not occur until the mid-1960s with the wide
expansion of cardiothoracic and vascular surgery, and the
description of the “catheter over the needle” cannulation
technique by Barr in 1961 (24). Today, intra-arterial cannu-
lation with continuous blood pressure transduction is con-
sidered the gold standard for arterial blood pressure
monitoring by most clinicians. However, some maintain
that the intra-arterial cannula must be calibrated with an
indirect technique, such as “return to flow,” prior to use
(25,26).

Indications
Indications for intra-arterial blood pressure monitoring
are listed in Table 4. These include “procedure related”
indications (such as large fluid shifts, blood loss, or major
vital organ surgery), and “patient related” conditions
which require continuous arterial pressure monitoring irre-
spective of the surgical procedure. One of the most
common indications for invasive monitoring of arterial
pressure, is the need for continuous blood pressure data in
a patient at risk of cardiovascular instability (27). There are
indications for arterial cannulation for reasons other than
arterial pressure monitoring as well, such as the need for
frequent arterial blood gas sampling in patients with
respiratory compromise.

Site Selection
Any peripheral artery can be used for catheterization. Sites
commonly used include the radial, femoral, dorsalis pedis,
brachial, and axillary arteries. In neonates, the umbilical
artery is an excellent source of pressure monitoring and
blood sample acquisition. The choice of site for arterial can-
nulation includes many factors. Typically, the radial artery of
the nondominant hand is utilized. When this site is unsuita-
ble, alternate sites are chosen based upon the following four
criteria: (i) the artery should be large enough to accurately
reflect systemic blood pressure, (ii) the chosen site should
be free of cellulitis or nearby infected/devitalized tissue,
(iii) there should be sufficient collateral flow to prevent
distal ischemia, and (iv) the artery should be proximal to
any anatomic aberrations (i.e., use the right arm for patients
with aortic coarct or patent ductus arteriosis).

Certain disease states require particular attention to
catheter placement site. The dorsalis pedis artery should
be avoided in elderly patients, especially those with
known peripheral vascular disease or diabetes mellitus.

Table 4 Indications for Invasive Intra-arterial Blood Pressure

Monitoring

Procedure-related indications

Major procedures involving large fluid shifts and/or blood loss

Intrathoracic, intracardiac, intracranial procedures

Anticipated deliberate hypotension, hypothermia, hemodilution

Procedures with a high risk for spinal cord ischemia (thoracic

aneurysm repair, aortic coarctation repair, scoliosis, and other

spine surgery)

Liver, heart, and lung transplantation

Aortic X-clamp and other major vascular procedures

Patient-related indications

Significant coronary artery disease (unstable angina, recent MI)

Myocardial pump dysfunction (CHF, valvular HD,

cardiomyopathy)

Shock (hypovolemic, cardiogenic, septic, neurogenic)

Significant cerebrovascular disease (internal carotid stenosis)

Patients with severe ascites

Significant pulmonary disease, COPD, pulmonary embolism, pul-

monary hypertension, ARDS, pneumonia

Severe renal, acid–base, electrolyte, or metabolic disorders

Morbid obesity, massive burns, and other conditions where non-

invasive monitoring is difficult

Abbreviations: ARDS, acute respiratory distress syndrome; CHF, conges-

tive heart failure; COPD, chronic obstructive pulmonary disease; HD,

heart disease; MI, myocardial infarction.
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The superficial temporal artery, a branch of the external
carotid artery, can be used as a vessel of last resort. This
artery is tortuous and difficult to cannulate due to its proxi-
mity to the internal carotid artery; extreme care must be
exercised during flushing. The radial, brachial, and dorsalis
pedis arteries are contraindicated in patients with Raynaud’s
syndrome or Buerger’s disease (thromboangiitis obliterans).
In both of these conditions, cannulation of the femoral artery
is indicated. These guidelines are especially important for
Raynaud’s syndrome, because environmental hypothermia
is a known trigger for vasospasm.

Complications
The majority of complications after insertion of an arterial
pressure-monitoring catheter are either mechanical or
infectious. Thrombosis is the most common mechanical
complication noted and partial or complete radial artery
occlusion occurs in more than 25% of patients. Slogoff
et al. (28) found that no ischemic damage or disability devel-
oped in any of their patients with catheter-associated radial
artery occlusion, and most thromboses recannulate within
two to four weeks after catheter removal.

Many investigators still recommend performing the
modified Allen’s test prior to cannulation of the radial
artery, to assess adequacy of perfusion and collateral flow
to the extremity (e.g., cold, ischemic digits are an absolute
contraindication to cannulation of the vessel that supplies
the digits). The modified Allen’s test begins with com-
pression of both the radial and ulnar arteries. Next, the
patient’s fist is clenched until it blanches. The patient’s
hand is then relaxed, and the pressure on the ulnar artery
is released. If the patient’s skin promptly becomes hypere-
mic, collateral ulnar flow is considered adequate for radial
artery cannulation. The Allen’s test, while recommended,
has not been demonstrated to reduce the risk of digit
ischemia (29), nor has an abnormal Allen’s test been demon-
strated to increase the risk of arterial cannulation. Indeed,
Slogoff et al. cannulated the radial arteries in 16 patients
with suboptimal ulnar flow assessed by the modified
Allen’s test, and none of these patients (0/16) had evidence
of digital ischemia. Although imperfect, if the Allen’s
test is markedly abnormal, and alternate sites are available,
one of these other sites should be used.

When the radial artery is not available for cannulation,
several other sites are available. One of the main concerns
regarding the brachial artery is that few collaterals normally
exist around this artery, so that a thrombotic or ischemic
event may lead to morbidity. While this concept is valid ana-
tomically, available evidence suggests that brachial artery
cannulation is associated with an acceptable risk. Barnes
et al. (30) reported their study on indwelling brachial
artery cannulae and found no Doppler evidence of obstruc-
tion or vascular complications. Even with this information, it
is generally recommended to use the axillary artery prefer-
entially to the brachial artery, because of the abundant
natural collateral blood supply.

After arterial cannulation, the tissues perfused by the
artery should be routinely monitored for evidence of ischemic
or thromboembolic events. Although permanent ischemic
damage after arterial catheterization is uncommon, there
have been rare reports of necrosis requiring amputation.
Patients having certain risk factors deserve more careful
surveillance for ischemic sequelae following catheterization
(Table 5) (31). Any evidence of ischemia, infection, or embolic
events should lead to immediate removal of the catheter.

Another mechanical complication occasionally
associated with arterial cannulation is pseudoaneurysm. A
pseudoaneurysm is a persisting cavity that results from
extravasation of blood from an injured vessel that is partially
contained by surrounding tissues. It is thought that the tech-
nique of catheter insertion may predispose to pseudoaneur-
ysm formation. If the posterior wall of the artery is
punctured deliberately or unintentionally, or if multiple
passes through the artery are attempted, then the risk of
pseudoaneurysm is greater. These same factors increase
the risk of arteriovenous fistula formation, where wounds
to the artery and an adjacent vein persist. Smaller traumatic
AV fistulae tend to close spontaneously, while larger fistulae
may persist, because the venous outflow provides a path of
least resistance for arterial inflow.

In consideration of femoral arterial cannulation, the
clinician must always assess whether the patient may have
a femoral arterial prosthesis. Patients with peripheral vascu-
lar disease often have previous femoral arterial reconstruc-
tion with a vascular graft. Puncture wounds through
prosthetic material are at much higher risk for pseudoaneur-
ysm formation. Upon removal of catheters from native
arteries, endogenous arterial smooth muscle contraction
facilitates closure of the wound, while this factor is absent
in wounds to prosthetic grafts. Other predisposing factors
for pseudoanaurysm formation seem to be prolonged cannu-
lation and infection.

Embolization is a complication more frequently sig-
nificant in femoral arterial cannulation. Flushing of catheters
may result in thrombus or air emboli to distal regions. Less
commonly, vessel instrumentation and catheterization
alone may potentially cause atheromatous embolization
from diseased femoral vessels. Routine pulse checks by pal-
pation or Doppler sonography should be performed in those
patients with indwelling femoral catheters.

Infection is the other main category of complications
from arterial catheters. In cases of catheter-associated bacter-
emia and sepsis, the most common route of bacterial inva-
sion is the insertion site, where organisms colonizing the
catheter and skin have a portal of entry into the host. Strict
aseptic insertion technique, catheter use, care, and dressing
protocols help limit the incidence of infection. Unlike
venous catheters, studies have shown that the risk of arterial
catheter infections do not increase exponentially over time.
Norwood et al. (32) performed a prospective study on
prolonged arterial catheterization, and found that infection
developed in less than 10% of radial and femoral sites
used greater than 96 hours. It appears that arterial
catheters may be left as long as skin colonization is well
controlled and there is absence of systemic infection.

Table 5 Predictors of Ischemic Risk for Radial Artery

Catheterization

Proximal embolic source

Increased duration of cannulation

Long or large-caliber catheter

Hyperlipoproteinemia

Peripheral vascular disease

Low cardiac output

Vasoconstrictor agents

Female gender

Small wrist circumference
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Systolic Pressure Variation
It has long been appreciated that large respiratory
variation in the arterial pressure waveform correlates with
hypovolemia. Perel (33) has developed a technique to
better define the relative degree of volume depletion, using
the systolic pressure variation (SPV) resulting from the
dynamic response of the left ventricle to alterations in
preload and afterload induced by mechanical ventilation.
The SPV occurring during mechanical ventilation is
divided into a delta up and a delta down component.
When the delta down component exceeds a SPV of
10 mmHg (in patients ventilated at 10–15 cc/kg tidal
volume), patients can generally be thought of as needing
additional preload for the conditions (also see discussion
on SPV in Volume 2, Chapter 3).

CVP and pulmonary artery wedge pressure (PAWP)
are altered by both spontaneous and mechanical ventilation.
The changes in these pressures, likewise, affect arterial blood
pressure through changes in Q̇. Increased intrathoracic
pressure during mechanical ventilation leads to increased
right atrial pressure which decreases venous return to the
right heart, while the left atrium and ventricle are being
filled by blood which has been squeezed out of the pulmon-
ary vascular system.

Similarly, there is an increase in the afterload on the
right side of the heart due to increased airway pressure
compressing the pulmonary artery (PA) vessels. In contrast,
the left side of the heart has a relative decrease in afterload
during positive pressure ventilation. This is because the
increased pleural pressure is transmitted to the left ventricle
and the thoracic aorta, and their pressure is transiently
increased relative to the extrathoracic aorta. As exhalation
occurs, these forces reverse. These changes in preload
and afterload are most marked in the hypovolemic
state and are reflected in the systolic arterial pressure vari-
ation (34).

CENTRALVENOUS PRESSURE MONITORING
Indications
The CVP has long been used as an estimator of intravascular
volume and a guide to fluid therapy in critically ill patients.
The CVP gained popularity as a hemodynamic measure due
to relatively simple catheter insertion and ease of interpret-
ation. Some of the various indications for CVP monitoring
include patients with the diagnosis of hemorrhage, trauma,
sepsis, and cardiovascular dysfunction. Patients may
benefit from CVP monitoring during the perioperative
period, fluid resuscitation, or blood transfusion.

Site Selection
The three sites available for central venous catheterization
are subclavian, jugular, and femoral. The internal jugular
vein is probably the most commonly chosen site for place-
ment of a central venous catheter, when the procedure is
performed in the operating room. In this setting, the anesthe-
siologist typically has easiest access to the patient’s head and
neck. This site is associated with the least mechanical risk of
insertion because inadvertent arterial puncture wounds can
easily be compressed externally, and the possibility for
pneumothorax is more remote.

Trauma patients having cervical collars, whether from
spine injury or from an uncleared spine, pose a particular
challenge for internal jugular venous access. Identification
of surface landmarks is more difficult without the benefit

of turning the head, and an assistant should immobilize
the neck during the procedure. In those patients with tra-
cheostomy, contamination of the catheter site and dressing
is more likely with internal jugular vein catheters.

Outside the operating room, the subclavian vein is the
favored site for central venous access. In those patients that
are awake, an indwelling catheter on the chest wall is more
comfortable than one in the relatively mobile neck. Trauma
patients who already have a chest tube decompressing a
pneumothorax do not have this associated risk factor
during catheter insertion.

There are several situations that represent relative
contraindications to subclavian venous catheterization.
One of these is the coagulopathic or thrombocytopenic
patient. Inadvertent arterial puncture wounds are more dif-
ficult to suppress with external compression, because the
bony clavicle overlies the subclavian artery, and the pliable
pleura and lung do not offer effective counterpressure.
Patients who will not remain still for the procedure, such
as the agitated uncooperative patient or the patient having
active chest compressions during cardiopulmonary resusci-
tation, are poor candidates for subclavian venous catheter
attempts because of the high risk for pneumothorax.
However, subclavian lines are easier to maintain once in
place in ICU patients, and less uncomfortable than neck
lines for awake patients who are actively moving around.
Accordingly, weighing the relative risks and benefits often
results in placement of subclavian lines in patients who
have some relative contraindications for the line.

In the acutely injured, or unstable, critically ill

patient requiring central venous access, the femoral vein
site is an excellent choice because of its relative ease of
insertion. For prolonged CVP monitoring purposes, the
femoral venous catheter is a less optimum choice than sites
located above the waist (subclavian or internal jugular),
because of increased risk of lower extremity deep venous
thrombosis for femoral vein lines. Furthermore, the ideal
catheter tip position for the assessment of preload is the
atriocaval junction, near the right atrium. The usual central
venous catheter inserted through the femoral vein will be
remote from the atriocaval junction. While the pressure
from a femoral venous catheter may be used to estimate
CVP, it is important to recognize that factors concurrent in
the abdomen and periphery may influence this pressure
measurement. In those patients with an injured extremity,
it is preferable to avoid catheterizing the respective
femoral or subclavian vein. These injured extremities, typi-
cally, are burdened by hematoma and inflammatory edema
and swelling. Optimal venous return from these injured
extremities facilitates resolution of swelling and pain,
limits the risk of elevated compartment pressures, and
improves tissue perfusion and healing.

Interpretation
The CVP is measured as the pressure in the superior vena
cava, an estimate of right atrial pressure. This pressure is
an estimator of right atrial volume or cardiac preload. The
normal range for CVP in critical care patients is 0–
10 mmHg. The typical CVP waveform consists of three
waves (“a,” “c,” and “v”) and two descents (“x” and “y”)
(Fig. 5). While we use CVP to estimate the status of intra-
vascular volume, the state of venous tone has an influence
on the CVP. Rapid blood loss or fluid administration
results in changes in CVP. A fluid challenge in a hypovole-
mic patient would result in an increase in CVP. The effect
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may be transient, in that venous compliance responds to
these fluctuations in volume by adjusting venous tone.
Elevation in CVP may represent hypervolemia, or impaired
right ventricular function from congestive heart failure, or
tricuspid valve regurgitation. The CVP may also be elevated
in disease processes associated with pulmonary hyperten-
sion, such as pulmonary embolism, acute respiratory
distress syndrome, or chronic obstructive pulmonary
disease.

Effect of Mechanical Ventilation and PEEP
CVP measurements are affected by mechanical ventilation
because of its effects on intrathoracic pressure. In the nor-
mally spontaneously ventilating patient, inspiration results
in a negative intrathoracic pressure and resultant decrease
in measured CVP. Expiration results in a positive intrathor-
acic pressure and a subsequent increase in measured CVP.
These changes are considered normal respiratory variation
of the CVP waveform. When patients are on positive
pressure ventilation from a mechanical ventilator, the
reverse effects are noted. Delivery of an inspiratory breath
from a mechanical ventilator results in positive intrathoracic
pressure and elevation in measured CVP, while the expira-
tory phase leads to a decrease in measured CVP.

It is recommended that serial CVP measurements be
obtained at the same point of the respiratory cycle. In
order to avoid the influence of intrathoracic pressure, CVP
measurements are taken at end-exhalation in both spon-
taneously and mechanically ventilated patients. This is the
point at which the intrathoracic pressure is most stable and
least affected by ambient influences. When positive end-
expiratory pressure (PEEP) is being administered, whether
by the mechanical ventilator or by noninvasive means, the

result is an increased intrathoracic pressure at end-
expiration, and subsequent elevation in measured CVP.

Pathologic Central Venous Pressure Waveforms
Conditions of right heart flow pathology are manifested by
changes in the normal CVP waveform (Fig. 5). The “a”
wave, indicating the venous pressure during atrial contrac-
tion, is magnified in conditions of resistance to right atrial
outflow. The classic giant or “cannon a” wave may be seen
in situations where the atrium is contracting against a
closed tricuspid valve (i.e., AV dyssynchrony or nodal
rhythm) (Fig. 6). Less prominent “cannon a” waves are
seen in situations with increased resistance to right atrial
emptying (e.g., tricuspid stenosis). Other conditions in
which the “a” wave is accentuated are right ventricular
failure, pulmonary stenosis, and pulmonary hypertension.
The “a” wave is absent during atrial fibrillation. In the con-
dition of tricuspid regurgitation, the “c” and “v” waves are
combined to form a large regurgitant CV wave, obliterating
the normal “x” descent (Fig. 6).

PULMONARYARTERYCATHETERMONITORING

Despite the controversy regarding its use, the PAC remains
the ultimate invasive monitoring tool in the intensivist’s
armamentarium. Introduced into clinical practice in 1970,
and initially used to diagnose patients with acute cardiac
disease, the PAC allows us to directly measure three key par-
ameters not available with any other invasive monitoring
device: PAWP, Q̇, and mixed venous oxygen saturation.
Acquisition and utilization of these measurements formulate
the most fundamental indications for use of the PAC.

Figure 5 The cardiac cycle and the genesis of the a, c, and v

waves. The a wave is caused by atrial contraction. The c wave is

caused by bulging of the atrioventicular (AV) valve into the atrium

during isovolemic ventricular contraction. The v wave is caused

by passive venous filling of the atrium. The x descent results

from ventricular decompression, following the opening of the

ventricular outlet. The y descent results from draining the atrial

blood into the ventricle, following the opening of the AV

valve. The electrocardiogram trace serves as a useful marker to

discern the components of the central venous pressure trace.

Abbreviations: CVP, central venous pressure; ECG,

electrocardiogram. Source: From Ref. 62.

Figure 6 Giant cv waves and cannon (or Giant) a waves. Giant

(or Cannon) a waves are caused by atrial contraction against a

closed atrioventricular (AV) valve (as occurs with atrial ventricular

dyssynchrony). Giant cv waves occur when the Giant c wave

persists into the time when the v wave should be occurring, and are

due to AV valve regurgitation. Source: From Ref. 61.
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Indications
Previous studies have documented the unreliability of the
CVP and right atrial pressure to accurately estimate left
atrial pressure or left ventricular preload. Patients with
isolated right- or left-sided heart failure, and those patients
with altered systemic or pulmonary vascular resistance
from shock or respiratory failure, may have discrepant
right and left heart pressures. The following clinical

situations may benefit from monitoring with a PAC: cardio-
vascular dysfunction, MI, congestive heart failure, pulmon-
ary hypertension, shock, geriatric patients, traumatic
injury, sepsis, and respiratory failure.

Among the most common indications for PAC use is
the hemodynamically unstable patient not responding pre-
dictably to conventional fluid resuscitation. The PAC may
provide valuable hemodynamic data that will help evaluate
the pathophysiology of the abnormality. Measurement of Q̇
and calculation of SVR will help differentiate hypotension
into hypovolemic shock, cardiogenic shock, or a form of dis-
tributive shock. The patient with respiratory failure requir-
ing advancing ventilator support may benefit from a PAC.
Measurement of the PAWP will allow the differentiation
between cardiogenic and noncardiogenic pulmonary edema.

In addition to its diagnostic uses, the PAC is a valuable
tool in guiding therapy in the critically ill. The PAWP may be
used as a guide for fluid resuscitation as an estimate of left
ventricular preload. Monitoring Q̇ theoretically improves the
appropriateness of inotropic therapy. Similarly, calculation of
SVR using the PAC allows for improved titration of vasoactive
agents. In those patients at risk for systemic inflammatory
response syndrome, or sepsis and organ dysfunction,
measurement of mixed venous oxygen saturation and calcu-
lation of oxygen transport variables may help determine
presence of tissue ischemia, and guide resuscitation efforts.

There has been recent controversy regarding the utility
and safety of PAC use. In 1996 Connors et al. (35) reported
a multicenter observational study, showing that PAC use
was associated with increased mortality and utilization of
resources. This study stimulated intense debate, that even
reached a point in which a moratorium on PAC use was
recommended by the Food and Drug Administration
(FDA), until a multicenter randomized clinical trial (RCT)
could be performed. It was later realized that a study such
as this would be too difficult to enroll patients and to
practically complete, and the Connors study had several
experimental design flaws.

The American Society of Anesthesiologists (ASA)
established the Task Force on PACs in 1991 to determine
the risk/benefits ratio for PAC use in settings encountered
by anesthesiologists. The ASA guidelines (36) were
adopted in 1992 and published in 1993. The ASA guidelines
stated that the PAC should not be used routinely, but is likely
beneficial when three high-risk variables intersected
(patient, procedure, and clinical setting). The ASA guide-
lines also stated that the PAC will only prove beneficial
when insertion and data interpretation are performed by
competent individuals, and called for additional research.

Subsequently, in 1996, the Council of the Society of
Critical Care Medicine (SCCM) hosted a consensus conference
to examine important issues related to the PAC with represen-
tatives from the American Association of Critical-Care Nurses,
the American College of Chest Physicians, the American
College of Critical Care Medicine, the American Thoracic
Society, the European Society of Intensive Care Medicine,
and the SCCM in attendance (37). Among the consensus
recommendations were that there was no basis for an FDA

moratorium of PAC use and instead, that clinician knowledge
about the use of the PAC and its complications should be
improved (38).

In October 2003, the revised ASA guidelines were pub-
lished, and the recommendations were essentially
unchanged from those published a decade earlier (39).
Also, in 2003, two large multicenter RCTs were completed
with conflicting results. The first showed a slightly higher
complication rate, and markedly higher incidence of pul-
monary embolism in the group assigned to PACs (40). The
other study by Richard et al. (41) demonstrated that PAC
use is not associated with increased mortality or morbidity,
as did a similar study by Rhodes et al. (42).

Accordingly, clinical decision making is still guiding
the indications for PAC use. Table 6 lists the indications for
PAC use in trauma patients, recommended by the SCCM
consensus conference (albeit only supported by Level IV or
V evidence).

Measurement of Cardiac Output
Thermomodification Technique
One of the most important capabilities of the PAC is the
measurement of Q̇. The PAC uses a thermodilution
method for measuring Q̇, with the injection of a bolus of
cold solution. The technique is performed with the manual
injection of 10 mL of a room temperature solution of 5% dex-
trose in water, into the right atrial port. The rate of blood flow
determines the resultant temperature change, sensed by a
thermistor at the tip of the catheter in the pulmonary artery.
The device then calculates a Q̇ by the integration of the
change in temperature over time, where the area under the
temperature-time curve is inversely proportional to the Q̇.

Variability in Q̇ measurement with the thermodilution
technique may be either due to technical factors, or from
physiologic causes (43). With repeated measurements,
the injectate volume must be accurate and the injection
administration speed must be consistent. The amount of
fluid loaded into the syringe may vary simply from human
error, or the volume may be altered when air becomes
trapped within the catheter tubing. Any factors that may
alter the injectate temperature may also affect the Q̇
measurement. If the injection solution bag is changed
between measurements, a significant difference in tempera-
ture may potentially occur between measurements.

Patients with tricuspid valve regurgitation have
increased variability of Q̇ measurement using the thermo-
dilution technique. Some reports suggest an overestimation

Table 6 Indications for Pulmonary Artery Catheter Use in the

Trauma Patient

To ascertain the status of underlying cardiovascular performance.

To direct therapy when noninvasive monitoring is inadequate or

misleading.

To assess response to resuscitation.

To potentially decrease secondary injury when severe closed-head

or acute spinal cord injuries are components of multisystem

trauma.

To augment clinical decision making when major trauma is com-

plicated by severe acute respiratory distress syndrome, pro-

gressive oliguria/anuria, myocardial injury, congestive heart

failure, or major thermal injury.

To establish futility of care.
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of Q̇, based upon the concept that regurgitant blood flow
warms the injectate more rapidly, resulting in a more rapid
washout of temperature. Other reports point to the potential
for a delay in flow of the injectate to the distal thermistor,
resulting in an underestimation of Q̇. Another physiologic
source of Q̇ variability arises in patients with dysrhythmias.
One example is atrial fibrillation, where the actual Q̇ may
vary from beat to beat. Due to the great potential for variabil-
ity, the possibility of artifactual signals and noise is also
greater.

Fick Principle (Conservation of Mass)
While the PAC has allowed routine thermodilution Q̇
measurement to be performed in the ICU, the Fick principle
method remains the gold standard by which these methods
are assessed. In the 1880s, Adolph Fick applied the law of
conservation of mass to estimate Q̇. The fundamental
concept of Fick’s principle is that the amount of oxygen
exiting the heart equals the amount of oxygen entering the
heart, plus or minus the amounts of oxygen added or
removed from the heart, respectively. Thus, the Q̇ equals
the oxygen consumption (V̇O2) divided by the difference
between arterial and venous oxygen concentrations
(CaO2 – CvO2).

Q ¼
VO2

CaO2 � CvO2
(3)

CaO2 may be calculated by measuring hemoglobin
concentration in blood and the oxygen saturation in arterial
blood, and applying it to the following equation:

CaO2(L=min) ¼ Hb(g=dL) � SaO2 � 1:36

(mL O2=100 mL blood) (4)

CvO2 must be calculated from the oxygen saturation in
mixed venous blood (SvO2). The only practical site to obtain
a sample with complete venous mixing of blood from
throughout the body, is in the pulmonary artery. This
sample is withdrawn from the pulmonary artery port at
the tip of the PAC, and CvO2 is calculated similarly to CaO2:

CvO2(L=min) ¼ Hb (g=dL) � S �vO2 � 1:36

(mL O2=100 mL blood) (5)

With the Fick principle, V̇O2 is calculated using indir-
ect calorimetry results with a metabolic cart, measuring the
differences in oxygen concentration between expired and
inspired gas.

Measurement of Q̇ further allows the assessment of
the derived oxygen transport variables that are believed to
estimate the body’s overall state of tissue perfusion and
oxidative metabolism (Table 7). Oxygen delivery (ḊO2) is
calculated by the product of Q̇ and CaO2, while oxygen
extraction is the ratio of V̇O2 to ḊO2:

_DO2 ¼
_Q �CaO2 (6)

O2 extraction ¼
_VO2

_DO2

(7)

Low ḊO2 most often suggests inadequate Q̇. Methods of
improving ḊO2 include blood transfusion to increase [Hb]
or inotropic support to increase Q̇. SaO2 is typically

near its maximum, where an increase would not result in sig-
nificant change in ḊO2. Low V̇O2 may suggest inadequate
tissue perfusion or oxygen metabolism. Tissue ischemia
may result from inadequate supply of oxygen, or a maldistri-
bution of microcirculatory perfusion to certain tissue
regions. Decreased metabolism in critically ill patients may
result from severe uncompensated shock states.

In those patients without a PAC, mixed venous blood
is not available to assess oxygen transport dynamics. In an
animal study of hypotensive hemorrhage, Scalea et al. (44)
found that central venous oxygen saturation mirrored
mixed venous oxygen saturation. In a subsequent study of
trauma patients with evidence of hemorrhage, Scalea et al.
(45) reported that central venous oxygen saturation, or the
oxygen saturation of blood obtained from a central venous
catheter, was a reliable and sensitive correlate of blood
loss. They discovered that despite stable vital signs, the
39% of patients that had saturations under 65% had more
serious injuries and required more transfusions.

Insertion Technique
Site Selection
The major sites for PAC insertion are similar to those of
central venous access, with some special considerations.
Ease of passage of the PAC into the pulmonary artery is
influenced by the convolutions required for the catheter to
reach its destination. The following sites are described in
increasing level of technical difficulty. The most direct inser-
tion route for the PAC is via the right internal jugular vein,
where the PAC only requires one gentle curve to reach the
right pulmonary artery. Access via the left subclavian vein
also follows a generally smooth curve, but must traverse
the left innominate vein to reach the superior vena cava.
Access via the right subclavian vein requires the catheter
to initially traverse the right innominate vein to reach the
superior vena cava, then alter its curvature to enter the
right atrium, in an S-shaped configuration. Finally, entry
through the left internal jugular vein also requires an
S-shaped configuration, with a greater travel distance.

Table 7 Derived Hemodynamic Variables from Pulmonary

Artery Catheter Data

Cardiac index CI ¼ Q̇/BSA

Stroke volume SV ¼ Q̇ / HR

Systemic vascular resistance SVR ¼ (MAP – CVP) *
80/Q̇

Pulmonary vascular resistance PVR ¼ (MPAP – PAWP)

* 80/Q̇

Arterial oxygen content CaO2 ¼ Hb * SaO2 *
1.36þ (PaO2 * 0.003)

Mixed venous oxygen content CvO2 ¼ Hb * S �vO2 *
1.36þ (PaO2

� 0.003)

Oxygen delivery ḊO2 ¼ Q̇ * CaCO2

Oxygen consumption V̇O2 ¼ Q̇ * (CaCO2 –

CvO2)

Oxygen extraction O2ext ¼ V̇O2/ḊO2

Abbreviations: BSA, body surface area; CVP, central venous pressure; Hb,

hemoglobin; HR, heart rate; MAP, mean arterial pressure; MPAP, mean

pulmonary artery pressure; O2ext ¼ O2 extraction; PaO2, partial pressure

of O2 in arterial blood; PAWP, pulmonary artery wedge pressure; SaO2,

O2 saturation in blood; S �vO2 ¼ O2, saturation in mixed venous blood;

SVR, systemic vascular resistance; Q̇, cardiac output.

Chapter 9: Cardiovascular Monitoring 165



Maneuvering through the left internal jugular vein to inno-
minate vein curve is required, followed by an altered
curve through the superior vena cava and right atrium.
Femoral vein sites are acceptable alternatives, but are often
more difficult to traverse into the right atrium. Fluoroscopic
guidance may be necessary for those patients with unusual
difficulty in placing the PAC.

Pulmonary Artery Catheter Advancement Considerations
After gaining central venous access via one of the above
insertion points, the flushed and zeroed PAC is advanced,
with the balloon deflated, to a distance of 12–15 cm (just
past the introduction tip). At this point the flotation
balloon is inflated, and the PAC is carefully advanced
while simultaneously observing the pressure waveforms
(Fig. 7), measured at the tip of the PAC. The initial CVP
waveform leads to the right atrial pressure waveform,

which is not always easy to distinguish, depending on the
sensitivity of the monitor settings. Upon reaching the right
ventricle, there is an abrupt and obvious high spiking
pressure waveform of 20–30 mmHg, representing the systo-
lic right ventricular pressure, with a diastolic pressure that is
unchanged from the CVP. This waveform leads to the pul-
monary artery waveform with its characteristic step-up in
diastolic pressure and a clear dicrotic notch. Finally, as the
inflated balloon reaches a pulmonary arterial wedge, the
waveform flattens as it loses its systolic and diastolic vari-
ation. After briefly observing the wedge waveform, the
balloon should be deflated to confirm the reappearance of
the pulmonary artery waveform.

Appropriate positioning of the PAC tip is critical to
minimize risk for complications, and to achieve reliable
data. When the tip is in an appropriate position, a
wedge waveform will be obtained with balloon inflation of
1.5 mL of air. If the wedge waveform does not appear, the
catheter tip may need a slight advancement of several centi-
meters, with the balloon inflated, until the wedge reappears.
If the wedge waveform is obtained with less than 1.5 mL, the
catheter tip is probably in a small branch and should be
withdrawn several centimeters, with the balloon deflated,
followed by reinflation of the balloon and advancement
back into a wedge position. After registering a wedge
pressure, it is safest to pull the catheter back a few centi-
meters (with the balloon down), each time between readings
to minimize the natural distal migration of the catheter.

Interpretation of PAC Waveforms and Pressures
Effect of Mechanical Ventilation
The PAWP, like the CVP, is best measured when there is the
least influence from external transmural pressures, juxta-
cardiac pressures, and intrathoracic pressures (46). This
situation seems most closely approximated when the lungs
return to their relaxed volume and state at end-expiration.
In the spontaneously breathing patient, inspiration involves
the development of a negative intrathoracic pressure that is
transmitted through the pleura, lungs, alveoli, heart, and
great vessels. In the mechanically ventilated patient, an
increased intrathoracic pressure occurs with the positive
pressure delivery of a breath. Still, in both spontaneously
and mechanically ventilated patients, the chest returns to
its most normal pressure configurations at end-expiration,
and this is the most reliable for repeated measurements of
intravascular pressure.

Effect of PEEP
PEEP may also influence the measurement of the PAWP.
There are three physiologic lung zones, based upon the
relationship between the pulmonary vascular and alveolar
pressures (Fig. 8). In lung zones 1 and 2, the extent of alveo-
lar pressure affects the pressure read by the PAC. The ideal
position for the catheter tip is in lung zone 3, where the
intravascular pressure always exceeds the alveolar pressure.
In nonzone 3 situations, alveolar pressure may exceed
intravascular pressure. The level of alveolar pressure and
PEEP then affects measurement of PAWP.

Hemodynamic Profiles
Rational use of all the available data obtained from the PAC
requires careful assessment of how individual data points
fit into clinical scenarios. Hemodynamic profiles align
several individual hemodynamic variables to fit into
specified clinical patterns (Table 8). These specific patterns

Figure 7 Advancement of the pulmonary artery catheter through

the cardiac chambers and respective waveforms. (A) Pulmonary

artery catheter (PAC) in right atrium. (B) PAC passing through

tricuspid valve into the right ventricle. (C) PAC in the pulmonary

artery (PA). (D) PAC in the distal PA in a wedge position.

Abbreviations: RA, right atrium; RV, right ventricle. Source: From

Ref. 63.
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are associated with certain appropriate therapeutic responses
and subsequent prognoses (47). For example, a basic profile
for acute hypovolemia would include low PAWP, low Q̇,
and high SVR.

CONTINUOUS CARDIAC OUTPUTMONITORING
Modified Pulmonary Artery Catheters
In response to increased monitoring needs in the ICU, tech-
nological advances have improved the utility of the PAC.
Special catheters are now available that continuously
monitor mixed venous oxygen saturation and/or cardiac
output (48). In some ICUs, these modified catheters have
become preferred.

Patients in whom oxygen transport variables are regu-
larly followed require repeated blood draws for mixed
venous oxygen analysis with the traditional PAC. In the
Fick equation, the mixed venous oxygen saturation reflects
the overall oxygen extraction, whereby a reduction in mixed
venous oxygen saturation may suggest an uncompensated
increase in oxygen consumption. Continuous mixed

venous oximetry has given us the benefit of decreasing the
labor of blood drawing required to measure mixed venous
oxygen saturation, but an even greater advantage is that
monitoring and therapeutic decisions can occur in real
time, without the delay of laboratory processing of blood-
work. The technology of continuous mixed venous oximetry
uses fiberoptic bundles and an optical transducer in the tip
of the catheter. As red blood cells flow past the catheter
tip, a measurement of oxyhemoglobin relative to total hemo-
globin is determined.

Another modification of the PAC that has gained some
popularity in use is the continuous cardiac output (Q̇ cont.)
devices. The Q̇ cont. PAC takes advantage of the thermodilu-
tion technique for measurement of Q̇, but rather than
injections of cold solution, it uses a heating filament on the
catheter to deliver thermal pulses. The thermistor at the cath-
eter tip senses the temperature change, and a computer-
derived Q̇ measurement is made. The Q̇ displayed on the
monitor is not truly continuous. Three- to six-minute
periods of blood flow are analyzed to generate average
Q̇. Every 30 seconds, the Q̇ is updated with these averages,
thereby limiting extreme fluctuations that may occur with
real-time measurements. Several studies have since eval-
uated this Q̇ cont. PAC was compared to bolus Q̇ measure-
ments in ICU patients, with the results showing that the Q̇

cont. measurements compared favorably (49–51).
The technological advance in catheter capability is also

associated with its own inherent drawbacks. Calibration of
the measurements and troubleshooting dysfunctional cath-
eters are occasional problems. Another potential pitfall lies
in the reliability of the displayed measurements. Poor
signal quality of the device may lead to inaccurate readings.
Response to fluctuating readings may result in inappropriate
therapy. Finally, the added cost of the modified catheters
may be up to twice the cost of traditional PACs. While
there is certainly time and labor saving with these options,
the cost-efficiency of the devices must be assessed by the
individual institutions using them.

One other PAC modification provides measurement of
a hemodynamic variable that has yet to gain widespread
acceptance in use. The right ventricular function catheter
calculates the right ventricular end-diastolic volume index
(RVEDVI) as the estimator of preload, and right ventricular
ejection fraction as the estimator of contractility. The technol-
ogy uses a thermodilution method, whereby the temperature
changes between baseline and residual temperatures in
successive heartbeats are computer analyzed to generate
the ejection fraction. The SV and end-diastolic volume can
be solved for (using an equation with a constant related to
the specific gravity and heat capacity of blood) (52). A
number of studies have attempted to assess the correlation
between these measures and Q̇. Martyn et al. (53) performed
a study in acutely burned patients and reported that the
RVEDVI is a better measure of right ventricular preload
than CVP and PAWP. Subsequently, Chang et al. (54)
reported a consecutive series of 46 trauma patients, who
received volumetric PACs and required greater than 10 L
of fluid in 24 hours. This study also concluded that the
RVEDVI is a better predictor of preload than the PAWP in
trauma patients during large-volume shock resuscitation,
and promoted the idea that when the RVEDVI is 130 mL/
m2 or less, volume administration would increase the
cardiac index. It still remains to be seen whether knowledge
of right ventricular volumes and function and use of the
volumetric PAC actually improve outcome.

Figure 8 Physiologic lung “Zones of West.” The zones are based

upon alveolar–vascular pressure relationships. In either zone 1

or zone 2, PALV exceeds PPV. During balloon occlusion of the

pulmonary artery, wedge pressure reflects PPV and left atrial

pressure accurately only in zone 3. Abbreviations: PALV, alveolar

pressure; PPA, pulmonary arterial pressure; PPV, pulmonary

venous. Source: From Ref. 64.

Table 8 Hemodynamic Profiles Based on Three Variables

PAWP Q̇ SVR

Hypovolemia Low Low High

Fluid overload High High Low

Septic shock Low High Low

Left heart failure High Low High

Pulmonary

hypertension

Low Low Normal

Abbreviations: PAWP, pulmonary artery wedge pressure; Q̇, cardiac output;

SVR, systemic vascular resistance.
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Noninvasive Cardiac Output Monitoring Devices
The esophageal Doppler monitor (EDM) is a relatively

new advance in continuous Q̇ monitoring, and represents
the most promising of noninvasive techniques (55).

The Doppler method is based on the analysis of ultrasound
waves to measure the velocity of blood flow. Doppler
waveforms are analyzed to assess preload, afterload, and
contractility. The EDM probe must be positioned to best
visualize adjacent descending aortic blood flow through
the esophageal wall. One of the drawbacks of this technique
is that proper positioning is critical to achieving accurate
results, and subsequent probe movement out of position is
difficult to prevent. Studies have shown that this technique
may better predict preload than either PAWP or CVP (56).

Thoracic electrical bioimpedance techniques are based
on the concept that intrathoracic volume changes with each
SV. An alternating current is applied by electrodes, whereby
increased aortic flow during systole decreases the thoracic
impedance. Q̇ is subsequently determined by computerized
analysis of peak aortic flow, SV, and HR. Several different
commercial devices are available, and at least one prospec-
tive study in 134 blunt-trauma patients concluded that
bioimpedance Q̇ monitoring, as part of a multicomponent
noninvasive system, approximated those of thermodilution
methods shortly after admission (57). Conversely, a recent
meta-analysis of 42 clinical studies instead found a wide
variation of correlations between bioimpedance Q̇ and
different invasive reference methods (58). Therefore, more
work needs to be done on impedance cardiography before
this technique can be recommended for clinical use in criti-
cally ill patients.

EYE TO THE FUTURE

The advent of invasive monitoring technology has been a
significant factor in defining the role of the ICU and the
intensivist in the care of critically ill patients, and the bulk
of this chapter is devoted to the current invasive devices.
We have recently seen that the minimally invasive move-
ment is changing the approach to medical care. In critical
care, there is a parallel movement to develop and refine non-
invasive means to acquire cardiovascular and hemodynamic
data. Some of the technologies discussed in this chapter are
examples of this effort, applied clinically today.

Esophageal Doppler monitoring of continuous Q̇ is
rapidly gaining interest, and clinical trials are actively inves-
tigating feasibility. Further improvement of probes is needed
to limit the artifactual information and to more easily main-
tain proper positioning. Continued advances in ultrasonic
probe technology and computer processing will provide
higher level analytical information regarding ventricular
volume and function. Contrast echocardiography and
three-dimensional technology will certainly add additional
anatomic and physiologic data (59). Photoplethysmography
for continuous automated noninvasive arterial blood
pressure monitoring using infrared light transmission, and
arterial tonometry utilizing surface pressure transducers
are undergoing clinical study and refinement, and may be
applicable to clinical trials in the near future.

SUMMARY

Cardiovascular monitoring needs, in trauma and the
critically ill, range from those patients needing just basic

electrocardiography, to those patients that would benefit
from intensive continuous assessment and oxygen transport
evaluation. The level and extent of monitoring is dependent
on the patient’s injuries, comorbid diseases, current
physiologic condition, and response to resuscitation and
therapy. Arterial blood pressure, CVP, pulmonary artery
pressures, CO, mixed venous oxygen saturation may now
all be continuously monitored in those patients requiring
advanced levels of care. The successful intensivist is one
who clearly understands the technologies available, can
appropriately analyze the data for accuracy and utility, and
can integrate the findings with all the other relevant con-
ditions and events in the patient, to formulate effective thera-
peutic strategies.

KEY POINTS

The precordial leads are the most sensitive for detecting
myocardial ischemia in the operating room; this is pre-
sumably true in the ICU as well.
ST segment depression is the most common manifes-
tation of subendocardial myocardial ischemia.
Acute transmural myocardial ischemia, or infarction,
results in acute ST segment elevation.
The MAP is highest in the ascending aorta, and drops
minimally until the peripheral arteriolar bed is reached.
In trauma situations, and shock, the noninvasive auto-
matic blood pressure devices often fail to work prop-
erly. In these situations, an invasive arterial line or
manual techniques are preferred.
Although imperfect, if the Allen’s test is markedly
abnormal, and alternate sites are available, one of
these other sites should be used.
In the acutely injured, or unstable, critically ill patient
requiring central venous access, the femoral vein site
is an excellent choice because of its relative ease of
insertion.
The following clinical situations may benefit from
monitoring with a PAC: cardiovascular dysfunction,
MI, congestive heart failure, pulmonary hypertension,
shock, geriatric patients, traumatic injury, sepsis, and
respiratory failure.
Appropriate positioning of the PAC tip is critical to mini-
mize risk for complications, and to achieve reliable data.
Several studies have since evaluated this Q̇ cont. PAC
compared to bolus Q̇ measurements in ICU patients,
with the results showing that the Q̇ cont. measurements
compared favorably.
The esophageal Doppler monitor (EDM) is a relatively
new advance in continuous Q̇ monitoring, and rep-
resents the most promising of noninvasive techniques.
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INTRODUCTION

Methods for monitoring resuscitation of patients in overt
shock, as well as those with less obvious occult hypoper-
fused states, continues to be actively pursued. Along with
research into shock states, increased standardization in defi-
nitions has been required. To this end, the American College
of Surgeons Committee on Trauma (ACS-COT) defined
shock as “an abnormality of the circulatory system that
results in inadequate organ perfusion and tissue oxygen-
ation” (1). The American College of Chest Physicians
(ACCP) and the Society of Critical Care Medicine (SCCM)
similarly established a Consensus Conference Committee,
which defined shock associated with sepsis as “. . . hypoten-
sion [systolic blood pressure (SBP) ,90 mmHg or reduction
�40 mmHg from baseline] despite adequate fluid resuscita-
tion, along with the perfusion abnormalities that may
include, but are not limited to: (i) lactic acidosis, (ii) oliguria,
or (iii) an acute alteration in mental status” (2).

These definitions and the inferred resuscitation end-
points are clinically relevant to goal-directed therapy for
trauma (3,4) and sepsis respectively (5,6). Traditional end-
points of resuscitation include blood pressure (BP), pulse,
urine output, and mentation. Invasive monitors of hemody-
namic status include central venous pressure (CVP), indwel-
ling arterial catheter and mean arterial pressure (MAP), and
pulmonary artery occlusion pressure (PAOP). Invasively
measured and derived variables, such as cardiac output
(Q̇), mixed venous oxygen saturation, and central venous
oxygen saturation, have also been widely utilized in the criti-
cal care settings as part of goal-directed therapy. Other
markers of hypoperfusion include measuring serum
lactate, base deficit (BD), and arterial pH.

The aforementioned global measures of resuscitation can
be inaccurate and slow to change in the young or well-compen-
sated patient (see Volume 1, Chapters 12 and 18) (7,8). In
addition, these are nonspecific markers that reflect the overall
patient status, and do not necessarily correlate with the specific
well being of any particular vascular bed. Indeed, all of these
parameters are incomplete predictors of resuscitation status (9).

Critically ill patients that are underresuscitated
require prompt treatment to prevent further damage to
their vital organs (see Volume 1, Chapter 12). Surrogate
markers have been used for decades, in an attempt to
assess the adequacy of circulation to end-organs and
the end-points to resuscitation (see Volume 1, Chapter 18).

The two organ systems most often initially impacted in

the underresuscitated trauma patient are the kidneys and
the gastrointestinal (GI) organs. Significant research
efforts have been focused on developing techniques for
measuring renal and splanchnic perfusion. Direct measure-
ment is normally not available clinically, so surrogate
markers have been studied as measures of resuscitation
success.

This chapter will primarily focus on the intricacies and
utility of the various monitoring modalities that reflect the
adequacy of splanchnic and renal blood flow. In addition,
some newer monitoring systems that correlate with splanch-
nic perfusion will be introduced.

SPLANCHNIC MONITORING

Due to the current limitations of global resuscitation
markers, end-organ and tissue-specific markers of hypoper-
fusion continue to be sought. Splanchnic monitoring is one
such area—examples include gastric tonometry and pH
monitoring. Other measures that correlate, but are not
direct measurements, include sublingual capnography,
buccal tissue CO2 monitoring, as well as biochemical
markers of insult (e.g., abnormal increases in lactic acid),
and other surrogates of splanchnic well-being (e.g., tolerance
to enteral nutrition).

Anatomy and Pathophysiology
Splanchnic Circulation
The distribution of splanchnic blood flow is determined by
well-known embryologic relationships (Table 1) (10). The
abdominal foregut structures include the stomach, duode-
num proximal to Wirsung’s duct, liver, biliary drainage
system, and pancreas. These structures are supplied by the
celiac trunk via the common hepatic, left gastric, right
gastric, and splenic arteries. Midgut structures encompass
the bowel from the distal duodenum to the proximal two-
thirds of the transverse colon, and are supplied by the
superior mesenteric artery (SMA). The hindgut is composed
of the remaining colon, rectum, and proximal anal canal. The
inferior mesenteric artery (IMA) supplies these structures.

The renal blood supply is separate (individual right and
left renal arteries, arising off the aorta between the SMA and
IMA), but these vessels respond similarly to hypovolemia and
hypotension (with relative hypoperfusion). Monitoring of
renal perfusion and function is discussed below.
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In the resting normovolemic patient, approxi-
mately 20% to 35% of the cardiac output is directed to the

splanchnic circulation. The tissues supplied by the
splanchnic circulation have large metabolic compensatory
abilities, in response to either increased or decreased
demand, and these tissues can increase oxygen extraction
upwards of 90%. During a sympathetic circulatory response
to hypovolemic shock, blood is shunted to tissue beds most
needed—heart, lungs, brain—and away from nonvital circu-
latory systems, such as the splanchnic circulation, via release
of catecholamines and subsequent vasoconstriction (11,12).
Nitric oxide (NO) is likely the most important regulator
of splanchnic vascular tone at rest (11). The gut is susceptible
to periods of hypoxemia, but due to the abundant collatera-
lization of blood flow, and partly due to the countercurrent
exchange of the vascular supply of the intestinal villi, ische-
mia is usually averted when hypotension periods are
brief (11).

Pathological Consequences of Splanchnic Hypoperfusion
The splanchnic circulation is susceptible to episodes of
hypoperfusion during shock. Due to the relatively low meta-
bolic rate of the splanchnic organs (compared to heart and
brain), these low perfusion states are generally well tolerated
for brief periods. When periods of splanchnic hypoperfusion
become prolonged ischemia and ultimately sepsis, the mul-
tiple organ dysfunction syndrome (MODS) can occur. The
risk factors associated with splanchnic ischemia are listed
in Table 2.

If splanchnic oxygen consumption is increased, as
occurs in sepsis or other shock states, splanchnic hypoxemia
can be exacerbated even if blood flow returns (13–16).

The pathogenesis of sepsis and MODS is multifactorial.
The concept of a “leaky” gut barrier and translocation of bac-
teria (and cytokines) are likely the integral component.

During ischemic or low flow states in the viscera,
proinflammatory cytokines are released. Tumor necrosis
factor-a (TNF-a), interleukin-1, 6, 8, and interferon-g lead
to release of secondary inflammatory mediators such as
NO and complement, all resulting in the upregulation of
immune cell production and stimulation. Once activated,
neutrophils adhere to endothelial cells, promoting cell per-
meability and occasionally injury. Endothelial and junctional
damage leads to reductions in gut barrier function, and sub-
sequent translocation of enteric bacteria, lipopolysaccharide,
and endotoxin. This is thought to lead to the development of
the systemic inflammatory response syndrome (SIRS),
sepsis, and eventually MODS (Fig. 1) (16).

Gastric pH Monitoring
Physiological Tenets of Gastric pH Monitoring
Tonometry is the measurement of the partial pressure of a
gas in a fluid or intravascular medium. Gastric tonome-
try measures luminal CO2 and mucosal CO2 partial press-

ures (PCO2), as they become equalized across a
semipermeable membrane.

Most gastric tonometers utilize a saline-filled latex
balloon (Fig. 2). CO2 freely diffuses across the membrane,

Table 1 Splanchnic and Renal Blood Supply

Artery

(from aorta) Major branch Feeding artery Organ perfused

Celiac Common hepatic Right and left hepatic Liver (25% of flow, 50% O2)

The portal vein provides 75% of the hepatic

inflow and 50% of the O2

Right hepatic Gall bladder via cystic artery (branch of

right hepatic)

Gastroduodenal First, second, and third part of duodenum,

head of the pancreas

Left gastric Gastroesophageal junction

Superior pancreatic Midsection and tail of

pancreas

Splenic Superior and inferior pancreatic Midsection and tail of pancreas

Short gastrics Fundus of stomach

Left gastroepiploic Greater curvature of stomach (joins right

gastroepiploic, which is the distal

continuation of the gastroduodenal

artery)

Splenic Spleen

Superior

mesenteric

Inferior pancreaticoduodenal Head of pancreas, and first and third part of

duodenum

Inferior pancreatic Middle and tail of pancreas

Superior mesenteric Small intestine (including the fourth part of

duodenum usually) to the proximal

two-third of the transverse colon

Right and left

renal arteries

Right and left kidneys

Inferior

mesenteric

Left colic Distal transverse and descending colon

Sigmoid branches of IMA Sigmoid colon

Superior rectal branches of IMA Rectum

Abbreviation: IMA, inferior mesenteric artery.
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leading to equilibrium between the saline PCO2 and the
gastric mucosal PCO2. The PCO2 within the saline-filled
balloon is used as a proxy for gastric mucosal CO2, and is
measured using a blood gas analyzer. Utilizing the Hender-
son-Hasselbach equation, and assuming that the partial
pressure of stomach mucosa and arterial bicarbonate are
equal, the intramucosal pH (pHi) can be calculated

(Table 3) (15). A decreased pHi is thought to reflect either
an increased anaerobic metabolism or a low flow state,
and thus ischemic states (15,16).

Two major assumptions enter into the calculation of
pHi (15). First, the PCO2 measured via gastric tonometry
approximates the intramucosal PCO2, because CO2 freely
diffuses in tissue. In animal studies, no difference has been
found between luminal and mucosal CO2 measurements
(17). Second, intramucosal and arterial HCO3

2 measure-
ments are the same. However, arterial HCO3

2 measurements
are likely an overestimation of the mucosal HCO3

2 in
decreased splanchnic flow states, due to the release of Hþ

ions and subsequent buffering via bicarbonate (15). This
may lead to altered measurements of pHi.

In the stomach and proximal duodenum, the assump-
tion that mucosal and luminal PCO2 equilibrates, may fail
(15). Unlike the majority of the small and large bowel, the
stomach actively secretes Hþ and the proximal duodenum

Table 2 Risk Factors for Mesenteric Ischemia

Preexisting mesenteric

disease

Chronic mesenteric

ischemia

Systemic diseases associ-

ated with mesenteric

disease

Coronary artery disease

Acute or chronic heart failure

Diabetes

Hypertension

Peripheral vascular disease

Previous reconstruction for occlu-

sive-stenotic arterial lesions

Episodes of arterial embolism

Congenital or acquired hemostatic

disorders

Oral contraceptives

DVT or PE

Procedures associated

with mesenteric

ischemia

Trauma

Abdominal surgery

Cardiac surgery/CPB

Trauma-related risk

factors

Hypotension/hypoperfusion

SIRS/sepsis

Vasopressor therapy

Abdominal trauma

Abdominal compartment syndrome

Mechanical ventilation (with high

PIP/PEEP)

Abbreviations: CPB, cardiopulmonary bypass; DVT, deep venous thrombosis;

PE, pulmonary embolism; PEEP, positive end expiratory pressure; PIP, peak

inspiratory pressure; SIRS, systemic inflammatory response syndrome.

Figure 2 Gastric tonometry. Gastric mucosal CO2 diffuses into

the gastric tonometer balloon, and is measured using a blood gas

analyzer. Source: Adapted from Ref. 16.

Hypovolemia Cardiac Failure 

Sympathetic Vasoconstriction 

Splanchnic Hypoperfusion

Gut Mucosal Hypoperfusion 

Intravenous Vasopressors

Gut Mucosal Barrier 
Breakdown

Translocation
Bacteria/Endotoxin

Inflammatory Pathway 

Ischemia-Reperfusion 
Injury

Multiorgan Failure 
Syndrome 

Figure 1 The gut hypothesis of sepsis and multiple organ dysfunction syndrome. Source: Adapted from Ref. 16.
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secretes HCO3
2. Although the mucosal barrier in the stomach

largely protects against the back diffusion of Hþ, it does not
completely do so. This back-diffused Hþ is buffered by bicar-
bonate in the mucosa, leading to the production of CO2, and
the reading of a falsely low pHi. Similarly, bicarbonate
secreted by the duodenum may reflux into the stomach, buf-
fering Hþ, and artificially lowering the tonometrically
measured PCO2. Studies in animals have found that back
diffusion of Hþ is not much of a confounding factor,
whereas increased luminal CO2 production is (18). It has
been proposed that gastric H2 blockers be utilized to
decrease luminal Hþ and thus decrease error in tonometric
PCO2 measurements. In stable subjects, the measured var-
iance between luminal PCO2, luminal pH, and pHi were
decreased when given an H2 blocker, whereas when the
same values were measured in a small study of critically ill
patients on an H2 blocker, no difference was found versus
placebo (19,20).

Other physiological differences may affect the
measured pHi (21). Differences in gastric mucosal tempera-
ture and arterial blood temperature may change the
amount of gas dissolved in tissue or blood respectively.
Also, the Haldane effect can increase the measured PCO2

in the setting of increased oxygen consumption (V̇O2),
without increased perfusion (16). Finally, the measured
PCO2 may be confounded by gastric Hþ secretion.

It has been suggested that the difference between
gastric and arterial PCO2 (the “PCO2 gap”) be utilized in
order to eliminate the variables and confounding factors of
gastric Hþ secretion. This idea of measuring this PCO2

gap, and not the absolute marker pHi, is utilized in both
resuscitation endpoints and in sublingual capnography.
Recent expert consensus asserts that the PCO2 gap is a
more accurate reflection of gastric dysoxia (22). A normal
PCO2 gap is approximately less than 8 mmHg, whereas a
normal intramucosal PCO2 is less than 48 mmHg (22).
Additional randomized controlled trials (RCTs) will be
needed to settle this question.

Techniques of Gastric Tonometry
Conventional Gastric Tonometry
In most commercially available gastric tonometers, a saline
solution is infused into a semipermeable balloon (composed
of silicone or latex polymers) at the end of a nasogastric tube.
Fundamental to the above physiology of tonometry, silicone
is permeable to CO2. The luminal and mucosal PCO2 gener-
ally equilibrate in approximately 30 minutes, although equi-
libration times up to 90 minutes have been reported (13). The
saline is drawn anaerobically from the saline-filled balloon,
and PCO2 is measured via standard blood-gas analysis.
Once the PCO2 equilibrates, this is used with an arterial
bicarbonate measurement to determine pHi. Standard

values for pHi fall within two standard deviations of the
norm as found in studies of H2 blockers on stable subjects.
Thus, it is generally accepted that a pHi , 7.32 represents
mucosal acidosis (23). However, the type of saline solution
and buffer composition used in the blood-gas analysis can
skew results (24,25). Strict anaerobic conditions must be
maintained, and saline is the preferred media over phos-
phate bicarbonate or succinylated gelatin solutions due to
long equilibrium times (25).

Air-Semicontinuous Gastric Tonometry
In an effort to increase the reproducibility and accuracy of
gastric tonometry and pHi monitoring, other methods such
as air-semicontinuous tonometry are utilized to measure
luminal PCO2 (26,27). Air tonometry uses an air-filled CO2

permeable balloon that rapidly equilibrates with luminal
and mucosal PCO2. This is directly measured in a semicon-
tinuous manner, by an infrared sensor. While this too may
under- or overestimate the PCO2 depending on the blood
gas machine and assumed equilibrium times, it has been
found in animal studies to correlate well with gastric
pHi monitoring and be more accurate in the in vitro
laboratory (27,28,29). However, outcome data utilizing
gastric air-semicontinuous tonometry is similar to traditional
saline-filled balloon tonometry and, in fact, both are ubiqui-
tous in research (30).

Outcome Studies
Numerous indications exist for gastric tonometry and pHi
monitoring. It can be used in all critically ill patients in
order to guide resuscitation and improve outcome in
sepsis, cardiogenic, and hypovolemic shock (23). Most criti-
cally ill patients in the intensive care unit (ICU) have some
method to monitor global monitors of ischemia. Gastric
tonometry can be utilized as a regional corollary.

One of the earliest associations identified by
gastric tonometry was that MODS rates are correlated with
decreased pHi (31). Failure of the gut, liver, pancreas,
lungs, and generalized sepsis have all been postulated to
correlate with decreasing pHi (31). Outcome-driven critical
care studies have found a correlation between optimization
times for pHi guided resuscitation and survival; as a prog-
nostic marker and independent predictor for mortality; as
an independent predictor of MODS; and an association
between decreased pHi and increased length of ICU stay
(9,32–36). However, other studies have found that guiding
resuscitation with pHi versus traditional resuscitation tech-
niques does not yield improved outcomes in either overall
survival or rates of MODS (37,38).

Other applications exist for gastric tonometry. In the
preoperative setting, gastric pHi monitoring can be used to
predict postoperative morbidity and mortality (39).
Further, gastric pHi monitoring can guide vasoactive drug
administration, particularly when norepinephrine or dopa-
mine is used in conjunction with vasopressin for refractory
shock (40,41). Physiologic doses of vasopressin (0.01–0.04
U/min) does not cause significant severe splanchnic vaso-
constriction. However, higher doses can threaten gut per-
fusion. Gastric tonometry might evolve into a comm-

only employed monitor for preventing mesenteric ischemia
during prolonged vasopressin use in the setting of refrac-
tory shock. However, due to the need for stable con-
ditions in order to obtain baseline values and to monitor
ongoing resuscitation efforts, gastric tonometry (in its
current technological state) is not useful during the initial

Table 3 Physical Principles and Equations Used in Gastric

Tonometry

Physical principle Equation or relationship

Henderson-Hasselbach

equation (adapted

for pHi)

pHi ¼ 6.1þ log10 [HCO3
2]/[a . PCO2]

a ¼ 0.03 (solubility factor of CO2 in

plasma)

Bicarbonate buffer HCO3
2
þ Hþ ,2. H2CO3 ,2.

CO2þH2O

Abbreviation: pHi, intramucosal pH.

174 O’Reilly and Lujan



resuscitation efforts for the seriously injured trauma patient.
With current technology, gastric tonometry is unlikely to
provide additional useful information during the initial
phase. However, technological advancements in stability
calibration and equilibration time could result in early
benefits to use.

Sublingual Capnography
Physiological Tenets of Sublingual Capnography
Due to the numerous limitations to gastric pHi monitoring
utilizing PCO2 as a surrogate marker, sublingual capno-
graphy surfaced as an alternative to directly monitoring
tissue-perfusion. Although gastric tonometry measures
tissue specific hypercapnia, other tissue, such as renal or
brain tissue, have been suggested as sentinel markers for
tissue hypoperfusion and shock states.

Unlike gastric monitoring, sublingual capnography is
applied to a readily accessible site (42). This facilitates data
gathered during initial resuscitation efforts in the trauma
resuscitation suite (TRS) or in the trauma operating room
(OR). In a fashion similar to gastric PCO2 monitoring, the
sublingual PCO2 (PSLCO2) is measured against the arterial
PCO2 to define a PSLCO2 gap. Sublingual capnography
does not necessarily reflect perfusion to the splanchnic circu-
lation. Indeed, the sublingual mucosa is not perfused by the
splanchnic circulation. However, the sublingual mucosal
vascular bed shares similar characteristics with the splanch-
nic circulation, including a rich vascular supply and stimu-
latory parasympathetic innervation. Most importantly,
several investigations have demonstrated that the PSLCO2

correlates closely with those values obtained in the
stomach during low flow states (43–45).

Technique of Sublingual Capnography
Several sublingual capnographic measuring devices are
commercially available. Studies reviewed here utilize either
the MI-720 CO2 electrode (Microelectrodes; Londonderry,
New Hampshire, U.S.A.) or the Capnoprobe SL Monitoring
System (Nellcor; Pleasanton, California, U.S.A.). The most
popular device, the Capnoprobe SL, utilizes a specific CO2-
sensing optode consisting of a CO2-permeable silicone bag
with known buffer solution and a fluorescent dye solvent.
This bag is attached to a light source that senses the wave-
length changes of the fluorescent dye as it is acted upon by
the pH of the solution. This is converted into a measurement
of PSLCO2. It is imperative for measurement that the subject’s
mouth be closed around the monitor (42).

Outcome Studies
Studies on sublingual capnography were first conducted in
animals, which found plausible reason to study sublingual
CO2 in humans due to correlations between rising PSLCO2

and systemic markers such as arterial lactate (43). Further,
a head-to-head animal study comparing sublingual monitor-
ing with gastric tonometry found similar monitoring charac-
teristics and increases measured in both gastric intramucosal
PCO2 and PSLCO2 gap (44). Subsequently, the same investi-
gators found that PSLCO2 values greater than 70 mmHg
were predictive of hospital survival, and that PSLCO2 cor-
rected in a more rapid manner than serum lactate (45). The
PSLCO2 gap has also been found to correlate with gastric
PCO2 gap and lactate levels in critical care patients in circu-
latory or septic shock, and a small study has found that sub-
lingual PSLCO2 gap is a better predictor of survival than
lactic acid (46–48).

A recent study has also found correlation between

hemorrhage in penetrating trauma and rise in sublingual
PSLCO2, coinciding with increasing in BD and lactate
levels (49).

Surrogate Measures of Splanchnic Well-Being
Lactic Acidosis
Lactic acidosis is a global marker of tissue hypoxia and is pro-
duced anaerobically from the substrate pyruvate. A normal
plasma lactate level is less than 2.0–2.2 mmol/L; elevated
levels correlate with oxygen delivery ḊO2 deficit and global
under-resuscitation. Anaerobically produced lactate is gener-
ally independent of other metabolic processes (in comparison
to other global hypoxia markers such as base deficit),
although severe liver dysfunction can artificially prolong
lactic acid levels (50). Outcome data has shown a correlation
to lactate level normalization and mortality; development of
acute respiratory distress syndrome; the SIRS and severe
sepsis; and an increase in infection rates (51–55).

For the purposes of splanchnic monitoring, lactic
acidosis is felt to be a generalized marker. Studies are
mixed as to whether direct splanchnic monitoring (gastric
tonometry), indirect splanchnic monitoring (sublingual cap-
nography), or global markers of hypoperfusion are more
sensitive guides to resuscitation. Early studies found
gastric tonometry and pHi to better predict mortality and
multiorgan system failure than traditional markers such as
lactate levels and BD (9,35). The PSLCO2 was found, in one
small study, to be a better predictor of mortality and a
more sensitive marker than lactate levels (48). However,
few RCTs exist comparing traditional endpoints with
focused splanchnic monitoring. A recent small study,
which randomized resuscitation in trauma patients to
either “traditional” pHi markers (such as lactate) or gastric
pH directed therapy, found no difference in outcomes (38).

Tolerance of Enteral Nutrition
Tolerance of early enteral feeding has been shown to

correlate with numerous markers, including decreasing

bacterial translocation and morbidity from sepsis, overall
mortality, the length of ICU stay, and cost of ICU admis-
sion (56). Although a majority of physicians begin
enteral feeds within 48 hours of admission, less than half
of patients started on enteral nutrition achieve tolerance to
the feedings (56,57). Historically, tolerance of enteric
feeding has been based on the concept of gastric residual
volumes (GRVs). High GRVs are traditionally thought to cor-
relate with poor outcomes, such as aspiration and pneumo-
nia, or as a marker for intolerance of enteral nutrition (58).
However, the definition of “high” by some (.150 mL in a
70-kg patient) is felt to be too low a threshold by most experi-
enced intensivists. GRVs in this (150–200 mL) range are of
little value in directing feedings due to: (i) lack of correlation
with the measured value and adverse outcomes; and (ii)
absence of standardization of GRV values. Using such low
“acceptable” GRVs likely impedes the progression of feed-
ings (58). The use of higher threshold GRVs (�450 mL in a
70-kg patient), along with the administration of promotility
agents, and distal duodenum- or jejunal-placed feeding
tubes, all correlate with increased tolerance of enteral nutri-
tion (also see Volume 2, Chapter 32) (59,60). Due to conflict-
ing opinions on the utilization of GVRs in the clinical setting,
other methods for monitoring tolerance of enteral nutrition
have been sought.
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A few small studies have looked at tolerance of enteral
nutrition and measuring Brix values, a measurement of the
total amount of soluble solids in a solution. The Brix value
is designed to help account for the amount of enteral
formula versus gastric secretions and saliva contained in
the GRV (61,62). The Brix value is obtained using a refract-
ometer to assay the GRV aspirated from the patient. At
best, these studies show the Brix value measurements as a
clinical adjunct with GRV values, but have little clinical cor-
relation to tolerance of enteral feedings or outcome.

Splanchnic monitoring via gastric tonometry or sub-
lingual capnography may also serve as markers for tolerance
to enteral nutrition. In theory, intolerance of enteral feedings
can result from splanchnic hypoperfusion and, conversely,
prolonged starvation could decrease splanchnic hypoper-
fusion. In cardiothoracic surgery patients, early enteral
feedings did not show any effect on gastric tonometry
measurements, potentially indicating tolerance of enteric
feedings (although this was not an endpoint in the study)
(63). Enteral feeding in burn patients has been shown via
gastric tonometry to have beneficial effects on splanchnic
circulation (64). In a small case study, a gastric pH less
than 7.30 was found in all patients with nonocclusive
bowel necrosis, one of the dreaded, but rare, complications
of enteral feeds in the critically ill (65).

Stress Gastritis
Stress gastritis is associated with gastric mucosal ischemia
(Volume 2, Chapter 30). A recurring paradigm of ischemia
and reperfusion injury not only provides a plausible expla-
nation for the development of stress gastritis (66,67), but
also highlights the physiology and importance for other
methods of splanchnic monitoring.

Mucosal ischemia (from various etiologies including
occult hypoperfusion) interrupts gastric mucus production
and has an overall negative effect on the gastroprotective
prostaglandin (PG) and bicarbonate production. Further
exacerbating the breakdown of the protective gastric
mucus is reflux of bile salts into the gastric lumen in critically
ill patients (67). The breakdown of gastric mucosa leads to
subendothelial petechiae and small erosions from the
acidic gastric contents. Ultimately, this may lead to frank
ulceration (67).

Numerous risk factors, such as mechanical ventilation,
coagulopathy, hypotension, sepsis, hepatic failure, renal
failure, burns, and major trauma, may contribute to the
development of mucosal ischemia and stress gastritis (67).
All of these factors have specific physiological mechanisms,
although two are particularly pertinent. Patients with critical
illness often exhibit associated respiratory failure, and conse-
quently require mechanical ventilation. The institution of
mechanical ventilation can directly impair the splanchnic
blood flow. Increased intrathoracic pressure and positive
end expiratory pressures can decrease venous return and,
thus, splanchnic perfusion (68).

The GI tract is susceptible to prolonged periods of
decreased perfusion pressures. In addition to the increased
risk of bacterial and cytokine translocation, the end result of
gastric mucosal ischemia is stress gastritis. Medications that
limit splanchnic perfusion also have the potential to cause
mucosal ischemia and stress gastritis (67). Vasoactive agents,
such as norepinephrine and vasopressin, can cause a decrease
in splanchnic circulation, although correlations between these
agents and stress gastritis are not as clear (69,70).

Prophylaxis against stress gastritis is recommended
(Volume 2, Chapter 30), although the best choice is not
readily apparent (71–73). Mechanical barriers, such as
sucralfate, and pharmaceutical agents, such as H2 blockers
and proton pump inhibitors, are utilized. These agents
have been shown to decrease the incidence of stress gastritis
in the critical care setting, and subsequently decrease the
utility of monitoring for stress gastritis as a marker for
splanchnic ischemia and occult hypoperfusion—leading to
the utility of gastric tonometry or sublingual capnography.

RENAL MONITORING
Introduction
Renal dysfunction and renal failure (Table 4) remain a
serious complication in the critically ill trauma or posto-
perative patient (see Volume 2, Chapters 40–42). The
trauma, burn, and the postoperative surgical patient have
numerous risk factors that make them at high risk for the
development of renal dysfunction (Table 5). Renal failure
complicates the perioperative management of these patients.
The onset of acute renal failure (ARF) portends a poor prog-
nosis and a high association with mortality, sepsis, and
MODS. The prevention of ARF lies in ensuring adequate
resuscitation, preventing continued damage, minimizing
the impact of coexisting disease, and minimizing the
number of nephrotoxic drugs (Table 6).

As with other organ systems, renal function is inti-
mately related to blood flow supplied by its arteries (renal
artery). The detection of altered or diminished renal blood
flow (RBF) is clinically difficult due to the limited available
monitoring technologies. Surrogate markers [urine
output, serum creatinine, and glomerular filtration rates
(GFRs—which is most commonly calculated from creatinine
clearance (CLCR)] are routinely used to assess for clinically
detectable alterations in RBF. The most commonly
employed tests and imaging studies used to evaluate renal
perfusion and function are listed in Tables 7 and 8.

Anatomy and Physiology
Renal Circulation
Each kidney is supplied by a single renal artery arising from
the aorta at the level of the intervertebral disc between L1
and L2 vertebrae. Each renal artery divides at the renal
pelvis into 5 to 6 segmental arteries, which give rise to the
interlobar arteries. At the division between the renal cortex
and medulla, the interlobar arteries divide again into the
arcurate arteries. Arcurate arteries then give rise to the inter-
lobular arteries and the capsular perforating branches. Inte-
lobular arteries directly supply each nephron through a

Table 4 Causes of Perioperative Renal Failure

Category Description

Prerenal Reversible increase in serum creatinine and blood

urea. Results from a decreased renal perfusion,

which leads to a decreased GFR

Postrenal Caused by an obstruction of the urinary collection

system by either intrinsic or extrinsic causes

Renal The structures of the glomerulus, tubules, vessels,

or interstitium are affected

Abbreviation: GFR, glomerular filtration rate.

176 O’Reilly and Lujan



single afferent arteriole (74). The microcirculation of the
kidney is arranged into three separate blood flow zones,
including that perfusing the cortex, the outer medulla, and
the inner medulla (74).

The blood flow through both kidneys constitutes
approximately 20% to 25% of the total Q̇, but can
dramatically drop in patients that are hypovolemic or hypo-
tensive. Approximately 80% of RBF supplies the cortical
nephrons, whereas 10% to 15% supplies the juxtamedullary
nephrons. Redistribution of RBF away from cortical
nephrons, with short loops of Henle, to larger juxtamedul-
lary nephrons with long loops, occurs during periods of
stress and other times that are clinically relevant. Vasoactive
hormones that regulate intrarenal blood flow originate from
outside the kidney (vasopressin, norepinephrine, epineph-
rine), areas adjacent to the kidney (kinins, endothelins, ade-
nosine), and from within the endothelium (NO, prostacyclin,
endothelins) (74). Sympathetic nerve activation (75), angio-
tensin II (76), norepinephrine (76), and heart failure (77)
have all been found to cause a redistribution of RBF away
from the renal cortex and to the renal medulla. However,

Table 5 Risk Factors for Perioperative Acute Renal Failure

Risk factor category Examples/comments

Preexisting renal

insufficiency

The worse the preexisting renal

insufficiency, the greater the risk

Systemic diseases

associated with

chronic renal failure

Coronary artery disease

Congestive heart failure

Diabetes

Hypertension

Liver failure, hepato-renal syndrome

Peripheral vascular disease

Polycystic kidney disease

Scleroderma

Systemic lupus erythematosus

Rheumatoid arthritis

Wegner’s granulomatosis

Procedures associated

with acute renal

failure

Biliary surgery

Burns

Cardiac surgery

Genitourinary surgery/obstetric

surgery

Transplant

Trauma

CAT scan

Trauma-related risk

factors

Hypotension

Hypovolemia

Hypoperfusion

Medication/antibiotics

IV contrast

Blood transfusion

Rhabdomyolysis

SIRS/sepsis

Vasopressor therapy

Abbreviations: CAT, computerized axial tomography; IV, intravenous;

SIRS, systemic inflammatory response syndrome.

Table 7 Commonly Used Tests and Studies in the Diagnosis of

Acute Renal Failure

Category Examples

Radiographic imaging Ultrasound

CT scan

RUG

Plain radiographs (KUB)

IVP

Angiography

Urine evaluation Urine electrolytes

Urine eosinophiles

Urine analysis

Urine culture

Tests of cardiac function Cardiac echocardiography

CVP

Pulmonary capillary wedge pressure

Left atrial pressure

Histological Renal biopsy

Autopsy

Abbreviations: CT, computed tomography; CVP, central venous pressure;

IVP, intravenous pyelogram; KUB, kidneys, ureters, and bladder; RUG,

retrograde urethrogram.

Table 8 Physiologic Tests of Renal Tubular Function

Test Prerenal Renal (intrinsic)

U:P osmolality .1.4:1 1:1

Urine osmolality .500 ,400

U:P creatinine .50:1 ,20:1

Urine Na level,

mEq/L

,20 .40

FENa ,1 .3

CLCR 15–20 ,10

FEUA ,35 .35

FELi ,15 .25

Urinary sediment Normal, occasional

hyaline, or finely

granular casts

Renal tubular

epithelial cells,

granulars, and muddy

brown granular casts

Abbreviations: CLCR, creatinine clearance; FELi, fractional excretion of

lithium; FENa, fractional excretion of sodium; FEUA, fractional excretion

of urea; P, plasma; U, urine.

Table 6 Medications Associated with Renal Failure

Nephrotoxic drug type Examples/comments

IV radiocontrast Nonionic less toxic than ionic

H2 receptor antagonists Cimetidine, rantidine, fomotidine

NSAIDs Ibuprofen, Cox2 inhibitors, aspirin

Immunosuppressive

drugs

Cyclosporin A, tacrolimus

Antibacterial drugs Aminoglycosides, penicillins,

sulfonamides, cephalosporins,

vancomycin

Antifungal agents Amphotericin B

Malignant

chemotherapy drugs

Methotrexate, nitrosureas, cisplatin,

asparginase,

Others Acetaminophen, ACE inhibitors,

allopurinol, IVIG, hydroxyethyl

starch, antivirals, metoclopromide

Abbreviations: ACE, angiotensin-converting enzyme; Cox2, cyclo-

oxygenase 2; IV, intravenous; IVIG, intravenous immunoglobulin;

NSAIDs, nonsteroidal anti-inflammatory drugs.
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not all vasopressors preferentially reduce cortical blood
flow; vasopressin was recently found to preferentially
reduce medullary blood flow in an animal model (76).

Contrast media is a major cause of hospital-acquired
renal insufficiency. It has a heterogeneous effect on regional
RBF, affecting outer medulla greater than the inner
medulla or cortical blood flow (78). Iso-osmolar and high-
osmolar contrast media, at normal and high doses, decrease
outer medullary blood flow and place patients at significant
risk for renal dysfunction (79).

The clinical significance of the redistribution of blood
flow within the kidney can vary from situation to situation
and patient to patient. Regardless of the stressor causing
redistribution of RBF, it has been shown to be associated
with sodium retention in both hypertensive and nonhyper-
tensive patients. Initially, the redistribution of RBF serves
to conserve sodium and free water. Prolonged periods of
ischemia unleash a cascade of intrarenal mediators that
potentially could lead to renal insufficiency and MODS.
The role of NO and prostaglandin E2 (PGE2) in the preven-
tion of this alteration in RBF is an ongoing area of research,
but has shown promise in angiotensin II and norepinephrine
dependent cortical constriction (80,81).

The kidney is the only organ in which oxygen consump-
tion (V̇O2) is determined by RBF, this relationship seems to be
maintained during periods of extreme stress (82–84). The rate
of active transport of Naþ best correlates with the V̇O2 (85,86).
The simple relationship between V̇O2 and sodium transport
best explains why the active transport of sodium decreases
when RBF is diminished. Renal physiology and patho-

physiology are described by the relationships between
RBF, renal V̇O2, O2 extraction, and CLCR in patients with
normal and abnormal renal function (87).

Pathology of Renal Hypoperfusion
Trauma patients have multiple reasons for increased peri-
operative risk of renal failure (Table 5), including hypovole-
mia, hypotension, rhabdomyolysis, use of nephrotoxic
agents (e.g., contrast, aminoglycosides, etc.). The risk
increases further if they have associated intra-abdominal or
renal trauma (e.g., renal contusion, lacerations, etc.).
Trauma patients who are severely injured and have associ-
ated renal injury, have a much higher incidence of renal
insufficiency and twice the mortality of those without renal
injuries (88). In addition to direct renal trauma, secondary
injury from conditions causing abdominal compartment
syndrome (Volume 2, Chapter 34) are also important.

The renal circulation is extremely susceptible to
periods of hypoperfusion. Prerenal causes account for 75%
to 80% of the cases of perioperative dysfunction. Intrinsic
causes account for 20% to 25% of the cases. The balance
between renal V̇O2 and RBF tends to be maintained in
states of shock or other shock states. However, with pro-
longed periods of renal hypoperfusion, ischemia and ulti-
mately MODS can occur.

The role of the kidney in the propagation of SIRS and
sepsis to MODS is incompletely understood. However, we
do know that prolonged periods of reduced ḊO2 can lead to
renal insufficiency. During periods of ischemia, the kidneys
develop an O2 debt and increase the release of vasoactive
hormones, to include PGs, interleukins, and endothelin.
Renal failure might supply a “second hit” in the development
of sepsis, SIRS, and MODS in certain conditions (89).

Urine Output
Monitoring Urine Output
Serial measurements of urine output constitute the simplest
form of RBF monitoring and assessment of renal function
(see Volume 2, Chapter 40). Urine output is also one of the
most commonly measured variables in the critically ill
patient (90). However, resuscitation state, perioperative
medications, and other interventions can alter the validity
of this surrogate measure for RBF and renal function.

When evaluating a patient for alterations in urine

output, the patient’s medical history, medication use, type
of surgery (or trauma), and relevant perioperative interven-
tions must all be considered.

Urine output is an imperfect measure of renal func-
tion. Renal failure can occur in the setting of normal, elev-
ated, or low urine output when confounders are present.
That being said, urine formation is a sensitive marker of
low flow states and prerenal causes of ARF. In the SICU,
and especially in postsurgical and trauma patients, low
urine output should be assumed to be prerenal until
proven otherwise. Oliguria or low urine output, regardless
of the setting, should prompt an evaluation of the patient
and the correction of prerenal causes of renal dysfunction.
Acute anuria suggests a mechanical or obstructive cause of
renal failure, and the evaluation should be focused on the
obstructive causes of renal failure in otherwise stable
patients (e.g., kinked indwelling urine catheter).

However, in the setting of massive hemorrhage,
oliguria and anuria reflect inadequate RBF due to insufficient
intravascular volume repletion and/or inadequate renal
perfusion pressure.

Oliguria is defined as urine output of 400 mL/day in a
patient with previously normal kidneys. However, it is pre-
ferable to monitor urine output in the terms of hourly
output, because prolonged periods of prerenal causes
could lead to renal ischemia and acute tubular necrosis.
Hence, oliguria has been traditionally defined as less than
0.5 mL/kg/hr. In critically ill, postoperative, or trauma
patients, it should be expected that their trends of urine
output should be greater than this value.

24-Hour Urine Output and Outcomes
Monitoring 24-hour urine output is useful in monitoring
resuscitation, predicting the need for dialysis, and predict-
ing mortality. Low urine output has been shown to be pre-
dictive of those patients requiring dialysis after cardiac
surgery (91). It is predictive of those patients having
higher mortality after myocardial infarction (92). Oliguric
ARF was found to be an independent predictor for overall
mortality in a subgroup of 348 patients with renal failure
in the ICU (93).

Tubular Function
Creatinine and Creatinine Clearance
Creatinine is an end-product of skeletal muscle catabolism.
Creatinine production is proportional to skeletal muscle
mass, and is excreted solely by the kidneys. CLCR measures
the ability of the glomerulus to filter creatinine, and is the
most reliable and widely used marker of GFR. Normal
serum creatinine values range from 0.7 to 1.2 mg/dL.
The formulas used to assess tubular function are listed in
Table 9.

The most widely utilized formula to standardize GFR
and renal function, according to age, is the Cockcroft-Gault
equation: CLCR ¼ [140 age (yrs)] � wt (kg) � 0.85 (if
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female)/72 � [serum creatinine (mg/dL)] (94). Normal
values range from 110 to 150 mL/min. Mild, moderate, and
severe renal impairment have corresponding values of 40 to
60 mL/min, 20 to 40 mL/min, and less than 20 mL/min.
Serial measurement of GFR is important for the early detec-
tion of renal dysfunction, determining the severity of renal
impairment, and the need for further evaluation.

The CLCR as a measure of GFR is commonly employed
in the SICU for monitoring proper drug dosing and for the
early detection of ARF. However, there is ongoing debate
regarding the accuracy of these formulas for predicting
CLCR in critically ill patients. Wells et al. retrospectively eval-
uated 18 critically ill patients, nine without renal dysfunc-
tion, and nine with ARF. The investigators found
statistically significant differences between measured CLCR

and the predicted values using the Cockcroft-Gault equation
(94). Robert et al. assessed renal function utilizing inulin
clearance, 30-minute CLCR, 24-hour CLCR, and the values
estimated by the Cockcroft-Gault equation. They found
that Cockcroft-Gault equation, using ideal body weight
and the corrected serum creatinine concentration, was the
best predictor of inulin clearance (95).

Furthermore, they found good correlation existed
between inulin clearance and the Cockcroft-Gault equation,
if the actual or ideal body weight and the actual or corrected
serum creatinine were used in the calculation (95). Studies in
trauma patients have shown that CLCR can be used in those
with stable renal function (96), and for the early detection of
renal failure (97).

Fractional Excretion of Sodium
Fractional excretion of sodium (FENa) reflects tubular
sodium reabsorption. FENa describes sodium clearance as a
percentage of CLCR. FENa less than 1% is seen in normal or
hypovolemic patients. FENa above 3% indicates tubular
damage or intrinsic causes of renal failure. Care must be
taken when using FENa to evaluate for renal failure; medi-
cations are known to both raise and lower the FENa. Diure-
tics are the class of medications most notoriously known to
alter the value and the usability of FENa. Both hydrochlothia-
zide and furosemide have been shown to increase the frac-
tion of sodium excreted (98).

Fractional Excretion of Urea
Fractional excretion of urea (FEUA) reflects the tubular reab-
sorption of urea. As with FENa, FEUA describes urea clear-
ance as a percentage of CLCR. FEUA less than 35% is seen
in patients that are hypovolemic or prerenal. FEUA above
35% indicates a normal, tubular damage or intrinsic causes
of renal failure. In well-hydrated patients, the FEUA is
between 50% and 65% (99). Patients that have acute
tubular necrosis (ATN) routinely have a FEUA above 40%.

FEUA may be a more sensitive and specific index than
FENa in differentiating between prerenal-associated oliguria
and ATN. The FEUA has a much higher positive predic-
tive value in separating prerenal from ATN, 98% versus
89%. It is especially useful in differentiating prerenal
from intrinsic renal failure, after diuretics are used (100).

Urine-Concentrating Ability
The human body’s ability to concentrate urine and maintain
a normal serum osmolality is imperative. This is assessed by
measuring urine osmolality, and comparing this value to the
serum osmolality. Normal urine osmolality (Uosm) is 300
mOsm/kg (range 50–1200 mOsm/kg). Serum osmolality
(278–298 mOsm/kg) should be measured in conjunction
with urine osmolality. As serum tonicity increases, the
release of antidiuretic hormone (ADH) increases, causing
an increase in the reabsorption of free water and in the osmol-
ality of urine. The opposite is true with a decrease in the
serum tonicity; the decrease in ADH causes a decrease in
the reabsorption of free water and in the osmolality of urine.

The most common times that clinicians will utilize
these studies (Sosm and Uosm) is immediately postopera-
tively, ARF, and in the neurosurgical patient where diabetes
insipidus (DI) results in a large quantity of dilute urine with
increasing serum sodium and osmolality. The syndrome of
inappropriate antidiuretic hormone (SIADH) can also
occur in neurosurgical patients, and presents with a low
quantity of concentrated urine, along with a concomitantly
decreased serum sodium and osmolality (see Volume 2,
Chapter 44).

Imaging in Genitourinary Conditions
Renal Ultrasound
The evaluation and workup of patients in acute, or acute on
chronic, renal failure has traditionally focused on identifying
the underlying etiology; prerenal, renal, or postrenal causes.
Imaging techniques, especially ultrasound, can give an effec-
tive assistance in the differential diagnosis of ARF.

Imaging techniques can be used to exclude postrenal
(obstruction) and prerenal (renal artery stenosis, low RBF)

renal failure and confirm the diagnosis of intrinsic causes
of renal failure.

Color and pulse Doppler ultrasound are noninvasive
tests that can be performed quickly and safely at the
bedside. Color Doppler ultrasound has been utilized in diag-
nosing pyleonephritis (101), assessing RBF post-transplant
(102,103), and differentiating between the causes of renal
failure (104). However, many of the studies utilizing Doppler
to assess for RBF have focused on renal transplant recipients.

Color Doppler (or duplex) ultrasound is commonly
utilized in assessing patients with renal insufficiency and
clearly has a role in the diagnosis of obstructive renal
failure. Color Doppler has been increasingly utilized to
assess for prerenal and renal causes of ATN as well. Izumi
et al. evaluated 42 patients with ARF by Doppler ultrasound.
Not only did they find that it was an effective tool to evaluate
ARF caused by ATN, but also found it predictive of the
recovery from ATN. However, its overuse in the initial diag-
nosis and management of ARF, especially in patients at low
risk for obstructive renal failure, has been questioned (105).

Power Doppler ultrasound is a technique that has been
in use since the mid-1990s, and is capable of detecting small-
vessel, low-velocity flow (106,107). It has the ability to differ-
entiate a wide spectrum of hypovascular renal pathologies.
Renal hypoperfusion measured by power Doppler

Table 9 Formulas Used to Assess Tubular Function

CLCR ¼ (creatinine)U � urinary flow rate/(creatinine)P

GFR ¼ (140-age)(body weight in kg)/(serum creatinine � 72)

FENa ¼ (urine sodium/serum sodium)/(urine creatinine/serum

creatinine) � 100%

FEUA ¼ (urine urea/serum urea)/(urine creatinine/serum

creatinine)

Abbreviations: CLCR, creatinine clearance; FENa, fractional excretion of

sodium; FEUA, fractional excretion of urea; GFR, glomerular filtration

rate; P, plasma; U, urine.
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ultrasound has the ability to detect focal, multifocal, global,
and cortical lesions (108). A recent animal study has found
that image intensity of power Doppler ultrasound correlated
well with invasively measured renal cortical blood flow
(109). This technology has the greatest possibility to
provide real-time measurement of renal perfusion during
resuscitation of the injured and critically ill patient.

Computed Tomography
Computed tomography (CT) has primarily been used to
evaluate renal injury following intra-abdominal and retro-
peritoneal injuries sustained after blunt and penetrating
trauma (110) (see Volume 1, Chapters 16, 27, and 28). Intrar-
enal blood flow derived from CT has been utilized in
patients with renovascular disease (111), living kidney
donors (112), and as an assessment prior to abdominal
aortic aneurysm (113). In these studies, it was predominately
utilized as a single occasion evaluation tool. Given the limit-
ations of this technique and the advent of newer technol-
ogies that can be utilized continuously at the bedside, the
role of CT in renal monitoring is obviously limited.

EYE TO THE FUTURE

The advent of newer technologies and biomarkers will allow
for closer and more accurate monitoring of splanchnic and
RBF. Many of the modalities described above represent tech-
niques that require RCTs to better determine utility. Further,
each of the techniques discussed is undergoing rapid techno-
logical improvements. Thus, the current notions of utility for
various monitoring devices may change in the near future.

A relatively new perfusion monitoring tool that is on
the clinical horizon is the buccal tissue CO2 monitoring
device (Fig. 3) (114). Increases in sublingual and buccal
tissue PCO2 (PCO2 BU) have been shown to approximate
those in the stomach and gut during low-flow states (115).
At each of these sites, tissue PCO2 was closely correlated
with decreases in tissue blood flows (115–117).

Recently, Cammarata et al. (114) measured the PCO2

BU in a rodent model of hemorrhagic shock. Rats were

bled over an interval of 30 minutes, in amounts estimated
to be 25, 30, 35, or 40% of total blood volume. The PCO2

BU was predictive of outcomes. Neither noninvasive end-
tidal PCO2, nor invasive aortic pressure measurements
achieved such discrimination (114).

SUMMARY

Trauma patients commonly present hypotensive and hypo-
volemic. Optimal resuscitation requires early goal-directed
therapy to prevent damage to organ systems and propa-
gation of systemic inflammation. In addition to global
measures, assessing perfusion adequacy for specific
vascular beds (e.g., splanchnic and renal) are increasingly
pursued, and newer technologies are becoming increasingly
useful.

The splanchnic circulation is susceptible to prolonged
periods of hypoperfusion. Markers used to assess adequacy
of ḊO2 include gastric pH monitoring, sublingual capno-
graphy, lactic acidosis, tolerance of gastric feeds, and stress
gastritis. The benefits and drawbacks of each of these
methods for monitoring splanchnic circulation have been
discussed.

The renal circulation has been established to preferen-
tially shunt blood away from the cortex and supply the
medulla. This places the kidney at high risk for ischemia
and ATN, during periods of hypoperfusion as well.
Markers used to assess RBF and renal dysfunction were
described, including urine output, FENa, FEUA, urine-
concentrating ability, and imaging modalities.

Injuries to the splanchnic and renal systems likely play
key roles in the propagation of SIRS to sepsis, septic shock,
and ultimately MODS in the trauma patient. As we better
understand the pathophysiology of trauma, SIRS, and
MODS, the better we will understand the role played by
splanchnic and renal hypoperfusion in the development of
these conditions. By improving the circulation to these two
organ systems and providing better ways to gauge and
monitor that perfusion, we hope to improve the outcomes
of patients who experience trauma.

KEY POINTS

The two organ systems most often initially impacted in
the underresuscitated trauma patient are the kidneys
and GI organs.
In the resting normovolemic patient, approximately
20% to 35% of the cardiac output is directed to the
splanchnic circulation.
The pathogenesis of sepsis and MODS is multifactorial.
The concept of a “leaky” gut barrier and translocation
of bacteria (and cytokines) are likely the integral com-
ponent.
Gastric tonometry measures luminal CO2 and mucosal
CO2 partial pressures (PCO2), as they become equalized
across a semipermeable membrane.
One of the earliest associations identified by gastric
tonometry was that MODS rates are correlated with
decreased pHi (31).
Gastric tonometry might evolve into a commonly
employed monitor for preventing mesenteric ischemia
during prolonged vasopressin use in the setting of
refractory shock.

Figure 3 Buccal capnometry device (including positioning

doughnut). A miniature CO2 electrode (MI-720 CO2 electrode;

Microelectrodes, Londonderry, New Hampshire, U.S.A.), is

positioned with the aid of a foam “doughnut.” The doughnut

helps maintain continuous contact with the mucosa without

compromising local blood flow. Source: From Ref. 114.
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A recent study has also found correlation between
hemorrhage in penetrating trauma and rise in sublin-
gual PSLCO2, coinciding with increasing BD and
lactate levels (49).
Tolerance of early enteral feeding has been shown to
correlate with numerous markers, including decreasing
bacterial translocation and morbidity from sepsis,
overall mortality, the length of ICU stay, and cost of
ICU admission (56).
The onset of acute renal failure (ARF) portends a poor
prognosis and a high association with mortality,
sepsis, and MODS.
Surrogate markers [urine output, serum creatinine, and
glomerular filtration rates (GFRs)—which is most com-
monly calculated from creatinine clearance (CLCR)] are
routinely used to assess for clinically detectable altera-
tions in RBF.
Renal physiology and pathophysiology are described
by the relationships between RBF, renal V̇O2, O2 extrac-
tion, and CLCR in patients with normal and abnormal
renal function (87).
Renal failure might supply a “second hit” in the
development of sepsis, SIRS, and MODS in certain
conditions (89).
When evaluating a patient for alterations in urine
output, the patient’s medical history, medication use,
type of surgery (or trauma), and relevant perioperative
interventions must all be considered.
Studies in trauma patients have shown that CLCR can
be used in those with stable renal function (96), and
for the early detection of renal failure (97).
The FEUA has a much higher positive predictive value
in separating prerenal from ATN, 98% versus 89%.
Imaging techniques can be used to exclude postrenal
(obstruction) and prerenal (renal artery stenosis, low
RBF) renal failure and confirm the diagnosis of intrinsic
causes of renal failure.
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INTRODUCTION

Although fever has been recognized since antiquity as an
accompaniment of illness (1), the ability to measure tempera-
ture clinically was developed only over the last 300 years (2–
4). Temperature measurement continues to serve as a simple
and direct method of tracking a patient’s progress and recov-
ery from disease (particularly infectious). Body temperature
was not routinely measured during anesthesia until malig-
nant hyperthermia was described in the mid-1960s (5).
Over the years, the art of temperature measurement has
evolved to incorporate new advances in technology. Like
so many other areas of care, measuring a patient’s tempera-
ture has become increasingly precise and efficient. Similarly,
there is far better understanding of the ramifications and
management of hypothermia and heat-related illnesses
(Volume 1, Chapter 40), as well as the evaluation of fever
(Volume 2, Chapter 46) following trauma and critical illness.

This chapter briefly reviews the history of thermometry
extending back to the early Greeks, the rediscovery of their writ-
ings in the 1600s by Galileo, Sanctorio, et al., and subsequent
developments. The “normal” temperature range was not estab-
lished until 1868, by Wunderlich and his cadre of medical stu-
dents (6,7); the major findings of this early research, along
with the subsequent work on establishing the “normal tempera-
ture” is clearly presented. The mechanism of thermoregulation,
heat loss, and the normal response to cold and heat are also
reviewed. The importance of measuring temperature in
trauma and critically ill patients is emphasized with examples
of related complications. The pathophysiology of heat- and
cold-related conditions is only briefly summarized here, as it
is thoroughly covered in Volume 1, Chapter 40. The currently
employed temperature measurement instrumentation, as well
as the advantages and disadvantages of these devices for
measuring temperature at various anatomic sites is thoroughly
reviewed. In the “Eye to the Future” section, newer modes of
temperature measurement are introduced. The evaluation of
fever is the subject of Volume 2, Chapter 46 and not covered here.

HISTORYOF THERMOMETRY

The term “thermometer” is a compound word derived from
the Greek therme (heat) and the Latin metrum (to measure).
Early versions of this device were known as thermoscopes;
the word scope is derived from the Greek skopos, (target,
aim, or see).

The ancient Greeks knew that air could be expanded
by heat, and in the second century BC, Philo of Byzantium
(260–180 BC), a Greek engineer, constructed a crude thermo-
scope, as did Heron of Alexandria (250–150 BC) (2). A simple
air-thermoscope traps air in a bulb so that applied heat
expands and cold contracts it; the temperature variations
are reflected in a rising or falling column of water in the
tube connected to the bulb (Fig. 1) (3).

Galileo Galilei (1564–1642) has been credited with
inventing the air/water thermoscope in 1593. However, he
never claimed to have invented the device himself. Galileo
most likely learned of the thermoscope from colleagues
(described subsequently) and from reading Latin trans-
lations of Arabic documents that contained records of the
aforementioned Greek engineer scholars Philo of Byzantium
or Heron of Alexandria. It is likely that Giambattista della
Porta (1535–1615), a wealthy Italian scholar, was the
purveyor of such information. Della Porta, 31 years Galileo’s
senior, translated some of the Arabic records of Greek works
into Latin, and initiated a scholarly society and convened
meetings at his estate until these were closed down by the
Inquisition. His book, “Natural Magic,” (1558) described a
Greek thermoscope (this was published 35 years prior to
the time some claim that Galileo invented it).

The Italian physician-scientist Sanctorio Sanctorio of
Padua (1561–1636), a colleague of both Galileo and della
Porta, was the first to put a numerical scale on the instru-
ment, thereby converting the thermoscope into the first ther-
mometer (4). In his publication depicting medicine from
Galen (Venice, 1612), Sanctorio acknowledges that he
adapted his thermometer from one described by Heron of
Alexandria.

In 1714, Daniel Gabriel Fahrenheit (1686–1736), a
German physicist, invented the first mercury thermometer,
which has now been in use for nearly 300 years. Fahrenheit
discovered that mercury exhibits a more constant rate of
expansion and a wider temperature range compared to the
alcohol thermometer that he had invented a decade earlier (3).

Fahrenheit also devised a temperature scale to accom-
pany his instrument. The coldest temperature he could
reproducibly generate in his laboratory was an ice/salt
mixture that Fahrenheit called “08F”; on this scale the freez-
ing point of pure water occurs at 328F, and the boiling point
is at 2128F (3).

In 1742, the Swedish astronomer and scientist, Anders
Celsius (1701–1744), devised a centigrade scale using the
mercury (Fahrenheit) thermometer. Initially he used 08 and
1008 for the boiling point of water and the melting point of
snow respectively (3). Later he reversed the numerical
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assignment so that 08C represented the freezing point, and
1008C the boiling point. This revised centigrade scale
gained widespread use. It was initially known simply as
the centigrade scale until the term “Celsius” was adopted
in 1948 by an international conference on weights and
measures. The Celsius temperature scale is now part of the
metric system of measurement (SI).

In 1848, the British physicist Lord William Thomson
Kelvin (1824–1907) further developed the science of thermo-
dynamics, but in order to do so, developed a new scale (in
essence an expansion of the Celsius scale to a far more nega-
tive range) (3). Kelvin developed the concept of absolute
zero, the temperature at which molecular energy stops (–
273.158C). Conversion factors have since been established
to simplify calculations of temperature equivalences
between the three commonly employed scales of Farenheit,
Celsius and Kelvin (Table 1).

The early thermometers were at least a foot long and
required 20 minutes to register a patient’s temperature
(3,7). In 1866, an English physician Sir Thomas Clifford

Allbutt developed the shorter, modern mercury ther-
mometer. Even the most recently developed glass mercury
thermometers (Fig. 2) take time (2–3 minutes) to equilibrate
with the patient’s temperature; and prior to use, these
thermometers need to be shaken so that the mercury
is sequestered in the bulb at the start of temperature
measurement.

In the 1980s, a series of newer technologies were devel-
oped for measuring temperature including electronic ther-
mometers utilizing thermistors, for example, Diatec 500w

(Diatec Inc., San Diego, California, U.S.A.). In 1984, David Phil-
lips invented the infrared ear thermometer, for example, Braun
Thermoscanw (Braun GmbH, Kronberg, Germany), or the ZT
(ZyTemp, Hsin-Chu, Taiwan, China). These newer devices
are described below in the section on current instrumentation.

ESTABLISHMENTOF NORMALTEMPERATURE

The normal core temperature of 378C was established by
Professor Carl Reinhold August Wunderlich, the “father of

Figure 1 Simple air thermoscope. The initial design for the

thermoscope was described by both Philo of Byzantium (260–180

B.C.) and Heron of Alexandria (250–150 B.C.). The illustration

provided represents a modern-day depiction of the thermoscope

described by these Greek inventors. A simple glass or thin metallic

flask is partially filled with water and air, with an occluding stopper

pierced by a glass tube. The heat derived from warming hands

placed upon the sides of the flask warms the air and water, causing

expansion of the gas forcing water up the thermoscope tube. This

qualitative example of heat energy transfer was not useful for

measuring temperatures until it became calibrated, as accom-

plished by Sanctorio (Fig. 2).

Table 1 Temperature Conversion Factors

From To Fahrenheit To Celsius To Kelvin

8F 8F (8F – 32) � 5/9 (8F – 32) � 5/9

þ 273.15

8C (8C � 9/5)þ 32 8C 8Cþ 273.15

8K (8K 2 273.15) �

9/5þ 32

8K – 273.15 8K

Abbreviations: 8C, Celsius; 8F, Fahrenheit; 8K, Kelvin.

Figure 2 First thermometer—calibrated thermoscope. The first

calibrated thermoscope (or thermometer) is credited to Sanctorio

(1561–1636), who was driven to calibrate and measure all of the

natural phenomena he observed. (A) is a wood cutting from the era,

representing a stylistic depiction of the early Sanctorian ther-

mometer. The hatch marks on the tube represent calibration lines.

In (B) a modern-day mercury thermometer is shown.
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prerounds,” in the 1800s (6). Dr. Wunderlich instructed his
medical students to measure the axillary temperature of
the patients evaluated in the wards of St. James University
Hospital, a large teaching hospital in Leipzig, Germany,
until over one million temperature measurements were
registered. Dr. Wunderlich was an early teacher of the patho-
logic basis of disease, and of empirical observation of
patients. He was one of the first to write that fever is a
symptom of disease, rather than a disease itself.

Macowiak (7), in 1996 repeated the study with a far
smaller sample size, taking oral temperatures and essentially
found the same results. In their sampling of 700 baseline oral
temperatures from 148 young male and female volunteers,
the mean temperature recorded was 36.88C (Fig. 3).
Macowiak et al. (7) claimed that their smaller, but more
recent sampling demonstrated that the 378C standard set
by Wunderlich “should be abandoned.” Perhaps a more
enlightened interpretation of the Macowiak data is that
oral temperatures are often slightly lower than true centrally
obtained temperatures (e.g., via Swan-Ganz catheter); and
that all individuals have their own thermoregulatory set
point (TRSP) that is generally very near to 378C.

Normal core temperature ranges between 36.588888C
and 37.588888C, but may vary because of circadian rhythms
and other factors. The oral body temperature in a healthy

individual ranges between 35.68 and 38.28C on average,
which are slightly lower than core temperatures with a
mean of 36.88C [per Macowiak (7)]. Normal temperature
also tends to increase slightly during the day from a nadir
of 6:00 a.m. to a zenith at 4:00 to 6:00 p.m. (Fig. 4). Diurnal
variation depends on activity throughout the day. Both
gender and race are reflected in temperature difference
with women having slightly higher normal temperatures
than men, and black individuals having a trend toward
higher temperatures compared to white subjects (7).

Persons working at night and sleeping during the day
do not have the same changes in diurnal variation. When
fever occurs, diurnal variation can also play a role accentuat-
ing or limiting fever, which generally reaches its peak in the
evening. Accordingly, a very sick patient can have their
temperature dip toward normal in the morning.

Young persons will have generally higher and more
intense body temperature changes than older individuals.
Body temperature may slightly or temporarily increase in a
hot environment. Physical activity plays a role in increasing
body temperature. During extreme effort, the increase may
be very high. A marathon runner may have a core
temperature increase to the 39–418C range. Vasodilatation,
hyperventilation and other compensatory mechanisms can
slightly alter temperature.
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Figure 3 Frequency distribution of 700 baseline oral temperatures obtained during two consecutive days of observation in 148 healthy

young male and female volunteers. Arrow indicates location of 37.08C (98.68F). Source: From Ref. 7.

Figure 4 Diurnal variation of oral temperatures in 148 healthy young male and female volunteers. Mean (solid squares) oral temperatures

and temperature ranges according to time of day. The four temperatures shown at each sample time are the 99th percentile (top), 95th

percentile (second from top), mean (second from bottom), and 5th percentile (bottom) for each sample set. Source: From Ref. 7.
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THERMOREGULATION
Hypothalamus

The hypothalamus is the center of thermoregulatory
control. Located at the base of the brain, the hypothala-
mus functions as the body’s thermostat, and helps keep
the core temperature constant at about 378C by using
physiological adjustments under its control (8). The hypo-
thalamus monitors input from the central and peripheral
heat sensors located throughout the body and relays infor-
mation to various areas to raise or lower temperature by
numerous mechanisms (vasodilation, vasoconstriction, and
thermogenesis), to maintain the core temperature at the
patient’s TRSP, which is usually calibrated to a core tempera-
ture near 378C. Close regulation of core temperature has
evolved in organisms as a mechanism for optimizing
enzymatic activities at the temperature of their best effect.

Mechanisms of Thermoregulation
The specific location of the thermoregulatory center within the
hypothalamus is the preoptic area (anterior portion). This area
receives input from peripheral thermoreceptors in the skin
and mucous membranes and from central thermoreceptors,
located in bone, spinal cord and brain, as well as the hypo-
thalamus itself (Fig. 5) (8). The central core temperature is
compared with the reference TRSP, which is the “normal”
temperature for that individual. The hypothalamic thermostat
works in conjunction with other hypothalamic, autonomic
and higher nervous system thermoregulatory centers to main-
tain a constant core temperature by regulation of heat pro-
duction and expenditure. When the hypothalamus senses a
change in the core temperature, behavioral and physiologic
mechanisms occur to oppose any deviation from the TRSP.

There are three components of the thermoregula-
tory system: (i) afferent input of temperature information;
(ii) central processing of the information by the anterior

hypothalamus; and (iii) efferent responses to control heat

production and heat loss.
Numerous medications will alter the TRSP, and thus

the ability to mount a normal thermoregulatory response.
For example, nearly all sedatives and analgesics used in
trauma, anesthesia, and critical care will alter the TRSP.
This alteration in TRSP results in the requirement of a
higher than normal core temperature to be registered
before vasodilation occurs, and a lower than normal temp-
erature to occur before vasoconstriction, shivering, and non-
shivering thermogenesis mechanisms are invoked.
Additional thermoregulatory dysfunction results following
the administration of neuromuscular blockade (NMB)
drugs and meperidine, which both inhibit shivering,
whereas aniticholinergics inhibit sweating.

Heat Production
Heat is produced by increasing the metabolic process in
which energy is released in the form of heat. The liver,
heart, and skeletal muscle are the major heat generators,

whereas the skin and respiratory system are the major
organs responsible for heat loss. Skeletal muscle, liver,
splanchnic organs and the brain are the largest heat
producers (8). Because of its weight, skeletal muscle plays
an important role in heat production. Muscles are able to
produce large amounts of heat in a short time period via
several mechanisms including shivering and increased
physical activity. During digestion, increased production of
heat occurs in the gastrointestinal tract. Central nervous
system regulation (chiefly at the hypothalamus) maintains
optimal intensity of metabolism and regulates heat loss.

Nonshivering thermogenesis is mediated by brown fat
and has an important function in increasing heat production
in newborns and children. Brown fat is found between
scapulas, on the neck, in the axilla, around the aorta, and
the kidneys in children. It is a highly vascularized tissue,
and has large mitochondria within its cells. Increased
firing of the cold receptors leads to the release of norepi-
nephrine from adrenergic nerve terminals, which in turn
activates the enzyme lipase. Activated lipase splits the
brown fat to glycerol and free fatty acids, and heat is
released. Adults have very little brown fat.

Heat Loss
Heat is lost by radiation, conduction, evaporation, and

convection (Table 2). Radiation is the emission of electro-
magnetic energy in the infrared wavelengths (8–10). Con-
duction is the flow of heat energy from regions in contact
between two objects: the warmer object transfers heat to
the cooler object based upon the area in contact and the
thermal conductivity of the objects. Air, sheets, and clothing
have low thermal conductivity; water conducts heat 32�
faster than air.

Evaporation is the heat loss to the atmosphere that
occurs when water undergoes a change of phase (liquid to
gaseous) following the discharge of aqueous fluid from an
object by transfer of heat from skin (sweat), respiratory
track (exhaled moist air), and exposed viscera in the operat-
ing room (OR). Each gram of water that vaporizes consumes
0.58 Kcal of heat (11). Sweating is mediated by postgangli-
onic, cholinergic nerves. During intensive sweating, up to
1 L/hr of sweat can be formed with a heat elimination of
0.58 Kcal/g of evaporated sweat (or nearly 600 Kcal/hr).

When the humidity of the environment is higher, heat
loss by sweating becomes less efficient. Yet, evaporation
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Figure 5 Thermoregulatory control system of the hypothalamus.

The illustration shows the thermoregulatory control mechanisms

utilized by the hypothalamic thermoregulatory control center. The

left side of the image depicts the afferent input into the hypo-

thalamus (including information from the hypothalamus itself,

skin, deep tissues, spinal cord, and nonhypothalamic portions of

the brain. The right side shows the temperature scale at which

certain mechanisms of heat loss (e.g., sweating) and heat conser-

vation (e.g., vasoconstriction and shivering) occur. No thermore-

gulatory responses are initiated when the core temperature is

between these thresholds; these temperatures identify the inter-

threshold range, which in humans is usually only about 0.28C.

Source: From Refs. 71 and 72.
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(sweat and exhaled vapor) is an important mechanism, and
the only one by which humans can eliminate heat into an
environment exceeding core temperature (8). In addition to
sweat, water vapor is lost during respiration. The volume
of air, which is inhaled with each breath, is immediately
humidified by the nasopharynx and lungs to full saturation.
Some of this vapor is then exhaled, resulting in evaporative
loss. At high altitudes, evaporative heat loss via the respirat-
ory tract can rival sweat as a cooling factor.

Convection is the removal of air (warmed by the body)
when blown away by a breeze or wind (i.e., the transfer of
heat to an air current). Convection also describes the heat
loss or gain when fluids are administered, or during cardio-
pulmonary bypass (CPB).

Countercurrent Heat Exchange (Vasoconstriction/
Vasodilation)
Humans use a simple mechanism of countercurrent heat
exchange to regulate blood flow through the skin and
subcutaneous tissues. Distribution of heat occurs by blood

circulation. Heat goes from each cell to the surrounding
liquid and afterwards to the circulated blood. The modulat-
ing factor of heat loss is the amount of blood that circulates
through the body surface. The large blood flow through the
subcutaneous area and the skin allows heat loss to the sur-
rounding environment. When it is necessary to conserve
heat, adrenergic stimuli cause reduction of blood flow
through the skin, and the skin becomes an insulator (8,12).

Vasoconstriction allows the increased accumulation of
central core heat, and vasodilation secures its quick loss.
When vasodilation occurs in a cool environment (not
normal, but does occur in sedated or anesthetized patients)
a large flow of warm core blood will rapidly cool the core
temperature. When vasodilation occurs in a warm environ-
ment heat loss is increased through the four aforementioned
heat transfer mechanisms.

Pathophysiology of Temperature Change
Human life is only compatible within a narrow range of
temperatures. If the core body temperature is increased
above 42.28C, irreversible damage occurs to the brain.
Death occurs at core temperatures of �448C due to protein
denaturation. In humans, the temperature does not usually
increase to levels above 41.18C. Decreases in temperature
to below 32.88C is accompanied by confusion, and gradual
loss of consciousness. If the decrease continues below
308C, ventricular dysrhythmias may occur. At 288C, there
is a 50% decrease in cerebral metabolic requirement for
oxygen (Table 3) (13).

Heat Balance
To maintain a constant body temperature, an individual
must maintain a balance between the heat generated and
the heat lost. Thus for temperature to be held constant and
achieve thermal homeostasis, an individual must constantly
vary many physiological and behavioral systems to maintain
balance (14). This is achieved through integration of multiple
systems (Table 4).

TEMPERATURE MONITORING RATIONALE

Humans require a nearly constant internal body temperature
and when temperature deviates significantly from normal,
metabolic function deteriorates and ultimately death can
result. Trauma is a major condition where hypothermia
(core temperature below 358C) is common. The very young
do not have fully developed thermoregulatory systems
(14), and the elderly often have dysfunctional thermoregula-
tion (15), hence both groups are more prone to hypothermia.
Temperature should be monitored in all critically ill patients,
particularly those with trauma and at the extremes of age.

Incidence and Risk Factors for Hypothermia in Trauma
In a study by Luna et al. (16), 23% of severely injured
patients had core temperature ,348C with a range of 27–
33.88C. In a study of 71 patients with severe truncal injury
and injury severity score (ISS) .25, 42% had core tempera-
ture ,348C, 23% ,338C, and 13% ,328C (17).

Multisystem trauma is the most common cause of
hypothermia in patients requiring admission to the surgical
intensive care unit (SICU) (18), and as many as 46% of
injured patients leave the OR hypothermic (19). Fifty-seven
percentage of trauma patients became hypothermic in the

Table 2 Heat Loss Mechanisms

Mechanism of

heat loss Description (caloric loss example)

Radiation Transmission of heat from exposed skin to sur-

rounding objects (exposed patient: 50 Kcal/hr;

draped and covered: 10 Kcal/hr)

Conduction Transfer of heat due to direct contact of skin and

viscera with colder objects

Operating room table

Spine backboard

Skin-antiseptic solution

Surrounding air

Transfer of heat from patient’s blood to colder

intravenous fluids

Crystalloid, 208C, 16 Kcal/L

Blood, 48C, 30 Kcal/L

Convection Removal of air warmed by skin or viscera

Increases conductive heat loss by 10 Kcal/L

Evaporation Transfer of heat from skin, respiratory tract, and

viscera

Skin and respiratory system: 12–16 Kcal/hr

Exposed viscera and body cavities: up to

400 Kcal/hr

Skin-antiseptic solutions: 6–8 Kcal/m

Redistribution With redistribution of warm core blood to the

periphery, heat is lost much faster via one of the

above four mechanisms. Alcohol, as well as

nearly all sedatives and analgesics used in

anesthesia and critical care cause redistribution

by altering the thermoregulatory set point.

(e.g., first hour of anesthesia: 46 Kcal, next 2

hrs of anesthesia: 34 Kcal)

Note: It is estimated that for every 60–75 Kcal/hr heat loss in excess of heat

production, a 18C decrease in core temperature may occur (assumes 70-kg

adult at 378C). Note that the normal 60–75 Kcal/hr heat loss in an adult

70-kg patient is offset by 60–75 Kcal/hr metabolic heat production to

maintain thermal steady state. If heat production is decreased (e.g., anesthe-

sia, severe injury, medical diseases, extremes of age) greater decreases in

core temperature may occur. All values are estimates only.

Source: Modified from Ref. 10.
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time interval between injury and completion of the initial
surgical procedure.

Although hypothermia decreases the metabolic
function of the body, and is neuroprotective, in traumatized

individuals hypothermia most often results in deleterious
effects such as coagulopathy, metabolic acidosis, and
impaired immune response (8). Injured patients in
whom hypothermia develops have a higher mortality than
do patients with a similar ISS who remain normothermic
(17). Core rewarming increases the likelihood of successful
trauma resuscitation (19). Hypothermia (,358C) and acido-
sis (base deficit .12 mEq/L) were strong predictors of death
in a retrospective review of exsanguinating trauma patients
undergoing surgery (20).

Older data suggested that trauma alters thermoregula-
tion, decreases heat production, and impairs shivering

(21,22). Impaired thermoregulation may transiently result
from reduced cerebral and hypothalamic blood flow,
constriction of hypothalamic blood vessels from release of
endogenous substances such as norepinephrine, whereas,
the major loss of hypothalamic thermoregulation results
from alcohol and drug intoxication, and from direct
traumatic brain injury (TBI) (8,10,13).

Risk factors that contribute to hypothermia include
environmental exposure, alcohol and drug intoxication,
intravenous (IV) infusion of room temperature fluid, transfu-
sion of cold blood without warming, spinal cord injuries,

head injury, shock, and associated medical conditions
such as hypothyroidism and hypoglycemia (Table 5)
(8,10,13). Individuals at extremes of age are at greatest
risk for accidental hypothermia (5,23). Exertional fatigue,
sleep deprivation, and negative energy balance can also
increase susceptibility to hypothermia (24).

Hypothermia-Associated Increased Mortality and Morbidity
Jurkovich et al. (17) demonstrated that survival, indepen-
dent of injury severity, was dependent upon patient temp-
eratures, such that core temperatures of 348C, 338C, and
328C, correlated with mortality rates of 40%, 69% and
100%, respectively. In a retrospective review of 7045 patients
admitted to a SICU, 661 (9.4%) had hypothermia with a mor-
tality rate of 53% (18). Trauma-associated hypothermia

increases morbidity because of impaired cardiorespiratory

Table 3 Physiologic Characteristics of the Three Stages of

Hypothermia (Nonanesthetized, Nonintoxicated Patients)

Core temperature

8C 8F Characteristics

Mild

37.6 99.6 Normal rectal temperature

37 98.6 Normal oral temperature

36 96.8 Increase in metabolic rate

35 95 Maximum shivering thermogenesis

34 93.2 Amnesia and dysarthria develop; maximum

respiratory stimulation

33 91.4 Ataxia and apathy develop

Moderate

32 89.6 Stupor; 25% # in V̇O2, Osborne waves seen

31 87.8 Shivering thermogenesis extinguished

30 86 A-fib common, #HR and Q̇; insulin

ineffective

29 85.2 Progressive # consciousness, pulse, and

breathing; pupils dilated

28 82.4 V-fib susceptibility; 50% # in VO2 and HR

Severe

27 80.6 Losing reflexes and voluntary motion

26 78.8 Major acid–base disturbances; no reflexes or

response to pain

25 77 CBF 1/3 normal; Q̇ 45% normal; pulmonary

edema may develop

24 75.2 Significant hypotension

23 73.4 No corneal or oculocephalic reflexes

22 71.6 Maximum risk of V-fib; 75% # in V̇O2

20 68 Lowest resumption of cardiac electro-

mechanical activity

19 66.2 Flat electroencephalogram

18 64.4 Nerve and cardiac muscle silence

16 60.8 Lowest accidental hypothermia survival in

an adult

15 59.2 Lowest accidental hypothermia survival in

an infant

9 48.2 Lowest therapeutic hypothermia survival

Abbreviations: # , decrease; A-fib, atrial fibrillation; CBF, cerebral blood

flow; HR, heart rate; Q̇, cardiac output; V-fib, ventricular fibrillation;

V̇O2, oxygen consumption.

Source: Modified from Ref. 13.

Table 4 Integration of Behavioral and Autonomic Systems for

Thermoregulation

System Example

Behavioral This is accomplished by adjusting clothing,

modifying environmental temperature, assum-

ing positions that oppose skin surfaces, volun-

tary movements, and timing of activities.

Autonomic Vasodilation increases cutaneous blood flow and

promotes either heat loss or heat gain depend-

ing on the environmental conditions.

Vasoconstriction reduces peripheral flow.

Cutaneous blood flow decreases to near zero in

cold temperatures.

Heart rate is often higher for any given core

temperature during heating than during cooling,

thus increasing heat transfer via the blood,

decreasing rate of cooling and achieving opti-

mal core temperature quicker.

Piloerection increases insulation and slows heat

exchange.

Increased body fat. Fat conducts heat only

one-third as fast as other tissues.

Shivering is under central and peripheral control.

Shivering increases heat production when the

skin and/or body is cold.

“Nonshivering” thermogenesis increases heat

production without muscular activity. The

principal heat producers are the liver, kidney,

and brain via brown adipose tissue whose sole

function is to produce heat in neonates.

Evaporation, by increasing the amount of

sweating.
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function, peripheral vasoconstriction, bleeding diathesis,
metabolic acidosis, diminished hepatorenal function, and

altered immune response (Table 6).

Cardiac Effects
Hypothermia exerts a negative inotropic effect on the
myocardium, resulting in decreased left ventricular contrac-
tility (25), increased left ventricular ejection time, reduced
early diastolic filling and total diastolic inflow time, and
impaired peak velocity of left ventricular wall movement
during systole and diastole (Table 6) (26). Hypothermia
also impairs the inotropic effects of dopamine and
norepinephrine.

Hypothermia is also associated with dysrhythmias. As
the core temperature decreases, progressive bradycardia
ensues. Below core temperatures of 308C, ectopic atrial
rhythms, atrial flutter, and atrial fibrillation commonly
occur. Once the temperature decreases to 288C, ventricular
tachycardia and ventricular fibrillation are seen. Cardiac
and neural tissues cease firing at a core temperature
,158C to 188C (13). Even mild hypothermia can dramati-
cally increase the incidence of morbid cardiac outcomes
such as unstable angina, myocardial ischemia, and ventricu-
lar tachycardia in perioperative patients (27).

Vascular
Effects of hypothermia on the vasculature consists of periph-
eral vasoconstriction, increased blood viscosity (due to direct
effect of hypothermia and cold-induced hemoconcentra-
tion), and the accumulation of metabolic acids in poorly per-
fused tissues (10). During rewarming, shivering can occur
which will increase O2 consumption (V̇O2), and potentially
trigger myocardial ischemia in susceptable patients. In
addition, the release of sequestered cold blood and
acid metabolites from peripheral vascular beds following

re-warming can result in myocardial instability, even in
patients without coronary artery disease.

Coagulopathy
Hypothermia leads to a bleeding diathesis due to impaired
platelet function, inhibition of clotting enzymes, and
altered kinetics of plasminogen activator inhibitors (e.g.,
alpha-2-antiplasmin). Mild hypothermia increases surgical
blood loss and the need for blood transfusions (28,29).
Core temperatures should be kept above 358C because coa-
gulopathy in trauma patients who required massive transfu-
sion was predicted by temperature ,348C and progressive
metabolic acidosis (30).

Respiratory
Moderate hypothermia decreases respiratory drive, and is
associated with hypoventilation and the loss of protective
airway reflexes (13). Hypothermia also inhibits hypoxic
pulmonary vasoconstriction (HPV), increasing right-to-left
transpulmonary shunt, and shifts the oxygen-hemoglobin
saturation curve to the left. Pulmonary edema can occur at
temperatures �288C. Hypothermia also increases alveolar
dead space.

Cellular Immune Response and Infection
Mild hypothermia increases the incidence of wound infec-
tion (31). It also impairs immune function, suppresses
mitogen-induced activation of lymphocytes, and decreases
production of interleukins-1b and interleukin-2. In addition,
low tissue oxygen levels due to thermoregulatory vasocon-
striction may be associated with impaired resistance to infec-
tion. Hypothermia tripled the incidence of surgical wound
infection in one study (31), and had a relative risk of 6.3 in

Table 5 Risk Factors for Hypothermia

Mechanism Examples

Impaired ther-

moregulation

and decreased

heat production

Alcohol

Drugs: anesthetics, tricyclic antidepressants,

phenothiazines, antipyretics, neuromuscular

relaxants

Head injury

Spinal cord injury

Severe injury and shock

Extremes of age

Autonomic nervous system dysfunction

Medical disease: thyroid, adrenal, diabetes,

malnutrition

Bacterial toxins

Increased heat

loss

Neonates

Low ambient room temperature

Burns

Large blood loss

Exposed abdominal and/or thoracic contents

Combined general and neuraxial anesthesia

Geriatrics

Thin body type

Low surface temperature of patient prior to

trauma, intoxication, or anesthesia

Source: Modified from Ref. 10.

Table 6 Morbidity of Hypothermia in Trauma and Critical Care

System affected Examples

Impaired

cardiorespiratory

function

Cardiac dysfunction

Myocardial ischemia

Cardiac dysrhythmias

Peripheral vasoconstriction

Decreased tissue oxygen delivery

Increased oxygen consumption

during rewarming

Blunted response to catecholamines

Increased blood viscosity

Leftward shift of hemoglobin-

oxygen dissociation curve

Coagulopathy Decreased function of coagulation

factors

Decreased platelet function

Impaired hepatorenal

function and

decreased drug

clearance

Decreased hepatic blood flow

Decreased clearance of lactic acid

Decreased hepatic metabolism of

drugs

Decreased renal blood flow

Cold-induced diuresis

Altered immune response Increased incidence of wound

infection

Source: Modified from Ref. 56.
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another (32). Hypothermia also increases the risk of pneu-
monia in patients with closed head injuries (33).

Glucose and Electrolytes
Hypothermia can cause hypokalemia that can contribute to
dysrhythmias and respiratory and cardiac insufficiency.
Hyperglycemia commonly occurs at temperatures below
328C due to decreased insulin production and utilization.
Hyperglycemia can significantly aggravate neuronal
ischemia.

Splanchnic and Renal Effects
Hepatic blood flow is decreased with hypothermia as is
hepatocellular function. High-energy phosphates such as
adenosine triphosphate are depleted in hypothermia,
which may lead to organ failure (34). Hypothermia
reduces the metabolism and activity of many anesthetics
and other drugs, and also increases the solubility of many
drugs in tissues. These effects all tend to result in delayed
awakening and diminished organ function.

Due to the initial increased cardiac output (Q̇) and the
mean arterial pressure, the renal perfusion pressures are
increased. Accordingly, renal blood flow is increased
leading to a “cold-induced” diuresis. However, glomerular
filtration rates (GFR) are decreased and there is impaired
renal tubular function. There is increased urinary loss of
sodium, potassium, and water and a “cold-induced” diur-
esis. Despite increased urine output, renal clearance of
water-soluble drugs is diminished as temperature drops
further. Eventually, the Q̇ begins to fall due to decreased
heart rate and contractility. However, the “cold-induced”
diuresis persists as long as the heart continues to pump
due to the persistent effect of these other factors.

General Anesthesia
Hypothermia is common during general anesthesia

because of impaired thermoregulation (Fig. 6), decreased
heat production, and internal redistribution of body heat
from the warmer core to the cooler peripheral tissue in the
exposed patient (35,36).

This is due to the alteration in the TRSP, which results
from all anesthetic and sedative drugs. Most anesthetized
patients will experience a drop in their core temperature of
18C to 1.58C in the absence of active warming measures.
Patients may suffer additional hypothermic insults due to
infusion of cold or inadequately warmed IV fluids as
described during initial resuscitation (Fig. 6) (10,37).

Although malignant hyperthermia is a rare condition,
the high mortality rate associated with this syndrome man-
dates routine core temperature monitoring in all anesthetic

cases �30 minutes in duration. The use of effective
warming technologies has now made it possible to overheat
patients.

Regional Anesthesia
Core hypothermia can be nearly as common and severe
during epidural and spinal anesthesia as during general
anesthesia (38). With neuroaxial blockade, vasodilation
below the level of the block can result in a core temperature
drop due to both heat loss and redistribution. Epidural
and spinal anesthesia block afferent and efferent thermore-
gulatory responses and cause similar degrees of hypo-

thermia as general anesthesia.
During regional anesthesia for trauma, core tempera-

ture should therefore be closely measured, especially in
patients at highest risk to become hypothermic such as
patients undergoing long extensive procedures in cold
environments. Temperature monitoring is not usually
required in otherwise healthy patients undergoing minor
peripheral procedures ,30 minutes in duration with local
anesthetics (e.g., suture of finger laceration), because these
drugs do not trigger malignant hyperthermia.

Deliberate Use of Hypothermia: In Cardiac and
Neuro-anesthesia
A mainstay of neuroprotective therapy has been moderate
systemic hypothermia (26). Mild to moderate hypothermia
confers protection against tissue ischemia, especially
during cardiac surgery and potentially during certain
types of neurosurgery. Beneficial effects of hypothermia are
thought to result from reduced metabolism and inhibition
of deleterious effects of hypoxia such as free-radical reac-
tions, excitotoxicity, and altered membrane permeability.
Hypothermia increases the tolerance time for circulatory
arrest and diminished blood flow during cardiopulmonary
resuscitation. Improved neurologic outcome has been
observed in cardiac surgery patients and in survivors of
cardiac arrest treated with mild hypothermia (39). Hypo-
thermia may prevent the initiation of some elements in
the cascade of events that lead to cell death following
trauma (13).

Mild hypothermia (1–288888C below normal) is neuro-
protective, whereas mild hyperthermia (1–288888C above
normal) may exacerbate cerebral ischemia. Although
hypothermia clearly has been shown to be neuroprotective,
use of hypothermic CPB necessitates rewarming before dis-
continuation. Because most emboli occur during clamp
removal and resumption of pulsatile flow when brain temp-
erature may actually exceed 378C, the brain may be even
more susceptible to injury. Postoperative hyperthermia
(37.2–39.38C) is associated with worsened cognitive
outcome after coronary surgery (40). Mild hyperthermia
(1–28C above normal) exacerbates the severity of cerebral
ischemia (histopathological consequences, stroke severity,
and mortality) by the following purported mechanisms:
increased excitotoxic neurotransmitter release, increased
free-radical production, increased intracellular acidosis,
increased blood-brain barrier permeability, destabilized
cytoskeleton, and abnormal modulation of protein kinase.

Hypothermia has long been touted as potentially ben-
eficial for spinal cord ischemia and TBI (41,42). However, the
clinical data is unclear. Two large prospective multicenter
trials have failed to show improved neurologic outcome
after therapeutic hypothermia for isolated TBI patients
(43,44). Whereas, two others did show improvements for

(TΔ MBT = fluid – Tpatient) Spfluid/Weight × Sppatient

            where
Tfluid = Outlet temperature of fluid delivered to the patient
Tpatient = Temperature of the patient, assumed to be 37ºC
Spfluid = Specific heat of infused fluid, 1 Kcal/L/ºC
Sppatient = Specific heat of the patient, 0.83 Kcal/L/ºC

Figure 6 Change (D) in mean body temperature (MBT) as a

function of administered intravenous fluid. Change in MBT is

calculated in the figure. Note: Improvements in fluid warmer

design together with set points of 428C now allow the clinician to

maintain thermal neutrality with respect to fluid management over

a wide range of flow rates.
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those having Glascow Coma Scale (GCS) values in the 5–8
range (see Volume 1, Chapter 40) (45,46). Accordingly,
additional research is required.

External Factors Affecting Temperature Measurement
Body temperature can be altered by external factors, such as
extremes of hot and cold weather, and by internal factors,
such as circadian rhythms, infectious processes, and hormo-
nal changes (Volume 1, Chapter 40). In addition, during
extracorporeal circulation for cardiac and other surgeries,
or as a result of malignant hyperthermia or damage to the
hypothalamus, regulatory mechanisms may become ineffec-
tive in maintaining normal temperature, which causes
hyperthermia or hypothermia.

The two most common factors influencing body temp-
erature are age and gender. For example, when taken orally,
adults’ normal temperature ranges from 35.88C to 37.48C;
elderly patients’ temperatures will tend to be at the lower
end of normal overall if taken correctly, lower still at the
oral and axillary sites if tissue contact is inadequate. Chil-
dren’s temperatures normally range slightly higher (36.1–
388C) than adults. Women’s temperatures can reach as
high as 37.98C during ovulation; men’s generally stay in
the range of 36.1–37.28C (7).

THERMOMETER INSTRUMENTATION AVAILABLE

Electronic thermometers have largely replaced traditional
mercury-in-glass thermometers; although these low-tech
devices are still utilized in remote locations. The most
common electronic thermometers utilize thermistors and
thermocouples. Both devices are accurate for clinical use
and sufficiently inexpensive to be widely available. Infrared
tympanic membrane thermometers are also sufficiently
accurate for clinical use.

A thermometer incorporated into an esophageal
stethoscope is a simple and reliable method of measuring
core temperature in tracheally intubated patients provid-
ing it is inserted deep enough (at least 5–10 cm past the
carina).

During regional anesthesia or when patients are mask-
ventilated, measurement of axillary, oral, or tympanic mem-
brane temperatures at 15-minute intervals can be substituted
for esophageal temperature monitoring.

TEMPERATURE MONITORING SITES

The core thermal compartment is composed of highly per-
fused tissues whose temperature is uniform and high com-
pared with the rest of the body (Table 7). Core temperature
is the most reliable thermal indicator of the body’s condition.

The preferred technique of temperature monitoring is
one that reflects core temperature such as distal esopha-
geal, nasopharynx, pulmonary artery (PA), and tympanic
membrane. Intermediate sites such as rectum, bladder,
and mouth usually reflect core temperature. Core temp-
erature can be determined by measuring a single tempera-
ture adjacent to the distal esophagus, nasopharynx, PA, or
tympanic membrane (8). Even during rapid thermal pertur-
bations (e.g., CPB), these temperature monitoring sites
remain reliable (47). Core temperature can be estimated
with reasonable accuracy using oral, rectal, axillary, and

bladder temperatures except during extreme thermal pertur-
bations (48–50). Temperatures taken at more accessible sites
such as the mouth, axilla, and rectum are clinically signifi-
cant only in terms of how closely they correlate to core temp-
erature. It should be noted that jugular bulb or cerebral
temperatures may be higher than temperatures measured
at other sites. In the SICU, patients’ temperatures are moni-
tored with PA catheters (if in place), or intermittently using
tympanic membrane or electronic thermometers placed
orally or rectally.

Temperature can be measured at numerous sites in the
body. Consideration should be given to both reliability and
accessibility. For example, the rectal site should not be
used in patients undergoing hemorroidectomy. Some sites,
primarily the mouth and axilla, are affected by environ-
mental factors; less affected are the rectum and bladder,
though they, too, can produce unreliable readings (51).

The most reliable core monitoring sites are the PA, distal
esophagus, nasopharynx, and tympanic membrane
(Table 7) (52). These sites come closest to reflecting core
temperature, which provides about 80% of thermal input
to the hypothalamus, and are the best indicators of a devi-
ation from homeostasis.

Core Sites
Esophagus
Distal esophageal thermometry is a highly accurate measure
of core temperature. The distal esophagus is a useful site for
core temperature measurement, especially in tracheally intu-
bated patients (8). The esophageal stethoscope contains a
thermistor and is also useful for monitoring heart and lung
sounds (Fig. 7). Temperature readings are displayed on an
electronic monitor (Fig. 8). Because of its proximity to the
heart, a primary core temperature organ, the thermistor
reacts quickly to changes, providing a fast and highly accu-
rate reading (53). Placement is critical; if the probe contain-
ing the thermistor is not directly in front of the heart,
readings are less reliable.

Esophageal probes should not be placed in patients
with mediastinal traversing injuries due to the risk of eso-
phageal trauma. Suction applied to a nasogastric tube will
falsely lower the esophageal temperature. If the probe is
not placed distally, temperature readings may be inaccurate.
Temperature probes incorporated into esophageal stetho-
scopes must be positioned at the point of maximal heart
sounds, or even more distally, to provide accurate readings.

Nasopharyngeal
Nasopharyngeal temperature probes usually correlate well
with other centrally measured temperatures. Nasopharyngeal
temperature exceeded tympanic temperature during

Table 7 Temperature Monitoring Sites

Corea Intermediate

Pulmonary artery Bladder

Distal esophagus Rectal

Nasopharynx Sublingual (mouth)

Tympanic membrane (ear) Axilla

Jugular bulb Skin surface (forehead better

than extremity)b

aCore temperature monitoring sites are recommended.
bSkin surface temperature monitoring is the least reliable site.
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rewarming on CPB, which suggests that this site better
reflects the brain temperature (54). When deep hypothermia
is rapidly induced and reversed, temperature measurements
made at standard monitoring sites may not reflect cerebral

temperature. Measurements from the nasopharynx, distal
esophagus, tympanic membrane, and PA tend to match
brain temperature best (8).

Problems with this site include the risk of nasopharyn-
geal bleeding. Temperatures may vary between different
probe positions. This site is relatively contraindicated in
patients with severe midface or basilar skull fractures with
cribiform plate disruption.

Pulmonary Artery
To measure temperature in the PA, a catheter with a thermis-
tor is placed in the PA during surgery or in critical care situ-
ations to monitor cardiac output and other hemodynamic
parameters. Because temperatures taken at the
PA closely correlate with core temperature, many clinicians

view this as the most accurate site for measuring body
temperature in critical care; this site is far too invasive to
use for temperature alone. In any case, readings can be
adversely affected by the temperature of the CPB fluids
during cooling and re-warming, and by administration of
cold or warm fluid directly into the right atrium, right ven-
tricle or PA. The effect of cardiac output flush solution is gen-
erally transient and inconsequential.

Tympanic Membrane (Ear)
The ear canal—more specifically, the tympanic membrane—
is just 1.4 inches (3.5 cm) from the hypothalamus, and can be
readily monitored using an ear probe (Fig. 9). The tempera-
ture of the tympanic membrane is relatively well protected
from the influence of ambient temperatures and is unaf-
fected by respiration, eating, drinking, or smoking. Plus, of
course, the ear has an equally usable twin on the other
side of the head. For these reasons, the tympanic mem-
brane is a good noninvasive site to measure core body

temperature in SICU and OR patients, but the probes are
easily dislodged during patient movement and transport.

Although the tympanic membrane is perfused by the
internal carotid artery, studies demonstrate that fanning
the face decreases the temperature of the tympanic
membrane but not the brain (55). Thus, tympanic membrane
probes are not the best choice during initial resuscitation of a
patient from the field. Sensor probes do not always abut the
tympanum, and cerumen or dried blood in the auditory
canal can result in a delayed response time. Tympanic
membrane probes are contraindicated in patients with

Figure 7 Distal esophageal (core) temperature is easily

measured in tracheally intubated patients using an adult, 18 Fr (A),

or pediatric, 9 Fr (B) esophageal stethoscope with thermocouple

sensor. The esophageal stethoscope is positioned at the point of

maximal heart sounds and temperature is continuously displayed

on an electronic monitor. The temperature sensor in this device has

an accuracy of +0.28C over the range of 25–458C (Series 400,

Vitals Signs, Inc., Totowa, New Jersey, U.S.A.).

Figure 8 Two-channel electronic temperature monitor (Bi-

Temp, Model TM-200D, Respiratory Support Products, Inc. SIMS,

Irvine, California, U.S.A.). Core temperature is displayed on the

left (34.78C), and room temperature is displayed on the right

(18.98C). Low ambient operating room temperature, as seen in this

example, is an important risk factor for intraoperative hypothermia

in surgical patients.

Figure 9 Tympanic membrane (TTS-400) temperature sensor.

(Level-1, Rockland, Massachusetts, U.S.A.). The temperature

probe is placed in close proximity to the tympanic membrane,

and the external auditory meatus is covered with gauze and a piece

of tape.
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cerebrospinal fluid otorrhea and are easily dislodged during
patient movement and transport. Measures may be inaccur-
ate if the ears are cold or in the presence of otologic disease.

Intermediate Sites
When body temperature is constant, intermediate sites

such as sublingual, rectal, and urinary bladder are good

estimates of core temperature (Figs. 10 and 11). When
body temperature is rapidly changing (e.g., CPB, invasive
rewarming, surgery), intermediate temperature sites are
slower to change compared to core sites. Core tempera-
ture can be estimated with reasonable accuracy using oral,
axillary, rectal, or bladder temperatures, except during
extreme thermal perturbations. Rectal temperature is con-
sidered an intermediate temperature in deliberately cooled
patients, and may not prove reliable during malignant
hyperthermia episodes. During cardiac surgery, bladder
temperature is similar or close to rectal temperature (and
therefore intermediate) when urine flow is low, but
similar or close to PA temperature (and thus core) when
flow is high. Since bladder temperature is strongly influ-
enced by urine flow, it may be difficult to interpret in
these patients.

Mouth
Previously, the most common site for measuring tempera-
ture was the sublingual pocket under the tongue on either
side of the frenulum. Normally, oral temperature is lower
than core temperature by about 0.58C. Correct placement
of the thermometer is essential; dwell time is 15 to
45 seconds for electronic thermometers in the predictive
mode, and three to five minutes for glass-mercury
thermometers. The advantages of oral thermometry
include accessibility, familiarity, and noninvasiveness. The
disadvantages are chiefly related to inaccurate readings if
the patient eats, drinks, smokes, or chews gum prior to the
reading, fails to keep the thermometer properly placed
under the tongue, breathes too fast (especially through the
mouth), or talks.

Rectum
Rectal temperatures were long considered the “gold stan-
dard” for measuring core temperature, especially in chil-
dren. Despite possible discomfort and embarrassment, the
site has obvious advantages: It’s easily accessible, requires
an inexpensive thermometer, and provides an accurate
reading when taken properly. What’s more, it’s usually
quite close to core temperature—on average, it runs about
0.18C higher.

Rectal thermometry does have some drawbacks (56).
Because the rectum is a cavity, it can retain heat longer
than other temperature sites. Rectal temperature normally
correlates well with core temperature, but fails to increase
rapidly during malignant hyperthermia crises and under
other documented situations (51,56). When a patient’s temp-
erature is rising or falling rapidly, the temperature in the
rectum can lag behind by as much as an hour. This may be
because the rectum contains no thermoreceptors and thus
is heated or cooled as an effect of hypothalamic control,
rather than in response to it. Other possible causes of
inaccurate rectal readings include heavy exercise of the
large muscles in the buttocks and thighs, the insulating
effect of fecal matter in the rectum, and heat produced by
coliform bacteria.

To measure rectal temperature accurately—whether
by electronic, glass-mercury, or single-use chemical
thermometer—proper depth and dwell time are necessary.
The proper depth for a rectal thermometer varies with the
patient’s age: for adults, it is 2 to 3 inches (5–7.5 cm); for
children, 0.5 to 1.5 inches (1.25–3.75 cm); for neonates,
0.75 inch (1.9 cm). Proper dwell time is the same for all
patients: 15 to 45 seconds for electronic thermometers in
the predictive mode; three to five minutes otherwise.

Figure 10 (A) and (B). An electronic thermometer can be used to

accurately measure sublingual (black probe) or rectal (gray probe)

temperatures (IVAC Temp Plus II, Model 2080, Alaris Medical,

San Diego, California, U.S.A.).
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Without proper depth and dwell time, rectal temperature
readings will be inaccurate. Rectal probes can become
lodged in fecal matter, which insulates them from the sur-
rounding tissues.

Bladder
Bladder temperature is measured by an indwelling urinary
catheter containing a thermistor (Fig. 11). High correlation
exists between bladder and PA temperature. Drawbacks to
bladder temperature monitoring include bladder irrigation,
which, whether manual or continuous, will cause the
thermistor to measure the temperature of the irrigant
rather than of the urine. If the patient’s urinary catheter
does not have a thermistor attached, and most indwelling
urinary catheters do not, it has to be changed to one that
does. Finally, patients with hypothermia will show a slight
lag in bladder temperature during rewarming.

Although bladder temperature sensors are convenient,
they are influenced by urinary flow and consequently, may
not provide a reliable measure of core temperature during
shock with diminished urinary output or renal failure.
Patients with urethral disruption require suprapubic place-
ment of the urinary catheter (57). Open pelvic and lower
abdominal trauma may falsely lower temperature readings

from this site. Urinary flow may be negligible in the setting
of shock or renal failure.

Axilla and Groin
When oral and rectal sites are inaccessible or inappropriate,
the axilla or the groin may be used. Glass-mercury, electronic,
or single-use chemical thermometers can be used in children
at the axilla, but this site may not be reliable or accurate
enough to use with adults. And, for both populations, it has

Table 8 Methods to Prevent and/or Treat Hypothermia

Method Examples

Passive a. Warm the room (e.g., 27–308C)

b. Warm blankets, insulating blankets, dry off wet

skin

Active

external

a. Forced air warming

Intraoperative: rewarmed patients by 1–28C/hr

Postoperative: rewarmed patients at rate of

0.98C/hr

After cold water immersion: rewarmed at

2.48C/hr8C
Severe accidental hypothermia: rewarmed

patients by 1.0–2.48C/hr

b. Circulating heated water mattress

Most effective when placed on top of patient

c. Radiant warmers

Reduces shivering postoperatively regardless

of effect on core temperature

Active

internal

a. Heated humidified gases

Insulates respiratory tract and prevents heat and

moisture lost through breathing

b. Warmed IV fluids

Effective at preventing heat loss from IV fluid

therapy

2 L crystalloid at 208C corresponds to 0.68C
decrease in core temperature in 70-kg adult

2 L cold blood corresponds to 0.98C decrease in

core temperature in 70-kg adult

c. Body cavity (e.g., peritoneal, mediastinal) lavage

Rewarmed patients by 1–38C/hr depending on

flow and dwell time

Problems with abdominal and thoracic trauma,

adhesions, drainage, and flow

d. Extracorporeal

CAVR: rewarms by 1.3–2.28C/hr. Does not

require systemic heparinization

CPB: most effective heat exchange device.

Peserves organ blood

flow and tissue oxygenation if mechanical

cardiac activity is lost

Requires systemic heparinization and cardiac

perfusionist

Hemodialysis: exchange cycle volumes of

200–250 mL/min are possible

Venovenous rewarming: can achieve flows of

150–400 mL/min

Abbreviations: CAVR, continuous arteriovenous rewarming; CPB, cardio-

pulmonary bypass; IV, intravenous.

Source: Modified from Refs. 52 and 56.

Figure 11 Bardexw Temperature-Sensing (400-Series) Foley

catheter (C.R. Bard, Inc., Covington, Georgia, U.S.A.). This

device is accurate to +0.28C.

Figure 12 Skin surface temperature sensor with 400 series

thermistor.
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inherent drawbacks: (i) skin contact with the thermometer
must be maintained at the apex of the axilla for 8 to 11
minutes (using a glass-mercury thermometer); (ii) the
resulting temperature reading must be adjusted because it
can be 0.58C to 1.28C lower than core temperature; (iii) the
temperature is less accurate in shock due to peripheral
vasoconstriction.

Thermoregulatory vasoconstriction shunts blood
away from the skin’s surface, including the axilla (though
less so than with distal extremities) during moderate
hypothermia and prolongs thermal response times. During
profound hypothermia, intense vasoconstriction redirects
blood flow primarily to a very diminished central compart-
ment. Thermal response time is altered by the volume of
connective tissue and fat separating peripheral compart-
ments from perfused vasculature.

For these reasons, axillary or groin temperatures are, at
best, estimates and not always reliable enough to provide
the basis for clinical intervention—except with neonates.
Indeed, since neonates have a high rate of heat loss
through their skin, the axilla and the groin are often
preferred sites; in fact, for most neonates, the axillary site
is standard. Because of the risk of perforation, the rectum
is not used in neonates.

Peripheral Skin Sites
Adult temperature is rarely measured on the skin’s surface,
though this quick technique may help track a trend. At best,
it provides a peripheral body temperature with measure-
ments that can vary widely because of vasomotor activity
and ambient temperatures (55). These drawbacks particu-
larly apply when using single-use chemical thermometers
to measure temperature at the forehead, a site constantly
exposed to ambient temperatures. The skin provides
approximately 20% of thermal input to the hypothalamus.
A valid use of skin temperature is with incubated newborns.
Electronic sensing elements (Fig. 12) attached to the skin
provide a digital readout showing the trend of neonates’
temperature and automatically maintain optimal environ-
mental temperature in the incubator. Skin surface tempera-
ture is used in thermoregulatory research to determine
mean body temperature, forearm to fingertip gradients and
the degree of peripheral vascoconstriction or vasodilation.

Skin-surface temperatures are usually considerably
lower than core temperature. However, in direct sun, the
exposed skin temperature can be higher than core tempera-
ture. Skin-surface temperatures, when adjusted with an
appropriate offset, can reflect core temperature reasonably
well in stable patients located in protected enviroments

Table 9 Temperature Measuring Devices

Device Pros Cons

Glass mercury (oral, rectal,

axillary)

Easy accessibility

Familiarity

Noninvasive

Long dwell time

Inaccurate readings possible if patient is not

cooperative

Temperature read is lower than core

temperature

Breakable

Requires disinfection between patients, or

disposable covers

Infrared (tympanic membrane) Noninvasive

Close to the hypothalamus

Can be used in either ear

TM (but not ear canal) is protected from

ambient temperatures

Quick temperature acquisition

Current devices not continuous

Measurement can be inaccurate in trauma due

to blood, CSF, foreign body in ear canal

Excessive cerumen interferes with temperature

measurement

Thermister tipped ear probe

(tympanic membrane)

Noninvasive

Close to the hypothalamus

Can be used in either ear

TM (but not ear canal) is protected from

ambient temperatures (positioning critical to

reflect TM with this device)

Easily dislodged during movement or

transport

In setting of CSF otorrhea, other ear trauma,

relatively contraindicated

Electronic thermocouple

(oral, rectal, axillary)

Easy accessibility

Familiarity

Noninvasive

Short dwell time compared to glass mercury

Inaccurate readings possible if patient is not

cooperative

Temperature read is usually lower than core

temperature

Requires disposable cover

Esophageal stethoscope—therm-

ister (esophageal,

nasopharyngeal)

Reflects core temperature

Reacts quickly to changes

Matches brain temperature (nasopharyngeal

placement)

Critical placement

Esophageal: must be distal to tracheal carina

Nasopharyngeal: risk of nasal bleeding

PA catheter—thermister (CVP or

PA locations)

Reflects core temperature

Continuous measurement

Invasive

Expensive

Indwelling urinary catheter—

thermister

Convenient if requires catheter

In stable patients, reflects core temperature

Influenced by urinary flow

Abbreviations: CSF, cerebrospinal fluid; CVP, central venous pressure; PA, pulmonary artery; TM, tympanic membrane.
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(53). However, skin temperatures do not reflect core temp-
erature in resuscitation situations, and fail to reliably
confirm the clinical signs of malignant hyperthermia (tachy-
cardia and hypercarbia) in swine (58).

In a prospective comparison of esophageal, tympanic
membrane, and forehead skin temperatures in adult surgical
patients, there was a lack of precision between skin and
distal esophageal temperatures with wide limits of agree-
ment (55). Moreover, there was no relation between change
in skin temperature and change in esophageal temperature.
Accordingly forehead skin temperature should not be con-
sidered reliable, and sole reliance on this measurement can
adversely affect patient care.

EYE TO THE FUTURE

Nonintended hypothermia in trauma victims is becoming a
less common problem because of early recognition, accurate
noninvasive body temperature monitoring, and thermally
efficient devices that rapidly achieve desired body tempera-
ture (59). The lethal triad of hypothermia, acidosis, and coa-
gulopathy will be easily controlled with interventions that
restore organ perfusion, hemostasis, and tissue perfusion.

The role of therapeutic hypothermia in TBI patients will
be further delineated in the next decade with increased focus
upon the hypothermic intervention, duration of therapeutic
hypothermia, and application of therapeutic hypothermia in
carefully selected patients together with strict protocols and
close monitoring to avoid complications such as hypovole-
mia, hypotension, and hyperglycemia (60–64).

A clear consensus will emerge as to which temperature
monitoring site is best for trauma patients. Site of temperature
monitoring will assume increased importance after head,
spinal cord, and other injuries since central nervous system
temperature may exhibit variability and discordance with
respect to traditionally accepted core temperature measures.

SUMMARY

Body temperature is a vital sign which remains within a
narrow range in normal patients. Body temperature is con-
trolled by the hypothalamus, which integrates thermal infor-
mation and coordinates increases in heat production such
shivering and nonshivering thermogenesis, heat loss (sweat-
ing), and/or decreases in heat loss (vasoconstriction) in
order to maintain thermal homeostasis (8).

Risk factors that contribute to hypothermia include
environmental exposure, especially in the presence of
impaired thermoregulation, extremes of age, spinal cord
injury, TBI, shock, and administration of sedatives, analge-
sic, or anesthetic agents (65,66). Acute trauma patients
should be warmed to maintain core temperatures .35.58C
(Table 8) (66). Standard methods available include warming
the room to .288C, forced air, inhalational gas warming
(67,68), warming of IV fluids, and radiant heat (69,70).

Core temperature should be monitored in order to
detect thermal disturbances and to maintain appropriate
body temperature. Deliberate use of hypothermia is associ-
ated with improved neurologic outcome in cardiac and
some forms of neuro-anesthesia, but has not been proven
for isolated TBI with GCS 3–4, but may be useful in the
young with GCS in the 5–8 range and elevated intracranial
pressures. Hypothermia is associated with major morbidity

because of impaired cardiorespiratory function, peripheral
vasoconstriction, bleeding diathesis, metabolic acidosis,
diminished hepatorenal function, and altered immune
response.

The preferred technique of temperature monitoring is
one that reflects core temperature such as distal esophageal,
nasopharynx, PA, and tympanic membrane (Table 9). Inter-
mediate sites such as rectum, bladder, and mouth usually
reflect core temperature. Brain temperature may exceed
temperature measured elsewhere during hypothermia and
subsequent rewarming.

KEY POINTS

Normal core temperature ranges between 36.58C and
37.58C, but may vary because of circadian rhythms
and other factors.
The hypothalamus is the center of thermoregulatory
control.
There are three components of the thermoregulatory
system: (i) afferent input of temperature information;
(ii) central processing of the information by the anterior
hypothalamus; and (iii) efferent responses to control
heat production and heat loss.
The liver, heart, and skeletal muscle are the major heat
generators, whereas the skin and respiratory system are
the major organs responsible for heat loss.
Heat is lost by radiation, conduction, evaporation, and
convection (Table 2).
Although hypothermia decreases the metabolic func-
tion of the body, and is neuroprotective, in traumatized
individuals hypothermia most often results in deleter-
ious effects such as coagulopathy, metabolic acidosis,
and impaired immune response (8).
Risk factors that contribute to hypothermia include
environmental exposure, alcohol and drug intoxication,
IV infusion of room temperature fluid, transfusion of
cold blood without warming, spinal cord injuries, head
injury, shock, and associated medical conditions such as
hypothyroidism and hypoglycemia (Table 5).
Trauma-associated hypothermia increases morbidity
because of impaired cardiorespiratory function, periph-
eral vasoconstriction, bleeding diathesis, metabolic
acidosis, diminished hepatorenal function, and altered
immune response (Table 6).
Hypothermia is common during general anesthesia
because of impaired thermoregulation (Fig. 6),
decreased heat production, and internal redistribution
of body heat from the warmer core to the cooler periph-
eral tissue in the exposed patient (35,36).
Epidural and spinal anesthesia block afferent and effer-
ent thermoregulatory responses and cause similar
degrees of hypothermia as general anesthesia.
Mild hypothermia (1–28C below normal) is neuropro-
tective, whereas mild hyperthermia (1–28C above
normal) may exacerbate cerebral ischemia.
A thermometer incorporated into an esophageal stetho-
scope is a simple and reliable method of measuring core
temperature in tracheally intubated patients providing
it is inserted deep enough (at least 5–10 cm past the
carina).
The preferred technique of temperature monitoring is
one that reflects core temperature such as distal esopha-
geal, nasopharynx, PA, and tympanic membrane.
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Intermediate sites such as rectum, bladder, and mouth
usually reflect core temperature.
The most reliable core monitoring sites are the PA, distal
esophagus, nasopharynx, and tympanic membrane.
Because temperatures taken at the PA closely correlate
with core temperature, many clinicians view this as
the most accurate site for measuring body temperature
in critical care; this site is far too invasive to use for
temperature alone.
For these reasons, the tympanic membrane is a good
noninvasive site to measure core body temperature in
SICU and OR patients, but the probes are easily dis-
lodged during patient movement and transport.
When body temperature is constant, intermediate sites
such as sublingual, rectal, and urinary bladder are
good estimates of core temperature (Figs. 10 and 11).
When body temperature is rapidly changing (e.g., CPB,
invasive rewarming, surgery), intermediate temperature
sites are slower to change compared to core sites.
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INTRODUCTION

In the United States, the annual incidence of traumatic brain
injury (TBI) is 1 per 1000 persons. Higher incidences are
found in the age groups 15–24 years and 75 years or older
(1). However, these data underestimate the true incidence
of TBI because only patients dying before admission to the
hospital and those admitted to the hospital are included.
Prevalence estimates range from 2.5 to 6.5 million individ-
uals living with the consequences of TBI.

Males are twice as likely to be affected as females, and
there is a strong association of alcohol with TBI (1). Approxi-
mately half of TBIs are caused by motor vehicle, bicycle, and
pedestrian-vehicle accidents. A further 10% of TBIs are
caused by firearms and the incidence is increasing, 10% by
nonfirearm assaults and 3% of total assaults are associated
with sporting and recreational activities (1,2). TBIs are
particularly associated with falls in the elderly and in the
very young. Twenty-five percent of TBIs are due to nonacci-
dental mechanisms (1).

Mortality from TBI is falling and in 1992 was 19.3 per
1000 population per year (2). The decrease is accounted for
by a decrease in deaths associated with blunt trauma. The
incidence of deaths from penetrating injury due to firearms
is increasing. This is important because most medical inter-
ventions for TBI are based on experimental evidence using
a blunt trauma model. A different management approach
may be more appropriate for penetrating injuries.

Acute care for TBI patients in the United States costs
between $9 and $10 billion per year. The lifetime cost of
care for a single person with severe TBI has recently been
estimated at $1,857,000. This does not include loss of earn-
ings or the cost of social services (1).

The function of certain portions of damaged brain
can be taken over by other areas, for example, the damaged
brain is thought to exhibit a certain degree of neural

plasticity. However, at present, little can be done to
reverse the effects of primary brain injury. In the intensive
care unit (ICU), management strategies are directed
towards preventing and/or minimizing the damaging
effects of secondary injury.

This chapter aims to describe the basics of primary
brain injury and then address the critical care strategies
employed to minimize secondary brain injury. The primary
emphasis is on pharmacological interventions and mainten-
ance of homeostasis in the intensive care setting. The goal

of treatment for TBI is to reduce morbidity and improve
outcome. New therapies are being actively investigated
using animal models and some may prove successful
in humans.

THE GOAL:TO FACILITATE A GOOD OUTCOME

Hospital-based research into outcome after TBI nearly always
uses the Glasgow Outcome Scale (GOS) (3). However, TBI is a
heterogeneous condition and the GOS conceals a huge vari-
ation in disabilities, consequently rehabilitation therapists
often use alternative assessment tools that are more sensitive
to these variations. Unfortunately, hospital outcome data
are not routinely linked to rehabilitation outcome data.
Copes et al. (4) have studied 375 patients linking the Major
Trauma Outcome Study database and a national rehabilita-
tion outcome database. These authors demonstrated corre-
lations between the two databases’ outcome measures, and,
although the task of linking the databases is arduous, they rec-
ommend that hospital-based trauma registries should routi-
nely include rehabilitation outcome data.

Defining a Good Neurological Outcome
For many patients, a good outcome appears to have been
achieved but a follow-up study has shown that most patients
have minimal physical disability at three months after mild
or moderate TBI. However, 33% remain cognitively impaired
at six months and 60% remain unemployed (5). High rates of
depression, loneliness and psychomotor slowness can be
demonstrated for up to 20 years after severe TBI (6). The
consequences of TBI are summarized in Table 1.

Outcome measurement can be uni-dimensional or
multifaceted: a specific function or functions are measured.
Alternatively, surrogates such as employment status can be
used. Sometimes, the patient’s perception of the quality of
a given outcome differs from that of his caretakers (7).

Duration Endpoints and Other Complexities of
Outcome Measurements

The full effects of the ICU management of head injury
may not be apparent until years after rehabilitation is com-
plete. Motor function improves to its best level relatively
quickly, but cognitive function can improve for up to five
years (8,9).

Table 2 compares the GOS and the Disability Rating
Scale (DRS). These are two of the many outcome scales avail-
able. Different outcome scales survey different information,
and thus predict different outcomes.

Glasgow Outcome Scale
The GOS is a simple classification. Possible outcomes are
dead, vegetative, severely disabled, moderately disabled,
or good recovery (3). The latter three categories depend on
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the patient’s ability to live independently and their ability to
return to work or school. The GOS is the most widely used
outcome measure in head injury research. However, it is a
global and relatively insensitive measure, precluding any
description of the types of impairments that lead to the
disability. The Glasgow Outcome Scale Extended (GOSE)
was devised as a new outcome measure that retains the
advantages of the existing GOS but allows comparison of
patterns of recovery in different areas of function: beha-
vioral, cognitive, and physical. Using a series of functional
outcome measures, assessment of affective status, and
neuropsychological tests as criteria, the validity of the
GOSE generally exceeded the GOS, and the GOSE was
more sensitive to change than the GOS (10).

Disability Rating Scale
The DRS was developed to describe the continuum of recov-
ery and can be used by both acute and rehabilitation clini-
cians (11). Eye opening, communication ability, and motor
response are measured in the same way as the Glasgow
Coma Score. Feeding ability, toileting ability, grooming
ability, level of functionality (physical and cognitive), and
employability are also scored giving a total range of 0–29.
Compared to the GOS with a range of 1–5, the DRS better
describes the level of functioning from basic to complex.

Implications for Intensivists
Assessing the Evidence Base
Most studies of acute interventions for TBI measure mortality
and gross morbidity either in ICU or in the hospital. Long-
term improvements in outcome are not reported because
insensitive measurement tools are used and recovery is
often far from complete at the time of hospital discharge.
This may explain why it has been impossible to prove that
certain therapies that work in animals are helpful in humans.

Participating in a Multidisciplinary Approach to Care
Clinicians working in the ICU are aware that what they do
has a significant impact on the patient’s eventual outcome.
However, there are therapies used by the rehabilitation
team that are more effective if the TBI patient is discharged
from an acute hospital without complications that restrict
rehabilitative efforts. Earlier use of some rehabilitation thera-
pies might speed up or improve the quality of recovery and
are discussed in the section “Rehabilitation Begins in ICU.”

Discussions with Relatives
Failure to appreciate that even minor TBI can cause significant
morbidity can lead to misplaced optimism amongst patients
and their families. It is important that relatives of those
with severe TBI are given a realistic assessment of what the
future might hold bearing in mind that it is impossible, even
using magnetic resonance imaging (MRI), to predict with
any certainty the outcome for an individual patient (12).
However, families should be made aware that significant
improvement can occur even after acute hospital discharge.

Mortality and Morbidity After Discharge Following TBI
Rehospitalization occurs in 23% of TBI patients in the

first year after injury and declines to 17% at five years
after injury (13). During the first year most readmissions
are for elective reasons such as reconstructive surgery. By
five years after injury, most admissions are related to sei-
zures or psychiatric conditions. Mortality is also increased
in the first five years after TBI. Most deaths are related
to decreased mobility. The exception is death secondary to
seizures (14).

PRIMARY BRAIN INJURY

Primary brain injury is caused directly by the initial impact,
and this damage is generally referred to the pathological
state existing immediately following the trauma, whereas
“secondary injury” refers to the destructive changes that
evolve over time (hours to days) following the primary
event. Direct injury can occur to the brain parenchyma, as
well as to the skull, menengies, dura, or various blood

Table 1 Consequences of Traumatic Brain Injury

Neurological

consequence Example-comments

Cognitive Memory impairment

Poor concentration

Language difficulty

Abnormal visual perception

Difficulty with problem solving and

abstract thought

Impaired judgment and

information processing

Functional Hemiparesis

Foot drop

Neuro-electrical Seizures

Sleep disorders

Behavioral Verbal and physical aggression

Altered sexual functioning

Social disinhibition

Depression

Social Suicide

Divorce

Unemployment

Economic strain

Substance abuse

Table 2 Comparison of Glasgow Outcome Scale and

Disability Rating Scale as Outcome Scores

GOS

score Interpretation

DRS

score Interpretation

5 Good recovery 0 No TBI

1 Mild TBI

2–3 Partial TBI

4 Moderately

disabled

4–6

7–11

Moderate TBI

Moderately severe TBI

3 Severely

disabled

12–16

17–21

Severe TBI

Extremely severe TBI

2 Vegetative

state

22–24

25–29

Vegetative state

Extreme vegetative

state

1 Dead

Abbreviations: DRS, Disability Rating Scale; GOS, Glasgow Outcome

Scale; TBI, traumatic brain injury.
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vessels, which result in space-occupying contusions or
hematomas and consequent cell injury or death.

Parenchymal Tissue Damage
White and Grey Matter Injuries
Grey matter injury causes functional failure of neuronal cell
bodies and synapses, whereas white matter injury causes
abnormal axonal conduction. Head impact sets up pressure
waves in the brain that can cause contusions on the crests of
gyri that may extend into white matter (Fig. 1) (15). Shearing
caused by angular acceleration of the head results in diffuse
axonal injury (DAI). DAI is not always visible on early
computed tomography (CT) scan but depending on its
severity, the immediate effect can range from minimal cogni-
tive changes to death. DAI can cause hemorrhage in the
corpus callosum, diffuse cerebral swelling, subarachnoid
hemorrhage (SAH), and hemorrhage around the third
ventricle (16).

Anatomical Locations of Injury and Implications
Cortical contusion occurs under the site of impact but,
because the brain is mobile within the skull, may also
occur opposite the site of impact (contracoup injury). The
majority of TBIs requiring ICU admission will be comatose,
and a CT scan will have demonstrated areas of contusion
and other abnormal features. Knowledge of the functions
of various parts of the brain (Table 3) can enable an educated
guess to be made on clinical evidence about the areas of
likely damage. Furthermore, an understanding of the
clinical signs associated with tentorial and or tonsillar
herniation allows rapid intervention before radiological
confirmation of the herniation (Table 4). For further infor-
mation, readers are referred to a detailed text on correlative
neuroanatomy (17).

Epidural Hematoma
Epidural hematomas (EDH) occur outside the dura and are
also referred to as extradural hematomas. The incidence of
EDH is between 5% and 15% (15). An EDH usually occurs

after a skull fracture tears the middle meningeal artery.
The hemorrhage, which has a smooth outline when visual-
ized on CT scan, is usually located in the temporal or
temporal-parietal region. Rupture of the sagittal or lateral
sinus may also cause an EDH (Fig. 2).

Subdural Hematoma
The incidence of subdural hematoma (SDH) is 20% to 63%
(15). An SDH occurs in isolation following rupture of

Table 3 Location-Based Guide to Brain Function

Location Description Function

Cortex Dominant

hemisphere

Speaking

Reading

Writing

Calculating

Nondominant

hemisphere

Memory

Drawing

Copying

Frontal lobes Voluntary movement

Emotion

Motivation

Social functioning

Temporal lobes Memory

Receptive language

Sequencing

Musical awareness

Parietal lobes Sensation

Hearing

Spatial awareness

Occipital lobes Visual perception

Cerebellum Muscle coordination

Balance

Brainstem Consciousness control

Awareness

Control of breathing

Control of heart rate

Control of blood pressure

Control of temperature

Table 4 Clinical Signs of Brainstem Herniation Based

upon Type

Herniation type Clinical signs of herniation

Sub-falcine Usually none

Lateral tentorial Pupil dilatation on ipsilateral side

Loss of light reflex

Ptosis

Deterioration in conscious level

Limb weakness on the contralateral side

Central tentorial Pupils small, then moderately dilated

Loss of light reflex

Deterioration in conscious level

Loss of upward gaze

Diabetes insipidus

Tonsillar Depression of conscious level

Abnormal respiratory pattern, then apnea

Neck stiffness

Figure 1 Computed tomograph of the brain showing an

acute traumatic right frontal intracerebral contusion.
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bridging veins (connecting the cortical surface to a venous
sinus) (Figs. 3–5). Cerebral damage occurs because pressure
from the clot causes ischemia. Frequently, there is under-
lying cerebral contusion particularly if the impact occurs
over the frontal or temporal lobe. If the contusion is hemor-
rhagic, necrotic brain and blood escapes into the subdural
space. This association of intracerebral and subdural hemor-
rhage is sometimes called a “burst lobe.”

Intracerebral Hemorrhage
Closed head injury may also result in intraparenchymal
hemorrhage, often referred to as hemorrhagic contusion
(18). Seen as hyperdense areas within brain matter on

CT imaging during the workup of head injury, these
lesions most commonly occur in areas where sudden
deceleration of the head causes the brain to impact bony
intracranial surfaces in a coup or countercoup fashion.

Figure 2 Computerized tomograph of the brain showing a left

frontal epidural hematoma and mild left-to-right midline shift.

Figure 4 Computerized tomograph of the brain showing a right

subacute subdural hematoma with significant right-to-left shift and

effacement of the right ventricle (occipital horn). Note that the

subacute hematoma (1–2 weeks) is nearly isodense with the

density of the cerebral hemisphere.

Figure 5 Computerized tomograph of the brain showing a

left chronic subdural with significant left-to-right midline shift.

Figure 3 Computerized tomograph of the brain showing an

acute left frontoparietal subdural hematoma with significant left-

to-right midline shift.
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Surgical decompression is warranted if the mass effect threa-
tens herniation and the temporal lobes in particular are
housed in a region where uncal herniation can occur with
smaller contusions (19). Chapter 14 more fully discusses
the topics of intracerebral hemorrhage.

Subarachnoid Hemorrhage
SAH following head trauma is common and is associated
with a poorer outcome (Fig. 6) (20). Animal experiments
suggest that SAH causes an increase in intracranial pressure
(ICP) and decrease in cerebral blood flow (CBF) independent
of the effects of TBI (22). SAH also compromises the integrity
of the blood-brain barrier. In some patients, SAH may be the
primary cause of coma, secondarily leading to a motor vehicle
accident or a fall which results in TBI. If this is suspected,
following stabilization in the ICU, additional investigation
is required to diagnose a possible cerebral aneurysm or arter-
iovenous malformation (also see Volume 2, Chapter 14).

Vascular Injury
Injury to the middle meningeal artery causing EDH is most
common. Penetrating skull injuries can damage almost any
vessel. Damage to the carotid artery by a blunt neck injury
can mimic a severe head injury. The history and mechanism
of the injury should alert the clinician to the possibility of
this rare injury. Vertebral artery injuries also result from
blunt neck trauma. These are diagnosed by CT angiography.

SECONDARY BRAIN INJURY

Secondary injury can result from pressure increases caused
by hematomas and contusions, as they expand, as well as
from the resultant edema, hyperemia, or release of inflam-
matory and cytotoxic mediators (as described below).

Edema can occur within the cell itself, as well as within
the interstitial space (due to vasogenic and hydrostatic
factors). Hypotension, hypoxia, and other non-physiologic
conditions (e.g., hyperglycemia, hyperthermia, etc.), can
cause or exacerbate secondary injury. Secondary brain

injuries (Table 5) are of particular interest because they
are potentially preventable.

Cytotoxic Cellular Edema
Injured and dying neurons have disturbed ionic gradients
that lead to swelling. Following mitochondrial swelling
and failure of membranous ionic pumps, toxic factors
are released that can cause further neuronal damage. These
effects may be specific with respect to brain region and time
(22). The mechanisms are complex and our understanding is
far from complete. The cellular effects of TBI are commonly
studied using rodents. A recent article shows that the
method by which the animals are anesthetized can have an
independent effect on mortality and calls into question the
results of many earlier studies (23). Furthermore, it is not
yet certain that different types of cellular injury, for example,
DAI, contusion, hypoxic, are damaged by the same
metabolic and biochemical mechanisms which include:
anaerobic metabolism (producing lactate) glutamate tox-
icity, intracellular calcium influx, nitric oxide synthesis, and
apoptosis (24–28).

These have been studied using specific antagonists of
intracellular and cell membrane metabolic processes in cell
culture and animal models. Unfortunately, although some
experimental results are promising, they have not yet been
successfully translated into neuroprotection in the clinical
setting partly because most benefit occurs when the drug
is applied prior to the initiation of trauma.

Interstitial Edema: Vasogenic and Hydrostatic
TBI causes an inflammatory response that involves cytokine
production, chemokine release, inflammatory adhesion mole-
cule upregulation and neutrophil recruitment (22). Macro-
phages from the circulation and microglia accumulate at
the site of injury and release inflammatory mediators includ-
ing tumor necrosis factor alpha (TNFa), and interleukin-6
(IL-6). These and other inflammatory mediators disrupt the
tight junctions that normally exist between the cerebral
capillary endothelial cells that form the blood-brain barrier.
Leakage of protein-rich serous fluid from the capillaries
causes vasogenic interstitial edema.

Hydrostatic interstitial edema occurs when there is a
sudden increase in capillary transmural pressure. It may

Figure 6 Computerized tomograph of the brain showing severe

posttraumatic subarachnoid hemorrhage. Acute blood appears

radiodense (white) on CT. The subarachnoid blood is seen in the

suprasellar cistern (arrow 1), the interhemispheric cistern (arrow

2), temporal horn of the lateral ventricle (one of the radiological

stigmata of hydrocephalus—arrow 3), and in the ambient cisterns

around the midbrain (arrow 4).

Table 5 Causes of Secondary Brain Injury

Hypotension

Hypoxia

Herniation

Pyrexia

Seizures

Hyperglycemia

Hydrocephalus

Vasospasm

Cerebral infection

Reperfusion injury

Cytotoxic cellular edema

Vasogenic and hydrostatic interstitial edema
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follow decompression of a mass lesion or occur in the pre-
sence of defective autoregulation. The fluid, which escapes
into the interstitial space, unlike vasogenic edema, is low
in protein.

Hyperemia
Animal experiments show that CBF increases immediately
after injury, then decreases by up to 40% within a few
minutes and returns to normal after approximately
24 hours (29). Hyperemia, defined as CBF in excess of meta-
bolic demands, has been demonstrated in the hippocampus,
and in the areas of brain close to the ischemic penumbra of
injury (30). Usually hyperemia follows a period of increased
ICP and/or reduced CBF. Its etiology is unexplained, but
metabolic derangement, loss of vasomotor tone, or severe
tissue acidosis are possible explanations.

Hypotension
A systolic blood pressure of less than 90 mmHg occur-

ring between the time of TBI and completion of resuscitation

is associated with a 33% increase mortality (31). During
the first 24 hours in ICU, the lowest recorded blood pressure
is correlated with mortality (Fig. 7) (32). Systemic hypoten-
sion is particularly damaging in the setting of increased
ICP and/or concomitant decreased systemic oxygenation
(discussed subsequently).

Hypoxia
An arterial oxygen tension (PaO2) of less than 60 mmHg

(8 kPa) occurring between the time of TBI and completion of

resuscitation is also associated with an increase in morbid-
ity and mortality but to a lesser extent than the effect of
hypotension (31). An early hypoxic episode increases
mortality by 6%. Hypoxia can be caused by airway obstruc-
tion or chest injury. Reduced cerebral blood flow, systemic
hypotension or hypocapnic vasoconstriction may also
cause cerebral hypoxia (Fig. 7). The effect of combined
hypoxia and hypotension is synergistic and must be
avoided (31).

Herniation
Brain herniation may be tentorial, subfalcine, or tonsillar. In
general, the effect of herniation is compression of the adja-
cent brain, stretching or tearing of the blood vessels and
ischemic damage (Table 4; Volume 2, Chapters 1 and 7).

Hyperglycemia
The highest blood sugar occurring in the first 24 hours of

ICU care is linearly correlated with mortality (Fig. 8) (32).
It is not clear whether hyperglycemia is merely a manifes-
tation of the stress response to injury or another secondary
insult (also see Volume 2, Chapter 60) (33,34). It is interesting
to observe that the correlation of blood glucose with mor-
tality is closer than the inverse correlation between mean
arterial pressure (MAP) with mortality (32). Furthermore, a
high blood sugar combined with a MAP of 60 to 80 mmHg
is associated with a poorer outcome than a low blood
sugar and a MAP of less than 60 mmHg (Fig. 9) (32). In the
cortical extracellular space, microdialysis has been used to
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show that lactate concentration is increased and glucose
decreased indicating increased anaerobic glycolysis, which
is associated with a poor outcome (24). The effects of deliver-
ing more glucose in the blood are debated. On the one hand,
anaerobic metabolism is inefficient so additional glucose
might provide fuel for more energy. On the other, increased
energy production produces more lactate as a by-product,
and lactate causes cellular damage.

Fever
The brain’s metabolic rate alters in direct proportion to core
temperature. Thus, a fever occurring in a patient with TBI
will increase the oxygen requirement of cells that are
already in an ischemic environment. Abundant animal
data show moderate hypothermia to be protective (35). Con-
versely, hyperthermia increases mortality and morbidity by
aggravating axonal and microvascular damage (36).

Although human outcome data is controversial, fever

should be prevented in TBI patients.

Seizures
Within the first week after TBI, continuous electroencephalo-
graphic monitoring has shown that seizures occur in 20% of
patients (37). Seizures cause intense local metabolic activity
and can aggravate ischemic damage in affected areas of
brain. Diagnosis can be difficult in the ventilated patient.
Sedative drugs can mask typical tonic-clonic limb move-
ments but twitching of the corner of the mouth is sometimes
seen. An unprovoked episode of hypertension, tachycardia,
increased ICP, and a small rise in core temperature is highly
suggestive of undiagnosed seizures.

Hydrocephalus
Hydrocephalus is usually a late complication of TBI. The
published incidence varies depending on whether the diag-
nosis is made on CT findings alone or whether combined
clinical, physiologic, and imaging data are used (38). Distor-
tion of the ventricular system by edema or intracerebral
hemorrhage can obstruct cerebrospinal fluid (CSF) circula-
tion. Alternatively a localized obstruction due to clot is
common following SAH. In either event, the ventricles
enlarge and ICP rises.

Vasospasm
Vasospasm occurs in 19% to 40% of patients following trau-
matic SAH and can contribute to brain ischemia from other
causes (15). The pathogenesis of vasospasm is unclear, but it
could be caused by blood or oxyhemoglobin binding with
endothelial nitric oxide (the endogenous relaxant factor).
Free radicals and inflammatory mediators have also been
implicated. Transcranial Doppler ultrasonography is used
for diagnosis. Reduced middle cerebral artery blood flow
and increased pulsatility index are usual findings after
severe TBI (39). These global changes must be differentiated
from the more local increases in flow velocity associated
with vasospasm.

Cerebral Infection
Meningitis may follow basal skull fractures, vault fractures,
prolonged external ventricular drainage (EVD) or craniot-
omy. Meningitis can also cause hydrocephalus and a late
deterioration in consciousness level. Post-traumatic brain
abscess is rare and usually follows a penetrating injury,
especially gunshot or shrapnel wounds.

Reperfusion Injury
Free-radical generation during reperfusion is facilitated by
fresh oxygen carried by the recovering circulation and free
iron derived from the breakdown of extravascular hemo-
globin. Under normal circumstances, intracellular enzyme
systems metabolize free radicals so that they do not cause
damage. It is speculated that the influx of calcium that
follows TBI inactivates these enzymes and allows an excess
of free-radical species to cause significant endothelial
damage. Although direct measurement of free radicals is
impossible, indirect evidence suggests that there is an
increase following TBI (40).

UNIFYING THE EFFECTS OF SECONDARY
(AND SOME PRIMARY) INSULTS
Cerebral Metabolic Rate for Oxygen
Under normal conditions, the brain requires 3.5 mL oxygen
per 100 g of brain tissue per minute. This accounts for 20%
of total body oxygen consumption. Oxygen requirements
increase if the patient is febrile or suffering seizures. In
patients with severe TBI, global cerebral metabolic rate for
oxygen (CMRO2) may be decreased by one-third to one-
half. It is thought that this reduction occurs in the energy
expenditure component that governs cellular activation
and that the brain’s basal metabolic requirements are
unchanged (41).

Cerebral Blood Flow, Cerebral Perfusion Pressure,
and Autoregulation
Fifteen percent of the cardiac output is required to deliver the
brain’s oxygen requirements. In addition to a high basal
oxygen utilization requirement, the brain has limited
reserves of glucose, which must also be delivered by the cere-
bral circulation. Aerobic oxidation of glucose via the glyco-
lytic and tricarboxylic acid pathways is essential for the
production of high-energy phosphates. Most of the energy
generated is used to maintain ionic gradients. In the intact
brain, CBF closely matches CMRO2. Anything that reduces
CMRO2, such as hypothermia or barbiturates, also reduces
CBF. CBF is determined by the pressure difference across
the cerebral circulation, known as cerebral perfusion
pressure (CPP), and vascular resistance. MAP is easily
measured but the measurement of mean cerebral venous
pressure is more difficult. For convenience, mean cerebral
venous pressure is usually equated to ICP. Hence:

CPP ¼MAP� ICP

The normal brain requires a constant blood flow,
which is achieved by CBF autoregulation. Between a CPP
of 50 and 150 mmHg, blood flow is controlled by alterations
in the resistance of the arterioles and precapillary segments.
Above and below these values, CBF is pressure dependent.
In the injured brain, autoregulation is sometimes lost and
CBF becomes pressure dependent over the entire CPP
range. In this situation, the relationship between CMRO2
and CBF can become uncoupled. For the patient with

TBI, a CPP of .60–70 mmHg is generally sufficient to main-
tain cerebral oxygenation (42).

Arterial carbon dioxide tension (PaCO2) has a signifi-
cant effect on CBF (3–6% change in CBF per mmHg
change in PaCO2) in the normal brain. Hypercarbia increases
CBF and hypocarbia decreases it. This phenomenon is
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known as carbon dioxide reactivity and is caused by CO2-
mediated changes in hydrogen ion concentration. Exces-
sive hyperventilation of patients with TBI may cause ische-
mia if CO2 reactivity is preserved. However, those
patients with moderate to severe TBI often have diminished
or absent CO2 reactivity.

Intracranial Pressure
Essentially, the skull is a semiclosed box of fixed volume
(1600 mL). The contents of the skull are the brain represent-
ing 80% of the total intracranial volume, blood 12% and CSF
8%. Blood and CSF can be shifted away from the skull. This
provides the total cerebral contents with some ICP buffering
capacity. Reduced compliance implies increasing stiffness.
Elasticity is the converse of compliance. Small, slow
increases in the volume of the brain can be compensated
for by a reduction in CSF volume and cerebral blood
volume. Thus, normal ICP is maintained until elasticity is
exhausted at which point pressure within the skull rises.

The interpretation of a given ICP measurement
must be made in the light of the underlying pathology and

the speed with which that pathology has occurred.
Cytotoxic cellular edema is initially compensated for by
movement of CSF out of the skull into the subarachnoid
space around the spinal cord. If, however, SAH has caused
a blockage in the interventricular canals or the basal cisterns,
CSF movement out of the skull is restricted, the total con-
tents of the skull are less elastic and for the same amount
of cerebral swelling, the rise in ICP will be greater. Although
this description may be useful in clinical practice, it is
important to realize that the relationships between intracra-
nial blood, CSF, and brain volume with ICP are extremely
complex and that greater understanding of these relation-
ships may lead to improvements in the management of
TBI (43). Current evidence suggests that 20–25 mmHg

is the upper threshold above which treatment to lower ICP
should be started (42).

THE ROLE OF MONITORING IN THE MANAGEMENTOF
TRAUMATIC BRAIN INJURY

Multimodal monitoring of the patient with TBI is discussed
in detail in Volume 2, Chapter 7. The importance of adequate
monitoring cannot be overemphasized. Many of the current
treatments for TBI have never been proven in prospective,
randomized trials. Furthermore, many of the monitoring
techniques employed in the ICU setting are subject to inac-
curacies and doubts about their benefit. However, their uti-
lities in detecting the trends of therapy are valuable. A
Canadian study has shown that although 98.1% of surgeons
use ICP monitors for patients with severe TBI, only 20.4%
have confidence that ICP monitoring improves outcome
(44). If a treatment is administered with the expectation
that it will cause a specific effect, monitoring is required to
detect that effect. If the treatment is ineffective for the specific
result required or fails to produce a reduction in mortality or
morbidity, attention should be directed to inappropriate
treatment not necessarily inappropriate monitoring. Vaso-
pressor drugs may have a limited effect in the presence of
hypovolemia, and mannitol may not reduce ICP in the pre-
sence of hyperemia. Monitoring should be used in conjunc-
tion with knowledge of the injury process, clinical
examination, laboratory measurements, and imaging.

MANAGEMENTOF TBI IN THE INTENSIVE CARE UNIT
The Evolution of Intensive Care Unit Management for
Traumatic Brain Injury
Much of the management of TBI is intuitive and prefer-
red therapy varies between institutions and countries.
Guidelines have been issued in the United States using pub-
lished studies to make evidence-based recommendations and
in Europe, based on consensus statements by experienced
senior physicians (42,45). There is no doubt that neurosurgi-
cal ICU practice has changed in recent years (46,47). Whether
this change has been brought about by the publication of
guidelines, or in spite of them, is unclear. What is certain is
that practice is not 100% uniform. However, overall, there
are more common points of management in centers around
the globe than divergent. In addition, the science behind our
therapies is still in its infancy. Current specific management
considerations for TBI are reviewed in the following section.

Specific Therapies of Importance in the Management
of Traumatic Brain Injury
Oxygen
Postmortem studies of head-injured patients often show a high
proportion of patients with secondary ischemia. It is hardly
surprising, therefore, that most treatises on the management
of TBI advise that oxygen be given to prevent hypoxia.

During the resuscitation phase it is recommended that
PaO2 be maintained above 60 mmHg (8 kPa) (42).
Hypoxic insults during intensive care also increase mortality
(48). Nowhere is an upper limit of PaO2 recommended. Con-
sequently, it is not unusual to find ICU patients with TBI
being managed with PaO2 values well above the normal
range.

This approach may not be as safe as is commonly sup-
posed. High concentrations of oxygen are toxic to the lungs
and can cause the acute respiratory distress syndrome
(ARDS) (49). The role of oxygen free radicals in causing sec-
ondary brain damage has been described above. It seems
sensible to suggest that sufficient supplemental oxygen be
given to maintain PaO2 within the normal range and that
the dose should be titrated in the same way as for all other
drugs and fluids.

Intravascular Repletion for Hypotension
During the early period after injury, hypotension is strongly
associated with an increase in mortality suggesting that poor
perfusion leads to reduced oxygen delivery to the brain with
significant ischemic consequences. Hypotension in the ICU
may be equally devastating. For patients whose only hypo-
tensive episode occurred in ICU, 66% either died or remained
in a vegetative state compared to 17% for those patients who
never suffer a hypotensive episode (48). The target systolic
blood pressure appears to be 90 mmHg or more (42).

In a small group of patients with severe TBI and sig-
nificant extracranial injuries, aggressive fluid resuscitation
is associated with remarkably good outcomes suggesting
that archaic practices of fluid restriction (to reduce edema)
is not only unnecessary but potentially harmful (51,52). A
fluid deficit of only 594 mL has an adverse effect on
outcome after isolated TBI (53). Animal studies suggest
that resuscitation can be successfully completed using phys-
iological saline, hypertonic saline, hetastarch or whole blood
provided that adequate volumes are given. Hypertonic
saline, however, appears to have the additional advantage
of reducing ICP (53). It is important to remember that all
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hypertonic solutions exert their effect by increasing plasma
osmotic pressure. Water is drawn first from the interstitial
space and then from the cells. However, excessive use of
hypertonic solutions can cause dangerous intracellular
dehydration and increase mortality (54). Hypertonic saline
should not be used for prolonged periods unless additional
water is given in the form of other fluids.

Hypotension has many causes including vasodilator
sedatives, ventilation, incomplete resuscitation prior to
ICU admission, and continued blood loss from a known
injury. The ICU doctor should always be alert to the possi-
bility that there are other undiagnosed injuries causing
occult bleeding. The chest and abdomen are common sites
for such injuries. The management of hypotension
must include not only fluid replacement but also identifi-
cation of the cause.

Ventilation, PaCO2, and Effects of Intrathoracic Pressure
The patient with severe TBI requiring admission to ICU is typi-
cally comatose and at high risk of airway obstruction and pul-
monary aspiration because airway reflexes are obtunded.
Consequently, endotracheal intubation and mechanical venti-
lation will already have started or will be indicated shortly
after ICU admission. At this time, ICP monitoring is very
helpful. As expected venous return will be maximized if
mean intrathoracic pressure is kept to the minimum required
for adequate oxygenation and carbon dioxide removal. In
theory, improving cerebral venous drainage will assist in
the control of ICP by minimizing cerebral venous engorge-
ment. This implies the use of head elevation, smaller tidal
volumes, and proportionately increased respiratory rates. If
TBI is associated with pulmonary contusion, positive end
expiratory pressure (PEEP) may be used to aid alveolar
recruitment. Also, postural drainage facilitates removal of
secretions. The amount of PEEP or reversal of head elevation
that can safely be used is variable. Their use should be
guided by their effect on ICP. In theory, both of these interven-
tions may raise ICP. In practice, their effect is very much
dependant on individual patient variables. Accordingly, ICP
monitoring is an invaluable aid to optimizing respiratory man-
agement. Positive pressure ventilation is often cited as a cause
of hypotension. Hypotension is unlikely in euvolemic
patients, when physiological (7–15 mL/kg) tidal volumes
are used, and its occurrence should provoke further thought
concerning the adequacy of fluid resuscitation.

For the patient with TBI, another important benefit of
ventilation is the ability to control PaCO2. For the majority
of patients, PaCO2 should be maintained in the low normal
range. A PaCO2 of between 30 and 35 mmHg (4–4.5 kPa) is
recommended in the United Kingdom and between 35 and
40 mmHg (4.5–5 kPa) in the United States. Improved survi-
val has been demonstrated for patients in whom PaCO2 is
maintained at 35 rather than 25 mmHg and local reductions
in cerebral perfusion have been demonstrated when PaCO2

is between 27 and 32 mmHg (55,56). Chronic hyperventila-
tion should be avoided particularly in the early days after
TBI (42). However, a brief period of hyperventilation is an
appropriate option if there is an acute deterioration in neuro-
logical status (42). This allows time for other therapies such
as increased sedation and mannitol to become effective and
also allows time for diagnostic CT scanning and if appro-
priate, urgent surgical intervention to control raised ICP.

Monitoring of jugular bulb venous oxygen saturation
(SjO2) and arteriojugular venous oxygen content differences
(AVdO2) will facilitate the identification of hyperemia as a

cause of raised ICP. An SjO2 of more than 80% indicates
that the brain is receiving more oxygen than it can extract.
This may be because of high CBF and increased oxygen
delivery, but can also occur if the brain has died and meta-
bolic processes have ceased. In the presence of preserved
CO2 reactivity and hyperemia, temporary hyperventilation
will reduce ICP and is generally considered safe provided
that the SjO2 does not fall below 55% and the AVdO2 does
not exceed 9%. Hyperventilation in excess of these values
may cause cerebral ischemia. Recent research, however,
shows that even in the presence of acceptable SjO2, localized
areas of ischemia are often present (56).

Sedation, Analgesia, Neuromuscular Blockade
Sedation and analgesia are essential components to the man-
agement of ventilated patients. They permit the patient to be
comfortably settled on the ventilator. During unpleasant inter-
ventions, boluses obtund the hypertensive response. For the
patient with TBI, the effects of sedatives and analgesics on
ICP, CPP, CBF, CO2 vasoreactivity and seizure activity must
be considered and the beneficial effects balanced against
detrimental effects. The choice of agent also depends upon
whether it can be administered by infusion and its duration
of action when the infusion is discontinued. Even opioids
such as Morpline, when administered as a low dose infusion,
will have minimal respiratory depression, sedation, pupillary
constriction or unwanted cardiovascular effects (57). Short-
acting drugs are preferred for patients where the ventilation
period is expected to be brief or when brain death tests may
need to be performed. In some centers, cost may also dictate
the choice of drug, although it is important to remember that
the cost of an expensive drug may be offset by reduced ICU
costs brought about by a reduction in time to extubation.
Minimal data exists upon which to base a recommendation
that any particular drug is more or less beneficial to use in
the TBI patient (58). Propofol (0.1–0.5 mg/hr) and midazolam
(1–6 mg/hr) are equally successful for long-term sedation of
critically ill patients (59). Propofol may, or may not, have a
cost advantage because weaning is more rapid (59,60).
Lorazepam (0.05 mg/kg, then 0.007 mg/kg/hr) has also been
advocated as a safe, cost-effective sedative for critically ill
trauma patients (61). Dexmedetomidine, a new a2-agonist, is
increasingly used in critically ill patients, and may become
an ideal drug for patients recovering from TBI (62). If possible,
evidence-based sedation guidelines should be followed (63).

In the past, nondepolarizing neuromuscular blockade
(NMB) drugs were routinely given to prevent rises in ICP
secondary to coughing on the endotracheal tube. With the
advent of ICP monitoring, use of NMB has decreased and
is now reserved for patients in whom persistently elevated
ICP is difficult to control. NMB drugs are also frequently
used during transport when movement may provoke cough-
ing on the endotracheal tube and inceases in ICP, or acciden-
tal extubation. The choice of NMB drug depends on the side
effects and the anticipated clinical duration of use, just as
with sedatives and analgesics. Pancuronium, vecuronium,
and cisatricurium are commonly used (58). Pancuronium
can cause tachycardia and minimal hypertension that may
or may not be desirable depending on the ICP, CPP, and
CO2 reactivity. Its main advantage is its long duration of
action and low cost. A disadvantage is that excretion is
dependant on normal renal function. Atracurium can
cause histamine release and hence hypotension when admi-
nistered as a bolus but cardiovascular stability is the rule
when it is given by infusion. Cisatricurium does not cause
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histamine release (thus more stable hemodynamically), and
does not depend upon renal or hepatic function for clear-
ance. Cisatricurium is degraded spontaneously via
Hoffman degradation, and is thus useful in patients with
multiple organ dysfunction syndrome (MODS). Vecuronium
causes minimal hemodynamic disturbances and is inexpen-
sive, but its duration of action will be slightly prolonged in
patients with liver disease. Guidelines are available for the
prolonged use of NMB drugs in the general ICU
population (also see Volume 2, Chapter 6) (64).

Head Elevation and Extracerebral Venous Drainage
It is traditional to nurse the head-injured patient with a 308
head up tilt. This usually reduces ICP by 1 or 2 mmHg.
Hypovolemic patients may, however, become hypotensive
causing a greater reduction in CPP. If CPP falls, the horizon-
tal position should be used until blood pressure is restored
by volume resuscitation or vasopressors.

There is no evidence that catheters sited in the internal
jugular veins have an important effect on venous drainage.
Placement of internal jugular catheters, however, can cause
raised ICP, particularly if the head is turned and the patient
is tilted head down. At many institutions, the placement of a
subclavian catheter without causing a pneumothorax is the
preferred method for skilled practitioners. In addition, tape
used to secure the endotracheal tube should be sufficiently
loose that engorgement of the jugular veins does not occur.

Surgery for Evacuation of Hematomas
The decision to evacuate hematomas is made by the neuro-
surgical team. Small hematomas may be observed but
require regular CT assessment because they can enlarge.
Any hematoma causing greater than 5 mm of midline shift
or persistently raised ICP is usually removed urgently to
minimize ischemic damage.

Ventriculostomy for External Ventricular Drainage
ICP can be reduced by the intermittent or continuous drai-
nage of small volumes of CSF through a ventriculostomy.
A ventriculostomy is a catheter inserted into one of the
lateral ventricles (Fig. 10). Uncontrolled continuous drainage
of CSF can lead to the complete collapse of the ventricles.
A closed external ventricular drainage (EVD) system
should always be used to reduce the risk of infection.

Osmotic Diuretics for Control of Cytotoxic and
Vasogenic Edema
Used in single doses, all osmotic diuretics are reasonably
safe. Potential risks of repeated doses are hypokalemia,
hyperosmolarity possibly causing renal failure, subdural
hematoma, congestive cardiac failure, and coagulopathy.

1. Mannitol is the most commonly used osmotic diuretic,
and has been used for decades without randomized
trials documenting its efficacy. However, a recent ran-
domized trial has demonstrated clear benefit for the
use of bolus doses of mannitol for patients with localiz-
ing signs in the emergency room (65). In the ICU, trials
are needed to demonstrate benefit and an optimal
dosing regime. Contrary to common belief, the osmotic
effect of mannitol on the cells is probably the least
important of its mechanisms of action. Its ability to
reduce blood viscosity, increase the deformability of
erythrocytes, and induce constriction of pial arterioles
is most likely more important (66,67).

2. Hypertonic saline, from 3% to 23.4% has been used
for ICP management; 7.5% saline as a single dose of
100 to 150 mL is commonly used for prehospital small
volume resuscitation in Europe. Its use remains exper-
imental in the United States. It reduces ICP but CBF is
unaffected. This suggests that it works by an osmotic
mechanism (68).

3. 23.4% saline has been used successfully for patients with
refractory raised ICP who have failed to respond to man-
nitol (69). A single bolus of 30 mL given over 15 to 20
minutes through a central line did not alter the serum
sodium concentration.

Loop Diuretics
Furosemide and other loop diuretics cause a diuresis and
may reduce CSF formation. They may help to reduce ICP
when used in conjunction with mannitol but are ineffective
when used alone. Furthermore, both furosemide and manni-
tol may lead to hypotension, which requires volume
repletion with physiological saline or colloid.

Steroids
The American standard is that steroids should not be used in
the treatment of TBI (42). A more recent systematic review of
randomized controlled trials concluded that “there remains
considerable uncertainty over their effect” but this view
has been challenged because exclusion of one of the trials
changes the results to suggest that steroids do not have
any benefit (70,71). Statistically, the systematic review
could not rule out moderate harm from steroids (70).
However, a significant increase in the incidence and severity
of infectious complications has been noted in an observa-
tional study (72). Furthermore, dexamethasone can cause
femoral and humeral head necrosis, and the non-
steroid part of the methylprednisolone molecule causes
anaphylaxis (73,74).

Figure 10 Computed tomograph of the brain showing the proper

position and appearance of a ventriculostomy. The catheter is

located in the frontal portion of the right lateral ventricle.
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Vasopressors to Increase Cerebral Perfusion Pressure
Currently, a target CPP of .60 mmHg is recommended but
some evidence suggests that this CPP may not be appropri-
ate for all patients, particularly those who have preexisting
hypertension (75,76). Vasopressors are used to increase
CPP in euvolemic patients; adrenaline, noradrenaline, and
dopamine are frequent choices. None have been specifically
investigated with regard to outcome after TBI. The choice is
typically made because of the personal preferences and/or
biases of the ICU team. A more logical approach might be
to monitor the circulation with a pulmonary artery flotation
catheter and to choose a vasopressor after reviewing the
findings. Pulmonary artery catheters can cause some mor-
bidity and should not be used without an assessment of
the risks and benefits.

Barbiturates
Barbiturates are thought to have several potentially useful
mechanisms of action. These are altered vascular tone, sup-
pression of metabolism, and free-radical scavenging. Regard-
less, the use of barbiturates is controversial. They may be
helpful in reducing refractory raised ICP in salvageable,
hemodynamically stable patients although there is no
evidence that outcome is improved (42,77). Anaerobic
metabolism is not always prevented even when electroence-
phalographic burst suppression is achieved (78).

Temperature Control Including Hypothermia
Pyrexia is associated with seizures, infection, an inflamma-
tory response and thalamic injury. Depending on the cause,
it is generally agreed that definitive treatment should be
started and core temperature reduced to as near normal as
possible. Paracetamol (acetaminophen) and surface cooling
are simple, nonspecific methods that are easy to use.

Hypothermia reduces ICP but whether its use for the
treatment of refractory raised ICP improves outcome is
unproven (79). In the general population of blunt-trauma
victims, hypothermia is an independent predictor of
increased mortality (80). Despite numerous animal experi-
ments suggesting that early hypothermia is protective in
TBI, it has proved ineffective in the largest and most recent
randomized human trial (81). The reasons for this disap-
pointing finding are probably multifactorial but it has been
shown that hypothermia below 358C impairs cerebral oxy-
genation possibly because of a leftward shift of the oxygen
dissociation curve (82). Other possible factors include
prolonged time from injury to achieving hypothermia, the
methods of cooling used, the difficulty of maintaining a
constant temperature, and the duration of cooling (83).

Seizure Control
There is minimal evidence for the routine use of anti-

convulsants to prevent seizures (84). Phenytoin and
sodium valproate are equally effective at treating seizures
that do occur (85). Lamotrigine has not been tested for the
prevention of early seizures but is of interest because it
may also increase the speed of recovery from TBI (86). If
anticonvulsants are used, they should be limited to the
first week after head injury.

Decompressive Craniectomy
Decompressive craniectomy soon after TBI does not improve
outcome (87). Some centers use decompressive craniectomy
for refractory raised ICP but its benefit has not been tested in
a controlled trial. Anecdotal evidence suggests that this pro-

cedure is useful when high doses of vasopressors are
causing side effects and adequate perfusion pressure is
becoming difficult to maintain (88). Until the bone flap is
replaced, the brain is at greater than normal risk of injury
particularly if the patient is confused or unstable while
ambulatory. Furthermore, replacement of the bone flap is
associated with the risks of postoperative EDH and signifi-
cant infection. In the absence of clear evidence of benefit,
the decision to proceed to decompressive craniectomy
should be made after careful assessment of the risks and
benefits for the individual patient.

Chest Physiotherapy and Endotracheal Suctioning
ICP and CPP increase with both these procedures. In the
majority of patients, ICP falls to baseline values rapidly
(89). If the patient has significant secretions, failure to
provide physiotherapy and suction can result in consolida-
tion and hypoxia, which may lead to ARDS. In order to
reduce the intracerebral effects of suction and physiotherapy,
many clinicians use preoxygenation and a bolus of sedative
prior to the intervention.

Nimodipine to Control Vasospasm
Following nontraumatic SAH, the routine use of nimodipine
has dramatically reduced the incidence of secondary
ischemic damage due to vasospasm. Some favorable
results have been obtained using nimodipine following trau-
matic SAH, yet its routine use in traumatic SAH is not indi-
cated (90). Also see Volume 2, Chapter 14 for extensive
discussion of nimodipine and other treatments for cerebral
vasospasm following SAH.

Management of Hyperglycemia
In a study of 1548 surgical patients including 68 suffering
from trauma or burns, intensive insulin therapy to control
hyperglycemia reduced mortality by almost one- half (91).
Patients with MODs and sepsis derived most benefit with
significant reductions in the incidence of blood infections,
acute renal failure, and polyneuropathy (also see Volume
2, Chapter 60). A reduction in red cell transfusion require-
ment and duration of mechanical ventilation were also
observed. It is tempting to suggest that blood glucose
should be maintained within the normal range because of
the association of hyperglycemia with increased mortality
following TBI particularly if the brain is ischemic. Although
there are minimal standards for the management of hyper-
glycemia in TBI, it is clearly unacceptable to allow severe
hyperglycemia to persist untreated. In the past, blood
glucose was usually maintained between 125 and
175 mL/dL. However, with the newly recognized benefits
of tight blood glucose with intensive insulin therapy,
most units are now keeping the glucose in tighter range
(e.g., 90–120 mg/dL).

Management by Standardized Protocol
A standardized protocol for the management of ICP

appears to provide more consistent control (92).
Similarly, a standardized protocol for CPP management of
patients admitted with a Glascow Coma Scale (GCS) of
less than 8 claimed a mortality rate better than any described
previously. Only 31% of patients died or remained in a
vegetative state (93). Another protocol designed to control
both ICP and CPP also achieved a dead or vegetative rate
of 30% but even better results were obtained when the
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therapy goal was cerebral extraction of oxygen. Use of this
parameter permitted hyperventilation to be used for the
treatment of hyperemia (94). A randomized study compar-
ing a CBF targeted protocol against an ICP targeted protocol
failed to show a significant difference in mortality between
the groups. The most significant finding of the study
was that both protocols prevented secondary ischemic
insults (95).

In practice, equally good results are obtained by strict
adherence to local protocols that may differ from each other
in several ways. It has been suggested that this is because
the use of a protocol implies exemplary critical care. The
subtleties of management may be less important than
the prevention of hypotension (96).

The Lund Protocol
There is evidence to support the belief that as much as 75%
of brain swelling is due to cytotoxic edema and only 25%
of increased brain bulk is due to vasogenic edema and
hyperemia (97). The protocols discussed above share a
common approach: treatment is designed to control cytotoxic
and vasogenic edema with the primary intention of
reducing ICP and increasing CPP, CBF, and hence cerebral
oxygenation.

A completely different approach is used in Lund,
Sweden. The two goals of therapy are prevention of cerebral
hypoxia (by maintaining euvolemia) and control of vaso-
genic edema (by maintaining colloid osmotic pressure,
reducing MAP, and constricting precapillary resistance
vessels). The specifics of the Lund Management Protocol
are summarized in Table 6. Of the 53 patients with severe
TBI and ICP greater than 25 mmHg treated using the new
Lund protocol, 8% died and 13% were left in a vegetative
state or severely disabled (98). Like many other aspects of
TBI management, the Lund protocol has not been tested in
a randomized controlled trial. At present, all that can be con-
cluded is that the results are impressive and have been repli-
cated outside Lund (99). It may be that the Lund team has
identified a key area where targeted intervention improves
outcome. Alternatively, the Lund protocol may be yet
another example of how exemplary ICU care combined
with aggressive treatment of hypovolemia improves
outcome.

ASSOCIATED ORGAN SYSTEM COMPLICATIONS
FOLLOWINGTRAUMATIC BRAIN INJURY
Neurogenic Pulmonary Edema
Neurogenic pulmonary edema is thought to be due to
massive alpha-adrenergic discharge at the time of injury
(100). A transient surge in left atrial and pulmonary artery
occlusion pressure disrupts the alveolar-capillary membrane
leading to massive fluid leakage into the lungs and airways.
The clinical picture is similar to severe ARDS, and ideal res-
piratory management includes oxygen, ventilation with low
tidal volumes of approximately 6 mL/kg, maximum peak
airway pressures of 35 mmHg, PEEP of 5 to 10 mmHg, and
an inverse inspiratory/expiratory ratio. The prone position
also improves oxygenation in some patients. Clearly, some
of these interventions may increase ICP or decrease CPP.
Management should be individualized to each patient and
compromises in the optimum management of both brain
and lungs are often necessary. At its worst neurogenic pul-
monary edema is so severe that the patient drowns in
edema fluid. Even in the best institutions, adequate oxygen-
ation cannot always be achieved. Accurate fluid manage-
ment is crucial and a pulmonary artery flotation catheter
can be very helpful to optimize cardiovascular parameters.
Obviously fluid overload must be avoided but many of
these patients become volume depleted as a result of the
huge loss of proteinaceous fluid from the lungs.

Hypernatremia
Hypernatremia associated with TBI is usually a result of
water depletion. Commonly, it is caused by the use of
mannitol or diabetes insipidus.

Mannitol-induced hypernatremia is associated with
excessive volumes of dilute urine that coincide with doses
of mannitol. Treatment includes water replacement given
via the enteral route or 5% dextrose given intravenously.
Mannitol may also contribute to hypomagnesaemia and
hypophosphatemia (101).

Diabetes insipidus should be suspected when the urine
output is over 200 mL/hr for two consecutive hours and the
serum sodium is rising. The diagnosis is confirmed if the
urine osmolality is lower than plasma osmolality (also see
Chapter 44). Desmopressin, 1–2 mg subcutaneously or intra-
venously, as single or repeated doses is the treatment of choice.

Table 6 The Lund Management Protocol

Goal Target Intervention

Reduce capillary hydrostatic

pressure

CPP 60–70 mmHg (but

50 mmHg acceptable)

Metoprolol

Clonidine

Dihydroergotamine

Reduce cerebral blood volume ICP , 25 mmHg Thiopental

Dihydroergotamine

Reduce stress response and cerebral

energy metabolism

Adequate sedation and

analgesia

Benzodiazepines

Fentanyl

Low-dose

thiopental

Fluid balance and maintenance of

colloid osmotic pressure

Hemoglobin 125–140 g/L

Albumin 40 g/L

Equal of slightly negative

fluid balance

Albumin infusion

Frusemide

Blood

Enteral nutrition

Intermittent CSF drainage ICP , 25 mmHg EVD

Abbreviation: EVD, external ventricular drainage.
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Hyponatremia: SIADH vs. Cerebral Salt Wasting Syndrome
Hyponatremia is common in neurosurgical patients, and is
often attributed to the syndrome of inappropriate secretion
of antidiuretic hormone (SIADH). This syndrome is charac-
terized by a urine osmolality which is greater than serum
osmolality, and an elevated urinary sodium concentration
(typically .20 mmol/L). Additionally, SIADH patients
have normal or slightly elevated intravascular volume.
Aggressive fluid restriction may be all that is needed to
correct this syndrome.

It is important to distinguish between SIADH from the
cerebral salt wasting syndrome, which also occurs commonly
following TBI, because their treatments are divergent (102).
Cerebral salt wasting syndrome occurs with concurrent
water loss, and these patients are volume depleted. Careful
assessment of trends in fluid and sodium balance combined
with urine and serum osmolarity measurements usually
provide the clues to the correct diagnosis. In cerebral salt
wasting syndrome, there is an excess loss of sodium com-
pared to changes in other parameters (osmolality may be
increased with cerebral salt wasting syndrome). Treatment
for SIADH is dramatically different from that for cerebral
salt wasting syndrome. SIADH requires only fluid restric-
tion, whereas cerebral salt wasting syndrome requires
repletion of intravascular fluid as well as salt. Accordingly
3% saline is often administered for patients with cerebral
salt wasting syndrome.

Hyponatremia when severe causes cerebral edema
and seizures, thus treatment is required. However, hyper-
tonic saline should be given slowly once the serum sodium
is greater than 120 mmol/L. The reason for raising the
serum sodium slowly is the association between rapid cor-
rection and central pontine myelinolysis (103). Accordingly,
3% saline is often given in addition to larger quantities of
normal saline or albumin, until intravascular volume is
replenished in the setting of cerebral salt wasting syndrome.

OTHER ASPECTS OF CRITICAL CARE FOR
TRAUMATIC BRAIN INJURY PATIENTS
Enteral Nutrition
Patients with severe TBI are hypercatabolic and have
reduced immune function (104). Early enteral feeding is
essential to prevent malnutrition with attendant muscle
wasting. Traditional wisdom had maintained that it is diffi-
cult to establish enteral nutrition early in head-injured
patients because they have gastric stasis and/or intestinal
ileus. However, early enteral feeding is successful in most
patients. The benefits of jejunal versus gastric feeding have
been studied, with the results showing that gastric feeding
is successful in 97% of patients (105). Gastric feeding using
a percutaneous endoscopic gastrostomy (PEG) starting on
day 3 is also successful in 97% of patients (106). During the
recovery phase, a PEG is helpful if the patient has dysphagia
or diminished protective airway reflexes. Many centers
believe that feeding via the gastric route using a nasogastic
tube can and should be started shortly after admission, and
is successful in the majority of patients. When enteral
feeding is problematic, maxolon or low-dose erythromycin
is used to encourage gastric emptying (107,108).

Acute Respiratory Distress Syndrome and Sepsis
ARDS is the most severe form of a spectrum of lung injury
that occurs after injury and sepsis. In its less severe form,
it is referred to as acute lung injury (ALI). ALI occurs in

20% of comatose TBI patients and is associated with the
global severity of TBI rather than specific injury patterns
(109). TBI patients with ALI are almost three times more
likely to die than patients with similar head injury severity
but no ALI.

ARDS causes more severe hypoxia than ALI. Numer-
ous strategies have been suggested for the treatment of
ALI/ARDS but although most of them increase PaO2, none
confer survival benefit (110,111). Over the years, however,
mortality from ARDS has declined. The decline is probably
due to better attention to fluid balance combined with lung-
protective strategies. The patient with TBI and ARDS pre-
sents a particular challenge. Current treatment of ARDS
includes reducing inspired oxygen concentration so that
PaO2 is maintained at around 60 mmHg (8 kPa) and adjust-
ments to the ventilator so that tidal volumes and airway
pressures are limited. These ventilator adjustments com-
monly cause hypercapnia. For the patient with TBI, relative
hypoxia and absolute hypercapnia are undesirable with
respect to brain recovery. Herein lies the challenge. Interven-
tions must be tailored to each individual patient’s physio-
logical state, which will vary over time. It is helpful to
maintain the PaO2 at about 75 mmHg (10 kPa) and to
manage PaCO2 according to the ICP response.

Sepsis and multiorgan failure are common in critically
ill patients, and patients with TBI are no exception. The use
of prophylactic antibiotics is controversial except in the
case of penetrating head injuries (112). Meticulous attention
to infection control techniques will reduce the risk of
infection.

Weaning and Extubation
There is little consensus regarding the best method of
weaning patients with TBI from the ventilator. In addition
to the normal respiratory parameters, the clinician should
also be aware of the impact of weaning on ICP and CPP.
For patients with uncomplicated TBI one method is to first
reduce the respiratory rate so that PaCO2 rises to at least
5 kPa. If ICP does not increase, paralysis is discontinued (if
it is still being used). Lastly, sedation is reduced stepwise
until either ICP rises or breathing commences. Assuming
that ICP does not rise, the patient is weaned as rapidly as tol-
erated from synchronized intermittent mandatory venti-
lation to spontaneous ventilation with pressure support.
As sedation is withdrawn, many relatively alert patients
become hypertensive and ICP sometimes rises. At this
point it is necessary for the clinician to decide whether
hypertension and raised ICP will settle after extubation
and whether the patient has sufficient airway control to
manage following extubation. If it is thought that the
patient will cope after extubation, weaning to independent
breathing and extubation should proceed as quickly as
possible watching for signs of clinical deterioration in the
GCS. Commonly, the patient’s GCS does not deteriorate
despite the rise in ICP and extubation can be achieved
uneventfully. In the event that the patient does not have ade-
quate airway control and/or protective reflexes, a tracheost-
omy is indicated prior to a second attempt at weaning. TBI
patients recovering from lower respiratory tract infection
or ARDS usually require a tracheostomy to facilitate the
weaning process.

Indications for Tracheostomy
In general tracheostomy is indicated to protect the lower
airway, to aid weaning in the presence of copious secretions
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or muscle weakness, and as an aid to patient comfort. Predis-
posing factors indicating potential need for tracheostomy in
patients with TBI include admission GCS of less than 8,
injury severity score greater than 25 or ventilator days of
more than 7 (113). Tracheostomy, whether performed percu-
taneously or by traditional surgical techniques, carries the
risk of hypercarbia and sometimes hypoxia. For this
reason, it is better to delay performing a tracheostomy
until ICP is under control and the condition of the lungs
has improved to a point where weaning is likely to be
successful.

The Diagnosis and Treatment of Agitation
Following Extubation
Agitation is a common problem following extubation of
patients who have suffered a severe TBI. It is essential to
distinguish between agitation that results from the primary
brain injury and agitation due to hypoxia, hypercarbia,
or cerebral swelling; the latter are easily diagnosed by

arterial blood gas analysis and the former by CT scan.
Whichever cause is identified, sedation and reintuba-

tion and ventilation for 24 hours are often the safest and
most appropriate treatments. Sedatives such as benzo-
diazepines or haloperidol can be given but may reduce
GCS to the point where there is a risk of airway compromise.
Consequently, sedatives should be used with caution and
frequent monitoring of GCS and airway status. Many head-
injured patients suffer prolonged headache and simple
analgesics sometimes reduce agitation. Physical restraint is
an option but should only be used if this is believed to be in
the patient’s best interests and after discussion with
members of the family.

REHABILITATION BEGINS IN THE INTENSIVE CARE UNIT

Most patients with severe TBI face a prolonged period of
rehabilitation following discharge from acute hospital care.
In the ICU, some rehabilitation techniques are appropriate.
Even though dramatic improvements may not be achieved
this early in the patient’s care, an awareness of rehabilitation
techniques and prevention of pressure sores and limb con-
tractures can be important in facilitating eventual successful
rehabilitation (see Volume 2, Chapter 66).

Appropriate Sensory Stimulation
Given that some aspects of recovery appear to be due to the
recruitment of alternative neural pathways, sensory stimu-
lation is commonly practiced in the ICU setting. Favorite
music and frequent touching are encouraged. The evidence
that these interventions make a real difference is sparse but
involvement of family members comforts them at a time
when they feel most helpless.

Spasticity and Contractures
Increased muscle tone is a common feature of severe TBI.
Not only is this condition painful but also it can lead to per-
manent deformities of the limbs that can make subsequent
mobilization difficult. Benzodiazepines, baclofen, dantro-
lene, and tinzandine (a clonidine analogue) have been rec-
ommended for the treatment of spasticity (114). All can
cause sedation as a side effect. Consequently some special-
ized centers prefer to use botulinum toxin type A injected
locally into affected muscles (114). Sometimes splints are

used in addition or as an alternative to drug therapy. As
with so many other aspects of head injury management,
the long-term consequences of spasticity must be balanced
against short-term side effects of drugs.

Heterotopic Ossification of Joints
Heterotopic ossification of joints occurs after severe head
injury and can limit joint mobility. The diagnosis is likely if
a joint becomes warm and swollen or the range of movement
diminishes and is confirmed using plain radiography. Man-
agement is difficult and includes antiinflammatory drugs
such as indomethacin, surgical removal of ectopic bone,
physical therapy, and radiation treatment (115).

Management of Long Bone Fractures
Outcome following TBI with associated long bone fractures
depends mainly on the severity of the TBI. Fracture man-
agement should be a secondary consideration in the
immediate aftermath of injury. However, initial planning
should anticipate full neurological recovery of the patient.
Adequate resuscitation and control of ICP and CPP
during anesthesia and surgery are of paramount import-
ance (116). The treatment of fractures should be planned
to facilitate nursing care and in the longer term, to ensure
that mobilization is not hindered by limb deformities or
nonunion of fractures.

DYING IN THE INTENSIVE CARE UNIT FROM A HEAD INJURY

All deaths following trauma are stressful for families and
staff alike. Death from head injury can be particularly diffi-
cult because the external signs of injury may be minimal
and the severity of the underlying injury may be difficult
to comprehend (see Chapters 16 and 67–69).

Brain Death and Brainstem Death
Cultural, social, religious, and legal differences mean that
the definition of death and hence the diagnosis of death
differ between countries. Judaism, for example, requires
that the patient’s heartbeat and breathing cease before
death can be certified. Some countries, such as the United
Kingdom, require that the brainstem is dead for death to
be legally diagnosed. Yet others require that the whole
brain is dead before death can be declared. Consequently
each country and/or state has its own criteria for the diagno-
sis of death after head injury, which is discussed in detail in
Volume 2, Chapter 16.

Organ Donation After Traumatic Brain Injury
The diagnosis of brain death or brainstem death permits
removal of organs for the purposes of transplantation
while the heart is still beating and oxygenation of the
tissues is maintained by means of mechanical ventilation.
Although the grief of family members will be acute at the
time of death, many relatives eventually take comfort from
the knowledge that organ donation has taken place. One
organ donor can save more than nine lives and improve
the quality of life for many others. A complete review of
the determination of brain death and management of the
brain dead organ donor is proved in Volume 2, Chapter 16.
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Communication with Family Members
The importance of sensitive and realistic communication
with family members cannot be overemphasized. It is
essential too that all members of the team communicate
with one another so that confusing and contradictory infor-
mation is not given. Death is much easier to accept if infor-
mation is staged. Constant discussion with the family will
ensure that deteriorations are communicated as they occur
until the time that death becomes inevitable and the diagno-
sis is made. Preparation of the family for the death of the
loved one is not only considerate but also facilitates the
decision to proceed with organ donation (117,118).

Withhold or Withdrawal of Treatment
Not all head-injured patients die quickly as a result of brain
death. Nevertheless, many injuries are ultimately not survi-
vable, but death is delayed by the intensive support
provided in an ICU. Current wisdom is that early intensive
intervention is provided to all injured patients. When stabil-
ization in the ICU has been achieved, the consequence of this
approach is that ICU clinicians must, in conjunction with
their neurosurgical colleagues, reassess the patient’s poten-
tial for survival. For a few patients, the decision to withhold
or withdraw active treatment is the inevitable consequence
because further intervention is futile. The decision to with-
draw treatment is based on experience and opinion and is
emotionally difficult. Despite the risk of potential criticism
from relatives, we owe it to our patients to ensure that inevi-
table death occurs in as dignified a manner as possible and
with the minimum of medical intervention. This does not
mean that routine nursing care and comfort sedation and
analgesia should not be given. It does mean that prolonged
ventilation and vasopressor support are inappropriate and
should be discontinued.

UNCERTAINTIES IN THE MANAGEMENTOF TRAUMATIC
BRAIN INJURY

The need for prolonged rehabilitation after TBI has already
been alluded to and the consequences of TBI of all severities
discussed. TBI also shortens the time to onset of Alzheimer’s
disease and increases the risk of suicide (119,120). No associ-
ation has been found between TBI and the subsequent risk of
primary brain tumors (121).

ICU management of TBI is targeted towards reducing
secondary brain injury. In the future, antagonist cocktails
that prevent the molecular cascades that occur shortly after
injury will undoubtedly be developed. Because the molecu-
lar mechanisms of TBI are so complex and a balance between
the protective and damaging effects of some of the cascades
must be maintained, hopes that this will be an option in the
near future are not realistic.

Many of the changes seen in the brain following TBI
have been described in localized areas only. Currently,
however, TBI management is restricted to global techniques
in the hope that the damaged part of the brain will benefit.
Some global therapies have the potential to damage normal
brain. Hyperventilation, for example, is more effective in
areas of brain that maintain the ability to autoregulate.
Thus, excessive vasoconstriction will occur preferentially in
areas of undamaged brain that could be rendered ischemic.
Furthermore, blood flow may take the path of lesser resist-
ance and be preferentially directed to damaged brain, thus

causing local hyperemia. All those who care for head-

injured patients need to remember that the evidence for
their management is strictly limited and that therapies
considered acceptable today may be obsolete in the near
future. Not that many years ago, strict fluid restriction
was recommended to reduce cerebral edema. It is now
accepted that this treatment method may compromise circu-
lating blood volume, increase viscosity, and reduce cerebral
perfusion and blood flow (51).

There is a dearth of high quality evidence from ran-
domized trials that the practitioner can refer to for guidance
in the management of TBI. Clearly, there is a need to main-
tain CBF at a level sufficient to maintain the injured brain’s
global oxygen and glucose requirements. How this might
be achieved is still debated.

EYE TOTHE FUTURE

In the future, brain repair facilitated by nerve growth factors,
tissue transplantation, and gene therapy may become available
and would become the treatment of choice for TBI. Before that,
it is likely that pharmacological interventions will be devel-
oped that either enhance natural protective mechanisms or
that mitigate the damaging effects of the cascades activated
by the release of toxic substances from dead and dying brain
tissue. For example, intact female rats have a survival advan-
tage over males and ovariectomized females (122). Progester-
one given to male rats significantly reduces cerebral edema
(123). Melatonin, a free-radical scavenger, is neuroprotective
in mice (124). Cyclosporin A, which reduces mitochondrial
membrane permeability and limits necrosis of cortical tissue,
is neuroprotective in rats (125). These medications are
already used and their safety profile is known, so with appro-
priate randomized controlled trials, they could be tested in
humans relatively easily and rapidly. Also encouraging is
the discovery of CNS 2103 in viper venom, which may lead
to the development of brain-specific calcium antagonists
(126). Ischemic preconditioning also significantly reduces con-
tusion volume in rats, however, it is difficult to imagine how
this might be used to protect humans (127).

Although there are many exciting developments that
could become available in the next few years, we should
not forget current possibilities. Hypothermia may yet
prove to be helpful and despite evidence-based guidelines
being available, clinical practice is still inconsistent (128).
Although the search for new and better therapies must
continue, it is probable that we could make further inroads
into TBI mortality and morbidity if only we used existing
therapies properly.

SUMMARY

The effects of a head injury are for life. At present
exemplary basic care is the best that can be offered. Adequate
oxygenation and blood pressure are essential. Control of ICP
by surgical means, gentle ventilation, control of PaCO2, and
the use of diuretics are standard therapies. Adequate seda-
tion and analgesia are helpful in controlling ICP as well as
a basic human right. Paralysis is sometimes needed. CPP
should be maintained between 60 and 70 mmHg to facilitate
cerebral oxygenation. Interventions to prevent secondary
injury due to chemical mediators have been unsuccessful so
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far. Good nutrition is important. Prevention of fever, seizures,
infection, and contractures can all contribute to an improved
outcome. In the future, it may be possible to prevent second-
ary damage due to chemical mediators. An even more excit-
ing development will be the facilitation of neuronal repair. In
the meantime, it behooves us all to minimize secondary
insults and to manage our patients guided by the best evi-
dence available.

KEY POINTS

The function of certain portions of damaged brain can be
taken over by other areas, for example, the damaged brain
is thought to exhibit a certain degree of neural plasticity.

The goal of treatment for TBI is to reduce morbidity and
improve outcome.
The full effects of the ICU management of head injury
may not be apparent until years after rehabilitation is
complete.
Rehospitalization occurs in 23% of TBI patients in the
first year after injury and declines to 17% at five years
after injury.
Secondary brain injuries (Table 5) are of particular inter-
est because they are potentially preventable.
A systolic blood pressure of less than 90 mmHg occur-
ring between the time of TBI and completion of resusci-
tation is associated with a 33% increase in mortality.
An arterial oxygen tension (PaO2) of less than
60 mmHg (8 kPa) occurring between the time of TBI
and completion of resuscitation is also associated with
an increase in morbidity and mortality but to a lesser
extent than the effect of hypotension.
The highest blood sugar occurring in the first 24 hours
of ICU care is linearly correlated with mortality (Fig. 8).
Although human outcome data is controversial, fever
should be prevented in TBI patients.
For the patient with TBI, a CPP of .60–70 mmHg is
generally sufficient to maintain cerebral oxygenation.
Excessive hyperventilation of patients with TBI may
cause ischemia if CO2 reactivity is preserved.
The interpretation of a given ICP measurement must be
made in the light of the underlying pathology and the
speed with which that pathology has occurred.
Current evidence suggests that 20–25 mmHg is the
upper threshold above which treatment to lower ICP
should be started.
During the resuscitation phase it is recommended that
PaO2 be maintained above 60 mmHg (8 kPa).
The management of hypotension must include not only
fluid replacement but also identification of the cause.
There is minimal evidence for the routine use of anti-
convulsants to prevent seizures.
A standardized protocol for the management of ICP
appears to provide more consistent control.
TBI patients with ALI are almost three times more likely
to die than patients with similar head injury severity
but no ALI.
It is essential to distinguish between agitation that
results from the primary brain injury and agitation
due to hypoxia, hypercarbia, or cerebral swelling; the
latter are easily diagnosed by arterial blood gas analysis
and the former by CT scan.
All those who care for head-injured patients need to
remember that the evidence for their management is

strictly limited and that therapies considered accepta-
ble today may be obsolete in the near future.
The effects of a head injury are for life.
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INTRODUCTION

Spinal cord injury (SCI) continues to be a devastating
problem worldwide. In the United States alone, with more
than 11,000 cases per year, SCI is a major cause of morbidity
and mortality, especially in otherwise healthy young men
(age 15–40) (1,2). The major causes of SCI are motor
vehicle collisions accounting for 40% to 50%, falls (16%),
and sports injuries (10–15%) (2). The cervical spine
(C-spine) is involved in 55% of all SCIs (2–4).

Over the last decade, numerous major advances in our
understanding of SCI pathophysiology have occurred. The
possibility of beneficial treatment of acute injury with recov-
ery of lost function and our improved ability to limit damage
beyond the initial insult have begun to change the histori-
cally pessimistic attitude of physicians towards SCI (5,6).

The common assumption that patients who suffer SCI
are inevitably unhappy following their injury is untrue. In
one study of 128 patients with injuries at the C4 level or
above, 64% of those who were ventilator dependent, 54%
of those not dependent on a ventilator rated the quality of
their lives as good or excellent, and more than 90% reported
that they were glad to be alive (6). Old-fashioned approaches
are characterized by words from the ancient Edwin Smith
papyrus which declared: SCIs are “ailments not to be
treated” (7). However, as new therapics promote neural
regeneration in areas of the central nervous system (CNS)
previously thought to be impossible, including the spinal
cord, these opinions will acquire their appropriate status as
merely historical footnotes. As new therapies promote
neural regeneration in areas of the CNS previously thought
to be impossible, including the spinal cord.

In this chapter, anatomic considerations and patho-
physiology of SCI are reviewed. Only a brief mention is
made of initial assessment and management considerations,
as these topics are extensively covered in Volume 1, Chapters
15 and 26. This chapter reviews the critical care management
and focuses upon the elimination of medical complications
of SCI. By anticipating potential problems, the surgical inten-
sive care unit (SICU) length of stay can be decreased, and
emphasis can then be turned to rehabilitation.

ANATOMICAL CONSIDERATIONS
Skeletal Structure
The human vertebral column consists of 30 vertebrae: seven
cervical, 12 thoracic, five lumbar, five sacral (fused), and
the coccygeal bone. The cervical canal is typically wider at
C1–C2 and tapers caudally through the thoracic vertebrae,

widening again in the lumbar region. The impact on neurologi-
cal function after trauma differs between cervical and thoraco-
lumbar injuries, and is related to the change in spinal canal
shape and diameter (8). The greatest degree of flexion
and extension occurs at the atlanto-occipital junction, and the
greatest rotatory capability takes place at the atlantoaxial
joint. The bony elements of the spinal column articulate by
intervertebral disks. Joint capsules and strong, elastic liga-
ments give the spine its unique combination of stability and
flexibility.

Vascular Anatomy
The blood supply to the spinal cord is provided through
paired anterior spinal arteries (branches off the vertebral
arteries) that join to become the single anterior median
spinal artery and supply the anterior two-thirds of the full
length of the spinal cord. Paired posterior spinal arteries
lie medial to the dorsal roots and supply the posterior one-
third of the spinal cord. Collateral flow from radicular
arteries emanating from the thoracic and abdominal aorta
provides vital additional perfusion. The T4 to T8 region is
most vulnerable to low flow because it is supplied mainly
by a single thoracic radicular artery that branches off of the
thoracic aorta at T7. The distribution from T9 to the
sacrum is supplied mainly by a single left radicular artery
at T11 called the artery of Adamkiewicz. Because of

the variable vascular anatomic distribution of the artery of
Adamkiewicz, the upper thoracic portion of the spine has
watershed zones that are extremely sensitive to ischemic
and hypoxic insults.

PATHOPHYSIOLOGYOF SPINAL CORD INJURYAND
THE BASIS OF PHARMACOLOGICAL INTERVENTION
Pathophysiology
Both experimental models and clinical observations reveal
two overlapping phases of SCI regarded as primary and sec-
ondary injury (2,5,9–13). The primary injury is the direct,
immediate, and irreversible mechanical injury of the spinal
cord. Secondary injury is the subsequent destruction of
neural elements caused by edema, ischemia, and com-
pression from unstable fractures or bony elements imping-
ing on the cord. SCI is the result of force applied directly
to the cord or surrounding tissue.

The type of force applied influences the way in which
the cord is injured. Traumatic distractional forces (flexion,
extension, dislocation, rotation) cause stretching or shearing
of the neural elements or the spinal vascular system.
Compressive forces (edema, hematoma, or bone fragments
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within the spinal canal) cause crush injury and ischemia.
Long-term mechanical instability leads to structural
deformation (kyphosis, subluxation) and further neurologi-
cal sequelae (10). The size of the spinal canal, the vascular
distribution at the level of injury and its location relative to
the conus medullaris are all important prognostic
factors (8,10,14–16). Figure 1 gives a diagrammatic
representation of the cascade of primary and secondary
injury mechanisms.

Basis of Pharmacological Intervention
Current treatment of primary injury to the cord and support-
ing structures is limited to structural stabilization, maintain-
ing mean arterial pressure (MAP), and limiting progression
of the primary injury. Although recovery of function from
primary injury to the cord through regeneration or grafting
is still experimental, therapeutic interventions for secondary
injury have a demonstrable, though limited, impact on

Figure 1 Schematic representation of key mechanisms, molecular species, and interrelations underlying the pathogenesis of acute spinal

cord injury. Principal pathways of secondary injury that converge upon ischemia are emphasized and others have been omitted for simplicity.

These pathogenetic determinants represent the logical targets for therapeutic modulation. Abbreviation: NMDA, N-methyl-D-aspartate.

Source: From Ref. 5.
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outcome (5,11). The primary insult to the spinal cord initiates
the major determinants of secondary injury: vasospasm
(13,17), axonal degeneration and demyelination, activation
of the inflammatory response, intramedullary hemorrhage
secondary to postcapillary venular rupture (18), disruption
of the blood-cerebrospinal fluid barrier with edema for-
mation as response to filtration of larger molecules, and
water into the extracellular and interstitial space (18,19).
Any of these secondary events can be exacerbated by hypo-
tension, fever (20), and hypoxia. Hyperglycemia worsens
neurological outcome in traumatic brain injury. Although
its effect in SCI is less clear (21), meticulous control of
glucose levels appears to be beneficial in other critically ill
patients (22,23) and an insulin infusion protocol is rec-
ommended for any patient not easily controlled with a
sliding scale insulin regimen.

Pharmacology for Specific Treatment of Spinal Cord Injury
The only agent supported by large human studies [i.e.,
National Acute Spinal Cord Injury Study (NASCIS) trials]
and presently in widespread use is high-dose methylpredni-
solone (24–26) (Table 1). However, the results are controver-
sial, and if therapy is not initiated within eight hours
postinjury, the complications of treatment clearly outweigh
the benefits. The NASCIS trials supporting the use of

methylprednisolone have been viewed as methodologically
flawed, with the most encouraging results emerging only in
posthoc analyses. Some prominent authors in the field of
SCI have argued that 24-hour methylprednisolone should
not be routinely used in SCI, and then only on a compassio-

nate use basis (27). The Spine Focus Panel offered this
summary opinion, “Given the devastating impact of SCI
and the evidence of a modest, beneficial effect of methyl-
prednisolone, clinicians should consciously consider using
this drug despite the well founded criticisms that have
been directed against the NASCIS II and NASCIS III trials”
(28). Despite the controversy, methylprednisolone remains
a common treatment of SCI in the United States, and, if
used, should be started as soon as a diagnosis is established.

Spinal cord ischemia results in lactic acid production
due to anaerobic glycolysis, depletion of ATP, loss of cellular
homeostasis and, finally, disruption of membrane function.
The disruption of the ion pump compromises the membrane
potentials and synaptic transmission. The pathological
terminal membrane depolarization causes the release of
excitatory amino acid (EAA) neurotransmitters, such as
aspartate and glutamate, a phenomenon called excitotoxicity
(5,11,29,30).

In experimental models of SCI, high extracellular
levels of EAA appear within 15 minutes after the
cord injury (5). These excitotoxins activate the N-methyl-D-
aspartate (NMDA), nonNMDA receptors, and voltage-
dependent Caþþ and Naþ channels (2,5,11,31,32). As the
energy-dependent ion pump loses the ability to maintain

the concentration gradient between the intra- and extracellu-
lar space, the large influx of sodium and calcium into the
cytosol leads to cellular swelling (2,31–33).

Increased calcium flux into the cells activates many
Caþþ-dependent catabolic reactions that culminate in cellu-
lar necrosis and apoptosis (11,34–37). Phospholipase A2 with
generation of free fatty acid, synthesis of toxic eicosanoids,
generation of free radicals (38), impairment of mitochondrial
oxidative phosphorylation, and lytic enzymes activation
(proteases, endonucleases) have all been linked to secondary
neuronal injury.

Many of these observations suggest possible pharma-
cologic interventions to block or mitigate some of these
effects, and in both animal models and human trials have
shown promise, but none has yet proven a definitive convin-
cing clinical success (Table 2).

INITIAL ASSESSMENTAND MANAGEMENT

All patients sustaining major trauma, a fall from greater
than ten feet, MVC, or noticeable injuries to the head or
neck should be thoroughly evaluated for evidence of SCI
(12). At the scene, the first goal is to protect the patient
from further injury and provide resuscitation (39). Early
stabilization of an SCI is imperative to prevent movement
of the injured spine that can further neurological damage.
The most effective way to stabilize the spine is with a rigid
spine backboard and a cervical collar in combination with
bilateral sandbags and supporting tape fixed across the fore-
head and secured to the spine board. If necessary, intubation
in the field may be performed with manual inline traction
and oral intubation (12,39,40). Airway management is dis-
cussed in Volume 1, Chapter 9. During the primary survey
of the trauma patient, after airway, breathing, and circulation
are assessed and stabilized, a brief neurological exam is per-
formed. Once life-threatening problems are addressed, full
neurological examination must be performed during the sec-
ondary survey. If, at any time during the primary or second-
ary survey, the neurological exam is suggestive of SCI, and
high-dose methylprednisolone is part of the local treatment
protocol, it should be started immediately for maximum
potential benefit, even if the radiological examination is not
complete (26,27,41–43).

There are several different systems for grading SCIs.
These include: spinal cord injury severity scale (44,45),
Sunnybrook cord injury scale (45), American Spinal Injury
Association classification (46) (Fig. 2), and the Frankel classi-
fication (16), described in 1969 and still widely used.
Grading systems facilitate the initial assessment, subsequent
follow-up, and prognosis.

RADIOLOGIC DIAGNOSIS

Radiologic evaluation in SCI is used to assess alignment,
detect ligamentous injuries or fractures, and visualize any
compression of neural structures by soft tissue or bone
fragments. The initial studies can be either plain radiographs
or increasingly computed tomography (CT) scan. For
cervical injury, the classic films include a lateral view of
the C-spine followed by the anteroposterior, odontoid,
and occasionally oblique views. A complete lateral view
radiograph of the C-spine should include C7–T1 junction

Table 1 High-Dose Methylprednisolone Dosing for Acute

Spinal Cord Injury

Time from

injury Loading dose Infusion dose

Duration of

infusion

1–3 hrs 30 mg/kg 5.4 mg/kg/hr 23 hrs

3–8 hrs 30 mg/kg 5.4 mg/kg/hr 48 hrs
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(12,47). Plain films of the spine are evaluated following the
contour of four lines (Fig. 3) formed by the anterior
margins of the vertebral body, the posterior vertebral
margins, the anterior cortical margins of spinous
process, and the tips of spinous process (47). The instability
criteria include: widening of the interspinous process
distance, translation of more than 3.5 mm, and segmental
angulation more than 118 when compared to contiguous
segments (48,49). Particularly important is the assessment
of the posterior ligaments since three-column injury
might necessitate an anterior and posterior stabilization pro-
cedure (16).

If the patient is conscious, without neurological
deficit, has negative static images, yet complains of neck
pain, flexion and extension views may be read to evaluate
instability. Alternatively, the patient can be asked to
rotate the head or the neck 458 in each direction (as per the
Canadian C-spine Rule) (50). If the patient is able to
do this, the chance of significant injury is exceedingly
rare (50).

The stepwise approach to dynamic flexion and exten-
sion views exam includes the first film with the neck in
extension position followed by the neutral position. If on
comparison of the two views the alignment of the spine
does not change, the flexion film may be taken. Ultimately,

if the alignment remains the same on flexion and extension,
the spine is considered stable. If the patient exhibits any
neurological deficit, dynamic images are contraindicated
due to risk of causing further injury.

If the patient is unconscious and there is concern for
SCI, further evaluation with CT (51) and/or magnetic reson-
ance imaging (MRI) is indicated. Midsagittal T1- and T2-
weighted images are considered the most reliable to assess
spinal cord compression and/or contusion (Fig. 4) (49). MRI
is particularly useful in situations where there is a discre-
pancy between the radiological images and the clinical neuro-
logical abnormalities or deterioration in the patient’s
neurological function. MRI is superior to CT in detecting
cord hemorrhage or edema, hematoma, ligamentous disrup-
tion, and disc pathology. When MRI is unavailable or not
feasible, CT myelography and two-dimensional reconstruc-
tion of the spinal CT are still useful.

Although angiography remains the standard for
evaluation of vertebral artery injuries, noninvasive MR
angiography is gaining acceptance (52). In addition, helical
CT angiography is becoming increasingly capable of evaluat-
ing vascular injuries in the neck. CT scan, with threedimen-
sional reconstructions, remains superior to MRI in the
evaluation of bony injuries (Figs. 5 and 6). Because of restric-
tions regarding ferrous materials in the area of the MRI

Table 2 Agents Used to Block or Mitigate Secondary Neuronal Injury

Agent Rationale State of development Note

Corticosteroids Suppression of vasogenic edema

Enhancement of spinal cord blood

flow

Yes, some improvement in functional

recovery, no change in level of care

posthospital

If started ,3 hrs following

injury should continue for

24 hrs

Stabilization of lysosomal

membranes

Multiple complications (especially

with prolonged use)

If started between 4 and 8 hrs,

must continue for 48 hrs

Inhibition of pituitary endorphin

release

Additional studied needed If not started �8 hrs postinjury

complications outweigh

benefitsAlteration of electrolyte concentrations

in injured tissue

Attenuation of the inflammatory

response

Gangliosides Improve neuronal outgrowth, neural

development and plasticity

Increase synaptic transmission

Phase I trial showing motor

improvement in lower extremities,

Phase II in progress

May limit some effects of

corticosteroids

Opiate

antagonists

Antagonizes endogenous opioid

peptides, which diminish micro-

circulatory blood flow acting

through the kappa subtype opioid

receptor

Ineffective in NASCIS II by

primary endpoints, reanalysis

suggested functional improvement

if given within 8 hrs

Dosing in NASCIS II was likely

subtherapeutic

EAA receptor

antagonists

NMDA receptor mediating excitotoxic

neuronal damage have been found to

be effective in both in vitro and in

vivo models of cerebral ischemia,

hypoglycemia, and trauma

A Phase III clinical trial of the NMDA

receptor antagonist GK11 for acute

SCI is currently under way

Most experimental models

suggest that for brain lesions,

window of effectiveness is

narrow. In animal models of

SCI within 15 min

Calcium channel

blockers

Attenuation of vasospasm Conflicting studies No role at this time

Antioxidants and

free-radical

scavengers

Limit secondary damage after various

types of CNS insults

Animal models Primary protective effect only

when administered before

injury; possible role in surgical

situations in which risk of

injury exists

Abbreviations: CNS, central nervous system; EAA, excitatory amino acid; NASCIS, National Acute Spinal Cord Injury Study; NMDA, N-methyl-D-aspartate;

SCI, spinal cord injury.
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scanner, many MRI suites are minimally equipped to
monitor unstable or mechanically ventilated trauma
patients, which is often a consideration in the early phases
of critical care management.

Figure 2 American Spinal Injury Association standard classification. Source: From Ref. 46.

Figure 3 Representation of lateral radiograph of the cervical

spine. This figure demonstrates the four imaginary lordotic lines

that are formed by the anterior margins of the vertebral bodies (A),

posterior vertebral margins (B), anterior cortical margins of the

spinous process (C), and the tips of the spinous processes (D).

Normal width of retropharyngeal soft tissue is also shown. Source:

From Ref. 159.

Figure 4 Magnetic resonance image of thoracic spine, sagittal

T1WI, with midline spinal cord hyperintensity posterior to 10th

thoracic vertebrae, consistent with spinal cord contusion.
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NONSURGICAL STABILIZATION

The goals of nonsurgical treatment are improvement or res-
toration of spinal alignment and decompression of neural
elements with prevention of further injury. Stability is clini-
cally confirmed by the ability of the spine to tolerate physio-
logic loads without additional neurological deficits,
deformity, or pain. Spine fractures can be complicated,
requiring evaluation of neurological status, biomechanical
instability, and comorbidities, all of which influence the
ultimate approach to management (12). However, many
fractures are stable and require only limited restrictions,
such as unilateral facet and small compression fractures.

An unstable fracture does not always necessitate oper-
ative reduction and fixation with hardware; it is important to

remember that some unstable fractures may be treated with
external immobilization and close clinical and radiographic
follow-up. When a fracture warrants nonoperative stabiliz-
ation, a vest or cuirass is fitted to the patient to limit move-
ment of the spine and support the thorax and abdomen.
However, if nonoperative therapy means prolonged bed
rest, then operative intervention is almost always a better
option when linked to early postoperative mobilization.
The timing of intervention, surgical or nonsurgical, and its
relation to neurological recovery remains controversial, and
there is considerable variation in practice in the choice of
surgical and nonsurgical methods of stabilization (12).

Currently, if indicated, traction to achieve realignment
is applied as soon as possible after visualization of the injury
on the imaging studies. Some experimental studies have
reported reversal of neurological deficits if decompression
is performed in six to eight hours from the time of injury
(53), and clinical improvement of neurological deficits after
cervical traction has been applied (54,55). The many traction
devices fall into two basic design categories composed either
of metal tongs or a halo ring apparatus attached to the head
with screws and to a pulley system attached to a set of
weights (47). The two essential components in cervical trac-
tion are the amount of weight and the direction of the
applied force. The amount of applied weight depends on
the location, type of injury, and the extent of subluxation
(47). Excessive weight may cause overdistraction, exacer-
bating the injury directly or injuring vertebral arteries (12).

SPECIFIC SPINAL CORD INJURY SYNDROMES

Lesions in the spinal cord produce sensory and motor
disturbances corresponding to the functions of the tracts
that have been injured or transected. Depending on the
clinical exam, they are further categorized as incomplete or
complete SCI (Table 3).

The segmental level of a lesion is indicated by the
affected dermatomes and myotomes. The major descending
motor tract is the crossed lateral corticospinal tract. This tract

Figure 5 Computed tomography of lumbar spine, axial, with

burst fracture of 1st lumbar vertebrae. Canal is 50% compromised

from bony retropulsion.

Figure 6 Computed tomography of cervical spine, sagittal

3-dimensional reconstructions, with fracture dislocation of 5th

cervical vertebrae and significant canal compromise.

Table 3 Neurological Conditions Associated with Partial or

Complete Spinal Cord Injuries

Severity

of injury Associated neurological conditions

Complete spinal cord

injury

Complete loss of voluntary movement,

sphincter control, and sensation

below the level of the injury

No preservation of motor and sensory

function more than three segments

below the level of the injury

The persistence of a complete spinal

cord injury beyond 24 hrs indicates

that no distal function will recover

Hypotension, bradycardia, and priapism

may also be present

Incomplete spinal cord

injury

Central cord syndrome

Anterior cord syndrome

Brown-Sequard syndrome

Posterior cord syndrome (very rare)
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originates in the opposite hemisphere, crosses in the
medulla, and ultimately descends in the lateral aspect of
the spinal cord. Ascending sensory tracts include the
uncrossed gracile and cuneate fasciculi (dorsal columns)
and the crossed spinothalamic tract. The dorsal columns
test provides proprioception/joint position sense as well as
vibratory sensation; and the ascending crossed spinothala-
mic tract provides pain and temperature sensation.

There are several SCI syndromes with characteristic
neurological deficits. Unilateral SCI causes Brown-Sequard
syndrome that presents with ipsilateral loss of joint position
sense, motor function deficits, contralateral pain, and
temperature sensation deficits. The syndrome, rare in
patients sustaining blunt trauma, was first described in
victims with penetrating SCI (Table 4) (47,56).

The central spinal cord syndrome presents with severe
upper extremity weakness with relative sparing of lower
extremities. The degree of sensory deficit and the severity
of bowel and bladder dysfunction are variable. This syn-
drome is often secondary to hyperextension of the neck
and, most often, seen in the elderly population, in whom cer-
vical spinal stenosis secondary to spondylosis is more
common (47,57). The conus medullaris syndrome is second-
ary to lesions involving the thoraco-lumbar junction (T11–
L1). Usually, the prognosis is more favorable if the lesion
involves only the cauda equina. Patients affected by conus
injury present with sexual and sphincter function loss.

The Wallenberg syndrome usually results from damage
to a vertebral artery, often associated with forced flexion of the
C-spine, but can also occur with cervical hyperextension and
rotation. Typical findings are deficits of the ipsilateral cranial
nerves (V, IX, X, XI), ipsilateral Horner syndrome, cerebellar
ataxia, and contralateral impairment of pain and temperature
perception. Atlanto-occipital injury should be considered in
trauma patients with posterior occipital neck pain and a
suboccipital hematoma upon physical exam (16).

SYSTEMIC MANIFESTATIONS OF SPINAL CORD INJURY
AND RELATED MANAGEMENT

Medical complications of SCI arise both from systemic
effects of the cord injury itself and from prolonged immobil-
ization secondary to paresis or paralysis. We will review the
manifestations of each organ system and briefly discuss
specific cord injury syndromes at the end of this section.

Cardiovascular
Spinal Shock
Spinal shock was first described by Hall more than 150 years
ago, to distinguish it from arterial hypotension caused by
hemorrhage or other cardiovascular problems. Spinal shock
is defined as insufficient perfusion pressure to tissues, to
maintain cellular function in concert with all phenomena sur-
rounding physiologic or anatomic transection of the spinal
cord that result in temporary loss or permanent depression
of spinal reflex activity, below the level of the lesion (58). In
animal models of SCI, spinal shock occurring in the acute
setting differs from the one occurring with gradual com-
pression of the spine, and the response varies with species
(58,59). Clinically, the term spinal shock refers to sys-
temic hypotension due to a decrease in sympathetic

fiber–mediated arterial and venous vascular resistance,
along with venous pooling and loss of preload, with or
without bradycardia. Loss of the peripheral sympathetic
vasomotor control occurs when SCI involves segments
between T1 and L1 sympathetic innervations of the periph-
eral vasculature. Since the sympathetic innervation of the
heart arises from T1 to T5, lesions involving the spine
above T5, unopposed vagal stimulation especially from
visceral stretch receptors can lead to severe bradycardia or
asystole. With high thoracic lesions, hypotension can be
especially severe and difficult to treat if the loss of chronotro-
pic reflex inhibits the normal tachycardic response to
decreased preload or peripheral vasodilation. Usually,
symptoms resolve within days or weeks (58), but the
patient may require intermittent doses of glycopyrrolate or
atropine, external or temporary transvenous pacing, and
invasive arterial pressure monitoring. Later, compression
stockings and abdominal binders are useful to mitigate
against orthostatic hypotension during rehabilitation.

Early Cardiovascular Resuscitation Following
Spinal Cord Injury
The immediate end points for resuscitation in SCI are the
same as with other major trauma: restoration of vital organ
perfusion as evidenced by end organ function with adequate
urine output, resolution of acidosis, and normal mental
status off sedation.

Choice of Vasopressor Drugs
With impairment of normal cardiovascular reflexes, the
selection of agents for blood pressure support should have
both a- and b-adrenergic properties to cover both cardiac
function and peripheral vascular tone. Although phenyl-

ephrine, a nearly pure a-agonist, is commonly used in
conjunction with volume in trauma resuscitation, for SCI
we favor norepinephrine as a first choice, and if more
b-adrenergic support is needed, epinephrine.

Invasive Monitoring
Cord perfusion is crucial in the first 72 hours following

injury, and even short periods of hypotension may have

Table 4 Syndromes Associated with Incomplete Spinal

Cord Injuries

Syndrome Definition and comments

Central cord

syndrome

Most common type of incomplete spinal cord

syndrome

Disproportionately greater motor deficit in the

upper extremities than lower, worst in hands

Usually due to hyperextension injury

Blunt trauma to forehead common

Surgery often performed on a nonurgent basis

Anterior cord

syndrome

Spinal artery syndrome

Anterior cord compression causes cord infarct

in the territory supplied by the anterior

spinal artery

Motor deficit and loss of pain and temperature

sensation

Preservation of proprioception and two-point

discrimination (dissociated sensory loss)

Brown-Sequard

syndrome

Spinal cord hemisection

Usually due to penetrating trauma

Ipsilateral loss of proprioception and motor

function

Contralateral loss of pain and temperature

sensation
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severe consequences; all patients should receive an arterial

line in the intensive care unit (ICU), and MAPs should not be
allowed to fall below 60 to 70 mmHg. There is no outcome
data to support the use of pulmonary artery catheterization
in SCI, but recent studies of early goal-directed therapy in
sepsis (60) and a meta-analysis supporting goal-directed
hemodynamic management in acute critically ill patients
(61) appear to support an aggressive approach to resuscita-
tion using parameters beyond simple restoration of a
normal blood pressure.

It appears likely that much of the benefit of resuscita-
tion for limiting secondary damage to the spinal cord will
occur early in the patient’s course, including the first
several hours of ICU management. Maintaining adequate
perfusion to the injured cord is very important, and the com-
bination of trauma and SCI can make assessment of volume
status, arterial tone, and cardiac performance difficult,
especially in elderly patients and those with coronary
artery disease. Pulmonary artery catheterization can be
helpful in guiding therapy in this setting (12,47,62).

With the combination of major trauma and the
potentially confusing cardiovascular effects of SCI itself, we
frequently place pulmonary artery catheters early in the resus-
citation phase if cardiovascular stability without the use of
vasopressors is not achieved quickly on admission to the
ICU. Spinal cord perfusion pressure is defined as the differ-
ence between MAP and cerebrospinal fluid pressure.
However, cerebrospinal fluid pressure is difficult to measure
in the clinical setting, and spinal cord edema may increase
flow resistance to tissues at risk, which makes the optimal
MAP in the setting of SCI unknown. In one nonrandomized
trial of goal-directed resuscitation and hemodynamic manage-
ment by protocol, SCI patients were maintained at a MAP of
85 mmHg. The authors concluded, “Early and aggressive
medical management (volume resuscitation and blood
pressure augmentation) of patients with acute spinal cord
injuries optimizes the potential for neurological recovery
after sustaining trauma” (63). The selection of a MAP of
85 mmHg was essentially arbitrary. But some elevation
of hemodynamic parameters above normal values is likely
to prove useful, even if maintaining elevated parameters
only decreases the incidence of hypotension by creating a
margin of safety for the abrupt changes in blood pressure
that is often seen in critical care settings.

Fluid Therapy for Spinal Cord Injury
The debate concerning fluids of choice for SCI resuscitation
has produced a large volume of inconclusive literature.
Hypotonic and glucose containing solutions have potential
risks and offer no benefit during the initial resuscitation
period. There is a trend toward improved outcomes using
low-volume resuscitations with hypertonic saline and
dextran for resuscitation in traumatic brain injury (64,65).
Currently, the data is insufficient to recommend the routine
use of hypertonic saline for resuscitation in SCI, however,
its use should be considered in the setting of resuscitation
when CNS edema amenable to osmotic therapy is present.
Unlike mannitol, hypertonic saline does not need to be elimi-
nated from the body to preserve its effect, thus it can serve
both as an osmotic agent and a resuscitation fluid.

Autonomic Hyperreflexia
Spinally mediated sympathetic reflexes in segments distal to
the injury typically start to reappear as early as three to six
weeks after the injury, and these nerves are involved in auto-
nomic dysreflexia. In the normal state, descending inhibitory

tracts that travel in the spinal cord moderate these reflexes,
but in SCI patients with lesions above T6 the inhibitory path-
ways are disrupted leading to unopposed sympathetic dis-
charge. These patients consequently experience episodes of
massive, uncontrolled sympathetic discharge.

Often these responses are triggered by relatively minor
autonomic stimuli, such as bladder distension 75% to 85%
and fecal impaction 13% to 15% (66). Autonomic dysreflexia
events can cause strokes, pulmonary edema, myocardial
ischemia, and are occasionally fatal. Somewhere between
19% to 70% of SCI patients have at least one episode of

autonomic dysreflexia in their lifetime (67), and should
always be anticipated when patients are scheduled for
even small procedures, such as cystoscopy (68).

As SCI patients often have normal blood pressures in
the 90/60 range, a rise to 150/95 mmHg, not necessarily
alarming in another patient population, may represent an
emergency in the SCI patient. Therefore, a heightened
awareness of this phenomenon among nurses and phys-
icians working with SCI patients is important. Treatment
consists of sitting the patient up, if possible, to induce an
orthostatic drop in blood pressure, removing the stimulus,
and administration of rapid onset antihypertensives, primar-
ily afterload reducers. Discontinuing any ongoing pro-
cedure, relieving bladder distension, or manually
disimpacting stool will address the majority of cases. For
blood pressure control hydralazine IV is an effective initial
choice, moving to nitroprusside if blood pressure is not
brought rapidly under control.

Pulmonary
Pulmonary complications, after the primary injury, are

the largest cause of morbidity and mortality in SCI.
Pneumonia, aspiration, pulmonary embolism, airway com-
plications, and neurogenic pulmonary edema are common
in patients with SCI. Preexisting pulmonary conditions are
exacerbated by SCI and most SCI patients will require
mechanical ventilation at some time in their course.

Early Pulmonary Complications of Spinal Cord Injury
Aspiration and Ventilator-Associated Pneumonia
Ventilator-associated pneumonia (VAP) carries a high mor-
tality rate (69), and the incidence increases by 1% to 3% per
day of mechanical ventilation (70). Early mobilization,
aggressive pulmonary toilet, and institution of the cough
and breathing support are crucial in reducing the incidence
of this complication. Accurate diagnosis and treatment of
pneumonia is often difficult to make because the presence
of fever, leukocytosis, pulmonary secretions, and an abnor-
mal chest film are not uncommon findings in SCI patients
without pneumonia. Initial, empiric therapy for VAP is
based on the severity, the presence of coexisting illness, and
length of hospital stay. Community-acquired Streptococcus
pneumonia and Hemophilus influenza are the most common
early pathogens. After a week, Pseudomonas aeruginosa or Sta-
phylococcus aureus are more likely (62), and local antibiotic
resistance patterns should be taken into consideration with
increasing appearance of nosocomial organisms. Although
some authors recommend the use of prophylactic antibiotics
(71), most centers have not adopted this approach.

When aspiration of tube feeding or oral secretions is
suspected, the use of antibiotics is controversial (72). We rec-
ommend antibiotic therapy for aspiration pneumonia for
patients with persistent infiltrates .48 hours, suspicion of
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aspiration of bowel contents, or those who appear septic and
are at risk for hemodynamic compromise. Supine body pos-
ition has been identified as an independent risk factor for
VAP (73), and SCI patients should be kept out of the
supine position as soon as the stability of their injuries
allows. Placement of the feeding tube past the pylorus or
even past the ligament of Treitz has been advocated for
aspiration prevention, however, current literature is equiv-
ocal regarding this approach and repeated attempts at post-
pyloric placement often delay nutritional support (74).

Neurogenic Pulmonary Edema
Neurogenic pulmonary edema is an important complication
occurring in some patients with SCI. Although there is some
cardiac dysfunction associated with high cord level injuries,
myocardial failure is not a significant component. In
addition, there is no evidence for any direct nerve-mediated
reflex. Rather, the mechanism appears to involve massive
sympathetic activation triggered by the insult with associ-
ated marked systemic and pulmonary hypertension,
leading to diffuse pulmonary capillary damage (62). Suppor-
tive care with close attention to fluid management to limit
excessive hydrostatic pressures in the pulmonary circulation
is the primary treatment.

Thromboembolic Complications
Acute SCI victims have the highest risk of developing

deep venous thrombosis (DVT) among all hospitalized
patients (75,76). Venous stasis due to immobility and
platelet and coagulation abnormalities occurring during the
acute phase of injury are major factors contributing to DVT
risk in SCI patients. Development of DVT and PE during
the acute phase of SCI is both a cause of acute morbidity
and mortality, and also contributes to long-term disability
(77). The incidence of DVT is highest during the first three
months postinjury (69,75,78–80), declining thereafter due to
increased mobility during rehabilitation and resolution of
the hypercoagulable state associated with acute injury
(75,81). However, patients with SCI remain at risk for DVT
and fatal PE in the rehabilitation phase as well (82). Accord-
ingly, it is imperative that DVT prophylaxis should be insti-
tuted as soon as possible. Also see Volume 2, Chapter 56.

The ACCP consensus guidelines for antithrombotic
therapy are based on several small, randomized trials of
DVT prophylaxis in SCI patients (Table 5) (75). Low-molecular
weight heparin (LMWH) is more effective than the combi-
nation of low-dose-unfractionated heparin, elastic stockings,
and intermittent pneumatic compression. If there is evidence
of perispinal hematoma, therapy with LMWH must be
delayed for 24 to 72 hours and conversion to warfarin
should be postponed at least for two weeks from the time of
injury. Inferior vena cava (IVC) filter placement is rec-
ommended for protection against PE in patients with diagno-
sis of DVT who are not candidates for anticoagulation,
documented failure of anticoagulation therapy, and patients
in whom a PE would likely be fatal (83–85). However,
despite the theoretical benefit, there are few controlled trials
demonstrating the impact of IVC filters on recurrence rates
and mortality from PE (86,87), and a large, retrospective
study of over 8000 trauma patients (88) found no evidence to
support prophylactic use of IVC filters. Only one randomized
trial (89) suggested that the addition of IVC filter to standard
anticoagulation showed short-term benefit in terms of
decreased incidence of PE, but in the long term demonstrated
a higher recurrence rate of DVT. Unfortunately, this study did

not compare the efficacy of standard anticoagulation with IVC
filter placement alone without any anticoagulation therapy.
Morbidity and mortality from IVC filter placement are low
(86), the most common complications being venous thrombo-
sis at the insertion site and IVC obstruction. Filter migration
and filter erosion through the IVC wall are rare, but can be cat-
astrophic.

Chronic Pulmonary Complications of Spinal
Cord Injury (Ventilator Weaning, Diaphragmatic
Pacing, Chronic Ventilator Dependence)
The degree to which respiratory mechanics are affected
depends on the level of the spinal injury and whether it is
complete. Patients with injuries to lower thoracic cord or
below typically have minimal changes in pulmonary func-
tion. Pulmonary mechanical dysfunction from SCI arises
from decreased tidal volumes and minute ventilation and
impaired cough with retained secretions (Table 6) (90).

Normal inhalation requires outward movement of the
rib cage through contraction of the intercostal muscles with

Table 5 American College of Chest Physicians

Recommendations for Deep Venous Thrombus and Pulmonary

Embolus Prophylaxisa

Risk group Recommended prophylaxis

Intracranial

neurosurgery

IPC device, with or without ES (grade 1A)

LDUH or postoperative LMWH may be

accepted alternatives (grade 2A)

High-risk patients: ES or IPC device with

LDUH or postoperative LMWH may be

more effective than either prophylactic

modality alone (grade 1B)

Trauma, with

identifiable risk

factor for

thromboembolism

Prophylaxis with LMWH, as soon as

considered safe (grade 1A); if delayed,

or contraindicated because of bleeding

concerns: initial use of ES or IPC device

or both (grade 1C).

If prophylaxis is suboptimal, offer

screening of high-risk patients with

duplex ultrasound (grade 1C).

If proximal DVT is demonstrated and

anticoagulation is contraindicated, IVC

filter insertion (grade 1Cþ), but we do

not recommend IVC filter insertion as

primary prophylaxis (grade 1C)

Acute spinal cord

injury

Prophylaxis with LMWH (grade 1B).

We do not recommend LDUH, ES, and IPC

as sole prophylaxis (grade 1C).

ES and IPC may be offered in combination

with LMWH or LDUH, or if early use

of anticoagulants is contraindicated

(grade 2B).

In the rehabilitation phase, we recommend

continued LMWH therapy or full-dose

oral anticoagulation (both grade 1C).

aThe Sixth Consensus Conference on Antithrombotic Therapy from the

American College of Chest Physicians.

Abbreviations: DVT, deep venous thrombosis; ES, elastic stockings; IPC,

intermittent pneumatic compression; IVC, inferior vena cava; LDUH,

low-dose unfractionated heparin; LMWH, low-molecular-weight heparin.

Source: From Ref. 75.
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expansion of the lower rib cage. The intercostal muscles
are required for chest expansion during inhalation (91).
Paralysis of the intercostals and abdominal musculature
impairs both expansion of the lungs and diaphragmatic
stabilization, dramatically compromising vital capacity,
deep breathing, and cough strength.

If the lesion is high enough to impair intercostal func-
tion, the diaphragm becomes the principal muscle of venti-
lation. In this setting, the rib cage often moves paradoxically
inward during inhalation. On pulmonary function testing,
SCI patients typically have decreased total lung, vital inspira-
tory capacities, and expiratory reserve volume, with increased
residual volume. Patients with intact diaphragm function can
maintain adequate minute ventilation through increased
stimulation of their diaphragm. Table 7 shows the innervation
of the respiratory muscles with the corresponding spinal cord
level (92). Diaphragmatic breathing is affected by body
position. When supine, abdominal contents push the
diaphragm up increasing excursion and tidal volume, but
at the expense of functional residual capacity (FRC). When

the patient is upright, FRC is preserved, but diaphragmatic

“doming” and, thus, excursion is diminished. Patients
with SCI below C5 often benefit from the use of an abdomi-
nal binder, which increases intra-abdominal pressure and
thus helps the diaphragm start contraction in a more
domed position. If the diaphragm is significantly weakened
(i.e., injury level above C6), minute ventilation declines
markedly when the patient is upright (93,94).

The phrenic nerve arises from the third to fifth cervical
roots, so a complete C3 level or higher will cause near complete
ventilatory muscle paralysis. High cervical injuries have the
highest incidence of ventilation complications, are difficult to
wean from mechanical ventilation (Volume 2, Chapter 28),
and have the highest mortality when compared with other
SCI injury levels (95–97). Injuries above C3 are at high risk
for nosocomial pneumonia, and without recovery of some
function, will require diaphragmatic pacing or chronic venti-
latory support.

A diaphragmatic pacer delivers an electrical stimulus
to the phrenic nerve, allowing some of these patients, who
might otherwise require chronic mechanical support, to
maintain adequate gas exchange. However, if the lesion
affects the anterior horn cells of C3 to C4, Wallerian degener-
ation will impair propagation of electrical impulses in the
phrenic nerves. Intercostal to phrenic nerve transfers with
diaphragmatic pacing have shown promising improve-
ments, and other surgical remedies are currently being
developed in animal models.

Patients with SCI at levels C3 to C5 have variable loss
of diaphragmatic strength, and often require mechanical
ventilation during acute hospitalization, but permanent ven-
tilatory support is usually unnecessary (98–100). Occasion-
ally, the initial level of motor loss can be due to
inflammation and edema of neural tissue that is not perma-
nently injured and, in a high cervical lesion, even a small
improvement of function as this resolves, allows recruitment
of accessory ventilatory muscles. Retraining muscles that are
deconditioned during the acute illness and the evolution
from flaccid to spastic paralysis can also lead to improve-
ment in respiratory function (98–103). The use of
abdominal thrusts or quad coughing, postural drainage,
chest percussion, and effective pain management lower
the incidence of pneumonia in these patients.

Lesions from levels C5 through C8 leave an intact dia-
phragm and the use of accessory muscles in the neck for
inhalation, with exhalation primarily through the passive
recoil of the chest wall and lungs. Injuries to the thoracic
spinal cord have less impact on ventilatory muscle function,
but have a higher incidence of associated chest trauma with
pneumothorax, hemothorax, flail chest, and lung contusion,
as well as damage to other thoracic structures (96,97).

Tracheostomy Decision Making in
Spinal Cord Injury Patients
Decisions regarding chronic airway management are made
based on the patient’s overall condition, estimated duration
of mechanical ventilation, type of injury, and any plans for
surgical stabilization. For example, after anterior surgical
stabilization for cervical SCI, a period of two weeks is
usually required prior to tracheostomy to allow healing of
tissue planes (62).

Tracheostomy results in greater comfort for the
patient and diminished sedation requirements. Tracheostomy
facilitates ventilator weaning, simplifies pulmonary toilet,
decreases dead space (especially useful in patients with com-
promised minute ventilation), and may decrease the rate

Table 6 Comparison of Pulmonary Function in Patients with

Cervical and Thoracic Spinal Cord Injury

Variable C4 to C7 T3 to T12

FVC 52 69

FEV1/FVC (%) 85 82

IC 71 —

ERV 21 64

TLC 70 82

FRC 86 86

RV 141 91

MVV 49 61

PImax (cmH2O) 64 79

PEmax (cmH2O) 41 98

Note: Values expressed % predicates normal.

Abbreviations: ERV, expiratory reserve volume; FEV, forced expiratory

volume in one second; FRC, functional residual capacity; FVC, forced

vital capacity; IC, inspiratory capacity; MVV, maximal voluntary venti-

lation; PI, pressure inspiration; PE, equals pressure expiration; RV, residual

volume; TLC, total lung capacity.

Source: From Ref. 90.

Table 7 Innervation of the Respiratory Muscles

Muscle group Spinal cord level Nerve(s)

Inspiratory muscles

Diaphragm C3 to C5 Phrenic

Parasternal intercostals T1 to T7 Intercostal

Lateral external

intercostals

T1 to T12 Intercostal

Intercostal C4 to C8

Sternocleidomastoid XI, C1, C2

Expiratory muscles

Lateral internal

intercostals

T1 to T12 Intercostal

Rectus abdominis T7 to L1 Lumbar

External and internal

obliques

T7 to L1 Lumbar

Transversus abdominis T7 to L1 Lumbar

Source: From Ref. 43.
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of pneumonia in trauma patients (104,105). The current
consensus is to allow at least ten days for weaning attempts
and performing the tracheostomies on patients who have
been on the ventilator for more than 14 to 21 days (106,107).

However, these recommendations are for the general
ventilated population, and if the likelihood of long-term
mechanical ventilatory support is known with some
degree of certainty based on the level of cord injury, the
decision timing should be modified accordingly (108). The
introduction of percutaneous tracheostomy in 1985 (109)
has shortened the time to placing a chronic airway in some
centers, and this technique has been used safely in patients
with SCI, including patients with known cervical injury
who cannot have their neck placed in extension (110).

Gastrointestinal System
Enteral Nutrition

Severe CNS injury causes a hypermetabolic response
that peaks 5 to 12 days after injury and decreases to a
level below pre-injury needs, depending on residual level

of motor function. Nutritional needs should be moni-
tored and regularly reassessed because of the vulnerability
of injured neural tissue to hyperglycemia and because over-
feeding can impede weaning from mechanical ventilation,
especially when pulmonary function is marginal. Most of
the patients affected by SCI suffer from ileus due to auto-
nomic dysfunction. A nasogastric or orogastric tube should
be placed to avoid abdominal distension, and enteral
feeding should be started as soon as it can be tolerated
(see Volume 2, Chapter 32), which is often immediately.

Although the best enteral formulation for SCI patients
is debatable, enteral feedings are preferred over parenteral
nutrition to preserve intestinal function, minimize bacterial
translocation, decrease complications of central venous cath-
eters, and decrease ICU length of stay (111–121). In patients
who are difficult to wean from the ventilator due to limited
minute ventilation, a relatively high fat pulmonary formula
can be used for nutrition which limits CO2 production. The
role of immunonutrition formulae, with arginine and
omega3 polyunsaturated fatty acid versus the isocaloric isoni-
trogenous formulas in this ICU population is not established
(122–124). Although gastric versus pyloric tube placement
remains controversial, jejunal placement does reduce the inci-
dence of abdominal distension, high gastric residuals, and
vomiting compared with gastric placement (117). However,
there is no increase in caloric administration or decrease in
the incidence of nosocomial pneumonia (125–127).

Ulcer Prophylaxis
Stress ulcer prophylaxis should be instituted on admission
(62,118,128), and some overlap between discontinuation of
prophylaxis and successful enteral feeding are recommended,
as the role of feeding in stress ulceration prevention is unclear
in SCI patients (see Volume 2, Chapter 30) (125). The incidence
of gastrointestinal (GI) bleeding in SCI patients peaks between
postinjury days 4 to 10 (112,113). The pathogenesis of stress
ulcer is not completely understood, increased destructive
factors such as elevated levels of gastrin, bile, pepsin, acid,
and diminished protective factors including prostaglandin
production, mucous bicarbonate layer, and epithelial cell
renewal have all been observed (125,129). Some authors
(111,112) have postulated that unopposed vagal activity
might predispose SCI victims to GI ulceration or hemorrhage.

A correlation exists between the level of injury and
incidence of GI bleeding with cervical injuries that are at

highest risk. Patients with cervical and thoracic cord injury
also have a higher incidence of pancreatitis, likely due to
the predominant visceral parasympathetic tone. Accord-
ingly, we check pancreatic enzymes as a part of nutritional
monitoring. Simple antacids, H2-antagonists, proton pump
inhibitors (PPI), and sucralfate are all effective prophylactic
agents for stress-related ulcer (114,115,129).

Some studies have shown that continuous infusion of
a PPI or an H2-antagonist is superior to both intermittent
equivalent dosing or antacid and sucralfate (130,131), but
whether this is true in the setting of CNS injury is unclear
(132). Although early studies suggested that the use of pH-
altering therapy increases the incidence of nosocomial
pneumonia (130), a relatively recent large trial showed no
significant difference (133). Currently, most centers use inter-
mittent dosing of either an H2-antagonist or a PPI as prophy-
laxis against stress gastritis (see Volume 2, Chapter 30).

Genitourinary System
Acutely, all SCI patients should be managed with a Foley
catheter. As the patient enters the recovery phase, the indwel-
ling Foley is replaced with an intermittent straight catheter
regimen every four hours, provided that daily urine output
is less than 2500 cc. If the use of a catheter is necessary, inter-
mittent catheterization reduces the risk of infections [urinary
tract infections (UTI), orchitis, epididymitis, urethritis, and
periurethral abscess or fistula], as well as long-term compli-
cations such as calculi and bladder carcinoma (134,135).
Condom catheters seem to carry the least risk of complicated
UTI. In addition, recurrent UTI in patients using condom
catheters should prompt examination for voiding problems
(134,136). The incidence of UTI in catheterized patients can
be reduced through education of patients and staff to use
the appropriate technique, hand hygiene, use of closed drai-
nage system (134,137), and use of silver alloy catheters
(134,138). Topical antiseptic agents to the perineal area and
the use of antiseptic solutions in drainage bags and bladder
washout are not effective (134,136,137).

The clinical presentation of UTI in SCI patients is often
problematic. Pyuria is commonly an irritative effect of the
catheter on the urinary tract, and culture results are often
polymicrobial. Bacteriuria in patients with indwelling cath-
eter should be treated only if symptomatic (134,139), and
treatment should be continued for 5 days, or 7 to 14 days
for cases of reinfections and complicated UTI (134,136,140).
Prophylactic antibiotics should not be used in patients
with indwelling catheters, and the evidence is not clear
enough to make a recommendation for patients using inter-
mittent catheterization (3,141).

Chronic urinary tract dysfunction requiring cath-

eter drainage and recurrent UTIs are a serious problem for
patients with SCI. In the past, urologic complications
played a major role in SCI mortality (142,143), and renal
insufficiency from ascending UTI is still one of the leading
causes of morbidity in SCI patients (134,141). Incomplete
voiding with large postvoiding residual (141,144), and
outlet obstruction such as detrusor sphincter dyssynergia,
high-pressure voiding, and vescicoureteral reflux are the
well-recognized predisposing factors for UTI in patients
with SCI (134).

Careful attention to bladder management also
decreases the incidence of autonomic dysreflexia, often
associated with UTI, bladder distention, and urogenital
diagnostic testing (68,145,146). The diagnosis of possible
structural and functional abnormalities is essential in order
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to provide adequate care to SCI patients affected by UTI.
Prior to transfer to rehabilitation phase, appropriate baseline
urodynamic evaluation is recommended (141).

Cutaneous and Musculoskeletal Systems
Pressure Sores
Patients with SCI are particularly prone to develop pressure
sores (decubitus ulcers). Pressure sores are potentially
serious, putting patients at risk for osteomyelitis and septice-
mia, especially if they occur near the area of surgical inter-
vention for spinal stabilization (147). Risk factors for
pressure sores are immobility, nutritional status, fecal and
urinary incontinence, and decreased sensory perception, all
conditions commonly found in SCI patients. Table 8 sum-
marizes the Braden scoring system for estimating risk of
developing pressure sores.

Although pressure sores (decubitus ulcers) are often
considered primarily a problem in long-term facilities,
Figure 7 illustrates the findings of early development of
pressure sores (Stage II or greater) in 18 of 183 SCI patients
in a neuro-ICU over a three-month period (148). Establishing

a turning schedule with a recommended maximum duration
time of two hours for any single position (as soon as conditions
permit) is essential. Although still immobile, patients should
be supported with pressure-reducing mattress materials,
such as foam, static air, alternating air, gel, water, low air
loss, or air-fluidized support surfaces (147), with proper align-
ment of extremities and cushioning devices between legs and
ankles. Trapezes, transfer boards, and lift sheets should be
employed to prevent mechanical injuries from friction and
shearing forces during repositioning and transfer activities.

Contractures and Spasticity
Contractures and spasticity are problems that occur over time
in SCI patients, but prevention begins in the ICU. Some
patients may be able to undertake a partial active exercise
regimen. But most will require either active assisted or
passive movements to maintain full joint range, muscle
length and extensibility and improve venous return.
Shoulders, hands, hips, and ankles are at particular risk of
contractures. Resting splints for the hands and feet should
be employed in appropriate patients to maintain these joints
in a neutral position. Spasticity is also a common cause of
pressure sores. Spastic syndrome is characterized by exagger-
ated muscle tendon tap reflexes, increased muscle tone, and
involuntary muscle contractions. Commonly used agents for
spasticity include baclofen and diazepam with CNS action
and dantrolene, which acts directly on skeletal muscles.

EYE TOTHE FUTURE

For the short term, the most dramatic changes in the critical
care of SCI will be in the improvements in critical care across
the board. New developments in therapies for septic shock,
protective ventilator strategies, reduced use of red cell trans-
fusions, early renal replacement therapy, tight glucose control,
to name a few examples, will dominate the improved care for
all critically ill patients.

Longer term, ICU physicians will begin to introduce
agents that reduce secondary SCI in incomplete lesions.
Agents that either block endotoxicity or enhance cellular
antiexcitotoxic activity may soon be available (149). There

Table 8 Neurosurgery, Trauma, and Acute Spinal Cord Injury

Risk group Recommended prophylaxis

Intracranial IPC device, with or without ES (grade 1A)

neurosurgery LDUH or postoperative LMWH may be acceptable alternatives (grade 2A)

High-risk patients: ES or IPC device with LDUH or postoperative LMWH may be more effective than either

prophylactic modality alone (grade 1B)

Trauma, with identifi-

able risk factor for

Prophylaxis with LMWH, as soon as considered safe (grade 1A); if delayed, or contraindicated because of

bleeding concerns: initial use of ES, or IPC device, or both (grade 1C)

thromboembolism If prophylaxis is suboptimal, offer screening of high-risk patients with duplex ultrasound (grade 1C)

If proximal DVT is demonstrated and anticoagulation is contraindicated, we recommend inferior vena cava (IVC)

filter insertion (grade 1Cþ), but we do not recommend IVC filter insertion as primary prophylaxis (grade 1C)

Acute spinal cord Prophylaxis with LMWH (grade 1B)

injury We do not recommend LDUH, ES, and IPC as sole prophylaxis (grade 1C)

ES and IPC may be offered in combination with LMWH or LDUH, or if early use of anticoagulants is contra-

indicated (grade 2B)

In the rehabilitation phase, we recommend continued LMWH therapy, or full-dose oral anticoagulation (both

grade 1C)

Abbreviations: DVT, deep venous thrombosis; ES, elastic stockings; IPC, intermittent pneumatic compression; LDVH, low-dose unfractionated heparin;

LMWH, low-molecular-weight heparin.
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Figure 7 Maximum days to decubitus ulcer detection. This
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decubitus ulcer formation in a group of spinal cord injured patients.

Source: From Ref. 148.
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is a very large research effort underway to understand
apoptotic pathways and create medications targeted at
interrupting or suppressing them (150). Control of apoptosis
appears to be of central importance, and may be a precondi-
tion of regenerative strategies (151). Several other nonantiox-
idant approaches are under investigation for application
with steroids: these include COX-2 inhibitors, inhibitors of
calpain, and thyrotropine releasing hormone analogs
(which act as opioid receptor antagonists).

When acute injury cannot be minimized and cell death
occurs, the horizon of axonal regeneration research is
increasingly showing promise. Regeneration avenues
include neural growth factors (152); neural stem cell research
(Fig. 8) (153,154); and the use of grafts, electrical stimulation,
and physical therapy to induce neural plasticity (155).

Recently, human fetal spinal cord tissue has been cul-
tured for neural stem cells and subsequently implanted into
spinal cord injured primates (156). Eight weeks after trans-
plantation, all animals were sacrificed and histological
analysis revealed that not only did the human neural stem

cells survive, but they also differentiated into neurons, astro-
cytes, and oligodendrocytes. On a functional level, power
and the spontaneous motor activity of the transplanted
animals were significantly higher than those of sham-
operated control animals (156). An important caveat for all
of this research as it comes into human trials is the need
for improvement in diagnostic testing to improve reliability
of treatment protocol results (157).

SUMMARY

SCI represents a catastrophic event for the patient and his/
her loved ones. The last decade has witnessed numerous sig-
nificant improvements. Within the next five to ten years,
further improvements are on the horizon. Pharmacological
therapies are being developed to limit the extent of second-
ary injury, and soon thereafter we will likely see effective
therapies for restoration of neurological function lost to
primary spinal cord damage.

Recent research has shown that transplanted neural
stem cells can repopulate damaged areas in the spinal
cord. In addition, it is likely that the appropriate trophic
factors will be discovered that will render the native spinal
cord to transform into a growth permissive environment fol-
lowing SCI and allow regeneration of damaged neurons. In
an effort to streamline research efforts and improve collabor-
ation, a recent report from the Institute of Medicine states
that the United States National Institutes of Health (NIH)
and its subsidiary, the National Institute of Neurological
Disorders and Stroke, should develop a centralized
network to lead and organize diverse SCI research across
the country (158).

In the meantime, meticulous critical care practices are
proven to decrease morbidity and mortality in SCI patients
and to hasten their readiness to enter rehabilitation. Aggres-
sive rehabilitation should begin in the SICU (Volume 2,
Chapter 66) and proceed on the ward, as well as following
discharge. New techniques in early mobilization and train-
ing of transfers, self-cleansing, feeding, and dressing are
also desperately needed. Significant additional funds need
to be allocated in this arena as well in order to maximize
the full potential for recovery, and return to productive
lives following SCI.

KEY POINTS

Because of the variable vascular anatomic distribution
of the artery of Adamkiewicz, the upper thoracic
portion of the spine has watershed zones that are extre-
mely sensitive to ischemic and hypoxic insults.
The NASCIS trials supporting the use of methylpredni-
solone have been viewed as methodologically flawed,
with the most encouraging results emerging only in
posthoc analyses. Some prominent authors in the field
of SCI have argued that 24-hour methylprednisolone
should not be routinely used in SCI, and then only on
a compassionate use basis (27).
All patients sustaining major trauma, a fall from greater
than ten feet, MVC, or noticeable injuries to the head or
neck should be thoroughly evaluated for evidence of
SCI.
Some experimental studies have reported reversal of
neurological deficits if decompression is performed
in six to eight hours from the time of injury (53), and

Figure 8 Process of transplanting neural stem cells (or their

progeny mature cell types) into the spinal cord of injured patients.

Multipotential neural stem cells have the ability to self-renew

(curved arrows) and to generate all the mature cell types of the

central nervous system—neurons, oligodendrocytes, and

astrocytes. Neuronal-restricted precursor cells and glial-restricted

precursor cells are more limited in their potential and ability to

self-renew. These cells alone or in combination with ex vivo

gene therapy are being evaluated for their potential to promote

axon regeneration, rescue injured cells, and enhance functional

recovery after spinal cord injury. Source: From Ref. 153.
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clinical improvement of neurological deficits after cer-
vical traction has been applied (54,55).
Lesions in the spinal cord produce sensory and motor
disturbances corresponding to the functions of the
tracts that have been injured or transected.
Clinically, the term spinal shock refers to systemic hypo-
tension due to a decrease in sympathetic fiber–mediated
arterial and venous vascular resistance, along with
venous pooling and loss of preload, with or without
bradycardia.
Although phenylephrine, a nearly pure a-agonist, is
commonly used in conjunction with volume in
trauma resuscitation, for SCI we favor norepinephrine
as a first choice, and if more b-adrenergic support is
needed, epinephrine.
Cord perfusion is crucial in the first 72 hours following
injury, and even short periods of hypotension may have
severe consequences; all patients should receive an
arterial line in the ICU, and MAPs should not be
allowed to fall below 60 to 70 mmHg.
Currently, the data is insufficient to recommend the
routine use of hypertonic saline for resuscitation in
SCI, however, its use should be considered in the
setting of resuscitation when CNS edema amenable to
osmotic therapy is present.
Somewhere between 19% to 70% of SCI patients have at
least one episode of autonomic dysreflexia in their life-
time (67), and should always be anticipated when
patients are scheduled for even small procedures,
such as cystoscopy (68).
Pulmonary complications, after the primary injury, are
the cause of morbidity and mortality in SCI.
Acute SCI victims have the highest risk of developing
DVT among all hospitalized patients (75,76).
Diaphragmatic breathing is affected by body position.
When supine, abdominal contents push the diaphragm
up increasing excursion and tidal volume, but at the
expense of FRC. When the patient is upright, FRC is
preserved, but diaphragmatic “doming” and, thus,
excursion is diminished.
The use of abdominal thrusts or quad coughing, postural
drainage, chest percussion, and effective pain manage-
ment lower the incidence of pneumonia in SCI patients.
Severe CNS injury causes a hypermetabolic response
that peaks 5 to 12 days after injury, and decreases to a
level below preinjury needs depending on residual
level of motor function.
Chronic urinary tract dysfunction requiring catheter
drainage and recurrent UTIs are a serious problem for
patients with SCI.
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INTRODUCTION

The management of vascular catastrophes in the brain
requires both prompt diagnosis and treatment. It also
requires a fundamental knowledge of the medical and surgi-
cal principles of neurological intensive care management of
both operative and nonoperative cases. Often, the pathology
comprising this arena is associated with high morbidity and
mortality, underscoring the need for diligence and insight
into the particulars of the neurological milieu.

Most neurological emergencies involve hemorrhage
within the brain and/or other intracranial spaces, or
ischemic insults to the central nervous system (CNS).
Among intracranial hemorrhages, management of aneurys-
mal subarachnoid hemorrhage (SAH) is particularly
demanding. Aside from operative or endovascular interven-
tions, significant intensive care management is needed to
treat the underlying pathologies and the associated com-
plications. The principles of therapy aim to maintain
adequate CNS blood flow to prevent cerebral ischemia,
which threatens cell survival. In addition, treatment is
focused upon preventing brain shift and herniation as a
result of brain swelling. Intracerebral hemorrhage and
ischemic cerebrovascular disease remain additional major
sources of morbidity and mortality. Because of emerging
therapies rapid evaluation is increasingly critical to their
appropriate management. This chapter will focus on the
pathophysiology, clinical presentation, and management
of the aforementioned disease entities, as well as a brief
discussion of traumatic cerebral aneurysms, venous sinus
thrombosis, and carotid cavernous sinus fistulae.

SUBARACHNOID HEMORRHAGE

The major cause of nontraumatic SAH is aneurysmal
rupture, which occurs in approximately 30,000 persons per
year in the United States (1). The mortality associated
with the initial hemorrhage is around 20%. Subsequently,
the mortality is 30% within the first two weeks, and 45%

within the first month following the initial bleed. Among
the survivors, as many as 50% suffer from significant neuro-
logical impairment (2,3). Most morbidity subsequent to
SAH is due to complications from cerebral ischemia. This
results from increased intracranial (ICP) pressure following
the initial hemorrhage, and is exacerbated by rebleeding,
vasospasm, and hydrocephalus. Nevertheless, outcomes
following SAH have improved over the past 10 years as a
result of improvements in the medical and surgical manage-
ment of this disease (4).

Pathogenesis
Saccular aneurysms must be differentiated from traumatic,

dissecting, mycotic, and/or tumor-associated aneurysms

because the classification dictates management. Saccular
aneurysms arise at the sites in a blood vessel where the elastic
component is either absent from birth or damaged by arterio-
sclerotic changes. A saccular outpouching eventually forms
into an aneurysmal sac due to the constant impact of the
blood stream (5). Aneurysms are also associated with
systemic and familial diseases such as Marfan’s syndrome,
Ehlers-Danlos syndrome, fibromuscular dysplasia, polycystic
disease, and coarctation of the aorta (6).

Presentation
The classical presentation of SAH is a sudden, severe head-
ache, typically the worst in the life of the patient (often
termed a thunder clap). This is often accompanied by neck
pain, nausea and vomiting, photophobia, varying degrees
of altered mental status, and even profound coma (7). The
associated acute rise in intracranial pressure (ICP) may
also produce subhyaloid hemorrhages. Up to 20% of patients
experience a warning leak or sentinel hemorrhage prior to
aneurysmal SAH. This is characterized by nuchal rigidity
and/or meningismus lasting 24 to 48 hours. Unfortunately,
a sentinel hemorrhage is misdiagnosed 20% to 40% of the
time as another more benign disease such as migraine, cervi-
cal disease, or sinusitis (8,9). In order to minimize this, main-
taining a high degree of suspicion for aneurysmal expansion
or sentinel hemorrhage is imperative.
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In addition to hemorrhage, aneurysmal expansion can
cause neurological changes, allowing for the possibility of
diagnosis prior to rupture. Depending on the location, the
patient may have facial pain, papillary dilatation, ptosis,
and/or visual field defects.

Diagnostic Evaluation
The diagnosis of SAH rests with identification of its classical
clinical presentation. This should be confirmed with
an emergent noncontrast computerized tomographic (CT)
scan. The CT scan aids in detecting, localizing, and quantifying
the SAH. It is successful 95% of the time in identifying SAH,
when performed on the same day as the onset of symptoms
(10) (Fig. 1). Additional information about cerebral edema and
hydrocephalus is also provided by CT scan. In the setting of a
sentinel hemorrhage from an aneurysm, a CTscan may be nega-
tive in up to 35% of patients (11). Patients presenting with a

history which is suggestive of SAH, yet possessing a normal
CT scan, warrant a lumbar puncture (first exclude intracranial
mass lesion). This would consistently reveal elevated red
blood cell counts in all tubes if SAH had indeed occurred.
Lastly, a CT scan also reveals causes of SAH other than an
aneurysm rupture. This includes pituitary apoplexy, which
can mimic an aneurysm rupture clinically. The identification of
a hemorrhagic pituitary adenoma can lead to prompt treatment
with steroids to prevent a potentially lethal Addisonian crisis.

Immediately following the documentation of SAH,

attention is directed toward the identification of the respon-
sible vascular abnormality, most commonly a ruptured
aneurysm. The gold standard diagnostic examination is
digital subtraction four-vessel cerebral angiography. This
will identify an aneurysm in 95% of cases, and occasionally
an arteriovenous malformation (AVM) (12) (Figs. 2 and 3). In
addition, an angiogram will show details of the location, size
and orientation of the aneurysm as well as demonstrate the
presence or absence of vasospasm (Fig. 4). However, in 5% to
15% of the cases, the angiogram is negative. In this situation,
the study should be repeated in two to three weeks and
again in a few months, because an acute intraluminal throm-
bus may interfere with angiographic visualization (12,13).

Figure 1 Head computed tomography (CT), noncontrast, with

interhemispheric subarachnoid hemorrhage (between the frontal

lobes along the left sylvian fissure). Also dilatation of the right

temporal horn of the ventricle (one of the radiological hallmarks of

hydrocephalus).

Figure 3 Cerebral angiogram, lateral projection, posterior

circulation arterial venous malformation.

Figure 2 Cerebral angiogram, anterior–posterior projection,

with anterior communicating artery aneurysm.

Figure 4 Cerebral angiogram, oblique projection,

demonstrating the significant narrowing of vasculature beginning

at the internal carotid artery and extending past the bifurcation

in the middle cerebral vasculature, consistent with the

angiographic diagnosis of vasospasm.
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In addition to cerebral angiography for visualization
of the cerebral vasculature, other noninvasive imag-
ing modalities are available as well. Aneurysms can be
demonstrated using magnetic resonance angiography
(MRA); however, MRA has limited sensitivity in the detection
of small (,5 mm) aneurysms (Fig. 5). On the other hand, CT
angiography (CTA) is increasingly being employed for
the assessment of the cerebral vasculature in the setting
of SAH. This technique obtains images by contrast-enhanced,
high-speed spiral CT. The axially acquired data are then recon-
structed into three-dimensional angiographic images (14). The
advantages of CTA include the rapidity with which images are
obtained, its noninvasive nature, and its relative high sensi-
tivity and specificity (15). However, aneurysms less than
3 mm still may escape detection. Additionally, extensive
SAH may hinder the clear demonstration of an aneurysm.
Finally, postoperative use of CTA is limited by scanning arti-
facts introduced by an aneurysm clip.

Clinical Grading
The clinical state of a patient presenting with SAH is highly
predictive of the therapeutic outcome. A grading system
has therefore been developed to document the severity of
the patient’s disease in order to guide therapy and prognos-
tication. In 1968, Hunt and Hess developed a scale which
has been useful in correlating the patient’s clinical status
and prognosis (Table 1) (16). Vasospasm, which is thought

to be caused by subarachnoid blood and its breakdown
products, is also responsible for marked morbidity and
mortality. As a result, the Fisher grading system was devel-
oped to correlate the amount and distribution of subarach-
noid blood on CT with the subsequent development of
vasospasm (Table 2) (17). In both grading systems, a lower
grade (smaller number) is correlated with a better prognosis.

Therapy
The initial goal in SAH management is stabilization of the
neurologic and cardiopulmonary condition of the patient.
Once this is accomplished, the necessary steps are taken
to diagnose and treat the cause of the SAH. In the case
of a ruptured aneurysm, the stabilization, workup, and oper-
ative therapy must be instituted expeditiously since rerup-
ture usually occurs within the first 72 hours following SAH.
The development of vasospasm may also occur within the
first few days following SAH and tends to peak seven to
eight days following the initial ictus. Depending on the
grade of the SAH (Hunt/Hess and Fisher), the patient may
need to be intubated for pulmonary support as well as to
facilitate sedation. External ventricular drainage for the treat-
ment of hydrocephalus may be needed. Once the diagnosis of
a ruptured aneurysm is established by angiography, defini-
tive treatment of the aneurysm may occur through surgical
clipping or endovascular coiling. The algorithm for definitive
treatment of aneurysmal SAH is changing rapidly (particu-
larly the criteria for endovascular management).

Surgical Therapy
Patients with a lower Hunt and Hess grade (Hunt and Hess

grade I–III) should undergo an urgent craniotomy and
surgical clipping of anatomically accessible aneurysms.

The surgical treatment of higher-grade SAH patients (Hunt
and Hess IV & V), who are less favorable operative candi-
dates with a poorer prognosis, remains controversial.

The goal of treatment is to secure the neck of the

aneurysm by clipping, so that the common complications
of SAH, such as rebleeding, vasospasm, and hydrocephalus
can be eliminated or maximally treated (18,19). This is
accomplished by a craniotomy through which the neck of the
aneurysm is identified and excluded from the parent
circulation by a clip (Fig. 6). The operative techniques may
include temporary proximal arterial occlusion (20). Sometimes,
aneurysms which are relatively inaccessible may need to be
treated with proximal arterial ligation. In some of these cases,
blood flow may need to be augmented with the aid of an extra-
cranial to intracranial (carotid/vertebral) arterial bypass.

Endovascular Therapy
With the development of better fluoroscopy and catheters,
endovascular techniques have become increasingly

Figure 5 Magnetic resonance angiogram of the

cerebral vasculature.

Table 2 Fisher Grade

Grade Blood on CT

1 No blood detected

2 Diffuse or vertical layers ,1 mm thick

3 Localized clot and/or vertical layer greater than or

equal to 1 mm

4 Intracerebral or intraventricular clot with diffuse

or no subarachnoid blood

Abbreviation: CT, computed tomograph.

Source: From Ref. 17.

Table 1 Hunt and Hess Grading Scale

Grade Symptoms

I Asymptomatic or minimal headache and slight

nuchal rigidity

II Moderate to severe headache, nuchal rigidity, no

neurologic deficit other than a CN III palsy

III Drowsiness, confusion, or mild focal deficit

(e.g., any cranial nerve palsy other than CN III)

IV Stupor, hemiparesis, possible early decerebrate

rigidity

V Deep coma, decerebrate rigidity, moribund

appearance

Plus one Serious systemic diseases, such as hypertension,

diabetes, severe arteriosclerosis, chronic

obstructive pulmonary disease, and severe

vasospasm, result in placement of the patient

in the next less-favorable category

Abbreviation: CN III, third cranial nerve.

Source: From Ref. 16.
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safe and effective in accessing the cerebral vasculature.
Interventional neuroradiology has also become an indispen-
sable adjunct in the management of cerebrovascular disease.
A recent randomized International Subarachnoid Aneurysm
Trial (ISAT) conducted in Europe, North America, and
Australia, demonstrated better overall outcomes for those
treated endovascularly. A total of 2143 patients were
enrolled in 43 centers; the relative risk of death or significant
disability at one year for patients treated with coils was
22.6% lower than those treated with surgical clipping (21).

Coil occlusion is indicated for the treatment of
aneurysms which: (i) are difficult to clip surgically, (ii)
occur in patients who are unsuitable for early surgery due

to a poor SAH grade, and (iii) occur in patients who are
medically unstable (22). Detachable platinum-alloy
microcoils are deployed through microcatheters into the
aneurysm sac (23). The guidewire transmits a low positive
direct electric current that detaches the coil from the stainless
steel microcatheter. Coils “packed” into the aneurysm sac
promote intra-aneurysmal electrothrombosis by attracting
local blood components (Figs. 7 and 8) (22). In aneurysms
which are treated with proximal parent artery ligation, endo-
vascular balloon occlusion is also used. These include internal

carotid artery aneurysms in the cavernous sinus or selective
vertebrobasilar aneurysms (24). Treatment of nonruptured
aneurysms has not been studied prospectively. However, ret-
rospective data tend to favor endovascular management at
this time (25).

Vasospasm, diagnosed with angiography, can also be
treated by endovascular interventions. Angioplasty can be
used to increase luminal diameter and is indicated when
calcium antagonist prophylaxis fails or when hypervolemic,
hemodilutional, and hypertensive (“triple H”) therapy is
ineffective, or unsafe, in treating clinical vasospasm. A soft
silicon balloon-tipped catheter is navigated into the affected
cerebral vasculature and is inflated with 0.10 mL of saline
to deliver 1–3 atm of pressure. This technique should not
be employed when there is cerebral infarction or an unse-
cured aneurysm distal to the stenotic zone intended for
angioplasty, as the postangioplasty increase in cerebral
blood flow could precipitate a hemorrhage (26). Treatment
of vasospasm also includes the perfusion of the stenotic
segment with vasoactive drugs (e.g., papavarine). Repeated
treatment is frequently necessary and effective.

Management of Subarachnoid Hemorrhage
and Its Complications
Initial Management
Patients with SAH require intensive care management. All
need to be closely monitored for potential medical, neurologi-
cal, and surgical complications. Upon admission to
the intensive care unit (ICU), patients are placed at bed rest
with the head elevated to facilitate cerebral venous return.
Measures are taken to prevent thrombophlebitis (with sequen-
tial pneumatic compression stockings), atelectasis and pneu-
monia (with good pulmonary toilet), and gastrointestinal
ulceration (with the prophylactic use of H2 antagonists and/
or sulcrafate). External ventricular drainage of cerebrospinal
fluid (CSF) may be necessary to treat acute hydrocephalus.
All patients with an intraventricular hemorrhage should
receive external ventricular drainage of CSF.

Systolic blood pressure should be maintained below
160 mmHg while the aneurysm is unsecured. Agents that
are centrally sedating such as methyldopa should be
avoided. Nausea and vomiting should be treated with agents
that are not sedating as well (i.e., use odansatron rather than
droperidol). Pain control should be addressed with minimal
short-acting narcotics, without excessive sedation that may
mask neurological (especially mental status) deterioration.

Figure 7 Cerebral angiogram with microcatheter seen in the

internal carotid artery and entering the posterior communicating

artery aneurysm.

Figure 8 Cerebral angiogram with coils deployed within

aneurysm.

Figure 6 Cerebral angiogram, anterior–posterior projection,

with anterior communicating artery aneurysm successfully

clipped and excluded from the cerebral blood flow.
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Neurological Consequences of Subarachnoid Hemorrhage
Rebleeding
After initial hemorrhage from a ruptured cerebral aneurysm,
the greatest immediate concern is rehemorrhage of the
unsecured aneurysm. In fact, the risk of rebleeding is great-
est in the first 24 hours following SAH (1,3). Of untreated
aneurysms, 20% rehemorrhage within two weeks, 50%
rehemorrhage within one month, and by six months the
risk stabilizes to approximately 2% to 3% per year (27,28).
The consequences of rehemorrhage are devastating, with
an overall mortality of 70% and accounting for 50% of all
deaths occurring within 48 hours of the initial SAH (29,30).
It is for these reasons that ruptured aneurysms should be
treated early whenever feasible.

Vasospasm
Vasospasm is the constriction of arteries in the intracranial cir-
culation in response to subarachnoid blood. A major compli-
cation that creates significant morbidity and mortality,
vasospasm is noted angiographically in 70% of patients and
leads to ischemic symptoms in 20% to 30% of patients (31). It
may occur as early as the third day after the original SAH,
with the incidence peaking between days 5 to 10 and
remains a possible occurrence up to three weeks after the orig-
inal hemorrhage (3). Ultimately, vasospasm leads to stroke or
death in up to 15% of patients surviving the initial SAH (32).

Presentation and Diagnosis. During the pathological
evaluation of vessels in vasospasm, intimal proliferation
and medial necrosis is found. The amount of blood in the
subarachnoid space and its location correlates directly with
the likelihood of vasospasm and the vessels that are likely
to be affected. The pathogenesis of vasospasm is unknown,
but thought to result from the products of local erythrocyte
degradation, and may be in part related to the sequestration
of endothelial nitric oxide by the heme moiety of stroma-free
hemoglobin.

The clinical presentation of vasospasm is variable
and often progressive over a few hours, but can also occur sud-
denly. Symptoms may fluctuate ranging from a mild decrease
in consciousness to focal neurological deficit from ischemic or
infracted brain, and even profound coma. The diagnosis is
made when a delayed neurological deficit or deterioration
occurs in a patient with SAH. Rehemorrhage and hydrocepha-
lus must be excluded by urgent CT scan before attributing a
delayed neurological deficit or deterioration to vasospasm.
For definitive diagnosis of vasospasm, cerebral angiography
should be performed. However, angiographic vasospasm is
not always symptomatic. Since angiography carries a stroke
risk of 1% to 2%, its utility as a screening or monitoring tool
must be carefully considered (3,33).

The most commonly used bedside noninvasive moni-
toring technique to detect cerebral vasospasm is transcranial
Doppler (TCD) ultrasonography (34). An inverse relation-
ship between vessel caliber and flow velocity is predicted
by the Bernoulli effect. Clinically, elevated TCD values and
upward trends in TCD values are correlated with vaso-
spasm, and guide the timing of noninvasive vasospasm
treatment (35). This technique is also commonly used for
monitoring poor-grade SAH patients in whom clinical
signs of worsening neurological deterioration may be
difficult to ascertain. Currently, xenon-13, single-photon
emission computed tomography (SPECT), and positron
emission tomography (PET) are being studied for their
utility in directly measuring cerebral blood flow in

vasospasm. Due to its noninvasive nature, TCD should be
performed daily or every other day after aneurysmal SAH,
reserving angiography for the diagnostic confirmation and
therapeutic intervention of clinical vasospasm.

Management of Vasospasm. The goal of management is to
minimize ischemic brain injury, especially from vasospasm.

The mainstay of therapy in the United States, once clini-

cal vasospasm is suspected or confirmed, is nimodipine (to
minimize vasospasm) and “triple-H” therapy; the three H’s
being hypervolemia, hypertension, and hemodilution.

A calcium channel antagonist such as nimodipine
should be started upon admission to the ICU, since several
studies with an oral nimodipine have demonstrated improved
outcomes in SAH, particularly with poor-gradepatients
(36,37). Fewer infarcts were noted, although there was no
difference in the incidence or extent of angiographic vasos-
pasm. Beneficial effects are most likely related to the
calcium-blocking properties of these agents, which interfere
with the ischemic cascade in marginally ischemic neurons
(37). Calcium-channel blockers may also dilate leptomenin-
geal vessels, thereby improving collateral circulation to
ischemic areas (38). Patients should be started on nimodipine
60 mg every four hours for 21 days, and if hypotension is
encountered the dosage can be changed to 30 mg every two
hours.

The other measure used to counteract the effects of
vasospasm is triple-H therapy. The aim of triple-H therapy
is to improve cerebral perfusion by raising systolic blood
pressure and intravascular volume so as to optimize
cardiac output. In the setting of SAH, circulating red blood
cell volume is decreased, which predisposes patients to a
higher incidence of delayed neurological deficit or deterio-
ration from cerebral ischemia (39,40). Volume expansion,
independent of effects on cerebral perfusion pressure,
improves cerebral blood flow in patients with vasospasm
(41). The critical factor in preventing or reducing cerebral
ischemia may be the prevention of hypovolemia, rather
than the creation of a hypervolemic state (42). Expanding
the intravascular volume in patients with SAH also creates
hemodilution. Hemodilution alone can improve both cere-
bral blood flow and oxygen delivery by decreasing blood
flow viscosity (43). The use of hypertension in the treatment
of vasospasm is based on the observation that cerebral
autoregulation is lost with SAH. A direct correlation
between mean arterial pressure and cerebral blood flow
has also been demonstrated, and several studies have
shown that such induced hypertension can reduce delayed
neurological deficits from vasospasm in aneurysmal SAH
(44,45). The combination of hypervolemia, hemodilution,
and hypertension is now well accepted therapy for clinical
vasospasm. The goal of intravascular volume expansion
with isotonic crystalloid is to maintain a central venous
pressure of 7–10 mmHg, and a hematocrit of 30% to
32%. Hypertension is induced in a stepwise fashion with
volume and pressures, primarily beta agonists, to a systolic
pressure of 160–200 mmHg until the neurological deficit or
elevated TCD values improve (46). The use of triple-H
therapy is not without risk, and should be instituted in the
intensive care setting with a pulmonary artery catheter in
place for continual cardiopulmonary assessment. This
therapy has been associated with heart failure, pulmonary
edema, and electrolyte disorders. Furthermore, induction
of hypertension can lead to myocardial ischemia and infarc-
tion, intracranial hemorrhage, and rupture of unsecured
aneurysms.

Chapter 14: Management of Intracerebral Vascular Catastrophes 243



With the evolution of neuroendovascular techniques,
another weapon in the armamentarium against vasospasm
has been developed. Transluminal balloon angioplasty can
be used to selectively dilate severely narrowed arteries.
The ability to reverse clinical symptoms of vasospasm with
this technique is related to how quickly after symptoms
arise that angioplasty is performed. More significant
improvement of symptoms is achieved when angioplasty
is performed within 24 hours of neurological deterioration
(47). In select patients, vasospasm refractory to medical
therapy may be reversed in up to 98% of cases (48). Lastly,
intra-arterial perfusion of vasoactive agents (e.g., papaver-
ine) has also been used in treating vasospasm with varying
degrees of success.

Hydrocephalus
Hydrocephalus may develop at different times after SAH. A
large volume of blood in the subarachnoid space or in the
ventricules can cause acute hydrocephalus due to obstruc-
tion of cerebrospinal drainage pathways. This may occur
in up to 20% of patients and is more common in poor-
grade patients since the degree of hemorrhage tends to be
large in these patients (49). External ventricular drainage of
CSF would be necessary to reduce ICP and to facilitate the
removal of blood clots.

Hydrocephalus occurring in the subacute or late period
after SAH is usually of the communicating type. The problem
arises from decreased absorption of CSF by the arachnoid
villi, caused by the products of blood degradation. These
patients should be treated based on their clinical scenario. If
there is ventriculomegaly and the patient is neurologically
intact, then a period of observation and repeat CT scanning
is warranted. However, if the patient has a neurological
deficit or persistent headache, temporary CSF drainage and
permanent CSF diversion with a ventriculoperitoneal or
lumboperitoneal shunt may be needed. As many as 20% of
patients with SAH will need permanent CSF diversion (50).

Seizures
Seizures occur in up to 25% of patients with aneurysmal SAH
(51). Rebleeding or vasospasm can be exacerbated during the
seizure episode. For this reason, anticonvulsants are used on a
prophylactic basis for SAH patients in most American centers.
Phenytoin is used for a two-week period and its use is
extended to three months for witnessed seizure or postopera-
tive intracranial hemorrhage. If fever, rash, or hepatotoxicity
develops, phenytoin should be discontinued and a different
anticonvulsant should be used (52).

Medical Consequences of Subarachnoid Hemorrhage
Cardiac Complications
Intracranial hemorrhage, particularly SAH, is associated
with hypothalamic dysfunction and catecholamine release
with unique cardiac complications. This adrenergic release
causes prolonged myocardial contraction, decreased
cardiac compliance, and is directly cardiotoxic. Sustained
catecholamine release can eventually causes myofibrillar
degeneration and necrosis (53). Electrocardiogram
(ECG) changes are common in patients with SAH, even in

patients without prior history of cardiac disease. Promi-
nent U waves, inverted T waves, and minor elevation or
depression of the ST segment can occur. Large upright T
waves and prolonged QT intervals may also be encountered,
and arrhythmias can occur in up to 30% of patients (54).
Despite the aforementioned ECG changes in the setting of

SAH, permanent myocardial ischemia is relatively rare.
The finding of pathologic Q waves warrants a diligent
workup for myocardial infarction (55). Cardiac compli-
cations with SAH can be life threatening, and every patient
should receive close cardiac monitoring, particularly
during the first 48 hours after SAH when catecholamine
release is greatest and during the institution of triple-H
therapy.

Pulmonary Complications
After rebleeding, vasospasm, and hydrocephalus, mor-

bidity following SAH can be attributable to pulmonary com-
plications including pulmonary edema, pneumonia and/or
pulmonary embolism. Pulmonary edema may be either
neurogenic or cardiogenic in origin. The neurogenic pul-
monary edema associated with SAH arises from induced
alterations in pulmonary vascular permeability and results
in edematous fluid with high protein content. Cardiogenic
pulmonary edema is secondary to vascular congestion and
results in edematous fluid with low protein content. This
may be caused by primary cardiac failure or exuberant
volume expansion in triple-H therapy, and underscores the
need for using pulmonary artery catheters (56). Pneumonia
occurs in 20% of SAH patients, usually from aspiration
or prolonged mechanical ventilation. Timely intubation
during neurological deterioration, vigilant pulmonary
therapy, appropriate antibiotic management, and employ-
ment of tracheostomy are the basic principles guiding the
management of pneumonia (57).

Thromboembolism
Thromboembolism poses a major concern in SAH patients
who are frequently immobilized for long periods. These
patients should receive intermittent pressure stockings.
Anticoagulation is withheld until the aneurysm is secured.
An established DVT in the setting of an unsecured aneurysm
should be managed with an inferior vena caval filter.
If anticoagulation is required, it is generally considered
safe 48 hours after surgery.

ARTERIOVENOUSMALFORMATION
Pathogenesis
AVMs of the brain are congenital lesions of the vascular
system. They begin to evolve between the fourth and
eighth weeks of embryonic life, most likely from a defect
in the development of the capillary system between the
arteries and veins (58,59).

In a normally developed vascular system, cerebrovas-
cular resistance, determined by the capillary system, pre-
vents arterial blood from directly entering the veins. The
capillary bed functions normally, allowing the developing
brain access to nutrients from the blood. In the area of an
AVM, however, this resistance bed does not exist and
blood is shunted directly from the arterial into the venous
system (Figs. 9 and 10). Since these anomalies arise during
brain development, the part of the brain normally supplied
by the absent capillary bed does not develop. Its function
is subserved by surrounding cerebral components. For this
reason, the patient may function normally and the AVM
remains undetected. At the site where the AVM develops,
a gliotic plane forms between the AVM and the
surrounding brain. Lastly, the absence of the capillary bed
also creates pathways which offer the least resistance
to blood flow. These abnormal, low-resistance pathways
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gradually “capture” blood from the surrounding circulation
and enlarge. The AVM eventually becomes a lesion com-
prised of abnormal channels of variable sizes. Aneurysms
may also develop in this malformed vascular tree. AVMs
may be extremely small and cryptic or so extensive as to
involve an entire hemisphere. Because these vessels are mal-
formed, under abnormal flow and pressure forces, they have
a predilection to hemorrhage.

Presentation
AVMs are the leading cause of SAH in young people

although they account for only 5% of SAH in adults
(58,60). AVMs may become symptomatic at any age.
The most common presentation is an intracranial hemor-
rhage that occurs in up to 40% of the patients. This is more
commonly seen in smaller AVMs. Seizure is also a presen-

tation of AVMs. This is presumed to arise from the gliotic
plane between the AVM and the brain. Headache is the
third symptom associated with an AVM. This is usually
of a vascular pulsatile nature. In patients with large AVMs,
progressive neurological deficits may develop, and this is
thought to occur as blood is diverted from other areas of
the brain to the malformation, causing progressive ischemia
in those areas immediately surrounding the AVM. This
diversion of blood is often referred to as steal.

The most threatening symptom of an AVM is
hemorrhage. In those patients who did not present with a
hemorrhage, the chance of a hemorrhage is 1% to 3% per
year. On the other hand, AVMs which present with a hemor-
rhage, possess a hemorrhage risk of 3% to 5% per year. Since
an AVM occurs mainly in younger individuals and the
natural history in regard to hemorrhage for these patients
is unfavorable, treatment is essential. In contrast to a mor-
tality rate of 20% to 23% following rupture of an intracranial
aneurysm, the initial mortality rate for a ruptured AVM is
approximately 10% (58,60). The likelihood of surviving
such a hemorrhage is, therefore, substantially higher than
in a patient who suffers SAH from an aneurysm.

Diagnostic Evaluation
On CT scanning, a ruptured AVM assumes the appearance of
an intracerebral hemorrhage. Blood can be intracerebral,
intraventricular, subarachnoid, or some combination of the
aforementioned. Calcifications may also be seen. Magnetic
resonance (MR) imaging often shows signal voids as a
result of traversing vessels and is more accurate at diagnos-
ing AVM, particularly in the unruptured cases. The defini-
tive diagnosis of an AVM is made using conventional
cerebral angiography, which shows abnormal blood vessels
and the classic early draining veins. In recent years CT angio-
graphy and MR angiography have been used increasingly in
the diagnosis and evaluation of AVMs; however, therapy
is offered only after establishing the diagnosis through a
conventional cerebral angiogram (61).

Therapy
Therapy for AVMs has traditionally been operative.
However, treatment of AVMs in critical areas (i.e., speech
and motor centers) has been associated with marked mor-
bidity and mortality. Therefore, alternative therapy is
sought. Various forms of radiation have been tried and
shown to be effective in selective situations (62–64). The
limitation has been the size of the lesion. Focused radiation
has particularly been effective in smaller AVMs. Gamma
knife radiotherapy is now commonly used and can treat
lesions up to 3.5 cm in diameter. The results, however, may
not be evident for two years.

Concurrent developments of sophisticated flow-
directed intravascular catheters and a variety of balloon
occlusive devices, both stable and leaking, which allow the
placement of glue into AVMs, have also contributed
greatly to both the nonsurgical and surgical treatment of
these lesions (65). Endovascular occlusion of AVMs can
significantly reduce the size of the lesion facilitating operat-
ive resection, however, it is not used as the only treatment
because of the risk of recanalization of the glued vessels.

Operative excision of small malformations, particu-
larly those on the cortical surface, is usually straight-
forward (Table 3). Recent major improvements in surgical
technique, as well as in nonsurgical methods such as radio-
graphically guided embolization of such malformations,

Figure 10 Cerebral angiogram, lateral projection, with occipital

arterial venous malformation (AVM) seen during the venous

phase; note the large dilated draining veins characteristic

of an AVM.

Figure 9 Cerebral angiogram, lateral projection, with occipital

arterial venous malformation seen during the arterial phase.
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have made the large lesion somewhat less formidable than
before. Nevertheless, large, deep-seated, or precariously
located AVMs require a substantial amount of surgical
expertise found only in a few centers with significant
experience (60,66,67).

The intraoperative management of patients undergoing
surgery for large AVMs is critical. Depending on the size and
complexity of the AVM, surgery for removal may be done in
either single or multiple stages. Staged excision is intended
to allow for the gradual redistribution of blood from the
AVM to the surrounding brain. Regardless of the staging,
great care must be taken to successfully occlude all the
vessels. Even small bleeders must be thoroughly coagulated
because they may give rise to hemorrhage as the blood flow
shifts from the malformation to other portions of the brain.

In the operative treatment of large, high-flow AVMs,
catastrophic intraoperative as well as postoperative brain
engorgement/hemorrhage can occur. The pathophysiology
of such engorgement/hemorrhages lies in the redistribution
of blood into vessels in the peri-AVM brain tissues that
cannot accommodate the increased blood flow. Vasomotor
paralysis ensues with resultant engorgement and hemor-
rhage. This bleeding, which has been called perfusion
pressure breakthrough bleeding, is a major problem during
operations on large and deep AVMs (68). Hemorrhage or
malignant brain swelling can occur at a distance from the
malformation in an area where the vasculature is normal,
indicating that tremendous shifts in brain blood flow can
occur in such patients. In such occurrences, reduction of
cerebral blood flow through hypotension or the induction
of barbiturate coma has been the most effective therapy.

Medical Intensive Care Unit Management
The combination of a large bed of recently divided and
cauterized vascular elements and the risk of perfusion
pressure breakthrough bleeding makes optimal postoperative
management of patients undergoing resection of large AVMs
very important. It is crucial that rapid increases in blood
pressure during emergence from anesthesia be avoided.

Some large and deep AVMs are therefore rejected
under deep barbiturate anesthesia. In such cases the goal
of a smooth awakening is aided by the slow metabolism of
pentobarbital. If this is not the case, sedation must be
maintained, often with propofol, to the extent of relaxing

the patient without interfering with extubation. It is important
for the anesthesiologist and surgeon to inform the patient
thoroughly of the conditions under which he or she will
emerge from anesthesia (ICU environment, endotracheal tube,
etc.) prior to surgery (58). The blood pressure is frequently
kept within very stringent limits (between 110 and
130 mmHg systolic). In the treatment of elevated blood
pressure in the postoperative setting, sodium nitroprusside
is generally avoided owing to its cerebral vasodilatory
effects. Beta blockers such as labetalol are usually used, some-
times in very high dosages. In combination with sedation,
these agents are usually sufficient to maintain stable cerebral
perfusion dynamics during the critical postoperative period.

INTRACEREBRAL HEMORRHAGE
Pathogenesis
Spontaneous intracerebral hemorrhage accounts for as many
as 25% of all strokes or up to 100,000 cases a year in the
United States (69,70). Sudden intracerebral hemorrhage (ICH)
is not always immediately catastrophic, although in many
instances death occurs within minutes or hours. ICH is even
more likely to result in death and major disability than SAH
or ischemic stroke (71). Indeed, 35% to 52% are dead within
one month; half of these dying within the first two days, and
only 20% are able to live independently at six months (71).

Most hypertension-associated hemorrhagic strokes
occur in the basal ganglia or the thalamus. An additional 10%
occur in the cerebellar hemispheres, and a similar percen-
tage in the brainstem (Table 4) (71). Occasionally, lobar
hemorrhages (bleeding in a localized area of the brain near
its outer surfaces) result from uncontrolled hypertension.
However, amyloid angiopathy is the most common cause
of lobar intracerebral hemorrhage in the elderly (Table 5).

Presentation
Hemorrhagic stroke classically presents as the sudden onset
of a focal neurologic deficit that progresses over minutes to
hours and is accompanied by severe headache, nausea,
and vomiting. If the hemorrhage is large, there is often a
rapid decline in the level of consciousness, and there is
almost invariably an associated elevation in blood pressure.
The clinical presentation is caused by a sudden and pro-
gressive expanding lesion that produces both a substantial
shift of brain tissue and intracranial hypertension over a
relatively short period.

Prognosis for patients suffering hemorrhagic stroke
depends on age, location, size, and the rapidity with which
the hemorrhage produces brain shift and distortion (72). In
a recent Japanese study, 30-day mortality was 0% for cerebel-
lar, 9% for thalamic, 11% for putaminal, 11% for lobar, 14%
for caudate, and 53% for brainstem hemorrhage (73).

Table 3 Spetzler–Martin Classification System

Characteristic Points

Size

,3 cm 1

3–6 cm 2

.6 cm 3

Eloquence

No 0

Yes 1

Presence of deep drainage

No 0

Yes 1

Total Score 1–5

Note: “Eloquence” denotes location in an anatomic location

associates with higher brain functions e.g. speech, memory etc.

Source: From Ref. 65.

Table 4 Location of Intracerebral Hemorrhages

%

Basal ganglia 50

Thalamus 15

Cerebral hemisphere 15

Cerebellum 10

Pons 10

Brainstem 3

Source: From Ref. 70.
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Outcome is directly related to the level of consciousness at
the time the patient is first seen. A patient who has had a
severe headache but is awake and stable at the time of
hospitalization is likely to survive with optimum therapy,
whereas the patient presenting in coma is likely to do
poorly despite the most intense surgical and/or medical
treatment.

Hemorrhages in the brainstem frequently result in
a sudden loss of consciousness and death within a few
hours or days. Patients with brainstem hemorrhages
characteristically have disconjugate gaze, major disturb-
ances of respiration, and dramatic swings in blood pressure
with systemic arterial hypertension. In general, no specific
therapy is currently available for such patients. Despite
occasional reports of successful evacuation of brainstem
hemorrhage, surgery should only be considered in very
select cases (Table 6).

Diagnostic Evaluation
CT scanning is the imaging test of choice in diagnosing intra-
cerebral hemorrhage. Acute blood is hyperdense to sur-
rounding brain and is readily identified on CT. Magnetic
resonance (MR) imaging shows brain anatomy more
clearly, but it can be difficult to identify acute hemorrhage
on MR. In addition, the time it takes for an MR scan limits
its practicality in the acute setting (Figs. 11–14).

Table 5 Common Causes of Intracerebral Hemorrhage

Hypertension Most common cause

Usually in the basal ganglia, thalamus or pons, but

can occur anywhere

Possibly secondary to microaneurysms in the

lenticulostriates (supply putamen) and basilar

pontine branches (supply pons)

Tumor Tumors are highly vascular and some have a

predilection for hemorrhage such as renal cell,

choriocarcinoma, and melanoma

Lung and breast cancer metastases are the most

commonly found tumors, with hemorrhage due

to a higher prevalence of these tumors

Amyloid

angiopathy

Most common cause of hemorrhage in elderly

patients who do not have hypertension

Due to abnormal deposition of amyloid in the

media of cerebral arteries

Tends to be cortical and multifocal

AVM Intracerebral hemorrhage is the most common

presentation for an AVM

Hemorrhage may extend to intraventricular

space

Aneurysm Usually cause subarachnoid hemorrhages but if

abutting the parenchyma may have

intracer ebral component to hemorrhage

Stroke Usually during reperfusion of an ischemic stroke

(infarct), the injured area may hemorrhage

from damaged vascular endothelium

Coagulopathy Most commonly from anticoagulation treatment

of cardiovascular or ischemic cerebrovascular

disease with warfarin

Also may be caused by thrombolytics

Infection Fungal infections may have vascular invasion and

consequent intracerebral hemorrhage

Herpes virus may cause hemorrhage in the

temporal lobes

Miscellaneous Postoperative after carotid endarterectomy

Leukemia

Dural sinus thrombosis

Substance abuse with cocaine or amphetamines

resulting in vasospasm or arteritis

Abbreviation: AVM, arteriovenous malformation.

Source: From Ref. 72.

Table 6 Clinical Presentation of Intracerebral Hemorrhages

Based on Location

Putamen Contralateral hemiparesis or hemiplegia

Altered level of consciousness if significant mass

effect

Thalamus Contralateral hemisensory loss

If internal capsule is involved: hemiparesis

If upper brainstem is involved: gaze and pupillary

dysfunction

Frontal Contralateral hemiparesis, usually of arm worse

than leg

Parietal Contralateral hemisensory loss and hemiparesis

Temporal Dysphasia or aphasia if hemorrhage in dominant

hemisphere

Occipital Contralateral homonymous hemianopsia

Cerebellar Ataxia

If brainstem compression, then also decreased

level of consciousness

If obstructing fourth ventricle, acute

hydrocephalus

Brainstem Highly variable based on location; including but

not limited to cranial nerve deficits,

hemiplegia, hemisensory loss

Source: From Ref. 72.

Figure 11 Head computed tomography, noncontrast, demon-

strating a left thalamic hyperdensity consistent with acute intra-

cerebral hemorrhage.
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Therapy
One of the major controversies regarding cerebrovascular
disease is the treatment of hemorrhagic stroke. Japanese
centers have been extremely aggressive in surgical interven-
tion, in part perhaps because patients present earlier in
Japan (74–76). In the United States there appears to be a
much higher incidence of delay prior to hospitalization.

Morganstern et al. conducted a smalls single-center trial
of surgical treatment for intracerebral hemorrhage (STICH)
comparing standard craniotomy versus medical therapy.
Entry criteria were supratentorial location of ICH, with
volume �10 cm3, and GCS between 5 and 15. Of the 34
patients entered, 17 were randomized to surgical therapy.
The median time till surgery was 8.3 hours (range, 3.75–
26.1 hours). The six-month mortality was 17.6% for the surgi-

cal group and 23.5% for the medical group (P ¼ NS).
However, the surgical group had a greater number of hemor-
rhages located in an unfavorable location; only 1 of 17 patients
(6%) had a lobar hemorrhage, whereas 7 of 17 (41%) of the
medically treated patients had a lobar hemorrhage (P ¼ 0.04).

In further pursuit of an answer to the debate of
operative versus nonoperative management, a randomized
international surgical trial for intracerebral hemorrhage
(ISTICH) is now under way (77). In a recent update, Mende-
low, the principal ISTICH investigator, reported on data
collected from 985 patients at 107 centers (77). Unfortunately,
the operation rates varied between 90% in Lithuania and 2%
in Hungary (76). The disparity in operation rates could not
be explained by differences in patient characteristics alone.
This finding brings questions to the ultimate utility of this
study, but also demonstrates the need for further trials
given that current treatment for intracerebral hemorrhage
appears to be at least partly governed by local custom.
Since the treatment of patients with hemorrhagic stroke is
still in flux, it is difficult to elaborate a specific set of rules
regarding appropriate management.

As noted previously, patients who present awake will
generally have a more favorable outcome and are less likely
to require surgical intervention. It is the patient who presents
with some impairment of consciousness, albeit mild, and
then begins to deteriorate who presents the most difficulty
(75,78,79). If the hemorrhage is large and located in a
portion of the brain not involving the speech or motor
systems, aggressive removal is frequently pursued with
acceptable results. It appears that many nerve fiber tracts
are separated and not destroyed by the intracerebral hemor-
rhage, particularly in younger patients, and that clot
removal, if done through an appropriately placed small
cortical incision, will often yield only a modest and relatively
remediable neurological deficit. Lesions in the dominant
hemisphere are mostly treated nonoperatively in the
United States, especially when they are deep seated.

Historically, ICH bleeding was thought to be com-
pleted within a few minutes of onset, and the neurological

Figure 12 Head computed tomography, noncontrast, with

right parietal hyperdensity consistent with acute intracerebral

hemorrhage; note hemorrhage extends into right lateral ventricle.

Figure 13 Head computed tomography, noncontrast, with left

frontal hyperdensity consistent with intracerebral hemorrhage.

Figure 14 Head computed tomography, noncontrast, with

pontine intracerebral hemorrhage.
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deterioration resulting mainly from mass effect and cerebral
edema. However, recent prospective data show that hema-
toma growth occurs in at least 38% of patients if scanned
within three hours of onset, and that this expanision is
highly correlated with neurological deterioration (80). On
the basis of these observations, Mayer has hypothesized
that ultra-early hemostatic therapy could reduce ultimate
ICH volume and improve outcome (80). Mayer further
hypothesized that recombinant factor VIIa (rFVIIa) was the
most promising agent available as it promotes local hemos-
tasis at sites of vascular injury in both coagulopathic and
normal patients.

Mayer et al. presented the results of a recent phase IIb
proof-of-concept study at the World Stroke Congress
(Vancouver, California, June 26, 2004) (81). In that trial,
rVIIa was shown to reduce the morbidity and mortality of
ICH by about one-third of patients (81). Four hundred
patients with ICH were randomized to one of four groups
(rFVIIa at one of three doses vs. placebo). rFVIIa was admi-
nistered at 40 mg/Kg, 80 mg/Kg, or 160 mg/Kg versus
placebo within one hour of CT-demonstrated intracerebral
hemorrhage (performed within three hours of onset of
symptoms) in the trial. All three doses reduced the percen-
tage increase in hematoma size (about 5 mL less blood on
CT), with an attendant 35% reduction in mortality and mor-
bidity (35). Therefore, treatment with rFVIIa holds promise
in the nonoperative treatment of intracerebral hemorrhage.
In addition to corroboration of this study with a definitive
phase III study, similar trials will also need to be done in
operative patients.

Medical Intensive Care Unit Management
Patients who are operated on for major intracranial hemor-
rhages require postoperative critical care management
similar to that required for head injury. Frequently their
decline is precipitous and the recovery period protracted.
Respiratory care is particularly important in the early
postoperative period.

Significant hypertension is frequent, and a modest
attempt should be made to return the patient’s blood pressure
to premorbid levels. Systolic blood pressures under 200 mm
Hg are usually tolerated in such individuals, and help
prevent hematoma expansion. However, because the majority
of these patients are more than 60 years of age and have had
long-term hypertension with the attendant arterial changes,
vigorous attempts to control the blood pressure may produce
symptoms of cerebral ischemia and must be avoided (82–84).
It is preferable to tolerate modest hypertension in such situ-
ations. After recovery, blood pressures can usually be
lowered to a satisfactory range with oral medication.

The patient with hemorrhagic stroke is the stroke
patient most often seen in the critical care unit. Owing to
the sudden onset of neurological deficits in patients with
hemorrhagic stroke, loss of consciousness and inadequate
oxygen exchange are often encountered. Careful assessment
of the patient’s level of consciousness and neurological
status provides valuable information about the stability of
his or her intracranial compliance. A patient with a known
intracerebral hemorrhage who deteriorates from lethargic
to unresponsive needs immediate medical evaluation and
intervention to control rising ICP (83,85,86).

There are a large number of patients who lie in an area
of uncertainty with respect to management. These patients
often have relatively large masses with intermediate shift
of 3–6 mm and comparatively good clinical states. In these

patients, there is a significant correlation between ICP and
clinical status. Therefore, ICP monitoring can be quite
useful in guiding management decision (78,79,83,84). If the
ICP remains below 20 mmHg, the hemorrhage may be
managed nonoperatively in the absence of other surgical
indications. Conversely, ICP elevations above 30 mmHg
indicate that deterioration is in progress and that surgical
intervention should be promptly reconsidered.

ISCHEMIC CEREBROVASCULAR DISEASE

CVA is a focal neurological deficit of abrupt onset resulting
from disturbance of the cerebral circulation and persisting
more than 24 hours. Those deficits resolving within 24
hours are referred to as transient ischemic attacks (TIA).
The incidence of CVA varies across ethnicities, rises expo-
nentially with age, and is uniformly greater in men than in
women. Furthermore, there is a recent increase in the annual
incidence of stroke in the United States from 500,000 CVA in
1995 to roughly 750,000 events today (87,88). In total,
the overall incidence for stroke has been estimated at 259
per 100,000 (age- and sex-adjusted for the 1995 U.S. popu-
lation), and approximately 90% of patients undergoing
CVA were hospitalized following the onset of symptoms.

The disturbance of the cerebral vasculature that results
in focal neurologic deficit generally takes one of two forms.
In one, the vasculature is affected by arteriosclerotic
changes to produce vessel occlusion and subsequent focal
ischemia in a condition referred to as ischemic stroke.
In the other, the vasculature is disrupted to such a degree
that intracranial bleeding results and a hemorrhagic stroke
ensues. This following section will focus on the former
form of cerebrovascular disease, ischemic stroke, which
has been estimated to constitute roughly 85% of the cerebro-
vascular disease encountered in the clinical setting.

Pathophysiology
In order to sustain its normal level of function, the brain
must maintain a highly active metabolic milieu. Although
accounting for only 2% or so of overall body weight in the
average adult, it receives roughly 20% of cardiac output at
rest. Moreover, the brain is an obligate aerobe, highly depen-
dent on the oxidative metabolism of glucose to meet its
metabolic needs. Estimates of cerebral metabolic demands
suggest that the average brain consumes roughly 50 mL of
oxygen and 100 mg of glucose every minute. Consequently,
the brain is exquisitely dependent on the maintenance of cer-
ebral blood flow (CBF) for its continuing function. Mean CBF
in the cortex has been estimated as roughly 50 mL/100 g/
min. The cerebral vasculature maintains this value via auto-
regulation (vasodilation with lower pressures, and vasocon-
striction in response to elevations in mean arterial pressure).
Once the mean arterial pressure drops below the autoregula-
tory setpoint of around 50 mmHg, the cerebral blood flow
drops down below the normal 50 mL/100 g/min. The brain
has additional reserve mechanisms for lower flows, and is
able to maintain brain oxygenation during a decrease in
CBF to as low as 20 to 25 mL/100 g/min by increasing its
oxygen extraction. Below that threshold, however, oxygen
extraction fails and ischemic processes ensue that may pro-
gress to infarction.

Two distinct mechanisms by which CBF fails

secondary to occlusion of the cerebral vasculature are
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generally recognized, one involving local thrombosis and
the other embolism.

Thrombosis of larger vessels (so-called atherothrom-
botic stroke) is rare and generally results from clotting
initiated by debris originating from intracranial athero-
sclerotic plaques. This process may be slow in evolution
and thus thrombotic stroke may take the form of so-called
“stroke in progression,” in which neurologic deficits pro-
gress over a few hours or days. Whether the progressive
thrombosis occurs in a smaller vessel or a major vessel
such as the internal carotid artery, heparin and thrombolytic
therapy may arrest progression. Local thrombosis is also
seen in small intracranial vessels (�30 to 100 mm in diam-
eter) and results in so-called “lacunar strokes,” in which
a small volume of brain tissue supplied by an occluded
end artery infarcts. In such cases, the most likely underlying
pathology involves either lipohyalinosis or microatheroma
and overlying thrombosis within the vascular lumen.
Clinically, these insults may be asymptomatic or may
produce a wide array of subcortical deficits.

Embolic stroke is classically differentiated from throm-
botic stroke by the greater acuity of its onset and the maximal
extent of its deficits at that time. The classical presentation is a
transient alteration of mono-ocular vision called an amauro-
sis fugax or transient motor or speech dysfunction. Vessels in
the middle cerebral artery distribution are the most com-
monly affected. A common source of emboli into the cerebral
vasculature is an atherosclerotic plaque in a portion of the
arterial tree proximal to the embolic destination. Such
plaques, whether in the intracranial vasculature itself, along
the course of the extracranial carotid artery (Fig. 15), or
within the aortic arch, can generate thrombotic lesions that
dislodge from the friable plaque and travel down arterial
lumina of decreasing diameter until reaching a distal occlud-
ing point. Strokes of this sort are referred to as atherothrom-
boembolic strokes. Another source of emboli is the heart
itself. Strokes of this type, cardioembolic strokes, can
involve a variety of emboli. Although most commonly con-
sisting of red atrial thrombi as are generated in conditions
such as atrial fibrillation, cardiogenic emboli may also
consist of material such as infective elements from valvular
lesions, necrotic endocardial tissue after acute myocardial
infarct, and any of a number of entities from the venous
system in the case of paradoxical emboli traversing a persist-
ent foramen ovale. Embolic strokes have a higher risk of
transforming into hemorrhagic strokes in which petechial
or frank hemorrhage into the infarcted tissue follows the
initial ischemic insult by hours or days (89).

Laboratory and Radiological Evaluation
The history of acute disease presentation in a patient with a
new focal neurological deficit is exceedingly important in
establishing a diagnosis of cerebrovascular disease. The
physical examination identifies the extent of the patient’s
pathology. In atypical patients, intoxicant and medication
history may be particularly relevant (Table 7). Even if the
differential has been narrowed to CVA versus TIA, neither
history nor physical can distinguish between ischemic and
hemorrhagic causes. Accordingly, a noncontrast CT of the
brain must be obtained immediately after presentation
with a new focal neurological deficit. Should the CVA
prove to be of the ischemic variety (Fig. 16), immediate
initiation of thrombolytic therapy should be considered
(90). If the CVA is of the hemorrhagic variety, thromboly-
tics and anticoagulants are contraindicated and clinical man-
agement should involve neurosurgical consultation.
Ultimately, carotid Doppler ultrasound, MRI and MRA,
and increasingly CT angiogram are useful in the workup of
stroke (Figs. 17 and 18) (91–93).

The patient’s vital signs will guide the evaluation
of airway and respiratory management as well as the cardi-
ovascular status, e.g., hypotension or hypertension. A

Figure 16 Head computed tomography, noncontrast, with left

frontoparietal hypodensity consistent with left middle cerebral

artery ischemic stroke.

Table 7 Differential Diagnosis of New, Sudden-Onset

Neurological Deficit

Stroke/TIA

Postictal Todd’s paralysis

Tumor

Migraine

Trauma: e.g., epidural hematoma, subdural hematoma

Infectious encephalopathy: e.g., abscess, encephalitis

Metabolic encephalopathy: e.g., hypoglycemia, drug toxicity,

hepatic encephalopathy

Abbreviation: TIA, transient ischemic attacks.

Figure 15 Carotid artery angiogram, with significant focal

narrowing of the internal carotid artery just distal to the common

carotid artery bifurcation.
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complete blood count can suggest infectious causes of neuro-
logical deficit and diagnose polycythemia, thrombocytope-
nia, or thrombocytosis. A coagulation panel may detect
hypo- or hypercoagulable states. Hypoglycemia will be
detected by the metabolic panel, which also guides initial
fluid resuscitation. A lipid panel may guide evaluation
of the proximal arterial tree for atherosclerotic plaques,
whereas an electrocardiogram may suggest (e.g., with a
reading of atrial fibrillation) a cardiac source. A toxicology
screen may suggest a triggering substance, but it will also
guide initial management if the patient is prevented from
gaining access to substances of chronic abuse when
admitted. Finally, a chest radiograph will indicate whether
or not the patient has suffered an aspiration incident
(Tables 8 and 9).

Management
Initial management of a patient who presents with a new,
abrupt-onset neurological deficit goes hand in hand with
assessment. Airway management, respiratory control, and
cardiovascular status must be assessed and addressed
prior to any further evaluation. Once the patient is suffi-
ciently stable, neuroimaging must be obtained. A noncon-
trast head CT remains the imaging modality of choice in
the setting of acute stroke for its rapidity, relatively low
expense, and clarity in identifying new hemorrhage. When
imaging indicates a hemorrhagic condition, appropriate
measures should be immediately implemented (see above).
If, however, CT reveals a normal or hypodense area con-
sistent with acute ischemic stroke, the patient should be
admitted to a level of care appropriate to disability and
concomitant medical issues, and treatment should be
initiated to reverse or reduce the amount of tissue under-
going ischemia and/or infarction. These treatments fall
into five broad categories: (i) supportive care, (ii) thromboly-
tic therapy, (iii) anticoagulation, (iv) antiplatelet medication,
and (v) neuroprotective measures.

Figure 17 Magnetic resonance angiogram, diffusion weighted,

with left cerebellar hyperintensity consistent with acute stroke.

Figure 18 Magnetic resonance angiogram, with absent left

vertebral artery and left posterior–inferior cerebellar artery

causing the stroke in Fig. 17.

Table 8 Investigative Studies for Patients with Stroke or

Transient Ischemic Attacks

Laboratory tests Imaging studies

Complete blood count

with platelet count

Chest roentgenogram

Metabolic panel

(electrolytes, urea, glucose)

Electrocardiogram

Lipids CT or MRI of head

Coagulation panel

Toxin screen

Abbreviations: CT, computed tomography; MRI, magnetic resonance image.

Table 9 Uncommon Causes of Stroke

Disorder Examples

Hypercoagulable

states

Protein C deficiency

Protein S deficiency

Antithrombin III deficiency

Antiphospholipid syndrome

Factor V Leiden mutation

Malignancy

Polycythemia vera

Systemic lupus erythematosus

Nephrotic syndrome

Inflammatory bowel disease

Fibromuscular

dysplasia

Increased muscle and fibrous tissue

in arterial wall of carotid and

cerebral arteries

Also affects kidneys, coronary arteries,

mesenteric arteries, and iliac arteries

Vasculitis Primary CNS vasculitis

Systemic vasculitis (e.g., giant cell)

Cardiogenic

syndrome

Atrial myxoma

Marantic endocarditis

Libman-Sacks endocarditis

Mitral valve calcification
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Supportive Care
The immediate goal of supportive care in patients suffering
cerebral ischemia is optimization of cerebral perfusion to the
at-risk periphery of the ischemic insult, the so-called “ischemic
penumbra.” Hypertension should be treated in the acute
phase unless either cardiac risk factors are too great (in
which case, rate reduction with the beta-1 antagonist
esmolol is a first step) or malignant hypertension is develop-
ing. Hypotension should be addressed with intravenous
fluids or vasopressor medications. Measures to facilitate
prevention and treatment of common complications in debili-
tated patients such as pneumonia, urinary tract infections, or
deep venous thrombosis formation are instituted. Fever is
detrimental to neurons and should be treated aggressively
with antipyretics. In the intermediate term, cerebral edema
is a common sequela after ischemic insult (89). This effect
peaks on roughly the second or third day after injury and
persists for up to two weeks. In 5% to 10% of cases, edema
is adequate to cause brain shifts leading to obtundation or
coma. Care must be taken, therefore, to monitor progression
of symptoms. Both medical and surgical management of ICP
are instituted where adequate.

Thrombolytics, Anticoagulants, and Antiplatelet Drugs
Extensive study has been dedicated to the use of thromboly-
tic agents in acute ischemic cerebral infarct. Particular
attention has been paid to recombinant tissue plasminogen
activator (rtPA). Because of significant variations in study
design, however, the precise effectiveness of intravenous
thrombolytic agents for acute ischemic stroke remains
unclear. The risk of intracranial hemorrhage is well estab-
lished and appears to increase with increased size of
infarct, increased duration of symptoms, and increased
dose of rtPA administered (94). The drug is now approved
for use in the United States and Canada within three hours
of onset based on certain selection criteria (Table 10). Onset
of symptoms is defined by either the moment symptoms

began or the last time the patient was observed at baseline.
Consequently, patients “found down” or awakening with
symptoms must have their onset of symptoms set at the
last witnessed episode during which they were seen to
be baseline (Table 11) (95). Studies are currently under way
to evaluate the benefit of intra-arterial thrombolytic
administration, but FDA approval has not yet been obtained.

The role of anticoagulation in the setting of acute
ischemic stroke is unclear. Results from clinical trials do
not support the use of heparinization for patients with ather-
othrombotic stroke of greater than 12 hours’ duration.
Heparin is widely used in the context of so-called “crescendo
TIA,” in which TIAs follow rapidly on one another with
increasing frequency and severity. However, no definitive
clinical evidence supports this practice. Since approximately
20% of patients with acute stroke show a continuing neuro-
logical decline over several hours to days, many physicians
heparinize all patients with recent mild ischemic stroke to
avoid this progression; some advise heparinization until
demonstration of patency of all major carotid and intracra-
nial vessels (96,97). In view of the 10% bleeding complica-
tion rate per week from heparinization, the value of this
approach remains to be clarified.

Aspirin is the only antiplatelet agent demonstrated
effective in prospective clinical trials for the treatment of
acute ischemic stroke. These trials [international stroke trial
(IST) and Chinese acute stroke trial (CAST)] show that the
use of aspirin (150–300 mg) within 48 hours of the onset of
symptoms is safe and produces a small, but definite net
benefit in reducing both recurrence risk and mortality (98).
For every 1000 patients given aspirin for acute ischemic
stroke, roughly 9 patients will avoid death or nonfatal
stroke recurrence in the early poststroke weeks and approxi-
mately 13 fewer will have died or been debilitated (98–101).

Table 11 Interventions Required for the Administration of

Recombinant Tissue Plasminogen Activator for Acute Ischemic

Cerebrovascular Accident

Intervention Comments

Intravenous access Two peripheral intravenous lines

(arterial and central venous lines are to

be avoided)

Bolus dose Administer 0.9 mg/kg (to a maximum

of 90 mg) intravenously as 10% total

dose by bolus, followed by remainder

of total dose over 1 hr

BP monitor Continuous cuff manometer blood pressure

monitoring, or arterial line

(if patient debilitated)

Additional

anticoagulants

No other antithrombotic treatment

for 24 hr, no other anticoagulants

Reasons to halt

therapy

Decline in neurologic status

Uncontrolled blood pressure

Additional treatment

for neurological

decline or

uncontrolled BP

requiring cessation

of Rx

Administer cryoprecipitate

Reimage brain emergently

Avoid urethral catheterization or other

elective invasive procedures for 2 or

more hours

Table 10 Criteria for Recombinant Tissue Plasminogen

Activator Eligibility in Setting of Acute Ischemic

Cerebrovascular Accident

Indications Contraindications

Clinical diagnosis of stroke Sustained BP .185/110

Onset of symptoms less

than three hours prior

to rtPA administration

CT scan showing no

hemorrhage or

significant edema

Patient age at

least 18 years

Consent by patient

or surrogate

Platelets ,100,000

Hematocrit ,25%

Glucose ,50 or .400

Use of heparin within 48 hours

and prolonged PTT,

or elevated INR

Rapidly improving symptoms

Prior stroke or head injury

within 3 mo

Prior intracranial hemorrhage

Major surgery in preceding

14 days

Minor stroke symptoms

Gastrointestinal bleeding

in last 21 days

Recent myocardial infarction

Coma or stupor

Abbreviations: BP, blood pressure; CT, computed tomography.
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MISCELLANEOUS CEREBROVASCULAR LESIONS
Traumatic Aneurysms
Traumatic aneurysms comprise ,1% of all intracranial
aneurysms and are by definition false aneurysms (102).
The aneurysm dome is formed by the surrounding cerebral
structures and blood clot, subsequent to perforation of all
layers of the vessel wall. This usually results from either
penetrating head trauma or closed head injury. Penetrating
trauma with gunshot wounds or actual penetration with
a sharp object directly lacerates the vessel wall (103). The
mechanisms behind the creation of traumatic aneurysms
after closed head injury are less well understood, with the
most widely accepted theories being either traction injury
to the vessel wall or entrapment within a fracture. Traumatic
aneurysms in closed head injury are usually accompanied
by basal skull fractures (104).

Any patient with significant SAH or intraventricular

hemorrhage after penetrating head injury should be evalu-
ated for a traumatic aneurysm. Also, dense subarachnoid
blood after head trauma or delayed intracranial hemorrhage
after head trauma should raise suspicion for traumatic

aneurysm, and cerebral vessel evaluation with MRA or CT
angiogram is essential. Traumatic aneurysms have a
high rate of rupture and direct treatment is recommended.
Internal carotid aneurysms at the skull base should undergo
balloon trapping or embolization, and peripheral aneurysms
should undergo endovascualr coiling or clipping (105).

Cerebral VenousThrombosis
Intracranial venous thrombosis can develop rapidly with
grave consequences. The thrombosis reduces venous
outflow from the brain. The resultant venous engorgement
causes white matter edema, which may cause cerebral
venous infarction and intraparenchymal hemorrhage
(106,107). This ultimately leads to elevated ICP, the severity
of which will dictate neurological deterioration and
clinical presentation. The patients usually have headache
and nausea/vomiting, papilledema, blurred vision, seizures,
and altered level of consciousness (108). The etiologies
behind the development of cerebral venous thrombosis are
many, but most include some element of hypercoagulable
state, dehydration and/or trauma (Table 12).

The diagnosis is made with either a CT scan or MR
study. Often the CT scan is performed first. The finding of
hyperdense sinuses and veins and/or petechial intracerebral
hemorrhages occurring bilaterally is highly suggestive of
venous thrombosis (109). MRI with MR venogram is the
mainstay of diagnosis. It is superior to CT in demonstrating
both vascular and parenchymal changes and can differen-
tiate an occluded sinus from its congenital absence (109,110).

The treatment of cerebral venous thrombosis

should be aggressive, yet with the caution that interven-
tions that counteract thrombosis tend to increase the risk
of hemorrhage. The ICP should be monitored in the
obtunded (GCS �8) patient. Hypertension should be con-
trolled and any underlying abnormality that may have pre-
cipitated the event should be corrected. Also, the patient
should be hydrated and treated with anticonvulsants. The
mainstay of therapy is systemic heparin and conversion to
Coumadin beyond the intensive care period. However, there
is no consensus on the duration of these therapies (111,112).
Even in the setting of intracranial hemorrhage, heparin
remains the best treatment (113). If the patient continues to
deteriorate, tPA systemically or locally injected into
the clotted sinus can be attempted. Surgical or endo-
vascular thrombectomy and surgical sinus reconstruction
is rarely indicated due to the excessively high rates of
rethrombosis (114).

Carotid Cavernous Sinus Fistulae
Carotid-cavernous sinus (CC) fistulae are rare vascular
anomalies. They can arise spontaneously or result from
maxillofacial and head trauma (60–80%) (115). The carotid
artery courses through the cavernous sinus en route to its
intradural distribution; subsequently perforations during
this segment can lead to CC fistulae. The clinical features
may include proptosis, chemosis (arteriolization of conjunc-
tiva), bruit, ophthalmoplegia, visual deterioration, orbital
pain and/or headache. Occasionally CC fistulae may
present with SAH (115).

A bruit over the eye may be palpable or heard with
a stethoscope, raising suspicion for a CC fistula, while the
diagnostic procedure of choice is a cerebral angiogram.
Because traumatic CC fistulae are high-flow vascular
abnormalities and spontaneous closure is uncommon, inter-
vention is indicated. The untreated patient may not deterio-
rate rapidly; the usual course is one of progressive visual
loss from decreased retinal blood flow (116). Intolerable
bruit and/or disfiguring proptosis may also progress.

Various approaches have been used to treat CC fistu-
lae. The current treatment is occlusion of the fistula using a
detachable balloon and/or coils with preservation of blood
flow in the carotid artery. If this is technically unfeasible,
two balloons may be placed on either side of the fistula
to trap it, resulting in the deliberate sacrifice of the carotid
artery. Test occlusion must be performed to establish
patency of the circle of Willis, and the ability of the patient
to tolerate loss of internal carotid artery flow to the distri-
bution distal to the CC fistula (116,117).

EYE TOTHE FUTURE

Expanding the horizon for improvement of therapeutic
interventions in the arena of cerebrovascular disease is
imperative given the morbidity and mortality associated
with these disease entities. Future directions in the treatment
of cerebrovascular diseases aim to correct the underlying
pathologies and the deleterious ischemic effects they
produce on the brain.

Tremendous improvements in endovascular occlusion
of aneurysm and AVMs have recently occurred. Current
investigations are exploring the use of even smaller micro-
catheters for the delivery of devices farther into the cerebro-
vasculature. Porous stents are being developed to provide

Table 12 Etiologies of Cerebral Venous

Thrombosis

Infection

Pregnancy

Dehydration

Ulcerative colitis

Diabetic ketoacidosis

Trauma

Iatrogentic

Hypercoagulable state

Source: From Ref. 99.
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a scaffold onto which wide-based aneurysms may be coil
occluded without the risk of coil embolization (118–120).

Intracerebral hemorrhage management continues to
be investigated. Thrombin is being studied as a major
mediator of perihematoma edema. Accordingly, the use of
antithrombin therapy for ICH management is being
explored (121). Additionally, many patients requiring urgent
neurosurgical intervention have coagulopathies. Standard
use of blood products, including fresh-frozen plasma or cryo-
precipitate to correct the coagulopathy, often leads to signifi-
cant delays in treatment. Recombinant activated factor VII
(rFVIIa) has recently been shown to reverse the coagulopathy
in neurosurgical patients with intracerebral hemorrhage
(ICH), intraventricular hemorrhage (IVH), hydrocephalus,
diffuse cerebral edema, and epidural hematoma as early as
20 minutes after infusion (122). There were no procedural or
operative complications, no postoperative hemorrhagic com-
plications, and no thromboembolic complications observed
with the use of rFVIIa in this group of patients (122). These
experiences combined with the demonstrated 35% reduction
in mortality and morbidity in hemopheliac patients with
ICH treated with rFVIIa is likely to promote rFVIIa toward a
mainstream treatment following ICH in the near future
(80,81). More studies are currently required to provide
dosing studies, and to review thrombotic complications in
greater degree (122). Surgical approaches using early CT-
guided clot aspiration and tPA for clot lysis remain possibili-
ties as minimally invasive surgical approaches to intracereb-
ral hematoma evacuation are developed (123,124).

Future directions in the management of acute cerebral
ischemia focus on reperfusion and neuronal protection.
Although intra-arterial thrombolysis was demonstrated to
be effective in the prolyse in acute cerebral thromboembo-
lism II (PROACT II) study, its use has been limited.
Current investigations are exploring the use of both intrave-
nous and intra-arterial thrombolysis as a sort of “bridging
therapy” that may offer benefit over either alone in reestab-
lishing blood flow.

A new, more potent form of tissue plasminogen activator
t-PA, called TNKaseTM (Tenecteplase), has recently been pro-
duced by Genetech (South San Francisco, California).
TNKaseTM is produced using recombinant DNA technology,
and holds promise for accomplishing clot dissolution with
fewer bleeding complications than t-PA. This new drug can be
delivered faster as a single intravenous treatment rather than
the prolonged infusion ordinarily needed to give t-PA. In the
presence of fibrin, in vitro studies demonstrate that Tenecteplase
conversion of plasminogen to plasmin is increased relative to its
conversion in the absence of fibrin. This fibrin specificity (10
times more than normal t-PA) decreases systemic activation of
plasminogen and the resulting degradation of circulating fibri-
nogen, and unwanted bleeding. A multicenter clinical trial is
currently under way, with regional coordination occurring at
two major university stroke centers, University of California,
San Diego (UCSD) Medical Center, and the University of Virgi-
nia Health System in Charlottesville, VA. TNK is administered
to patients who arrive at hospital emergency rooms with signifi-
cant stroke three hours or less from symptom onset (personal
communication from Patrick Lyden, M.D., UCSD Stroke
Center director). The first phase of the study was completed in
April 2004, and the results are in press; phase 2 (dosing
regimen review) will begin in December 2004.

In the realm of neuronal protection, clinical adminis-
tration of current pharmacological agents such as NMDA
antagonists, calcium channel blockers, anti-inflammatory
antibodies, and free-radical scavengers, have yet to demon-

strate conclusive benefit in a large, prospective, randomized
efficacy study (125,126). Nevertheless, animal models
have demonstrated a beneficial effect using antioxidants to
limit lipid peroxidation, an essential step in the pathogenesis
of cerebral ischemia. Future research will continue to
explore the molecular basis of cerebral ischemia and
develop opportunities for the management of cerebral ische-
mia. This may include the use of neuronotrophic factors.

SUMMARY

Intracerebral vascular catastrophes have diverse etiologies
but their effects on the brain share many common features.
Management of ischemic insults is guided by many of the
same basic principles of emergent neurosurgical intensive
care. The patients receive basic cardiopulmonary support
to protect the airway and maximize cerebral perfusion.
Often this requires intubation and ICP management.
Ultimately, ensuring adequate cerebral blood flow and neur-
onal preservation are the key goals of therapy.

Nontraumatic SAH is almost always secondary to
aneurysmal hemorrhage and necessitates immediate inter-
vention. Diagnostic evaluation for the possible aneurysm
should be performed urgently with MRA or CT angiogram.
Ultimately a cerebral four-vessel angiogram is necessary to
plan exclusion of the aneurysm from the cerebral circulation
with endovascular coils or surgical clipping. The clinician
should maintain high suspicion for the complications that
may arise, such as hydrocephalus and vasospasm.

Intracerebral hemorrhage, when in eloquent areas of
the brain or large enough to cause significant mass effect,
is a devastating event. Controversy exists regarding the
timing and indications for operative evacuation, and is gen-
erally reserved for patients with acute mass effect and the
possibility of a functional postoperative recovery. Ultra-
early administration of rVIIa may soon become the standard
of care for ICH management and viewed as the counterpart
to thrombolytic treatment of acute ischemic stroke.

AVM hemorrhage may also present as an intracerebral
hemorrhage, often with ventricular extension of the blood. Cer-
ebral angiography is necessary for definition diagnosis and for-
mulation of a treatment plan. In the nonemergent setting, most
AVMs are treated with endovascular occlusion, stereotactic
radiation and/or surgical resection. In large and deep AVMs,
intraoperative challenges of hemostasis and potential cerebral
edema/brain engorgement persist, and appropriate measures
such as barbiturates may need to be instituted.

Ischemic cerebrovascular disease is associated with
certain risk factors and may lead to fixed neurological
deficit. Its management in the acute setting begins with
a noncontrast CT of the head to exclude a hemorrhagic
stroke, which would be a contraindication for rtPA. If
certain inclusion criteria are met, rtPA is indicated.
Subsequently, a workup for the particular etiology of the
stroke is pursued to guide long-term management.

Future challenges include the selective elimination/
correction of the underlying vascular pathologies,
reestablishment/maintenance of adequate cerebral blood
flow, and promotion of neuronal viability and function.

KEY POINTS

The mortality associated with the initial hemorrhage is
around 20%.
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Saccular aneurysms must be differentiated from trau-
matic, dissecting, mycotic and/or tumor-associated aneur-
ysms because the classification dictates management.
Immediately following documentation of SAH, atten-
tion is directed toward the identification of the
responsible vascular abnormality, most commonly a
ruptured aneurysm.
Patients with a lower Hunt and Hess grade (Hunt and
Hess grade I–III) should undergo an urgent craniotomy
and surgical clipping of anatomically accessible
(anterior circulation) aneurysms.
The goal of treatment is to secure the neck of the aneur-
ysm by clipping, so that the common complications of
SAH, such as rebleeding, vasospasm, and hydrocepha-
lus can be eliminated or maximally treated.
Coil occlusion is indicated for the treatment of aneur-
ysms which are: (i) difficult to clip surgically, (ii)
occur in patients who are unsuitable for early surgery
due to a poor SAH grade, and (iii) occur in patients
who are medically unstable.
Due to its noninvasive nature, TCD should be performed
daily or every other day after aneurysmal SAH, reser-
ving angiography for the diagnostic confirmation and
therapeutic intervention of clinical vasospasm.
The mainstay of therapy in the United States, once clini-
cal vasospasm is suspected or confirmed, is nimodipine
(to minimize vasospasm) and “triple-H” therapy; the
three H’s being hypervolemia, hypertension, and
hemodilution.
Electrocardiogram (ECG) changes are common in
patients with SAH, even in patients without prior
history of cardiac disease.
After rebleeding, vasospasm, and hydrocephalus, mor-
bidity following SAH can be attributable to pulmonary
complications including pulmonary edema, pneumonia
and/or pulmonary embolism.
AVMs are the leading cause of SAH in young people
although they account for only 5% of SAH in adults.
Some large and deep AVMs are rejected under deep
barbiturate anesthesia. In such cases the goal of a
smooth awakening is aided by the slow metabolism
of pentobarbital.
Most hypertension-associated hemorrhagic strokes occur
in the basal ganglia or the thalamus. An additional 10
percent occur in the cerebellar hemispheres and a
similar percentage in the brainstem (Table 4).
Two distinct mechanisms by which CBF fails secondary
to occlusion of the cerebral vasculature are generally
recognized. One involves local thrombosis and the
other embolism.
Should the CVA prove to be of the ischemic variety
(Fig. 16), immediate initiation of thrombolytic therapy
should be considered.
Any patient with significant SAH or intraventricular
hemorrhage after penetrating head injury should be
evaluated for a traumatic aneurysm. Also, dense sub-
arachnoid blood after head trauma or delayed intra-
cranial hemorrhage after head trauma should raise
suspicion for traumatic aneurysm, and cerebral
vessel evaluation with MRA or CT angiogram is
essential.
The treatment of cerebral venous thrombosis should
be aggressive, yet with the caution that interventions
that counteract thrombosis tend to increase the risk of
hemorrhage.
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INTRODUCTION

Optimum management of pediatric neurosurgical emergen-
cies requires the collaborative involvement by numerous
specialties within a trauma center. This chapter describes
the major pediatric neurosurgical conditions encountered,
with an emphasis on the information that would aid
trauma surgeons or critical care physicians in the manage-
ment of such children. Other consulting specialties should
also find this information germane when assisting in the
management of pediatric neurosurgical patients.

Traumatic brain injury (TBI) is a significant cause of
morbidity and mortality in children. This chapter empha-
sizes the injuries and pediatric management considerations
that are dissimilar from those of adult trauma. Children
engage in activities that can be associated with penetrating
injuries; these lesions will also be explored. Traumatic birth
injuries can lead to devastating effects that persist through-
out life; accordingly, these are briefly reviewed. Trauma-
related cerebral vascular lesions in children share significant
overlap with those occurring in adults; hence, only the key
points and the few pediatric-specific points will be discussed
here. However, vascular lesions unique to children, such as
vein of Galen aneurysms, which have classic clinical presen-
tations, are reviewed in greater detail. Hydrocephalus, con-
genital or acquired, can present acutely and require
emergent care as well. Pediatric tumors and infections are
briefly discussed with an emphasis on the emergent issues.
The chapter concludes with a discussion of pediatric inten-
sive care unit (ICU) complications, and the “Eye to the
Future” section reviews neuroprotective strategies and
drugs that are currently under investigation.

PEDIATRIC-SPECIFIC INTRACRANIAL PRESSURE
CONSIDERATIONS

Most neurosurgical catastrophes result from acute increases
in intracranial pressure (ICP). The physiologic mechanisms
that maintain the balance between pressure and volume
inside the skull and dural sac were reviewed in Volume 2,
Chapters 1 and 7, and are largely similar in adults and chil-
dren (1,2). However, following trauma and other pathologic
conditions, the manifestations of elevated ICP can be quite
different in neonates and in children. This chapter provides
an abbreviated review of ICP physiology, with a focus upon
considerations that are specific to pediatric neurosurgical
emergencies.

The contents of the intradural space are brain, brain
stem, spinal cord, blood, and cerebral spinal fluid (CSF).

In an infant, with an open fontanel and open cranial
sutures, small increases in the volume of intradural con-
tents can be accommodated by separation of the sutures
and distention of the fontanel. This accommodation is
generally achieved with a gradual increase in intradural
volume. However, a sudden large increase in the intradural
contents will only be minimally accommodated by disten-
tion of the dural sac and an open fontanel; under these cir-
cumstatnces, ICP will increase dramatically, as in adults.

The intradural space is divided into a series of com-
partments by the foramen magnum and the folds of the
dura, the falx, and the tentorium. The compartments are
important because increases in pressure in one compartment
can result in distortion and displacement of brain into
another compartment, with consequent tissue and vascular
compression, ultimately resulting in brain dysfunction and
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herniation. The most frequent location for cerebral hernia-
tion is at the tentorial hiatus. Supratentorial pressure
causes distortion and displacement of the mesial temporal
lobe or lobes, forcing the parahippocampal gyrus through
the tentorial notch (transtentorial herniation), thereby com-
pressing the brain stem–perforating vessels, the posterior
cerebral arteries, and the perforating vessels to the thalamus.

In children, hemiparesis occurs on the side ipsilat-
eral to the herniation 50% of the time, whereas in adults
hemiparesis is ipsilateral to the herniation 75% of the time.

Hemiparesis occurring on the same side as the intracranial
lesion is due to the effect of brain stem itself shifting away
from the mass and impinging upon Kernohan’s notch of
the tentorium, and is referred to as Kernohan’s phenomenon.
Why this occurs more often in children is unknown. But this
finding can cause clinical confusion in pediatric neurosur-
gery, and must be quickly resolved with a neuroimaging
study. Impending foramen magnum herniation can be
heralded by complaints of headache and neck pain. The
pain may initially be relieved by extension of the neck. As
herniation progresses, the medulla oblongata is compressed
with resulting elevation in ICP, systemic hypertension, and
bradycardia (Cushing’s triad), along with bradypnea, and
finally apnea. In some cases, the onset of apnea may be pre-
ceded only by severe headache or neck pain with no other
clinical signs.

A mass in the posterior fossa (common site for pedi-
atric brain tumors) can occasionally cause herniation of the
cerebellar vermis upward through the tentorial notch, with
compression of the brain stem and posterior cerebral and
thalamic perforating vessels. In children, this “upward
herniation” is frequently precipitated by abrupt drainage
of the lateral ventricles in the presence of a posterior fossa
mass.

In addition to causing distortion and herniation of
neural tissue and focal vascular compression, elevated ICP
can affect general cerebral blood flow (CBF). As occurs in
adults, the cerebral blood vessels of children exhibit auto-
regulation in response to changes in cerebral perfusion
pressure (CPP). However, the range of autoregulation is
different in children compared to that in adults. The CPP
formula is provided below (where MAP is mean arterial
pressure and ICP is intracranial pressure):

CPP ¼MAP – ICP

The cerebral vessels respond to a decrease in CPP by
vasodilatation, decreasing resistance to flow and thus main-
taining the same CBF despite either a decline in MAP or an
increase in ICP. The exact limits of autoregulation are not
known through the period of infancy and childhood but
probably range between 35 and 40 mmHg at the lower end
and is greater than 100 mmHg at the upper end. Below the
limits of autoregulation, the CBF decreases as the CPP is
lowered. Cerebral metabolism is preserved to a CBF of
about 50% of normal, after which some degree of cerebral
ischemia begins. As CBF decreases below 25% of normal,
irreversible brain damage begins. Thus, autoregulation is a
further brain-protective mechanism against increased ICP.
Trauma in children often leaves autoregulation intact,
whereas ischemia seems more likely to abolish autoregula-
tion, making the CBF more sensitive to small changes in
the CPP. Unfortunately, the status of autoregulation is
not known in the clinical setting, and thus therapy is
directed at maintaining normal or nearly normal ICP and
MAP in the hope that this will preserve CBF. When the
ICP is too high, or the MAP is too low, the CPP will be

inadequate to maintain CBF, and cerebral ischemia will
result. The ultimate manifestation of this deficit is the cessa-
tion of CBF that results in brain death (2).

Before any surgical intervention, resuscitation of a child
with a neurosurgical catastrophe addresses the usual con-
cerns of airway patency, bleeding, and circulation. Specific
therapy to lower the ICP (e.g., mannitol) depends on the
severity and rapidity of the ICP elevation along with an evalu-
ation of the degree of neurologic deterioration. The history is
often the deciding factor, because absolute signs of intracra-
nial hypertension are difficult in pediatrics, depending on
the rate of increase in ICP. Papilledema is a sure sign of intra-
cranial hypertension but is often absent because of the rapid-
ity of the onset of symptoms or because the anatomy of the
subarachnoid space in the optic nerve is such that papille-
dema does not occur. Acute loss of consciousness after

pediatric head trauma is less commonly the result of
increased ICP unlike in adults. Accordingly, osmotic diure-
tics should not be routinely administered to children in
coma after head trauma.

The most important initial issues to address in the child
with TBI are the airway, breathing, and circulation (ABCs).
When intracranial hypertension is suspected in a comatose
child, endotracheal intubation is performed. Next, the
immediate clinical presentation is addressed. Is the patient
unconscious, seizing, posturing, exhibiting abnormal respir-
atory patterns, protecting his/her airway, displaying any
focal neurologic deficits, or exhibiting any signs of high
ICP? This information is quickly processed as a head com-
puted tomography (CT) scan is being arranged. As the
patient is being transported to CT, one can attain further
details surrounding the injury. Indeed, from compiling the
history and physical, one should have a pretty accurate pre-
diction of what the head CT will reveal.

If a patient has a significantly large acute mass-
occupying lesion, the child must be immediately rushed to
the operating room for evacuation. If, on the other hand,
there is no space-occupying lesion ( just diffuse swelling),
or a relatively small lesion, the patient may be initially
managed nonoperatively in the ICU.

In the ICU, the head is maintained midline and (if the
MAP is adequate and concomitant spinal trauma is ruled
out), the head is elevated 30 degrees. The most important
information in the brain-injured patient is the neurologic
examination. A reliable and reproducible neurologic
examination is much more important than any number or
value from an ICP monitor or ventriculostomy catheter.
If the child is at least able to localize the pain, the clinical
neurologic examination is the best method of monitoring
neurologic status. Close, hourly neurologic examinations
should be able to detect any deterioration under these con-
ditions. If the patient does not have a reliable examination
either due to injury, intubation, or medications, ICP monitor-
ing is required. However, an ICP monitor should only be
placed after early resuscitation and verification that coagu-
lation factors and platelets are adequate.

The preferred method of choice for ICP monitoring in
children is with a ventriculostomy catheter (in infants the
fontanel can be safely drained with a butterfly needle as
needed). The ventriculostomy provides not only a reliable
method of ICP monitoring, but also allows for efficacious
treatment of high ICP pressures by drainage of CSF. There
are certainly other means for treating high ICP, including
hyperventilation, head elevation, sedation, mannitol, hyper-
tonic saline, and so on. However, particularly in the setting
of an acute closed head injury, the primary means of treating
high ICP should always be CSF drainage. For this reason,
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ventriculostomy placement is the first method of choice for
ICP monitoring (see Volume 2, Chapter 12, Fig. 10). If a ven-
triculostomy cannot be placed, then other means of ICP
monitoring must be employed. The first 24 to 72 hours fol-
lowing a head injury are the most critical. If a ventriculost-
omy is present, one should be liberal in CSF drainage if
the patient is exhibiting high ICP. In most instances,
leaving the ventriculostomy open to drain at 15 cm of
water pressure represents the optimum management. After
allowing a few days for resolution of edema and secondary
changes, the ventriculostomy should be weaned by slowly
raising the drain reservoir height, then eventually clamping
it. Some pediatric TBI patients will not be able to be weaned
from ventricular drainage and will require placement of a
ventriculoperitoneal (V-P) shunt (1–4).

CLOSED HEADTRAUMA

Traumatic lesions that require surgical therapy in children are
less common. They occur in 20% to 30% of children with a
Glasgow Coma Scale (GCS) score �8. Traumatic unconscious-
ness is a neurologic emergency, and although it may be
associated with elevated ICP, it most often requires rapid resus-
citation rather than surgical intervention. Lesions that
may require immediate surgery are intracranial hematomas,
compound depressed skull fractures, and penetrating
trauma. Post-traumatic subarachnoid hemorrhage
(SAH), brain swelling, brain edema, arterial spasm, and
focal strokes are all lesions not improved by surgery. Trau-
matic lesions that evolve over time and ultimately do
require acute surgery include post-traumatic hydrocephalus,
delayed intracranial hemorrhage, and ruptured traumatic
aneurysm. Post-traumatic hydrocephalus can occur
anytime up to one year after the injury, but most commonly
requires a shunt in the first three months following the
trauma. Delayed intracranial hemorrhage and ruptured
traumatic aneurysm generally occur 7 to 14 days after injury.

Epidemiology
Injuries remain a leading cause of death for children over the
age of one year in the United States. Pediatric trauma also
results in an increased cost to society due to long-term dis-
ability (5,6). Nearly five million children sustain traumatic
head injury in the United States each year, and about
200,000 of these children require hospitalization (7).

The mean age of pediatric trauma victims is between
six and seven years with two-thirds of these being boys.
Head injury is involved in as many as 80% of the children
with multiple trauma. In 60% of these cases, head trauma
is the most severe injury within the injury pattern and is
the predominant factor that determines outcome. The most
frequent combination of injuries is head trauma and an
extremity fracture (8). The mortality of children related to
trauma and head injury is second only to congenital diseases
in the developing countries (9). Head injuries are responsible
for 75% of all pediatric trauma hospital admissions and
result in 70% of all trauma deaths in children (10). Children
suffer TBI more frequently than any other age group (11,12).
Head injuries account for up to 80% of fatal child abuse
injuries at the youngest ages (13).

Mechanisms of Injury
Injuries from Falls
Falls represent the most common mechanism of injury in all
pediatric age groups except for those less than one year of
age. Child abuse is the most common cause of injury for

those �1 year of age (14,15). Deaths in childhood can result
from falls of less than 10 feet (16). Skull fracture is much less
commonly associated with fatal head injury in children than
in adults (16–18).

The mechanism of falling also differs according to age
group. Younger children most often fall down stairs or out of
windows. Prepubescent children tend to fall from a wide
variety of places, with the majority occurring outside the
home during play, whereas adolescents are reported to fall
from much greater heights and sustain more severe injuries
(19). The severity of the injuries resulting from falls varies
according to the age of the child, the type of fall, and the
height of the fall (16–21).

Although the incidence of possible complications is
higher with increasing height of the fall, skull fractures
and intracranial injuries can be sustained by children with
falls of less than or equal to three feet (22–26).

Injuries Resulting from Vehicular Crash
Bicycle Collisions
Approximately 200,000 children and adolescents are injured
and more than 600 die annually from bicycle-related trauma
(5,27,28). Taken together, motor vehicle and bicycle collisions
are the most common causes of head injury and death in
children (29). It is the head injuries that cause most
bicycle-related morbidity and mortality. More than half the
deaths occur in children from 5 to 19 years of age (30,31).
The use of bicycle helmets can prevent an estimated 85%
of head injuries and 88% of brain injuries but many
parents are unaware of the need for helmets, and children
may be reluctant to use them (32,33). Helmet laws have
resulted in a decreased number of head injuries in cyclists
(34). A reduction in the risk of bicycle-related head injury
among helmet wearers was demonstrated in cyclists of all
ages in crashes, including crashes with automobiles (35).
The principal injuries related to bicycle accidents include
head trauma from road collisions, including compressive
neuropathic injury (36–40).

Motor Vehicle Collisions
Motor vehicle–related trauma accounts for nearly half of all
pediatric injuries and deaths (5,24). Proper use of seat
restraints and lap-shoulder harnesses can prevent an esti-
mated 65% to 75% of serious injuries and fatalities in passen-
gers under four years of age, and 45% to 55% of all pediatric
motor vehicle passenger injuries and deaths (41). Children
and adolescents must be well secured in the car via a
shoulder restraint and a lap belt. Although a 16-year-old
boy sustained a common carotid artery and tracheal injury
from a shoulder strap following a high-speed motor
vehicle collision (MVC), most of these injuries occur with
automated shoulder straps without a secured lap belt (42).
Approximately 50% of adolescent motor vehicle fatalities
involve alcohol (41), and a large proportion of all pediatric
motor vehicle occupant deaths occur in vehicles operated
by inebriated drivers (41).

Shaken Baby Syndrome and Other Forms of Child Abuse
Intentional injury is the most common cause of severe TBI in
infants (43) and children less than one year of age (44,45).
Additionally more child abuse deaths occur from head inju-
ries than from any other form of trauma (46,47). Infants and
toddlers who survive abusive head trauma often have
serious neurologic sequelae (48–49). Intentional injuries,
however, are more difficult to diagnose due to lack of accu-
rate history and delay in presentation (50).
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Utilizing the resources of the departments of health,
social services, coroner, district attorney, and law enforce-
ment, Wang et al. (49) documented that in Los Angeles
County 54% of child abuse victims were under one year of
age, and one-third of cases had a previous record of inter-
vention by child-protective services. The cause of death in
homicides was head trauma in 27% of the cases.

The most frequently inflicted form of infantile head
injury results from the “shaken baby syndrome” (48). The
classic description of abuse was documented by Kempe
et al. (50) in 1962, as the “battered child syndrome” and
later by Caffey (51), who coined the term “whiplash
shaken baby syndrome.” Briefly, the constellation of findings
with “shaken baby syndrome” include subdural and subar-
achnoid hemorrhage, retinal hemorrhages, and traction-type
metaphyseal fractures. This was based on evidence that
angular (rotational) deceleration is associated with cerebral
concussion and subdural hematoma (52). Furthermore,
fewer than 2% of children with significant accidental head
injuries have retinal hemorrhages. Blunt-force impact as
well as vigorous shaking may play a role in the pathogenesis
of these injuries (53,54).

Imaging Following Mild Alterations in Consciousness
Considerable controversy surrounds the appropriate evalu-
ation of children with mild alterations in consciousness
after closed head trauma (GCS score of 13–14). In a
population-based, multicenter prospective study of all
patients to whom Emergency Medical Services (EMS)
responded over a 12-month period, 8488 patients in the pedi-
atric age group (,15 years old) were transported by EMS for
injuries. Of these, 209 had a documented field GCS score of 13
or 14. One hundred fifty-seven patients were taken to trauma
centers and 135 (86%) received CT scans. Forty-three (27.4%)
had an abnormal head CTscan, 30 (19.1%) had an intracranial
hemorrhage, and five required a neurosurgical operative
procedure for hematoma evacuation (55). Positive and
negative predictive values of deteriorating mental status
(0.500/0.844), loss of consciousness (0.173/0.809), skull frac-
ture (0.483/0.875), and extracranial injuries (0.205/0.814)
were poor predictors of intracranial hemorrhage. The inci-
dence of intracranial injury in pediatric patients with mild
alterations in consciousness in the field is significant. The
great majority of these patients do not require operative inter-
vention, but the implications of missing these hemorrhages
can be significant for this subgroup of head-injured patients
(55). It is recommended that, because clinical criteria
and skull X rays are poor predictors of intracranial hemor-
rhage, all children with a GCS score of 13 or 14 routinely
have a screening noncontrast-enhanced CT scan.

Specific Pathologic Lesions
Intracerebral Hematoma
Most intracerebral hematomas occur with severe head
trauma and often in association with diffuse axonal injury.
They are encountered in 3% to 5% of postinjury CT scans
in children who usually have a GCS score of ,8. Many
hematomas are in the deep white matter or basal ganglia,
and it is rare that surgical evacuation is necessary or advisa-
ble. These children are at risk for elevated ICP and may
require intense medical treatment to control brain swelling
and edema. Large, more superficial hematomas are
occasionally identified, and they may require surgical eva-
cuation to control herniation and severely elevated ICP.
Surgery, if necessary, should focus on evacuation of the

hematoma, preserving as much brain tissue as possible.
Acute cerebral contusions are relatively rare after pediatric
head injury, and in general do not require surgical resection,
primarily because of the need to remove brain that often can
recover. In follow-up studies of children with moderate or
severe head injuries, a high incidence of contusions has
been identified (50%); the majority is in the frontal area, fol-
lowed by the anterior temporal tip (55). Although some of
these lesions were visible on the original CT scan, the
majority was not. The latter are also clearly not surgical
lesions and require no specific early intervention.

Epidural Hematoma
Epidural hematomas are usually of arterial origin, resulting
from rupture of branches of the middle meningeal or pos-
terior meningeal arteries. They are found in 6% to 8% of
children who undergo CT scanning after head injury (see
Volume 2, Chapter 12, Fig. 2). The children are almost
equally divided into three groups, one-third never being
unconscious, one-third being unconscious from the time of
injury, and one-third demonstrating a lucid interval fol-
lowed by unconsciousness. Early CT scanning to identify
the lesion is important because the patient’s outcome is
closely correlated with the level of consciousness at the
time of surgical evacuation and with the constellation of
brain injuries present. In children younger than eight years
of age, the epidural hematoma is more frequently situated
in the parietal and temporal-parietal region rather than in
the anterior temporal location typically observed in adults.
Thus, blindly placing burr holes in children is rarely advisa-
ble. A CT scan should be obtained whenever possible to pin-
point the precise location of the lesion and to identify other
intracranial lesions. However, if a child with a skull fracture
is showing signs of rapid progression toward herniation,
and if time does not permit a CT scan, surgery must be
done emergently, with the center of the craniotomy located
over the center of the fracture. Most epidural hematomas
require surgical removal, but small lesions (especially
frontal ones) in the presence of normal consciousness can
often be treated nonoperatively.

Subdural Hematoma
Subdural hematomas are usually the result of tearing of the
bridging cortical veins due to acceleration–deceleration
injury or tearing of the cerebral cortex and cortical arteries
following blunt trauma. The incidence varies from 5% to
30% in children hospitalized for head injury (see Volume 2,
Chapter 12, Fig. 3). The highest frequency is in children
younger than one year, and the cause is usually child abuse.
In infants and toddlers, the lesions are usually small and bilat-
eral and do not require surgery. Children with an open fonta-
nel, and in extremis, can have their ICP lowered by
withdrawing bloody fluid through the fontanel. The major
problem with subdural hematoma is the underlying brain
swelling. Thus treatment with ICP monitoring and medical
management of the elevated ICP is essential.

Many of these lesions do not require surgery; rather,
the emphasis is placed upon control of the brain swelling
and ICP. In general, if the brain distortion is considerably
more than the width of the subdural hematoma and the sub-
dural hematoma is less than 1 cm, surgery is not performed;
however, the indications for surgery vary with the condition
of the individual child and the neurosurgeon’s individual
criteria for surgery in this setting.
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Complex Depressed Skull Fractures
Compound depressed skull fractures are open wounds of
the brain and require urgent surgical debridement as soon
as the patient is stabilized and the associated cerebral
edema minimized. These fractures are the most common
reason for surgery after trauma in children. The aim of the
surgery is to debride the brain of contamination including
bone fragments, remove any associated hematomas, repair
the dura to prevent cerebral herniation and CSF leakage,
and reconstruct the skull either with the fragments present
or with split cranial bone. It is usually possible to replace
the fragments and avoid the need for a second reconstructive
operation.

Cranial Burst Fractures in Infants
Cranial burst fracture is a unique type of head injury that
occurs in infants (56). This lesion is characterized as a
widely diastatic skull fracture associated with dural lacera-
tion and extrusion of cerebral tissue through the dural
defect and outside the calvarium (but beneath the unbroken
scalp). Prompt diagnosis and reduction of the cerebral
hernia and repair of the dural tear prevents the sequelae of
a “growing skull fracture.” The diagnosis can be initially
missed on skull X rays and even CT scans (Fig. 1) (56).

Scalp swelling associated with cranial burst fracture can be
misdiagnosed as a simple skull fracture with underlying
subgaleal hematoma. Often the diagnosis is not made until
weeks to years after the acute trauma, as this condition con-
verts to a “growing skull fracture” (56).

Prompt treatment will likely increase neurologic out-
comes, but acute neurologic imaging is the key to early deli-
neation of the injury. Figure 1 elucidates one of the important
pitfalls of using skull radiographs and CT alone, and also
demonstrates the imaging characteristics seen on magnetic
resonance imaging (MRI, the diagnostic modality of choice
for cranial burst fractures).

PENETRATING TRAUMA

Most forms of penetrating cranial injury (PCI) require sur-
gical exploration (e.g., dog bites or dart injuries).
Gunshot wounds of the head and other forms of PCI are
increasingly common in children. The actual incidence is
difficult to determine due to gaps in reporting, absence of
a centralized database, and the presumption that—as in
the adult population—a substantial number of victims die
prior to arrival at emergency departments (57,58). The causes
of PCI can be broadly categorized as follows: (i) accidental
injury with sharp or semisharp objects, (ii) warfare, (iii) acci-
dentally discharged firearms, (iv) suicide, and (v) homicides.
Most PCIs require surgery to debride superficial bone
fragments from the brain, remove intracranial hematomas,
and repair the dura and cranium. The indications for
surgery also depend upon an estimate of whether or not a
child is likely to survive the injury.

By their very nature, children are prone to accidental
injuries with common household and environmental
objects. The literature has afforded scattered case reports of
PCIs involving impalements with items such as pencils
and chopsticks (59–62), broom handles, metal strips, plant
branches, kitchen knives, dinner forks, wires, nails, spikes,
scissors, and screwdrivers. Flying objects during automobile
accidents have also been described as a cause of PCI (63–65).
Low-velocity missiles such as arrows, and pellets acciden-
tally discharged from pneumatic “toy” weapons would be
included in this category as well (66,67). Lawn darts have
been banned from retail sale in the United States due to
the significant number of severe and fatal PCIs that occurred
in young children; nonetheless, an estimated 10 to 15 million
sets still remain in American households and will likely
remain a significant mechanism of injury for years to come
(68). A special consideration in the management of impale-
ments is the frequent entrance through thin calvarial
regions (such as the squamous temporal bone) or foramina
or canals (such as the optic canal) with a high risk of vascular
or cranial nerve damage, despite initial impressions that
the injuries may be trivial. Accordingly, all these patients
should receive prompt neurosurgical evaluation and brain
CT scanning.

Prognostic Factors for Penetrating Head Injury
A discussion on outcomes in pediatric PCI is problematic,
because most of the literature involves the adult population.
The immediate and early mortality rates are high and
the overall numbers are low enough that the generation
of useful analyses and predictive models is difficult.
As discussed above, it is reasonable to withhold aggressive
care from the patient presenting with a GCS score of 3 and

Figure 1 Cranial burst fracture. (A) Skull radiograph four hours

after injury shows a widely diastatic right frontal skull fracture;

(B) computed tomograph scan of acute cranial fracture four hours

after injury shows hemorrhagic contusion beneath the fracture,

overlying scalp swelling, and moderate eversion of fracture edges;

(C) axial T2-weighted magnetic resonance (MR) image; and

(D) sagittal T1-weighted MR image. Both (C) and (D) were taken

15 hours after injury and show acute transcalvarial brain herniation.

Brain parenchyma is clearly differentiated from scalp soft tissue

and hematoma. Note associated convexity and interhemispheric

subdural hematoma and cortical contusions. Source: From Ref. 56.
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fixed pupils after initial resuscitative efforts. Furthermore,
one recent series (69) found that no pediatric TBI patient
with concomitant anoxic insult regained useful conscious-
ness, implying that limited management is probably appro-
priate for this group. Conversely, patients with minimal
initial neurologic impairments (i.e., GCS scores of 12–15)
and limited parenchymal injuries generally make excellent
functional recoveries, indicating that aggressive neurosurgi-
cal management is appropriate for all these patients.

The dilemma in neurosurgical management involves
decision making in patients with moderate to severe injuries,
and those with concomitant hypotensive and/or hypoxemic
events. Most studies focus on closed head injuries; therefore,
application to the PCI group must be done cautiously. Chil-
dren with prolonged unconsciousness and vegetative states
are more likely than adults to have protracted survivals;
however, severe residual cognitive and motor deficits may
occur (69–70). Children with milder injuries can be left
with residual cognitive deficits, limitations in physical
health, and behavioral problems. Although children gener-
ally fare better than adults with similar degrees of blunt
TBI, Kaufman’s analysis of PCI patients found similar inci-
dences of functional disabilities, special educational needs,
and extreme emotional lability (71). Other investigators
have determined that cognitive recovery in moderately
and severely injured children generally plateaus around
the first postinjury year (72,73). For some patients with less
severe injuries, the deleterious consequences on cognition,
behavior, and psychosocial adjustment may not be fully rea-
lized until adulthood (74). One study found that only 23% of
adults who sustained TBI in the preschool years were able to
work, and only 36% lived independently at home (75). This
correlated with the delayed development of cerebral atrophy
and porencephalic cysts.

Surgical Approach to Penetrating Head Injury
A number of studies have concluded that it is unnecessary to
reoperate for retained bone fragments and that it is often
possible to temper the initial debridement in an effort to pre-
serve additional cerebral tissue (60,61,76–78). Long-term
follow-up in one series failed to document a significant
difference between survivors with retained bone fragments
(48%) and survivors without retained fragments with
regard to epilepsy or central nervous system (CNS) infection
(77). In a prospective series of 32 military patients with
intracranial bone fragments who underwent debridement of
the entry wound and dural closure, only one patient devel-
oped a subsequent CSF leak, seizure, and a CNS infection.
No CSF leaks or infections were reported in the remaining
31 patients (76).

In summary, the current literature supports a conser-
vative surgical approach. Surgical management begins
with evacuation of mass lesions and debridement of necrotic
tissue and bony fragments at entrance and exit sites.
Only superficial or local bone fragments need be debrided.
Deep parenchymal fragments and those not readily accessi-
ble should not be removed unless obviously grossly
contaminated.

TRAUMATIC BIRTH INJURIES

The overall incidence of traumatic birth injuries has dramati-
cally declined; however 2% to 5% of all neonates sustaining
craniocerebral trauma die (79). Infants at an increased risk

for birth injury include those born to primiparous women,
those whose birth weight is greater than 3500 gm, and
those who are born with forceps-assisted delivery. Further-
more, breech presentation and forceps or precipitous deliv-
eries are significantly correlated with intracranial
hemorrhage (80,81). Shoulder dystocia is associated with
injury to the brachial plexus, as is prolonged pregnancy
and macrosomia (82).

Although high-forceps deliveries have been aban-
doned in modern obstetrical care, mid-forceps deliveries
have clear indications, such as fetal distress. A mid-forceps
delivery involves the application of the instrument to a
fetus whose biparietal diameter is somewhere between the
pelvic inlet and the maternal labia in a vertex presentation.
Mid-forceps deliveries have been associated with brachial
plexus injury. When shoulder dystocia complicates a mid-
pelvic delivery, the incidence of birth injury has been
reported to be as high as 47%. Indeed, one recent review
demonstrated that one-half of all brachial plexus
injuries during delivery was attributed to mid-forceps
extraction (83).

Vacuum cup extraction was introduced in an effort to
reduce injury associated with forceps-assisted delivery. A
pliable, soft cup is favored over the metal cup, which has
been associated with a high incidence of scalp injuries and
lacerations (84). Extraction by vacuum cup is associated
with cephalohematoma (84) and has been associated with
growing skull fractures (85); the overall incidence of compli-
cations from vacuum cup delivery is similar to that from
forceps (86).

In addition, retinal hemorrhage appears to be higher
with the vacuum cup method. This finding is assumed to
represent exposure to sudden changes in ICP inherent in
the vacuum extraction technique independent of the type
of cup used (84). The significance of retinal hemorrhage in
these neonates is unknown. Retinal hemorrhages have
been reported with bloody CSF (82), but have not correlated
with intracranial hemorrhage in other studies. Excluding an
isolated report of SAH, intracranial hemorrhage has not been
reported with vacuum cup extraction. Retinal hemorrhages
associated with vacuum extraction have been of the periph-
eral type, and are thought to have no influence on the
subsequent function of the eye (85–87).

It has been generally recognized that basic differences
exist between the nature of tissue damage of craniocerebral
trauma occurring in infants and that in children and adults
(88). The scalp is subject to a considerable amount of stress
and is frequently injured in the birth process. Exsanguina-
tion from a rapidly expanding subgaleal hemorrhage can
occur and, as an isolated lesion, represents the most
serious of superficial birth injuries. Extracranial cerebral
compression may jeopardize the infant’s life. Management
consists of measures to correct hypovolemic shock and dis-
seminated intravascular coagulation, as well as surgical
intervention to control elevated ICP. Skull fractures are
common but in general are not associated with underlying
intracranial hemorrhage or pathology and require no treat-
ment. The growing skull fracture and occipital osteodiastasis
are exceptions.

Intracranial hemorrhage has many potential sources in
the neonate with varying prognosis. Mass lesions require
surgical management. All forms of intracranial hematomas
are encountered in the neonatal period, but all are rare. Epi-
dural hematomas occur in the supratentorial and infra-
tentorial spaces and, if producing cerebral compression,
require evacuation. Before any surgery is performed on a
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neonate, clotting studies must be performed and abnormal-
ities corrected, if necessary. Subdural hematomas are a diffi-
cult problem to handle surgically, and if they are not large,
efforts to control the ICP medically should usually be
attempted before resorting to surgery. Most intracerebral
hematomas in neonates are hemorrhagic infarctions or
venous hemorrhages, and surgery is rarely indicated. The
brain is 90% water, and hemostasis can be very difficult; the
pia mater and cerebral vessels can be peeled off the brain by
the operative suction devices, resulting in increased damage.

With the exception of scalp injury, trauma to the
craniocerebrum and spine necessitates neurosurgical consul-
tation and frequently surgical intervention. The brain of the
newborn is not yet myelinated and is subject to shearing
forces at junctional levels in a manner different from adult
brain. In particular, cortical, subcortical, parenchymal-
ventricular, interhemispheric–corpus callosum, and cerebral
hemisphere–brain stem levels are at particular risk (14).
Blunt head trauma in the newborn and infant produces
tears in the cerebral white matter, parallel to the surface,
and similar (microscopic) tears in the superficial cortical
layers. When craniocerebral injury is of such a nature and
severity as to produce the shearing forces, which result in
intracranial mass lesions in the form of hematomas, the
underlying brain damage is likely severe. In such a scenario,
surgical evacuation of the clot may not alter the clinical
outcome (88).

TRAUMATIC VASCULAR LESIONS

Cerebrovascular trauma includes a broad array of injuries
both direct and indirect. Epidural hematoma and carotid-
cavernous sinus fistula are two examples of the better-
recognized sequelae of intracranial vascular disruption.
Unfortunately, neither all vascular injuries associated with
head trauma are as readily identifiable nor are they associ-
ated with definite treatment guidelines. Their management
remains in evolution as medical, surgical, and endovascular
options develop. Furthermore, many of the management
strategies have arisen from the care of adults and will also
be discussed in other chapters (Volume 1, Chapter 15 for
initial evaluation of blunt cervical spine injuries and
Volume 1, Chapter 24 for penetrating neck trauma).

Cervical Carotid Injury
Injury to the extracranial carotid and vertebral arteries is
uncommon in pediatrics, but in adults represents one of
the most common vascular injuries following neck trauma.
Well over 90% of the major arterial trauma in the neck is
caused by penetrating wounds (see Volume 1, Chapter 24)
(89). Nonpenetrating traumatic lesions of the extracranial
cerebral vasculature provide the most difficult diagnostic
and management problems. The most important symptoms
of carotid arterial injury are those of cerebral ischemia,
including hemiparesis or hemisensory deficit with or
without associated hemianopsia suggesting ischemia in the
internal carotid territory. Symptoms may be fleeting as in
transient ischemic attack (TIA), or more prolonged in their
presentation. The neurologic deficit worsens and eventually
becomes permanent. Also, the level of consciousness may be
affected, but frequently the neurologic deficit is out of pro-
portion to any reduction in the level of consciousness, in con-
tradistinction to what would be expected solely as a result of
the head injury.

Traumatically induced dissection of the internal
carotid artery in the neck also occurs in association with
head injury. As in thrombosis, the critical element is disrup-
tion of the intima. Aneurysms may also result from injury of
the carotid artery in association with head trauma. The arter-
ial wall is thinned and weakened, and the pulsatile column
of blood produces an aneurysm in association with an area
of dissection that is extensive enough to disrupt both the
intima and adventitia. Turbulence may cause the aneurysm
to enlarge and also provide for thrombus formation, which
can subsequently embolize distally. Patients may complain
of a pulsatile neck mass, dysphagia, or noise in the neck
that may radiate into the head. Also, lower cranial nerve
palsies including hoarseness or weakness of the tongue
may occur in association with large aneurysms of the
carotid artery (90).

Patients exhibiting signs or symptoms consistent with
blunt cerebral vascular injury must undergo emergent diag-
nostic evaluation. Because a negative noninvasive study
should not be accepted in this instance, the gold standard
(four-vessel cervical arteriography) is the study of choice,
but this is rapidly changing toward CT angiogram (CTA)
and magnetic resonance angiogram (MRA) (Fig. 2).

The typical angiographic picture of trauma-
induced occlusion of the cervical internal carotid artery is

abrupt blockage of contrast flow approximately 1–3 cm
above the bifurcation of the common carotid artery in the
neck. Although traumatic dissection can occur anywhere
along the course of the internal carotid artery, it most
frequently begins in the section of the artery adjacent to the
C1 and C2 vertebra. Dissecting aneurysms may present as
irregular enlargements of the contrast column in association
with segmental narrowing of the cervical internal carotid
artery. These aneurysms tend to become more localized and
saccular in nature. Duplex scanning has well-documented
limitations, which must be acknowledged if this test is
used. Before exclusively embracing CTA or MRA, their
limitations must also be acknowledged.

The treatment of patients with carotid thrombosis
depends upon the stage at which it is diagnosed. Those
with a completed stroke of more than 12 hours’ duration
or who present in a coma will most likely prove refractory
to any type of treatment. Patients with fluctuating
neurologic symptoms in the face of an acutely occluded

internal carotid artery may benefit from urgent exploration
and thromboendarterectomy. Prior to any thoughts

Figure 2 Magnetic resonance (MR) angiography. MR

arteriogram (left) and MR venogram (right) revealing normal

cervical and cerebral vasculature.
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of surgical therapy, the patient who presents with an
occluded carotid artery with or without ischemic neurologic
deficits should be managed with attempts to increase cer-
ebral perfusion. Hypotension resulting from associated inju-
ries should be rapidly reversed with fluid therapy or pressor
agents. In those few patients who are found to have a carotid
occlusion in the absence of neurologic symptoms, a high cir-
culating intravascular volume should be maintained in order
to obviate any potential hypotensive episodes in the first few
days following the injury. Those patients who have a mild to
moderate neurologic deficit and who may or may not be can-
didates for surgical therapy, can benefit by trial of induced
hypervolemia (91).

Therapeutic embolization of head and neck vascular
injuries may be considered as an alternative to surgery par-
ticularly in lesions whose anatomic location makes them
unsuitable for surgical treatment. Complications from thera-
peutic embolization, if carefully performed, are usually less
than with surgery, and embolization can be performed in
conjunction with the initial angiographic workup. Thera-
peutic embolization is preferably performed with preser-
vation of parent arteries. When this is not possible, the
involved carotid or vertebral arteries are occluded proxi-
mally by placing detachable balloons or coils. The safety of
permanent arterial occlusion must be verified first by tem-
porary test balloon occlusion, which provides information
regarding the collateral blood flow.

Vertebral Artery Injuries
Injuries to the cervical portion of the vertebral artery occur
infrequently. The relatively deep position of the vertebral
artery in the neck associated with its protection by the fora-
mina transversaria tends to reduce its vulnerability to both
blunt and penetrating injuries. Further, the relative redun-
dancy of the vertebral system makes injuries to one vertebral
artery less likely to cause ischemic cerebrovascular symp-
toms. The majority of patients with vertebral artery injuries
associated with head and neck trauma will present with
the delayed onset of symptoms and signs of brain stem or
cerebellar ischemia. Vertigo, blurred vision, ataxia, and dys-
arthria are common. In the setting of cervical vertebral artery
trauma, neck ache, suboccipital pain, and headache are also
frequent concomitants.

The classical Wallenberg syndrome as a result of
trauma to the vertebral artery is also known to occur follow-
ing minor head and neck injury (92). This consists of
Horner’s syndrome with decreased sensation to pain and
temperature on the ipsilateral face and contralateral arm
and leg in association with ataxia on the ipsilateral side.
These symptoms may follow any traumatic incident that
causes acute hyperextension or rotation of the cervical
spine. Neurologic symptoms usually occur within 24 hours
but may be delayed as long as a month after the trauma.

In some cases, associated neck movements serve to
exacerbate the symptoms of ischemia. This clinical scenario
should also alert the treating physician to a potential ver-
tebral artery injury. Injuries to the cervical vertebral arteries
most commonly result in thrombosis. However, intimal
disruption, dissection, aneurysm formation, and fistula
formation are also known to occur. Ischemia usually
results from distal embolization but also may result from
flow-restrictive lesions in dominant vertebral arteries.

As with carotid arterial injuries, treatment depends on
the location and nature of the lesion as well as on any exist-
ing neurologic deficit. Total occlusion of the vertebral artery

may not lead to ischemic symptoms because of a patent ver-
tebral artery on the other side. In this instance, no further
therapy is warranted. In those cases where vertebral throm-
bosis results in significant neurologic symptoms, attempts at
thrombus removal or thromboendarterectomy of the ver-
tebral artery have usually been unsuccessfu1 (93). Suppor-
tive therapy with a trial of increased intravascular volume
or mild hypertension may obviate some of the ischemic
manifestations. Other injuries including traumatic narrow-
ing, dissection, and mural hemorrhage with pseudoaneur-
ysm formation are potential sources for distal
embolization. In documented cases of embolization with
mild or transient neurologic deficits, anticoagulation with
heparin is recommended with consideration given to
repair of the vessel. If angiography documents that the
injured vessel is the dominant vertebra, reconstruction or
repair using suitable graft material or possibly ligation or
balloon occlusion with concomitant extracranial to intracra-
nial bypass grafting can also be contemplated. In a situation
where the nondominant vertebral artery is injured and is
considered to be beyond repair, a successful trial of balloon
occlusion under local anesthesia can be followed by perma-
nent occlusion.

Intracranial Vascular Injury
Disruption of the intracranial vasculature is the rule rather
than the exception with severe head injury. SAH due to
loss of integrity of small pial vessels can be documented in
the majority of fatal brain injuries. However, documentation
of traumatic lesions in major branches of the circle of Willis
or in dural venous sinuses is relatively uncommon in blunt
head trauma.

The most common intracranial arterial structure to
be occluded in blunt head injury is the internal carotid

artery. Although the majority of injuries to the internal
carotid artery occur in its cervical portion, injury at the
base of the skull, within the carotid canal, or at its cavernous
segment have all been reported with some regularity (94).
The patient is typically admitted comatose following an
automobile accident. Within 24 hours the neurologic con-
dition deteriorates further, and evidence of a hemiparesis
tends to emerge, subsequent to infarction from internal
carotid artery occlusion.

Occlusion of other major intracranial vessels has also
been documented subsequent to head trauma. Evidence of
,injury to cerebral cortical branches may be seen, especially
in relation to skull fractures. Findings may include branch
occlusion, segmental narrowing, traumatic aneurysm for-
mation, or slow flow in the cortical surface veins. A sharp
angulation of a damaged cortical branch (Z deformity) is sug-
gestive of entrapment of the vessel within the fracture line.

The mechanisms of middle cerebral artery thrombosis
secondary to trauma are incompletely explained. The middle
cerebral artery may become occluded indirectly secondary to
injury to the internal carotid artery. Alternatively, the middle
cerebral artery may be compressed by extracerebral or intra-
cerebral hematomas. The management of traumatically
induced middle cerebral artery occlusion remains empirical
and relegated to supportive care. In the majority of those
patients who survive and have follow-up angiography, the
middle cerebral artery is again patent (95). In those cases
where the artery does not recanalize or remain patent, the
patient will progress to complete infarction of that vascular
territory (Fig. 3).
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Basilar artery occlusion has also been noted secondary
to head trauma (96). These patients invariably present with
ischemic brain stem symptoms, and the majority of them
do not survive. Basilar artery occlusion or stenosis can
often be inferred from a carotid arteriogram that shows
filling of the distal basilar artery through a posterior commu-
nicating artery. This observation should prompt complete
examination of the vertebrobasilar circulation. Not infre-
quently, the basilar artery may be occluded due to associated
injury to one or both vertebral arteries, which then act as a
source of emboli. The majority of cases of basilar artery
occlusion are documented at the time of autopsy; thus, no
satisfactory treatment regimen has yet evolved.

Traumatic Aneurysms
Traumatically induced intracranial artery aneurysms are
rare lesions. None of the intracranial aneurysms cataloged
in the Cooperative Aneurysm Study was of traumatic
origin. The most common mode of presentation in
symptomatic patients is that of delayed SAH following a
head injury. Typically, a decrease in the level of con-
sciousness to the point of coma heralds the SAH. Further
evaluation may reveal nuchal rigidity or complaints of a
severe headache. Unless a high index of suspicion is main-
tained, the symptoms may be ascribed to an intracranial
expanding process such as a hematoma or edema or possibly
post-traumatic hydrocephalus. Other presenting symptoms
include progressive deterioration following head trauma,
most likely due to vasospasm following rupture of the
aneurysm. Epistaxis or a delayed cranial nerve palsy follow-
ing trauma may also give evidence of the presence of an
internal carotid aneurysm near the skull base. Extracerebral
hematomas following trivial head trauma and unexplained
arterial bleeding during hematoma removal have all been
reported as evidence of traumatically induced cerebral
aneurysms (97).

Blunt head trauma is responsible for the majority of
these lesions; however, penetrating lesions including bone
fragments and missiles of various types including radio
antennas, umbrella tips, bullets, knives, and surgical instru-
ments are responsible for some of these cases.

The majority of traumatic cerebral aneurysms are
located on branches of the middle cerebral artery. The
next most common site is the internal carotid artery as it
enters the skull. The pericallosal artery, most likely
because of its proximity to the falx, is another important
site for the occurrence of traumatically induced aneurysms.
Angiographic hallmarks including delayed filling and
emptying of the aneurysm, an irregular contour, the
absence of a neck, and a peripheral location other than at
a branching point tend to distinguish the traumatically
induced aneurysm from that of the congenital or athero-
sclerotic forms. As with other types of intracranial aneur-
ysm, management is directed toward avoiding recurrent
hemorrhage, which is higher in traumatic aneurysms than
in berry aneurysms. Aneurysm coiling or clipping should
be pursued.

CONGENITALVASCULAR ANOMALIES
Vein of Galen Aneurysm

Early high-output cardiac failure in neonates can occur

with vascular shunting lesions in the cranium. The
most frequent cerebral vascular shunting lesion is the vein
of Galen aneurysm, a misleading term. The vein of Galen
aneurysm is actually an arteriovenous malformation
(AVM) of the vessels that supply the choroid plexus of the
third ventricle (98). It is different from most AVMs, which
contain tangled webs of abnormal vessels. The vein of
Galen aneurysm is a direct left-to-right shunting of branches
of any or all of the following arteries into the vein of Galen:
anterior cerebral, posterior lateral and medial choroidal,
thalamic and hypothalamic perforators, posterior cerebral,
anterior choroidal, and least likely the middle cerebral. The
term aneurysm is also misleading: The aneurysm is of
the internal cerebral veins or the vein of Galen itself and
the straight sinus and is not arterial.

The vein of Galen aneurysm rarely bleeds in the first
few months of life. Rather, the major clinical problem
involves controlling secondary heart failure. This can often
be accomplished by medical means. However, if medical
management is insufficient, then selective embolization of
particular arterial feeders with coils or balloons may help
decrease the flow and attenuate the cardiac failure.
Another option is embolization of the venous aneurysm
via a transvenous route or directly through the torcula.
Rarely is operative control of the feeder vessels successful
in the first few days of life. If the heart failure can be initially
controlled, and if after six weeks of age the failure should
recur, then surgery to occlude the direct shunting arteries
can usually be successfully accomplished. Interventional
embolization of venous or arterial components represents a
less dangerous option, although the risks of hemorrhage,
pulmonary embolization by the coils, and myocardial ische-
mia remain concerns.

Other arteriovenous shunts that occur in neonates
usually affect the dura mater, with or without cerebral
involvement. Early treatment focuses on control of the heart
failure with embolization if necessary. Early open surgery
is rarely advisable because of the high risk of excessive
blood loss.

Figure 3 Computed tomography (CT) of the brain showing

a left parietal hypodense area in the distribution of the left

middle cerebral artery (MCA). This CT scan is consistent with

infarct due to occlusion of the left MCA.
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Arteriovenous Malformations
AVMs are congenital anomalies of the vascular system and
can occur anywhere in the cerebrum, brain stem, cerebellum,
and spinal cord. Lesions in the spinal cord are rare in chil-
dren. AVMs result in neurosurgical emergencies, as a
result of rupture of usually venous components of the
AVM and ensuing acute hemorrhage of blood at arterial
pressure into the cerebral substance or the ventricular
system (Fig. 4). In children, AVMs are four times more
likely than aneurysms to be the cause of intracranial hemor-
rhage (99). The result is a sudden increase in ICP manifested
clinically by the sudden onset of severe headache or sudden
loss of consciousness. The signs and symptoms depend on
the location of the hemorrhage and can include hemiparesis,
aphasia, hemisensory loss, hemianopsia if the hemorrhage
occurs in the supratentorial brain, or focal brain stem symp-
toms if the hemorrhage is in the posterior fossa. The only
manifestation may be the acute onset of coma. The mortality
from the first bleed has been reported to be as high as 24% in
children (100). Standard resuscitation is followed by a CT
scan to confirm the diagnosis of intraventricular or intrapar-
enchymal hemorrhage. Treatment varies depending upon
the clinical state of the patient. With signs of progressive her-
niation and impending death, acute evacuation of the hema-
toma may be necessary. Although obtaining an angiogram to
identify the anatomy of the AVM is ideal, this is not always
possible because of the rate of neurologic deterioration. The
aim of surgery is to evacuate the clot, to decrease ICP, and to
reverse any herniation. If an obvious AVM is encountered
and is small, it may be possible to remove it. However, the
safer course is to stop after evacuation of the clot. Arteriogra-
phy can then be performed, followed subsequently by a
second operation to resect the lesion.

Acute rebleeding from an AVM is rare, and urgent
surgery therefore is not necessary to prevent a rebleed. If
the blood is predominantly in the ventricle, an intraventricu-
lar catheter is required to monitor the ICP and provide for
CSF drainage. Acutely, as little CSF as possible is drained
to prevent the catheter becoming clogged by blood clot.

The ICP is controlled by a combination of therapy. When a
patient is stable and has recovered consciousness, arteriogra-
phy (Fig. 5) and definitive therapy can be undertaken. When
the clot is parenchymal, and the ICP and herniation can be
controlled by medical means, it is advisable to postpone
surgery until the clot has liquefied and the brain swelling
and edema have subsided. This hiatus makes the surgery
much safer and allows adequate investigation and thera-
peutic planning. Treatment is either surgery, embolization
followed by surgery, or, for smaller deep lesions, focused
radiation therapy. In a small percentage of cases, no
obvious site of hemorrhage is identified. A repeat arterio-
gram some months later is required to be certain that a
small lesion was not present but compressed by the acute
hemorrhage. The rate of rebleeding from AVMs is 2% per
year. In children in whom no lesion is identified, the
rebleed rate is close to zero (101).

Aneurysms
As noted earlier, intracranial hemorrhage in children is less
frequently a result of rupture of an aneurysm than that of
an AVM (102). Aneurysms may be congenital or mycotic
and may be found on the feeding arteries of an AVM. Aneur-
ysms occur in the subarachnoid space, and thus SAH rather
than intraparenchymal hemorrhage is the usual result of
rupture. The signs and symptoms are typically sudden
onset of unendurable headache followed by a stiff neck
and photophobia and in about 50% of cases by coma. Diag-
nosis is made by the history and by a CT scan. The CT find-
ings may appear normal or may show SAH. If the CT scan is
normal while clinical suspicion for SAH remains high, the
diagnosis can be made by lumbar puncture (seeking zantho-
chromic CSF).

Because aneurysms tend to rebleed in 24 to 48 hours,
the next step in diagnosis is cerebral arteriography. MRI
angiography is not adequate to visualize a small aneurysm
(,5 mm). Although the most common location is at the
bifurcation of the carotid, many aneurysms occur distally
in children, and they are often gigantic (.2.5 cm). Mycotic
aneurysms in particular occur on the distal branches of the
cerebral vessels, and the rare post-traumatic aneurysm can
occur on any vessel but is most frequently encountered on
the anterior cerebral artery (102). Ruptured aneuryms are
usually treated by angiographic coiling or by acute surgery
to clip or trap the aneurysm. After rebleeding, the next
major complication is cerebral ischemia, which usually
results from cerebrovascular spasm (103). This is treated by

Figure 4 Computed tomograph of the brain showing a

large right and small left cerebellar hemorrhage. Local mass effect

on the fourth ventricle and absence of the perimesencephalic space

is also noted; both findings are consistent with poor outcome.

Figure 5 Vertebral arteriogram with an arteriovenous

malformation nidus (circled ).
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volume expansion, calcium-channel blockers, and induced
arterial hypertension as in adults (103,104). Because of the
need for elevating the blood pressure to treat spasm, it is cur-
rently believed that early control (clipping or coiling) of the
aneurysm makes this therapy to reverse or prevent ischemia
safer. The use of free-radical scavengers is theoretically ben-
eficial, but has not yet been shown to improve the outcome
in patients with SAH. The grading of SAH in children is
similar to the Hunt–Hess Classification used in adults (see
Volume 2, Chapter 14, Table 1) (105).

Cavernous Angiomas and Venous Angiomas
Although both cavernous and venous angiomas can present
with the acute onset of a new neurologic deficit and head-
ache, it is rare that they require emergency surgery. Venous
angiomas are most likely when the hematoma is in the pos-
terior fossa, where brain stem compression can be suffi-
ciently severe to require treatment by clot removal. In
venous angiomas, the large draining vein should not be
occluded because it is often the only venous drainage from
a large area of the cerebellum (106,107).

The diagnosis is usually established on a noncontrast
CT scan, which shows acute hemorrhage, and a contrast
scan, which in the case of a cavernoma may demonstrate
enhancement and in the case of a venous angioma shows
the large vein and often its tributaries. Both cavernous and
venous angiomas are well demonstrated on an MRI scan,
which shows evidence of old hemorrhage and the surround-
ing edema. Cerebral arteriography usually shows no lesion
in the case of the cavernous malformation and the caput of
draining veins and the single large vein of the venous
angioma. Acute hydrocephalus can occur as a result of pos-
terior fossa hematoma and may require treatment with a
ventriculostomy. The ventricle should be drained slowly,
and the supratentorial pressure should be kept above
15 mm Hg in order to prevent upward herniation of the cer-
ebellar vermis. This is true whenever a ventricular drain is
required for relief of acute hydrocephalus secondary to a
posterior fossa mass. Anticonvulsants are necessary if a
patient presents with seizures, and corticosteroids are
helpful to treat the cerebral edema that is often present. It
is rare that severe intracranial hypertension is present. In
most cases, definitive resection of the cavernous angioma
is the treatment of choice once the hematoma and brain
edema have subsided. The best treatment for venous angio-
mas often is to leave them alone unless repeated bleeding
occurs, in which case a small AVM is often present and
may be resected.

HYDROCEPHALUS

It is unusual for a newborn with hydrocephalus to present as
a neurosurgical emergency. Because congenital hydrocepha-
lus is a prenatal (i.e., chronic) condition, the brain accommo-
dates and the sutures may be widely separated and the
cranium may be significantly enlarged, accommodating
the increased CSF volume without compression of neural
structures (108). This also affords time to make an accurate
diagnosis of the etiology of the hydrocephalus and to
shunt the lesion electively. If signs such as apnea or brady-
cardia are present (representing increased ICP), the ventricle
can be acutely tapped through the fontanel and the pressure
relieved until an elective shunt is placed.

Acute hydrocephalus due to congenital and acquired
causes can present later in life, in a child with closed
sutures (Fig. 6). In this case, rapid diagnosis and therapy
may be required to prevent serious brain damage or death
because the cranium cannot expand, and by the time a
child presents for medical care, the compensatory mechan-
isms are usually exhausted. This also is true in children
who have a CSF shunt in place and in whom a shunt mal-
function has occurred. The difficulty with diagnosis in this
group of patients is the lack of definitive signs that confirm
the diagnosis. The diagnosis of shunt malfunction or
acute intracranial hypertension due to hydrocephalus is
essentially based on the history and often confirmed by a

neuroimaging study (CT or MRI), that shows ventricular dila-
tation. In a small group of children with slit ventricle syn-
drome, the ventricles do not enlarge, or enlarge only
minimally, in the presence of high ICPs and shunt dysfunc-
tion (109,110). In these children, it is important to compare
their current scan with a previous scan; if none is available,
act on the history and assume a shunt malfunction.

Because autoregulation of CBF is typically intact in a
child presenting with acute hydrocephalus, the ICP waves
that occur are often unassociated with any signs. The symp-
toms are of severe, episodic headache that may be associated
with vomiting or visual disturbances. The pain may be
located behind the eyes or in the back of the neck as a
result of tonsillar herniation. The headache may be relieved
by vomiting, because this triggers hyperventilation and thus
a decrease in ICP that can abort the pressure wave. If a child
is not having a wave of pressure at the time of the examin-
ation, he or she may appear perfectly normal, and even
with a wave of high pressure there may be nothing to ident-
ify other than the pain of the headache, which is of course
subjective to the patient.

The examination may reveal papilledema, but as
mentioned earlier, the absence of papilledema does not
rule out intracranial hypertension of a life-threatening
degree. Decreased level of consciousness either accompany-
ing the headache or continuously may occur as may a stiff
neck due to tonsillar herniation, cranial nerve VI palsy due
to diffuse ICP, or more rarely a cranial nerve III palsy.
Visual acuity may be decreased as a result of chronic

Figure 6 Computed tomograph of the brain showing

massive bilateral ventriculomegaly subsequent to prolonged

hydrocephalus.
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papilledema or optic atrophy. Changes in vital signs, such as
bradycardia and hypertension, may occur but are often late
manifestations, occurring at the time of brain stem decom-
pensation, and cannot be relied upon as early indicators of
increased ICP. Ventricular enlargement, as evidenced by
CT imaging, can confirm the diagnosis of hydrocephalus.

When ICP elevation is suspected, it is preferable to
avoid sedation in spontaneously breathing patients. If seda-
tion is needed, it is best to give the minimum amount
required and to recognize that sedation often leads to
decreased ventilation, increased arterial partial pressure of
carbon dioxide (PaCO2), and further increased ICP. A plan
to treat both hypoventilation (i.e., intubation or mask venti-
lation) and ICP should be in place before administering
sedation. When hydrocephalus is present, urgent therapy
is sometimes required to treat the increased ICP. Therapy
ranges from acute administration of corticosteroids in
those patients with a tumor and vasogenic edema, to ventri-
culostomy or an emergency shunt procedure in those with
pathology unlikely to respond to steroids. In patients
without a tumor or preexisting shunt, and in whom an
acute or chronic CNS infectious process is not suspected,
the ideal treatment is insertion of a shunt as an emergency
procedure.

In children with a preexisting shunt, a radiographic
shunt survey to evaluate the intactness and position of the
shunt system is necessary in addition to the scan. If there
is question about a shunt block, the shunt system can be
tapped and the site of block identified as proximal or
distal to the shunt reservoir. In children with the slit ventricle
syndrome, when very little fluid is present in the ventricle
and the ability to remove fluid is therefore limited, it is
often better to test the proximal catheter by back-injecting
contrast medium into the ventricle to establish the patency
of the proximal shunt catheter. The distal end of the shunt
can be checked by measuring the runoff pressure with a
manometer. When the shunt is blocked proximal to the
valve system such that CSF cannot be withdrawn, it is
safer to revise the shunt immediately rather than to wait
until the next day. If the shunt is blocked distal to the
valve, adequate ventricular decompression can be attained
by tapping the reservoir and removing CSF. In this setting,
the shunt revision may be postponed until the next con-
venient opening in the operating schedule, and diamox
and dexamethasone may be used to slow CSF production
during the waiting period. Severe headaches need to be
treated by further fluid withdrawal from the shunt and not
treated with narcotics; if headaches persist, shunt revision
is urgently required (109–111).

INFECTION

The most frequent setting in which an infectious process

requires emergency neurosurgery is that of a brain abscess
(111,112). The presentation is either with focal neurologic
deficit or the signs of intracranial hypertension. The
aims of therapy are: (i) to obtain a specimen for culture
and (ii) to evacuate any intracranial mass. CT scan usually
identifies the lesion, and the therapy is increasingly often
stereotactic drainage with or without leaving a catheter in
situ for further drainage. It is rare that an attempt at
abscess removal is performed as the primary procedure,
unless the abscess is very large and superficially located in
the brain. Even then, because of the surrounding edema, it

is generally preferable simply to drain the lesion, treat
with antibiotics, and monitor with serial neuroimaging.
Indeed, in many cases, craniotomy is never necessary and
the abscess can be treated simply by antibiotics with or
without repeated needle drainage.

The antibiotic selection depends upon the likely
organisms (Volume 2, Chapter 53). For staphylococcus cov-
erage, oxacillin is the first drug of choice unless the organism
is methicillin-resistant, in which case vancomycin is used.
Daptomycin or linazolid is used for vancomycin-resistant
organisms. Ceftriaxone has excellent CSF penetration and
is effective against most methicillin-sensitive gram-positive
organisms. It also has activity against all gram-negative bac-
teria except for pseudomonas. If pseudomonas is present or
suspected, ceftriaxone should be replaced by ceftazadime
along with an aminoglycoside (e.g., amikacin). Metronida-
zole has excellent brain tissue penetration and is the drug
of choice for anaerobic brain abscess. For fungal infections,
seek infectious disease consultation and review Volume 2,
Chapter 53.

Subdural and Epidural Empyema
Epidural empyema usually occurs with either severe air
sinus infections or osteomyelitis of the skull (113). The
mass effect is usually small, and acute drainage is only
rarely necessary. In the frontal area, drainage of the frontal
sinus often results in drainage of the epidural abscess.

Subdural empyema is a more catastrophic situation,
with underlying pial and often cerebral inflammation,
septic thrombophlebitis, and brain edema. In the past, this
was always treated by urgent craniotomy and aspiration of
the pus (114). Currently, with earlier diagnosis as a result
of CT scan, burr hole aspiration for culture and immediate
relief of mass effect is often all that is required, followed
by antibiotics and corticosteroids. In children, the subdural
empyema commonly recurs at different locations and may
require repeated surgery, which may require extensive cra-
niotomy if resolution is not achieved by medical manage-
ment. Small lesions may require no surgery.

Meningitis
Bacterial meningitis is a medical emergency requiring
antibiotic treatment. Because of vaccination programs,
Haemophilus influenzae is less commonly seen in children.
Currently, most common bacterial organisms carrying
meningitis in children are Meningococcus and Pneumococcus,
which can be treated with high-dose penicillin (115,116). Bac-
terial meningitis rarely requires acute neurosurgical man-
agement. However, acute hydrocephalus can occur with
bacterial meningitis, and emergent placement of a ventricu-
lar drainage device may be necessary. This is most often the
case in tuberculous meningitis but does also occur with the
more common infectious organisms.

Shunt Infection
Most shunt infections do not require emergent shunt
removal; rather they are treated by shunt culture and appro-
priate antibiotics. In children with an acute abdomen as a
result of the shunt infection, emergency exteriorization of
the abdominal end of the shunt may be required. Most
commonly, the infecting organism is Staphylococcus, in
which case the shunt will require elective removal and
replacement. With other organisms, the shunt can often be
saved (117).
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NEOPLASMS

In only a few cases do pediatric brain tumors become neuro-
surgical catastrophes, but these must be rapidly identified
and treated. These children are usually admitted with a
history of headache, nausea, and vomiting, and are at risk
of herniation while awaiting workup for a suspected gastro-
intestinal lesion. Others are admitted after a lesion is ident-
ified on CT or MRI scan, but the symptoms of increased
ICP may be subtle, or initially ignored, resulting in clinical
herniation and death. The problem is exactly as described
in children with hydrocephalus, in whom autoregulation
of CBF is intact and very high pressures can be tolerated
without apparent clinical signs. Posterior fossa tumors
often present this way when associated with hydrocephalus.

In 5% to 10% of cases of pediatric brain tumor, hemor-
rhage occurs into the tumor, producing acute deterioration
that is no different from that related to other types of
intracranial hemorrhage (118). Tumors in the supratentorial
compartment are usually easier to diagnose because of
accompanying local signs (e.g., hemiparesis, visual field
defect) (Fig. 7). Rarely is an emergency operation necessary,
but in the presence of progressive herniation, repeated ICP
spikes and/or unconsciousness, rapid surgical debulking
may be required. As noted previously, ventricular drainage
in the presence of a large posterior fossa tumor can result
in upward herniation; thus, resection of the tumor may be
required at the time of insertion of the ventricular drain. In
patients with less acute symptoms, corticosteroids usually
bring about rapid clinical improvement, permitting
surgery to be performed electively.

Another presentation of tumor that requires emer-
gency surgery is the rapid progression of visual loss.
This may be due to local compression of the optic

nerves, chiasm, or tracts by tumor, and can occur as a
result of hemorrhage into such tumors as optic gliomas or
pituitary tumors or can result simply from a tumor mass
expansion, as in craniopharyngioma or meningioma. Such
rapid visual loss that is the result of local compression is
an indication for emergency surgical decompression. The
other setting in which rapid visual loss can occur is the
result of papilledema. In this setting, ventricular drainage
or shunting plus steroids is usually chosen over emergency
tumor resection in an effort to lower the ICP gradually and
prevent the acute blindness that can occasionally occur
after posterior fossa decompression. Rarely in children do
tumors erode into adjacent structures, but epistaxis or bleed-
ing from the ear occasionally is the first manifestation of a
large skull base tumor. Although these rarely require acute
neurosurgical intervention, if bleeding is severe or hard to
control, CT or MRI scan may be necessary to make the diag-
nosis and acute embolization or vein ligation may be necess-
ary to attain hemostasis.

SPINE
Spina Bifida
Spina bifida is derived from Latin, meaning “split spine.”
Spina bifida is a type of neural tube defect (NTD), which
results in incomplete closure of one or more vertebral
arches of the spine, and is often associated with malformation
and/or malfunction of the spinal cord in the region of the
lesion. Neurolation is the process whereby the neural plate
is formed, and then closed dorsally to become the neural
tube. Failure of this process results in an open NTD (119).

In the majority of cases, spina bifida is an isolated birth
defect and can be minimized by the administration of folic
acid 0.4 mg/day before conception and during the first
three months of pregnancy. Alpha-fetoprotein (AFP) screen-
ing during the first 15 to 20 weeks of pregnancy can help
identify mothers at risk for spina bifida, anencephaly,
trisomy 21, and other anomalies.

Spina bifida occurs most commonly in the lumbar and
sacral regions, and presents in the three major subtypes:
oculta, cystica (myelomeningocele), and meningocele.
Spina bifida oculta is the mildest form and does not
require early surgical treatment. The skin completely
covers the defect, and the spine can appear normal or have
a tuft of hairs growing from it. There may or may not be a
dimple over the defect. The posterior split in the vertebral
arch is usually so small that the spinal cord does not pro-
trude. However, mild sacral symptoms such as incontinence
and some gait abnormalities are common.

Spina bifida cystica (myelomeningocele) is the most
serious form. Failure of closure of the skin, muscle, bone,
and spinal cord constitutes a myelomeningocele. These can
occur at any level of the spinal canal but are most frequent
in the lumbar area. These lesions frequently have disruption
of the thin covering of arachnoid over the placode and leak
CSF. There is no real emergency about closing these lesions,
but in most pediatric neurosurgical centers they are closed
within 24 to 48 hours after birth, assuming the neonate is
otherwise stable (120). If closure is to be delayed more than
a few hours, the lesions are covered with sterile saline-
soaked sponges, and broad-spectrum antibiotics are begun.

Closure of the open spinal NTD is undertaken
within the first few days of life, in order to cease the
leakage of CSF and cover the spinal cord with an intact epi-

thelial barrier. If a marked kyphotic deformity is present,

Figure 7 Magnetic resonance image with contrast revealing

right parieto-occipital cystic mass/tumor with heterogeneous

enhancing areas. Note significant mass effect and right-to-left

midline shift.
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this can be corrected at the time of closure with resection of
one or more of the normal vertebral bodies. A CSF-diverting
shunt may be placed concomitantly if hydrocephalus is
already obvious. CNS deformities with the closed NTD are
limited to the spinal cord and not associated with the
Chiari II malformation and hydrocephalus. The prognosis
for an infant at birth with a closed form of NTD is vastly
better than one with an open NTD (121).

Meningoceles appear in 5% or less of open NTDs.
Because meningoceles do not have exposed neural tissue
and do not leak CSF, they can be closed electively. As the
child grows, the neurologic deficit often progresses in an
asymmetric fashion in lipomatous malformations, and oper-
ative intervention is advocated early in infancy to ameliorate
further loss of neurologic function.

Congenital dermal sinuses are squamous epithelial
lined tracts that occur in or very near the midline. These
frequently go unnoticed until the patient presents with
meningitis or an extra- or intradural abscess. Staphylococcus
aureus is the most common infecting organism, although
gram-negative bacteria are more frequently found in
abscesses located at the low spinal region. Urgent operative
intervention is required to drain these abscesses. If meningitis
is present, surgical intervention should be briefly delayed
until the patient receives a course of appropriate antibiotic
therapy. It is often advisable to limit the procedure to drainage
of purulent material, delaying the removal of the remaining
tract or cyst capsule until the inflammation has subsided.

Diastematomyelia is a term used to describe the mal-
formation in which the spinal cord is split into two hemi-
cords. Neurologic abnormalities are similar to those found
with lipomatous malformations. Treatment consists of an
elective laminectomy at least one level above and below
the area of deformity. Neuroenteric cysts may or may not
be associated with other forms of closed NTD such as split
cord malformations. The cysts slowly enlarge by the
secretion of mucinous material, which leads to compression
of the adjacent neural structures. The surgical approach is
individualized, depending upon the extent of the associated
malformations.

Arachnoid cysts may have either an intra- or extradural
location, and the pathophysiology, clinical findings, and
management are similar. The dominant symptom noted
with arachnoid cysts of the thoracic region is progressive
lower extremity weakness, often symmetrical, which can
occasionally result in paralysis if not treated. MR is the
initial imaging modality of choice. Treatment of symptomatic
arachnoid cysts is surgical, because aspiration would provide
only temporary relief. The prognosis for patients with these
cysts is excellent and recovery dramatic if surgical treatment
occurs before irreversible spinal cord damage has occurred.

Vascular Malformations
Vascular malformations of the spine are aneurysmal, arterial,
arteriovenous, or venous, with the arteriovenous form being
the most common (122). Spinal AVMs in children are difficult
to treat surgically without causing additional damage to the
spinal cord. The incidence of hemorrhage is over 50% in
children, as opposed to only 10% in adults. Emergent
decompression is indicated following hemorrhagic rupture.

Spine Neoplasms
It is exceedingly rare for intramedullary neoplasms of
the spinal cord to be symptomatic at birth. In Von

Hippel-Lindau disease (autosomal dominant neurocuta-
neous syndrome with variable penetrance), hemangioblasto-
mas are found in the cerebellum, spinal cord, and medulla in
decreasing order of frequency. Neurofibromatosis is associ-
ated with increased incidence of tumors of the entire
nervous system and its coverings, including intramedullary
spinal cord neoplasms (123). Intramedullary spinal cord
metastases have also been found.

Intramedullary lipomas of the spinal cord are very
rare congenital lesions that may first become manifest
during rapid growth or excessive weight gain. If sympto-
matic, they can be surgically debulked; total removal is
unnecessary and possibly hazardous (124).

In children, the most common extramedullary tumor
is the result of seeding of the subarachnoid space from an
intracranial neoplasm (such as primitive neuroectodermal
tumor), which on occasion can be present at birth. Some-
times the spinal cord compression from subarachnoid
seeding is the first manifestation of an intracranial
tumor. Nerve sheath tumors and meningiomas are infre-
quently found in childhood. In children, the intra- and
extradural (dumbbell) extension of a tumor is pathogno-
monic of a neurofibroma (125). Deformity of the spine
may be the first manifestation of a neurofibroma but
abnormal curvature in the spine in the absence of tumor
is also common in neurofibromatosis. The diagnostic
imaging modality of choice for spine tumors is MR, sup-
plemented by CT and CT myelography if necessary. If an
extramedullary tumor of the thoracic spinal cord is
present, imaging of the entire CNS is advisable as multiple
tumors are frequently found. Treatment is surgical removal
of the tumor.

Neuroblastoma is the most common intra-abdominal
malignancy of childhood. It may be manifest at birth with
thoracic spinal cord compression secondary to extension
of the tumor through neural foramina into the epidural
space (126). Treatment is laminectomy for spinal cord
decompression.

Failure of formation and segmentation of the vertebrae
early in development can lead to clinical deformities that
have neurologic sequelae. Spinal cord compression is most
often seen in structural defects that produce kyphosis, as
dorsal angulation of the spine is most likely to compromise
the spinal canal (127).

Embryologic segmental maldevelopment can lead to
hypoplastic or absent thoracic or lumbar vertebrae (128).
The nerve roots adjacent to the bony deformity are either
dysplastic or lacking in a condition referred to as segmental
spinal dysgenesis. The neurologic deficit distal to the seg-
mental dysgenesis can be partial or complete. The lower
extremities are often deformed. The loss of neurologic func-
tion, if present, can occur secondary to rapidly increasing
kyphosis from an unstable spine. Decompressive laminect-
omy in this situation would add to the lack of spinal stab-
ility. Thus, an anterior approach is advisable if necessary
to decompress the spinal cord and stabilize the spinal
column.

In achondroplasia, spinal cord compression can occur
with development and growth. With aging, the stenosis can
be further exacerbated by osteoarthritic spurs, disk degener-
ation, and kyphosis (129).

A severe form of kyphoscoliosis in the cervical and
thoracic region is commonly seen in neurofibromatosis,
regardless of the presence or absence of a neurofibroma.
Such marked deformities, unless aggressively treated, can
lead to paralysis secondary to spinal cord compression (130).
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MISCELLANEOUS
Craniofacial Anomalies
Anomalies of the craniofacial skeleton can result in grue-
some facial appearances including those involving amniotic
band syndromes, facial clefts, cloverleaf skull appearance,
and congenital absence of the nose or eyes. Children with
severe Crouzon’s, Apert’s, or Pfeiffer’s syndromes also
appear dramatically abnormal, and a correct initial diagnosis
often is not made. Despite their appearance, few of these
children require emergency neurosurgery. The most
common acute problem involves the airway, because
choanal atresia or marked hypoplasia of the midface may
interfere with ventilation (131). Endotracheal intubation
can be very difficult, and a tracheostomy may occasionally
be required to save a child’s life. The globes of the eyes
occasionally are completely dislocated out of the orbit,
with closure of the lids posterior to the globe. This results
in exposure and ischemia and requires treatment, first with
lubricant and plastic wrap to keep the conjunctiva moist.
Rarely is tarsorraphy adequate because of the degree of exor-
bitism, and early surgery with supraorbital rim advance-
ment and tarsorraphy is occasionally the only way to
obtain some coverage for the eyes. In general, craniofacial
surgery for children with severe anomalies is delayed until
after four months of age unless they show evidence of intra-
cranial hypertension. It is almost impossible to correct any
aspect of the facial anomaly before four months, even in
the upper orbital area.

Encephaloceles
Encephaloceles occur at a rate of 1:10,000 live births in North
America, and about 70% occur in the posterior region of the
cranium and are either supratentorial or infratentorial (132).
Despite presenting with a dramatic external appearance,
most encephaloceles are not surgical emergencies.
However, those with incomplete skin coverage, leaking
CSF, or displaying visible brain tissue do require urgent
closure (i.e., within 24 hours), provided the general con-
dition of the neonate is otherwise stable. The exposed
lesion is covered with sterile saline-soaked sponges, and
broad-spectrum antibiotics are begun. CT or MRI scan or
both are required to define the anatomy of the encephalocele
and the intracranial brain.

Prognosis is best correlated with the size and anatomic
appearance of the residual intracranial brain rather than
with the size of the encephalocele. The herniated cerebral
tissue is not normal and no effort is made to replace it
within the cranial cavity; the abnormal tissue is removed,
sparing the intracranial vasculature, and the dura closed.
Hydrocephalus is common but usually does not need
therapy in the first few days. With severe hydrocephalus, it
is preferable to insert a shunt and decompress the brain
before performing a definitive operation on the encephalo-
cele. Anterior encephaloceles (in the nose or mouth), often
in association with a cleft palate, can produce acute airway
obstruction and feeding problems that require tracheostomy
for emergency management of the airway. In such cases, it is
advisable to postpone definitive surgery for as long as
several months if possible to make the surgery safer.

Aplasia Cutis Congenita
Aplasia cutis congenita is an area of the skull where bone and
skin fail to form, leaving exposed and occasionally slightly
herniating dura, most commonly in the midline, associated
with a suture or venous sinus. This is not an encephalocele

and, because the dura is intact, often can be treated conserva-
tively until a child is older, at which time surgery to rotate
skin over the lesion is usually undertaken. Smaller lesions
can be treated by immediate surgical closure of the skin.

Teratomas and Choristomas
Teratomas and choristomas are rare lesions, but they can
present at birth as an emergency because of airway obstruc-
tion or feeding problems. The most common location is in
the tongue or facies. These lesions are usually small at
birth and grow rapidly in the first few days of life, yet
they are rarely malignant. Tracheostomy and a feeding
tube are often requited during the early life-threatening
phase. Those that come to neurosurgical attention usually
involve the intracranial space and exit from the cranium
through the cranial nerve foramina, most frequently the tri-
geminal or superior or inferior orbital fissures, and present
in the mouth and neck. These lesions can usually be comple-
tely removed in a single operation in the first few months of
life, with cure of the lesions. It is unclear whether these
should be categorized as congenital or neoplastic lesions,
and in some cases true tumors are found.

PEDIATRIC INTENSIVE CARE UNIT COMPLICATIONS
FOLLOWING CENTRAL NERVOUS SYSTEM TRAUMA
Hypotension
Marked worsening in outcome after TBI is associated with
hypotension (133). The adverse effect of hypotension in
head-injured children is as great as in head-injured adults.
Children, in whom hypotension is present upon admission
to the emergency department, suffer significantly higher
mortality rates compared to those in children who are
normotensive at the time of admission. The mechanism of
the adverse effect of hypotension on outcome is thought to
be decreased CPP (134,135).

Acute Lung Injury
Bratton and Davis used the Traumatic Coma Data Bank to
study the incidence and negative prognostic sign of acute
lung injury after isolated head trauma (136). Of the 100
patients in the study, the 20 who developed acute lung
injury, most commonly in the form of neurogenic pulmonary
edema, had more severe global brain injury: lower GCS
scores, more frequent episodes of intracranial hypertension,
and more ominous findings on the initial CT scan, and were
almost three times more likely to die or survive in a persist-
ent vegetative state.

Neuroinflammation
There exists a neuroinflammatory response to TBI

(137). This phenomenon contributes to the secondary
injury that, along with the primary or biomechanical injury,

is a major determinant of outcome. Whalen (138)
noted elevated levels of interleukin-8 (IL-8) in the CSF of
children in the first four to five days after head injury,
which correlated directly with mortality. IL-8 might thus
be a useful prognostic indicator of outcome in head-
injured children.

Hypopituitarism
Hypopituitarism as a sequela of head trauma was first
described by Escamilla and Lisser more than 50 years ago
(139). Benvenga (140) reviewed a total of 367 cases of
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post head trauma hypopituitarism (PHTH) and pointed out
that: (i) the head trauma could have been minor; (ii) the head
trauma could have occurred several years before the onset
of the hypopituitarism; and (iii) the patient could have
forgotten about the head injury.

The epidemiology of PHTH indicates that the male-to-
female ratio is five to one. In about 60% of cases, the head
trauma had occurred when the patient was between the
ages of 11 and 29. Although the majority of patients devel-
oped PHTH within one year after the trauma, 15% of patients
were diagnosed five years or more after the accident.

EYE TO THE FUTURE

The horizon for pediatric neurosurgery is intertwined with
the continual evolution of molecular biology, critical care
medicine, and neuroimaging. Advances have been
implemented such as neuroendoscopy and hyperosmolar
therapy, and the future for molecular therapies remains
promising.

Molecular Therapies
Historically, neoplasms such as medulloblastomas and other
embroynal tumors have been classified by location, his-
tology, and extent of surgical resection. More recently, mol-
ecular biologic studies have led to a new understanding of
cell signaling pathways that promote tumor growth.
Research continues to develop brain tumor therapies based
on molecules that target growth factor receptors or down-
stream effectors. Also, molecular markers are being studied
to validate outcome predictors and to stratify patients in
standard and high-risk groups for clinical trials (141).

Whereas some cell damage occurs at the time of the
traumatic event, much of the damage occurs between
minutes and days after injury. This delayed injury process,
known as secondary injury, is mediated by injury factors
that, if identified, could be treated with “antifactors” that
could prevent or at least attenuate the secondary injury
process.

Four key mechanistic causes are associated with sec-
ondary damage from TBI. These include: (i) ischemic excito-
toxicity, (ii) neuronal death cascades, (iii) cerebral swelling,
and (iv) inflammation. Therapies have been aimed at all of
these mechanisms.

Hypothermia
The therapeutic use of hypothermia in a patient with TBI
was first described by Fay in 1943 (142). Because of the
dearth of comparative studies during subsequent years, its
therapeutic efficacy remained unestablished (143–145)
despite the associated neuroprotection. Hypothermia can
be utilized for neuroprotection. For every degree celsius
(8C) decrease in body temperature, there is a 7% decrease
in cerebral metabolic rate for oxygen (CMRO2) (146). Moder-
ate hypothermia to 328C or 338C for 24 hours, initiated soon
after severe traumatic brain injury, significantly improved
the outcome and decreased tissue injury in rats (147,148).
However, moderate hypothermia for 24 hours following
TBI in humans did not improve outcomes (149).

The specific putative beneficial effects of hypothermia
include the reduction of cerebral ischemia, edema, and tissue
injury, and the preservation of the blood-brain barrier (150).
Hypothermia may mitigate secondary brain injury by

suppressing the post-traumatic inflammatory response and
by reducing the extracellular concentrations of excitatory
neurotransmitters, particularly glutamate. Thus far, there
are no studies documenting the routine use of hypothermia
in the management of pediatric patients with head injury;
however, a recent paper suggests that it is likely a safe thera-
peutic intervention for children after severe TBI up to
24 hours after injury. Although laboratory experimental
research has shown beneficial effects of hypothermia in
TBI, studies in humans (meta-analysis) have yielded con-
flicting results with respect to the risk of death and poor
neurologic outcome (151–156). Part of the conflict arises
from the fact that most studies have different speeds of
induction of hypothermia. Neuroprotective measures may
have limited time to be effective. The duration of hypother-
mia and the rate of rewarming, with the potential deleterious
effects on ICP, were all different (149,151–159). Further
studies are necessary and warranted to determine its effect
on functional outcome and intracranial hypertension (160).

Hypertonic Saline
In pediatric patients, clinical experience with the use of
hypertonic saline is still limited compared to use in adults.
Hypertonic saline has been found to be helpful in the man-
agement of severe TBI in infants and children (161). Hyper-
tonic saline decreases ICP by mechanisms similar to other
hyperosmotic agents. Sodium has a low penetration of the
blood-brain barrier. Saline restores normal cellular resting
potential, cell volume, may inhibit inflammation, and
lowers ICP. Hypertonic saline may have beneficial effects
on excitatory neurotransmitters and the immune system
(162,163). The major disadvantages of hypertonic saline
include hypernatremia with consequent cellular dehy-
dration and the development of central pontine myelinolysis
and intracranial hemorrhage (164–170). Currently studies
evaluating long-term neurologic outcome and the possible
role of even more aggressive hyperosmolar therapy are
needed (171). These studies should consider initiation of
hypertonic saline as soon as feasibly possible, including
the prehospital period (172).

New Intracranial Pressure Monitoring and
Cerebrospinal Fluid Draining Techniques
Hydrocephalus treatment received great advancement with
the application of endoscopic third ventriculostomy. Used
in hydrocephalus where the point of obstruction is below
the third ventricle (aqueduct and/or fouth ventricle), third
ventriculostomy has obviated the need for ventricular
shunting for certain etiologies and decreased the drainage
dependence on shunts for other etiologies of hydrocepha-
lus. Studies evaluating its efficacy in hydrocephalus from
infection, hemorrhage, and other causes are currently
under way. Given the many complications with shunting
children, the role of third ventriculostomy will surely
expand (173).

MagnesiumTherapy
Work by McIntosh (1993) (174) revealed that a large number
of intracellular metabolic processes implicated in TBI are
regulated by magnesium (Mg2þ). These include energy
metabolism, membrane stability, calcium-channel function,
as well as protein and DNA synthesis (175,176). At the extra-
cellular level, the ability of Mg2þ to block the N-methyl-D-
aspartate channel is recognized as neuroprotective (177).
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Several researchers have documented that TBI causes
a reduction in the brain intracellular free Mgþþ levels and
that this is correlated with functional outcome (178). The
possible beneficial role of Mgþþ has been documented in a
recent study that demonstrated a reduction in post-
traumatic lesion size after treatment with Mgþþ (179).

Magnesium therapy has been shown to reduce infarct
size and volume, inhibit neuronal death, and attenuate
motor impairment. Deficiencies in Mgþþ can increase sub-
stance P release and induce a proinflammatory response.
The proinflammatory responses accompanying TBI are also
associated with a decrease in intracellular brain Mgþþ. In
animal studies, acute treatment with MgSO4 attenuated the
long-term hippocampal tissue loss after TBI, but did not
affect the animal’s learning (180–183). Although Mgþþ has
a tremendous beneficial potential in the treatment of TBI, it
has not yet been studied in large randomized control trials
in children.

SUMMARY

Severe head injuries are generally classified as a GCS
score ,8. By definition, a serious head injury is one in
which the patient has a GCS score of 10 or less. A decrease
in the GCS score by 3 following the initial examination,
pupillary inequality greater than 1 mm, lateralized extremity
weakness, a markedly depressed skull fracture, or an open
fracture with evident brain or CSF leakage will require
head CT scan. Approximately 50% of these patients will
have an expanding intracranial clot and there is an overall
41% mortality, 26% good recovery, 16% moderate disability,
and severe disability/vegetative state in 17%.

The usefulness of skull X rays was evaluated in a pro-
spective study of 7035 patients with closed head injury.
Patients with high risk for intracranial injury included
those with a progressive decline or depression in level of
consciousness, focal neurologic deficit, progressive head-
ache and/or identified penetrating or depressed fracture.
All were admitted for close in-house observation and under-
went a CT of the head. Skull films were only helpful if
penetrating injury was present.

The level of consciousness and arousability of the child
is a key variable in assessing potential increases in ICP. The
immediate examination includes the GCS score, pupillary,
and motor function. All examinations should be performed
promptly and sequentially with a final examination prior
to discharge or admission. The contribution of intoxicants
and hypotension must also be addressed. Clinical evidence
of a basilar skull fracture includes CSF rhinorrhea or otor-
rhea, hemotympanum, blood in the external auditory
meatus, subconjunctival hemorrhage, raccoon eyes, or a
Battle’s sign.

Pitfalls in the evaluation of patients following head
injury include alternative causes for a blown pupil including
direct ocular injury, vitreous hemorrhage, vitreal-retinal
injury, and injury to the optic nerve. Monoparesis can
result from brachial plexus injury and/or fracture. In
addition, subgaleal hematomas can frequently mimic skull
fractures on palpation. On examining children, evidence of
a subhyaloid hemorrhage or full fontanel is usually assessed.
The presence of a ventriculoperitoneal shunt and the poten-
tial for abuse are additional considerations that can modify
the management of these children. As rules of thumb, all
unconscious patients, all temporal skull fractures, all
depressed and basilar fractures, and all serious head injuries

undergo CT scanning. In multisystem trauma, low systemic
blood pressure signifies depletion of blood volume until
proven otherwise.

Once an injury has occurred, survival and good recov-
ery mandate adequate initial assessment of the pediatric
patient in the field with cardiovascular and mechanical
stabilization, airway control, and either intravenous or
intraosseous access for fluid resuscitation.

Innovative research efforts, aggressive injury preven-
tion schemes focusing on the design of appropriately sized
automotive and sports safety equipment (e.g., seatbelts,
helmets), and intensified education of parents and caretakers
in schools and playgrounds on the prevention of accidents
and child abuse will all contribute to the reduction of head
injuries in children.

KEY POINTS

In an infant with an open fontanel and open cranial
sutures, small increases in the volume of intradural
contents can be accommodated by separation of the
sutures and distention of the fontanel.
In children, hemiparesis occurs on the side ipsilateral to
the herniation 50% of the time, whereas in adults hemi-
paresis occurs ipsilateral to the herniation 75% of the
time.
Unfortunately, the status of autoregulation is not
known in the clinical setting, and thus therapy is
directed at maintaining normal or nearly normal ICP
and MAP in the hope that this will preserve CBF.
After pediatric head trauma, acute loss of conscious-
ness is less commonly the result of increased ICP
unlike in adults. Accordingly, there is no indication
for routinely administering an osmotic diuretic to chil-
dren in coma after head trauma.
A reliable and reproducible neurologic examination is
much more important than any number or value from
an ICP monitor or ventriculostomy catheter.
Lesions that may require immediate surgery are the
intracranial hematomas, compound depressed skull
fractures, and penetrating trauma.
It is recommended that, because clinical criteria and
skull X rays are poor predictors of intracranial hemor-
rhage, all children with a GCS score of 13 or 14 routi-
nely have a screening noncontrast-enhanced CT scan.
Most forms of penetrating cranial injury (PCI) require
surgical exploration.
The typical angiographic picture of trauma-induced
occlusion of the cervical internal carotid artery is
abrupt blockage of contrast flow approximately 1–
3 cm above the bifurcation of the common carotid
artery in the neck.
Patients with fluctuating neurologic symptoms in the
face of an acutely occluded internal carotid artery
may benefit from urgent exploration and thromboen-
darterectomy.
The most common intracranial arterial structure to be
occluded in blunt head injury is the internal carotid
artery.
The most common mode of presentation of traumatic
aneurysm in symptomatic patients is that of delayed
SAH following a head injury.
Early high-output cardiac failure in neonates can occur
with vascular shunting lesions in the cranium.
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The diagnosis of shunt malfunction or acute intracranial
hypertension due to hydrocephalus is essentially
based on the history and often confirmed by a neuro-
imaging study (CT or MRI), that shows ventricular
dilatation.
The most frequent setting in which an infectious
process requires emergency neurosurgery is that of a
brain abscess (111,112). The presentation is either with
focal neurologic deficit or the signs of intracranial
hypertension.
Another presentation of tumor that requires emergency
surgery is the rapid progression of visual loss.
Closure of the open spinal NTD is undertaken within
the first few days of life, in order to cease the leakage
of CSF and cover the spinal cord with an intact epi-
thelial barrier.
There exists a neuroinflammatory response to TBI (137).
This phenomenon contributes to the secondary injury
that, along with the primary or biomechanical injury,
is a major determinant of outcome.

REFERENCES

1. Garton HJ, Piatt JH. Hydrocephalus: Pediatr Clin North Am
2004; 113(5):1375–1381.

2. Bruce DA. Pathophysiology of intracranial pressure. In:
Asbury AK, McKhann GM, McDonald WI, eds. Diseases of
the Nervous System. Vol. 2. Philadelphia: W.B. Saunders,
1986:1044–1062.

3. Rekate HL. Head injuries: management of primary injuries and
prevention of secondary damage. A consensus conference on
pediatric neurosurgery. Childs Nerv Syst 2001; 17(10):632–634.

4. Forbes ML, Kochanek PM, Adelson PD. Severe traumatic brain
injury in children: critical care management. In: Albright AL,
Pollack IF, Adelson PD, eds. Principles and Practice of Pedi-
atric Neurosurgery. New York: Thieme, 1999:861–878.

5. Crawley-Coha T. Childhood injury: a status report. J Pediatr
Nurs 2001; 16(5):371–374.

6. Guyer B, Ellers B. Childhood injuries in the United States: mor-
tality, morbidity and cost. Am J Dis Child 1990; 144:649–562.

7. Dias MS. Traumatic brain and spinal cord injury. Pediatr Clin
North Am 2004; 51(2):271–303.

8. Schmidt U, Frame SB, Nerlich ML, et al. On scene helicopter
transport of patients with multiple injuries: comparison of a
German and American system. J Trauma 1992; 33:548–555.

9. Feickert H-J, Drommer S, Heyer R. Severe head injury in
children: Impact of risk factors on outcome. J Trauma 1999;
47(1):33–38.

10. Davis RJ, Fan Tait W, Dean JM, et al. Head and spinal cord
injury. In: Rogers MC, ed. Text-Book of Pediatric Intensive
Care. 2nd ed. Baltimore: Williams & Wilkins, 1992:805–857.

11. Aldelson PD, Kochanek PM. Head injury in children. J Child
Neurol 1998; 13:2–15.

12. Diamond PT. Brain injury in the commonwealth of Virginia: an
analysis of central registry data 1988–1993. Brain Injury 1996;
10:413–419.

13. Di Maio DJ, Di Maio VS. Forensic Pathology. 2nd ed. Boca
Raton, FL: CRC Press, 1993:304.

14. Pierce MC, Bertocci GE, Berger R, et al. Injury biomechanics for
aiding in the diagnosis of abusive head trauma. Neurosurg
Clin N Am 2002; 13(2):155–168.

15. Baker SP, O’Neill B, Ginsberg MJ, et al. The Injury Fact Book.
New York, NY: Oxford University Press, 1992:139.

16. Plunkett J. Fatal pediatric head injuries caused by short dis-
tance falls. Am J Forensic Med Pathol 2001; 22:1–12.

17. Reiber GD. Fatal falls in childhood. Am J Forensic Med Pathol
1993; 14:201–207.

18. Claydon SM. Fatal extradural hemorrhage following a fall from
a baby bouncer. Pediatr Emerg Care 1996; 12:432–434.

19. Pillai S, Bethel CAI, Besner GE, et al. Fall injuries in the pedi-
atric population: Safer and most cost-effective management.
J Trauma 2000; 48(6):1048–1051.

20. Murray JA, Chen D, Velmahos GC, et al. Pediatric falls: is
height a predictor of injury and outcome? Am Surg 2000;
66(9):863–865.

21. Musemache CA, Barthel M, Consentino C, et al. Pediatric falls
from heights. J Trauma 1991; 31:1347–1349.

22. Williams RA. Injuries in infants and small children resulting
from witnessed and corroborated free falls. J Trauma 1991;
31:1350–1352.

23. Chadwick DL, Chin S, Salerno C, et al. Death from falls in chil-
dren: how far is fatal? J Trauma 1991; 31:1353–1355.

24. Gruskin K, Schutzman S. Head trauma in children younger
than 2 years: Are there predictors for complications? Arch
Pediatr Adolesc Med 1999; 153(1):15–20.

25. Ross SP, Cetta F. Are skull radiographs useful in the evaluation
of asymptomatic infants following minor head injury? Pediatr
Emerg Care 1992; 8:328–330.

26. Greenes DS, Schutzman SA. Infants with isolated skull
fracture: what are their clinical characteristics, and do
they require hospitalization? Ann Emerg Med 1997;
30:253–259.

27. DiGuiseppi CG, Rivera FP, Koepsell TD, et al. Bicycle helmet
use by children: evaluation of a community-wide helmet cam-
paign. JAMA 1989; 262:2256–2261.

28. Centers for disease control. Fatal injuries to children—United
States. JAMA 1990; 264:952–953.

29. Luerssen TG. Head injuries in children. Neurosurg Clin N Am
1991; 2:399–410.

30. Maggi G, Aliberti F, Petrone G, et al. Extradural hematomas in
children. J Neurosurg Sci 1998; 42:95–99.

31. Puranik S, Long J, Coffman S. Profile of pediatric bicycle inju-
ries. South Med J 1998; 91:1033–1037.

32. Thompson RS, Rivara FP, Thompson DC. A case control study
of the effectiveness of bicycle safety helmets. N Eng J Med 1989;
320:1362–1367.

33. DiGuiseppi CG, Rivara FP, Koepsell TD. Attitudes towards
bicycle helmet ownership and use by school-age children. A J
Dis Child 1990; 144:83–86.

34. Vulcan AP, Maxwell HC, Watson WL. Mandatory bicycle
helmet use: experience in Victoria, Australia. World J Surg
1992; 16:389–397.

35. Thompson DC, Rivera FP, Thompson RS. Effectiveness of
bicycle safety helmets in preventing head injuries: a case
control study. JAMA 1996; 276:1968–1973.

36. Li G, Baker SP, Fowler C, et al. Factors related to the presence
of head injury in bicycle-related pediatric trauma patients.
J Trauma 1995; 38:871–875.

37. Cruz J, Minoja G, Mattioli C, et al. Severe acute brain trauma.
In: Cruz J, ed. Neurologic and Neurosurgical Emergencies.
Philadelphia: W.B. Saunders Co., 1998:405–436.

38. Weiss BD. Bycycle-related head injuries. Clin Sports Med 1994;
13(1):99–112.

39. Coffman S. Bicycle injuries and safety helmets in children.
Orthop Nurs 2003; 22(1):9–15.

40. Depreitere B, Van Lierde C, Maene S, et al. Bicycle-related head
injury: a study of 86 cases. Accid Anal Prev 2004; 36(4):
649–654.

41. Margolis LH, Kotch J, Lacey JH. Children in alcohol-related
motor vehicle crashes. Pediatrics 1986; 77:870–872.

42. McConnell EJ, Macbeth GA. Common carotid artery and tra-
cheal injury from shoulder strap seat belt. Trauma 1997;
43(1):150–157.

43. Case M, Graham M, Handy TC, et al. Position paper on fatal
abusive head injuries in infants and young children. Am J
Forensic Med Pathol 2001; 22(2):112–122.

44. Osmond MH, Brennan-Barnes M, Shephard A. A 4-year review
of severe pediatric trauma in Eastern Ontario: A descriptive
analysis. J Trauma 2002; 52(1):8–12.

45. Vinchon M, Defoort-Dhellemmmes S, Desurmont M, et al.
Accidental and nonaccidental head injuries in infants: a pro-
spective study. J Neurosurg 2005; 102(4):380–384.

276 Hamid et al.



46. Wells RG, Vetter C, Laud P. Intracranial hemorrhage in children
younger than 3 years: prediction on intent. Arch Pediatr
Adolesc Med 2002; 156(3):252–257.

47. DiScala C, Sege R, Li G, et al. Child abuse and unintentional
injuries: A 10 year prospective. Arch Pediatr Adolesc Med
2000; 154(1):16–22.

48. Duhaime AC, Christian CW, Rorke LB, et al. Current concepts:
non-accidental head injury in infants—The “shaken-baby syn-
drome.” N Eng J Med 1998; 338(25):1822–1829.

49. Wang MY, Griffith P, Tilton D, McComb JG, Levy M. 783 infant
and child homicide from abuse in Los Angeles County. Neuro-
surgery 2000; 47(2):523.

50. Kempe CH, Silverman FN, Steele BF, et al. The battered-child
syndrome. JAMA 1962; 181:17–24.

51. Caffey J. The whiplash shaken infant syndrome: manual
shaking by the extremities with whiplash-induced intracranial
and intraocular bleedings, linked with residual permanent
brain damage and mental retardation. Pediatric 1974; 54:396–
403.

52. Ommaya AK, Gennarelli TA. Cerebral concussion and
traumatic unconsciousness: correlation of experimental and
clinical observations on blunt head injuries. Brain 1974;
97:633–654.

53. Pierre-Kahn V, Roche O, Dureau P, et al. Opthalmologic find-
ings in suspected child abuse victims with subdural hemato-
mas. Ophthalmology 2003; 110(9):1718–1723.

54. Levine LM. Pediatric ocular trauma and shaken infant syn-
drome. Pediatr Clin North Am. 2003; 50(1):137–148.

55. Michael Y Wang, Pamela Griffith, Judy Sterling, Michael L Levy.
A prospective population-based study of pediatric trauma
patients with mild alterations in consciousness (Glasgow
Coma Score of 13–14). Neurosurgery 2000; 46(5):1093–1099.

56. Ellis TS, Vezina LG, Donahue DJ. Acute identification of cranial
burst fracture: Comparison between CT and MR imaging find-
ings. Am J Neuroradiology 2000; 21:795–801.

57. Holmen CD, Sosnowski T, Latoszek KL, et al. Analysis of pre-
hospital transport of head-injured patients after consolidation
of neurosurgery resources. J Trauma 2002; 148(2):345–350.

58. Cooper A, DiScala C, Foltin G, et al. Prehospital endotracheal
intubation for severe head injury in children: a reappraisal.
Semin Pediatr Surg 2001; 10(1):3–6.

59. Kaufman HH. Civilian gunshot wounds to the head. Neuro-
surgery 1993; 32:962–964.

60. Ildan F, Bagdatoglu H, Boyar B, et al. The nonsurgical manage-
ment of a penetrating orbitocranial injury reaching the brain
stem. J Trauma 1994; 36:116–118.

61. Kasamo S, Asakura T, Kusumoto K, et al. Transorbital penetrat-
ing brain injury. No Shinkei Geka 1992; 20:433–438.

62. Oguz M, Aksungur EH, Altay M, et al. Orbitocranial pen-
etration of a pencil: extraction under CT control. Euro J Radi-
ology 1993; 17:85–87.

63. Al-Sebeih K, Karagiozov K, Jafar A. Penetrating craniofacial
injury in a pediatric patient. J Craniofac Surg 2002; 13(2):
303–307.

64. Domingo Z, Peter JC, De Villiers JC. Low-velocity penetrating
craniocerebral injury in childhood. Pediatr Neurosurg 1994;
21:45–49.

65. LopezGonzalez A, Guiterrez Marin A, Alvarez Garijo JA, et al.
Penetrating head injury in a pediatric patient caused by
unusual object. Childs Nerv Syst 2005; 6:24–30.

66. Friedman D, Hammond J, Cardone J, et al. The air gun: toy or
weapon? South Med J 1996; 89:475–478.

67. Medina M, Melcarne A, Ettorre F, et al. Clinical and neuro-
radiological correlations in a patient with a wandering retained
air gun pellet in the brain. Surg Neurol 1992; 38:441–444.

68. Sotiropoulos SV, Jackson AJ, Tremblay GE, et al. Childhood
lawn dart injuries. AJDC 1990; 144:980–982.

69. Kriel RL, Krach LE, Jones-Saeta C. Outcome of children with
prolonged unconsciousness and vegetative states. Pediatr
Neurol 1993; 9:362–368.

70. Haley SM, Graham RJ, Dumas HM. Outcome rating scales for
pediatric head injury. J Intensive Care Med 2004; 19(4):
205–219.

71. Kaufman HH, Levin HS, High WM Jr. Neurobehavioral
outcome after gunshot wounds to the head in adult civilians
and children. Neurosurgery 1985; 16:754–758.

72. Massagli TL, Jaffe KM, Fay GC, et al. Neurobehavioral sequelae
of severe pediatric traumatic brain injury: a cohort study. Arch
Phys Med Rehabil 1996; 77:223–231.

73. Jaffe KM, Polissar NL, Fay GC, et al. Recovery trends over three
years following pediatric traumatic brain injury. Arch Phys
Med Rehabil 1995; 76:17–26.

74. Corkin S, Rosen TJ, Sullivan EV, et al. Penetrating head injury
in young adulthood exacerbates cognitive decline in later
years. J Neurosci 1989; 9:3876–3883.

75. Koskiniemi M, Kyykka T, Nybo T, et al. Long-term outcome
after severe brain injury in preschoolers is worse than
expected. Arch Pediatr Adolesc Med 1995; 149:249–254.

76. George E, Dagi TF. Military penetrating craniocerebral injuries.
Neurosurg Clin N Am 1995; 6:753–759.

77. Taha JM, Saba MI, Brown JA. Missile injuries to the brain treated
by simple wound closure. Neurosurgery 1991; 29:380–383.

78. Singh P. Missile injuries of the brain: results of less aggressive
surgery. Neuro India 2003; 51(2):215–219.

79. Zaidat O, Suarez JI. Intensive care management in the neuro-
critical care unit. In: Batjer HH, Loftus CM, eds. Textbook of
Neurological Surgery: Principles and Practice. Philadelphia:
Lippincott Williams & Wilkins, 2003:283–295.

80. Di Rocco C, Velardi F. Epidemiology and etiology of craniocer-
ebral trauma in the first two years of life. In: Raimondi AJ,
Choux M, Di Rocco CD, eds. Head Injuries in the Newborn
and Infant. New York: Springer-Verlag, 1986:125–140.

81. Deulofeut R, Sola A, Lee B, et al. The impact of vaginal delivery
in premature infants. Obstet Gynecol 2005; 105(3):525–531.

82. Hovind K. Traumatic birth injures. In: Raimondi AJ, Choux M,
Di Rocco CD, eds. Head Injuries in the Newborn and Infant.
New York: Springer-Verlag, 1986:87 –109.

83. Al-Qattan MM. Obstetric brachial plexus palsy associated with
breech delivery. Ann Plast Surg 2003; 51(3):257–264.

84. Johnson JH, Figueroa R, Garry D, et al. Immediate maternal
and neonatal effects of forceps and vacuum-assisted deliveries.
Obstet Gynecol 2004; 103(3):513–518.

85. Papaefthymiou F, Oberbauer R, Pendl G. Craniocerebral birth
trauma caused by vacuum extraction: a case of growing skull
fracture as a perinatal complication. Childs Nerv Syst 1996;
12:117–120.

86. McQuivey RW. Vacuum-assisted delivery: a review. J Matern
Fetal Neonatal Med 2004; 16(3):171–180.

87. Croughan-Minihane MS, Petitti DB, Gordis L, Golditch I.
Morbidity among breech infants according to method of
delivery. Obstet Gynecol 1990; 75:821–825.

88. Bruce DA. Head injuries in the pediatric population. Curr
Probl Pediatr 1990; 20:67–107.

89. Rommel O, Niedeggen A, Tegenthoff M, et al. Carotid and
vertebral artery injury following severe head or cervical
spine trauma. Cerebrovasc Dis 1999; 9(4):202–209.

90. Aleksic M, Heckenkamp J, Gawenda M, et al. Differentiated
treatment of aneurysms of the extracranial carotid artery. J Car-
diovasc Surg 2005; 46(1):19–23.

91. Turowski B, Zanella FE. Interventional neuroradiology of the
head and neck. Neuroimaging Clin N Am 2003; 13(3):619–645.

92. Savitz SI, Caplan LR. Vertebrobasilar disease. N Engl J Med
2005; 352(25):2618–2626.

93. Norris JW, Beletsky V. Cervical arterial dissection. Adv Neurol
2003; 92:119–125.

94. Burke JP, Marion DW. Cerebral revascularization in trauma and
carotid occlusion. Neurosurg Clin N Am 2001; 12(3):595–611.

95. Mobbs RJ, Chandran KN. Traumatic middle cerebral artery
occlusion: case report and review of pathogenesis. Neurol
India 2001; 49(2):158–161.

96. Sato S, Iida H, Hirayama H, et al. Traumatic basilar artery
occlusion caused by a fracture of the clivus. Neurol Med
Chir 2001; 41(11):541–544.

97. Uzan M, Cantasdemir M, Seckin MS, et al. Traumatic intra-
cranial carotid tree aneurysms. Neurosurgery 1998; 43(6):
1314–1320.

Chapter 15: Pediatric Neurological Trauma and Other Emergencies 277



98. Jones BV, Ball WS, Tomsick TA, et al. Vein of Galen aneurismal mal-
formation: diagnosis and treatment of 13 children with extended
clinical follow-up. Am J Neuroradiol 2002; 13(12):1261–1264.

99. Brunelle F. Brain vascular malformations in the fetus: diagnosis
and prognosis. Childs Nerv Syst 2003; 19(7–8):524–528.

100. Hoh Bl, Ogilvy CS, Butler WE, et al. Multimodality treatment of
nongalenic arteriovenous malformation in pediatric patients.
Neurosurgery 2000; 47(2):346–357.

101. Humphreys RP, Hoffman HJ, Drake JM, et al. Choices in the
1990s for the management of pediatric cerebral arteriovenous
malformations. Pediatr Neurosurg 1996; 25(6):277–285.

102. Huang J, McGrit MJ, Gailloud P, et al. Intracranial aneurysms in
the pediatric population: case series and literature review. Surg
Neurol 2005; 63(5):424–433.

103. Wu CT, Wond CS, Yeh CC, et al. Treatment of cerebral
vasospasm after subarachnoid hemorrhage: a review. Acata
Anaesthesiol Taiwan 2004; 42(4):215–222.

104. Sert A, Aydin K, Pirgon O, et al. Arterial spasm following peri-
mesencephalic nonaneurysmal subarachnoid hemorrhage in a
pediatric patient. Pediatric Neurol 2005; 32(4):275–277.

105. Wijdicks EF, Kallmes DF, Manno EM, et al. Subarachnoid
hemorrhage: neurointensive care. Mayo Clin Proc 2005;
80(4):550–559.

106. Buhl R, Hempelmann RG, Stark AM, et al. Therapeutical con-
siderations in patients with intracranial venous angiomas.
Eur J Neurol 2002; 9(2):165–169.

107. Masson C, Godefroy O, Leclerc X, et al. Cerebral venous infarc-
tion following thrombosis of the draining vein of a venous
angioma. Cerebrovasc Dis 2000; 10(3):235–238.

108. Garton HJ, Piatt JH Jr. Hydrocehpalus. Pediatr Clin North Am
2004; 51(2):305–325.

109. Rekate HL. The slit ventricle syndrome: advances based on
technology and understanding. Pediatr Neurosurg 2004;
40(6):259–263.

110. Virella AA, Galarza M, Masterman-Smith M, et al. Distal slit
valve and clinically relevant CSF overdrainage in children
with hydrocephalus. Childs Nerv Syst 2002; 18(1–2):15–18.

111. Ciurea AV, Stoica F, Vasilescu G, et al. Neurosurgical manage-
ment of brain abscesses in children. Childs Nerv Syst 1999;
15(6–7):309–317.

112. Miyamoto RC, Miyamoto RT. Pediatric neurotology. Semin
Pediatr Neurol 2003; 10(4):298–303.

113. Giannoni C, Sulek M, Friedman EM. Intracranial complications
of sinusitis: a pediatric series. Am J Rhinol 1998; 12(3):173–178.

114. Bernaardini GL. Diagnosis and management of brain abscess
and subdural empyema. Curr Neurol Neurosci Rep 2004;
4(6):448–456.

115. Kim KS. Pathogenesis of bacterial meningitis: from bacteraemia
to neuronal injury. Nat Rev Neurosci 2003; 16(3):271–277.

116. Chavez-Bueno S, McCracken GH Jr. Bacterial meningitis in chil-
dren. Pediatr Clin N Am 2005; 52(3):795–810.

117. Kaney PM, Sheehan JM. Reflections on shunt infection. Pediatr
Neurosurg 2003; 39(6):285–290.

118. Laurent JP, Bruce DA, Schut L. Hemorrhagic brain tumors in
pediatric patients. Childs Brain 1981; 8:263–266.

119. Stevenson KL. Chiari Type II malformation: past, present, and
future. Neurosurg Focus 2004; 16(2):123–136.

120. Charney E, Weller S, Sutton IN, et al. Management of the
newborn with myelo-meningocele: Time for a decision
making process. Pediatrics 1985; 75:58–64.

121. Oakes WJ, Tubbs RS. Management of Chiari malformation and
spinal dysraphism. Clin Neurosurg 2004; 51:48–52.

122. Aminoff MJ, Edwards MSB. Spinal arteriovenous malfor-
mations. In: Edwards MSB, Hoffman HJ, eds. Cerebral Vascular
Disease in Children and Adolescents. Baltimore, MD: Williams
and Wilkins, 1989:321–341.

123. Kumar R, Singh V. Intramedullary mass lesions of the spinal
cord in children. Pediatr Neurosurg 2004; 40(1):16–22.

124. Lee M, Rezai AR, Abbott R, Coelho DH, Epstein FJ. Intramedul-
lary spinal cord lipomas. J Neurosurg 1995; 82:394–400.

125. Parsa AT, Lee J, Parney IF, et al. Spinal cord and intradural-
extraparenchymal spinal tumors: current best care practices
and strategies. J Neurooncol 2004; 69 (1–3):291–318.

126. Asabe K, Handa N, Tamai Y, et al. A case of congenital intrasp-
inal neuroblastoma. J Pediatr Surg 1997; 32(9):1371–1376.

127. Wiggins GC, Shaffrey CI, Abel MF, et al. Pediatric spinal
deformities. Neursurg Focus 2003; 14(1):3–12.

128. Scott RM, Wolpert SM, Bartoshesky LE, et al. Segmental spinal
dysgenesis. Neurosurg 1988; 22:739–744.

129. Misra SN, Morgan HW. Thoracolumbar spinal deformity in
achondroplasia. Neurosurg Focus 2003; 14(1):4–13.

130. Tsirikos AI, Saifuddin A, Noordeen MH. Spinal deformity in
neurofibromatosis: diagnosis and treatment. Eur Spine J 2005;
14(5):427–439.

131. Lo LJ, Chen YR. Airway obstruction in severe syndromic
craniosynostosis. Ann Plast Surg 1999; 43(3):258–264.

132. Tubbs RS, Wellons JC, Oakes WJ. Occipital encephalocele, lipo-
meningomyelocele, and Chiari I malformation: case report and
review of the literature. Childs Nerv Syst 2003; 19(1):50–53.

133. Chestnut RM. Avoidance of hypotension: conditio sine qua non
of successful severe head injury management. J Trauma 1997;
42:S4–S9.

134. Bayir H, Kochanek PM, Clark RS. Traumatic brain injury in
infants and children: mechanisms of secondary damage and
treatment in the intensive care unit. Crit Care Clin 2003;
19(3):529–549.

135. Khoshyomn S, Tranmer BI. Diagnosis and management of
pediatric closed head injury. Semin Pediatr Surg 2004; 13(2):
80–86.

136. Bratton SL, Davis RL. Acute lung injury in isolated traumatic
brain injury. Neurosurgery 1997; 40:707–712.

137. Bell MJ, Kochenek PM, Doughty LA, et al. Interleukin-6 and
interleukin-10 in cerebrospinal fluid after severe traumatic
brain injury in children. J Neurotrauma 1997; 14:451–457.

138. Whalen MJ, Carlos TM, Kochenek PM, et al. Interleukin 8 is
increased in cerebrospinal fluid of children with severe head
injury. Crit Care Med 2000; 28:929–934.

139. Escamilla RF, Lisser H. Simmonds Disease. J Clin Endocrinol
1942; 2:65–96.

140. Benvenga S, Campenni A, Ruggeri RM, Trimarchi F.
Hypopituitarism secondary to head trauma. J Clin Endocrinol
Metab 2000; 85:1353–1361.

141. Pomeroy SL, Sturla LM. Molecular biology of medulloblastoma
therapy. Pediatr Neurosurg 2003; 39(6):299–304.

142. Fay T. Observation on generalized refrigeration in cases of
severe cerebral trauma. Assoc Res Nerv Ment Dis Proc 1943;
24:611–619.

143. Sedzimir CB. Therapeutic hypothermia in cases of head injury.
J Neurosurg 1959; 16:407–414.

144. Hendrick EB. The use of hypothermia in severe head injuries in
childhood. Ann Surg 1959; 79:362–364.

145. Lazorthes G. Campan L. Hypothermia in the treatment of
craniocerebral traumatism. J Neurosurg 1958; 15:162–167.

146. Rosomoff H, Holaday D. Cerebral blood flow and cerebral
oxygen consumtion during hypothermia. Am J Physiol 1954;
179:85–88.

147. Busto R, Dietrich WD, Globus MT, et al. Small differences in
intraischemic brain temperature critically determine the
extent of ischemic neuronal injury. J Cereb Blood Flow Metab
1987; 7:729–738.

148. Smith SL, Hall ED. Mild pre- and posttraumatic hypothermia
attenuates blood-brain barrier damage following controlled
cortical impact injury in the rat. J Neurotrauma 1996; 13:1–9.

149. Marion D, Penrod L, Kelsey SF, et al. Treatment of traumatic
brain injury with moderate hypothermia. N Eng J Med 1997;
336(8):540–546.

150. Pomeranz S, Safar P, Radovsky A, et al. The effect of resuscita-
tive moderate hypothermia following epidural brain com-
pression on cerebral damage in a canine outcome model.
J Neurosurg 1993; 79:241–251.

151. Kochanek PM, Safar PJ. Therapeutic hypothermia for severe
traumatic brain injury. JAMA 2003; 289:3007.

152. Henderson WR, Dhingra VK, Chittock DR, et al. Hypothermia
in the management of traumatic brain injury. A systematic
review and meta-analysis. Intensive Care Med 2003; 29:
1637–1644.

278 Hamid et al.



153. Guha A. Management of traumatic brain injury: some current
evidence and applications. Postgrad Med J 2004; 80:650–653.

154. Polderman KH, Ely EW, Badr AE, Birbes ARJ. Induced
hypothermia in traumatic brain injury: considering the conflict-
ing results of meta-analyses and moving forward. Intensive
Care Med 2004; 30:1860–1864.

155. Henderson WR, Dhingra VK, Chittock DR, et al. Hypothermia
in the management of traumatic brain injury. A systemic review
and meta-analysis. Intensive Care Med 2004; 39:1637–1644.

156. McIntyre LA, Fergusson DA, Bebert PC, et al. Prolonged thera-
peutic hypothermia after traumatic brain injury in adults: a sys-
temic review. JAMA 2003; 298:2992–2999.

157. Shiozaki T, Hayakata T, Taneda M, et al. A multicenter prospec-
tive randomized controlled trial of the efficacy of mild
hypothermia for severely head injured patients with low intra-
cranial pressure. Mild Hypothermia Study Group in Japan.
J Neurosurg 2001; 94:50–54.

158. Polderman KH. Therapeutic hypothermia in the intensive care
unit; problems, pitfalls and opportunities. I. Indications and
evidence. Intensive Care Med 2004; 30:556–575.

159. Clifton GL, Miller ER, Choi SC, et al. Lack of effect of induction
of hypothermia after acute brain injury. N Engl J Med 2001;
344:556–563.

160. Adelson PD, Ragheb J, Kanev P, et al. Phase II clinical trial of
moderate hypothermia after severe traumatic brain injury in
children. Neurosurgery 2005; 56(4):740–754.

161. Peterson B, Khanna S, Fisher B, et al. Prolonged hypernatremia
controls elevated intracranial pressure in head-injured pedi-
atric patients. Crit Care Med 2000; 28:1136–1143.

162. Munar F, Ferrer AM, deNadal M, et al. Cerebral hemodynamic
effects of 72% hypertonic saline in patients with head
injury and raised intracranial pressure. J Neurotrauma 2000;
17:41–51.

163. Dutton RP, McCunn M: Traumatic brain injury. Curr Opin Crit
Care 2003; 9:503–509.

164. Worthley LI, Cooper DJ, Jones N. Treatment of resistant intra-
cranial hypertension with hypertonic saline. Report of two
cases. J Neurosurg 1988; 68:478–481.

165. Shackford SR, Bourguignon PR, Wald SL, et al. Hypertonic
saline resuscitation of patients with head injury: a prospective,
randomized clinical trial. J Trauma 1998; 44:50–58.

166. Fisher B, Thomas D, Peterson B. Hypertonic saline lowers
raised intracranial pressure in children after head trauma.
J Neurosurg Anesthesiol 1992; 4:4–10.

167. Simma B, Burger R, Falk M, et al. Aprospective, randomized,
and controlled study of fluid management in children with
sever head injury: lactated Ringer’s solution versus hypertonic
saline. Crit Care Med 1998; 26:1265–1270.

168. Hartle R, Ghajar J, Hochleuthner H, et al. Hypertonic/hyper-
oncotic saline reliably reduced ICP in severely head-injured
patients with intracranial hypertension. Acta Neurochir
Suppl (Wien) 1997; 70:126–129.

169. Sterns HR, Riggs JE, Schochet SS Jr. Osmotic demyelination
syndrome following rapid correction of hyponatremia. N
Engl J Med 1986; 314:1535–1541.

170. Finberg L, Luttrell E, Redd H. Pathogenesis of lesions in the
nervous system in hypernatremic stats: II. Experimental
studies of gross anatomic changes and alterations of chemical
composition of the tissues. Pediatrics 1959; 23:46–66.

171. Carney NA, Chesnut R, Kochanek PM, et al. Use of hyperosmolar
therapy in the management of severe pediatric traumatic brain
injury. Pediatr Crit Care Med 2003; 4(3):S40–S44.

172. Cooper DJ, Myles PS, McKermott FT, et al. Prehospital hyper-
tonic saline resuscitation of patient hypotension and severe
traumatic brain injury. JAMA 2004; 291:1350–1357.

173. Smyth MD, Tubbs RS, Wellons JC, et al. Endoscopic third ven-
triculostomy for hydrocephalus secondary to central nervous
system infection or intraventricular hemorrhage in children.
Pediatr Neurosurg 2003; 39(5):258–263.

174. McIntosh TK. Novel pharmacological therapies in the treat-
ment of experimental traumatic brain injury: A review. J Neu-
rotrauma 1993; 10:215–261.

175. Vink R, Hu X, Bennett C, et al. Inhibition of neurogenic inflam-
mation improves motor and cognitive outcome following
diffuse traumatic brain injury. Rest Neurol Neurosci 2000; 16:164.

176. Biban C, Tassani V, Tonienello A, et al. The alterations in the
energy linked properties induced in rat liver mitochondria by
acetylsalicylate are prevented by cyclosporin A or Mg2þ.
Biochem Pharmacol 1995; 50:497–500.

177. Mayer ML, Westbrook GL, Gutherie PB. Voltage–dependent
block by Mg2þ of NMDA responses in spinal cord neurons.
Nature 1984; 309:261–63.

178. Heath DL, Vink R. Delayed therapy with magnesium up to 24
hours following traumatic brain injury improves motor
outcome. J Neurosurg 1999; 90:504–509.

179. Heath DL, Vink R. Optimisation of magnesium therapy follow-
ing severe diffuse axonal brain injury in rats. J Pharmacol Exp
Ther 1999; 288:1311–1316.

180. McIntosh TK, Faden AI, Yamakami I, et al. Magnesium
deficiency exacerbates and pretreatment improves outcome fol-
lowing traumatic brain injury in rats: 31P magnetic resonance
spectroscopy and behavioral studies. J Neurotrauma 1988;
5:17–31.

181. Vink R, McIntosh TK, Demediuk P, et al. Decline in intracellular
free Mgþþ is associated with irreversible tissue injury after
brain trauma. J Biol Chem 1988; 263:757–761.

182. Browne KD, Leoni MJ, Iwata A, et al. Acute treatment with
MgSO4 attenuates long-term hippocampal tissue loss after
brain trauma in the rat. J Neurosci Res 2004; 77:878–883.

183. McKee JA, Brewer RP, Macy GE, et al. Analysis of the brain
bioavailability of peripherally administered magnesium
sulfate: A study in humans with acute brain injury undergoing
prolonged induced hypermagnesemia. Crit Care Med 2005;
33:661–666.

Chapter 15: Pediatric Neurological Trauma and Other Emergencies 279





16

Brain Death and Organ Donation

John K. Stene
Department of Anesthesiology, Penn State College of Medicine, Penn State University Hospital, Hershey, Pennsylvania, U.S.A.

Rahul Jandial
Division of Neurosurgery, UC San Diego Medical Center, San Diego, and the Burnham

Institute for Medical Research, La Jolla, California, U.S.A.

INTRODUCTION

Brain death is often perceived as the tragic end to the life of a
loved one, and sometimes as a medical failure. However, the
prospect of organ donation can refocus the grief emanating
from an otherwise devastating event toward the greater
good of extending the life of another patient who would
otherwise also die. Indeed, the gift of organs provides tre-
mendous benefits to the recipient, but also honors the
departed patients, and assuages some of the grief experi-
enced by the family and friends of the donor.

The concept of brain death is a relatively recent idea
that began to emerge following advances in life support
technology which occurred during the second half of the
twentieth century (1,2). Classically, death had been defined
as the cessation of respiration and heart beat. However, res-
piration can now be supported with mechanical ventilation,
and cardiac function can be assisted both pharmacologically
and mechanically well after the patient’s brain has ceased
viability. Despite science fiction stories, such as Robin
Cook’s Coma (3), the patient whose brain has died is incap-
able of recovery, and without special intervention typically
succumbs to cardiac arrest within a week (2). Because
several elements of the cardiovascular and endocrine
system often become unstable following brain death,
decisions regarding organ donation need to be made very
soon after brain death is declared.

This chapter begins with a brief, partly historical
survey of the medical advances, religious and philosophical
principles involved in the conceptual evolution in the defi-
nition of brain death. Some religious and cultural objections
to the definition of brain death remain, and these are
discussed in greater detail in Volume 2, Chapter 68. After
the historical review, the chapter focuses upon the main
emphasis, which is diagnosis of brain death and the manage-
ment of the brain dead organ donor. The diagnosis of brain
death has clinical criteria (sufficient in the majority of
cases) and confirmatory tests (occasionally required to expe-
dite diagnoses) both of which are completely reviewed in
this chapter. The management of the brain dead patient is
divided between critical care considerations while awaiting
organ procurement (section “ICU Management of the Brain
Dead Organ Donor”), and operative management, which
reviews both the anesthetic and surgical considerations for
organ procurement (section “Operative Management
During Organ Procurement”). Finally, this chapter provides
a glimpse into the future with a sampling of ideas regarding

a worldwide unification of brain death criteria, and search
for earlier markers of brain death.

EVOLVING CONCEPTOF BRAIN DEATH
Advances in Organ Preservation and Transplantation
The concept that brain death is philosophically and ethically
equivalent to the death of the person as a whole, developed
very recently in response to prolonged futile maintenance of
unrecoverable patients in intensive care units (ICUs) during
the 1950s and 1960s. The nascent idea of brain death
emerged as physicians and families grappled with the
reality that medical technology had advanced beyond our
philosophical constructs (see the section on philosophical
evolution). Indeed, one half century ago medical science
progressed to the degree that viable hearts, lungs (and
other organs) could be maintained in patients long after
blood flow to the brain had ceased and/or brain and brain-
stem neurons had become necrotic. One of the first clinical-
pathological (and conceptual) descriptions of brain death
was provided in France, when Mollaret and Goulon intro-
duced the term coma dépassé (irreversible coma) in 1959 (4).
In this report, 23 comatose patients are described, all with
absent brainstem reflexes, documented apnea, and flat
electroencephalograms (EEGs). The subsequent autopsy
findings revealed necrotic brain and brainstem (4).

The concept of brain death also coincided with import-
ant advances in organ transplantation and an increased
demand for organ donors. Pioneering trauma anesthesiolo-
gist, Henry K. Beecher, at Massachusetts General Hospital,
chaired the Harvard University committee that defined the
diagnosis and validity of brain death. Beecher’s white
paper, published in JAMA in 1968, concentrated on limiting
the use of ICUs to maintain futile life support for patients
who had no chance of recovery secondary to death and

necrosis of their entire brain (5).
Harvard University set out clinical and laboratory

criteria required to declare a patient brain dead. These cri-
teria (Table 1), which included lack of brainstem reflexes,
unresponsiveness to noxious stimuli, and lack of spon-
taneous respiratory activity despite an elevated PaCO2,
were developed as safeguards to prevent withdrawal of life
support from an otherwise viable patient in deep coma.
Initially, these clinical criteria for brain death received
rather slow acceptance among the medical community.
Indeed, it took a decade before the uniform brain death act
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legislation began to be prepared in 1979 by representatives of
the medical community, the legal community, and state gov-
ernments. The President’s Commission for the Study
of Ethical Problems in Medicine and Biomedical and
Behavioral Research published the Uniform Determination
of Death Act in 1981 (6). This act defined death as the irre-
versible cessation of circulatory and respiratory functions
or irreversible cessation of brain and brainstem activities
(1). The Uniform Determination of Death Act in the United
States became a model for the 50 states to write legislation
defining brain death. Currently, the U.S. standard to
declare brain death is to document the absence of brain
and brainstem activity (7).

In 1995, the American Academy of Neurology (AAN)
established practice parameters for the diagnosis of brain
death (8). These guidelines represent a formalization of clini-
cal practice incorporating the Harvard criteria. Follow-up
studies have not identified any patient recovery subsequent
to the strict application of these guidelines. In 2000, the
Canadian Neurocritical Care Group published Guidelines
for the Diagnosis of Brain Death, that closely mirror the
AAN guidelines.

In 1971, brainstem death was shown to be the critical
CNS lesion that when present was incompatible with unsup-
portive survival (9). Subsequently, the Medical Royal
Colleges and their faculties published a statement in the
United Kingdom that defined brain death as complete, irre-
versible loss of brainstem function (10). The current U.K.
standard for the diagnosis of brain death is complete and

irreversible loss of brainstem function.
Although the medical community in both Europe and

America has been proactive in developing the concept of
brain death, the lay public continues to reveal confusion
about the terminology and whether brain death means the
person is irreversibly dead (11). A 1992 survey of over 6000
adults in the United States found that 21% believed it
was possible for a brain dead person to recover and 16%
were unsure (11). A similar survey of families of brain
dead organ donors and nondonors performed in 1994

found similar levels of misunderstanding concerning brain
death (12).

A patient who meets the clinical definition of brain
death by either the U.S. or U.K. criteria is in essence dead as
a person, as he/she will never recover sentient function.
Because cessation of cardiac activity usually proceeds
relatively soon following the death of the brainstem, success-
ful organ transplantation requires a reasonably brief duration
between the declaration of brain death and the initiation of
plans for organ procurement (12,13). Originally, the declara-
tion of brain death required that two clinical examinations
(both consistent with brain death) be conducted 24-hour
apart. Two independent physicians are still required, but
the 24 hours interval is no longer required in the United
States. Experience has demonstrated that a rigorous clinical
examination when properly performed clearly identifies
patients with irreversible brain death. The purpose of the
second examination is to confirm that the first examination
was accurately performed. It is now considered ethical that
the two examinations be performed within the same hour,
because of the unstable homeostasis that develops soon
after brain (and brainstem) death. However, because these
patients are almost always receiving mechanical ventilation
and have a spontaneously beating heart, the skin may be
warm to the touch and the body could appear to be merely
sleeping by family and others. The imperative that a patient
meets the full criteria for brain death before organ procure-
ment commences goes without saying (Table 2) (13–15).

Because experience demonstrates that a carefully
performed clinical examination is fully sufficient to diagnose
brain death, confirmatory laboratory tests are seldom
needed (except for an arterial blood gas to document respir-
atory unresponsiveness to profound respiratory acidosis)
(7,8). While EEG, angiography, transcranial Doppler, and
radionuclide perfusion scans of the brain and brainstem
are confirmatory of brain and brainstem death, they don’t
add any information to a properly performed clinical exam-
ination (8,13–15). However, these confirmatory studies can
be useful when the etiology of a patient’s profound coma
is uncertain or when some elements of the clinical criteria
cannot be determined (i.e., the patient denatures or
becomes hemodynamically unstable during apnea testing).

International Variability in Definition
As mentioned above, in the United Kingdom, brain death
is defined as “complete and irreversible loss of brainstem
function” (7). In the United Kingdom, brain death is called
“brain stem death” because a functioning brainstem is
required to maintain life. Furthermore, a patient can suffer
significant loss of cerebral cortex and maintain life through
a functioning brainstem. Legally, the British physician only
needs to document loss of brain stem function unlike the
U.S. physician who must document brain (cerebral) and
brainstem death.

As in America, the British public and medical commu-
nity was initially relatively slow to accept the notion that
brainstem death is equivalent to death of the patient. The
U.K. criteria are observed by many of the previously colo-
nized countries (including Australia and New Zealand),
whereas Central and South American countries follow the
U.S. criteria. Non-U.K. European countries, and those
of the Middle East, Africa, Asia, and South Pacific have
variable definitions (7). In Mainland China a specific legal
definition of brain death does not yet exist, whereas
Hong Kong follows the U.K. criteria. The brain death criteria
in Japan have many unique features, and acceptance of

Table 1 Original Harvard Criteria for Diagnosing Brain Death

Criteria

Clinical examination, testing

results

Unreceptivity and

unresponsitivity

No response to intensely painful

stimuli

No movements, and no

breathing

No spontaneous movement

observed by physicians during

period of at least one hour,

no effort to breathe when

normocarbic and ventilator

discontinued for three minutes

No reflexes Fixed dilated pupils, no

oculovestibular or

oculocephalic reflex, no

blinking, no postural activity

(decerebrate), no swallowing,

yawning, or vocalization, no

corneal or pharyngeal reflexes

Flat EEG Isoelectric at standard gains 50 m

V/5 mm for 10–20 min, also

isoelectric at 25 mV/5 mm

Source: From Ref. 53.
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organ transplantation has been very slow because of reli-
gious and cultural difficulties with the concept of brain
death (7). The variable worldwide definitions of brain
death, and the associated cultural and religious consider-
ations are discussed in greater detail in Volume 2, Chapter 68.
Additionally, Wijdicks’ review of international norms of
brain death provides the best currently available survey of
world wide practices for declaring brain death (Table 3) (7).

Religious and Legal Viewpoints
The various religious traditions have differing viewpoints on
the concept of brain death. Most faith traditions consider the

time of death a medical diagnosis and accept a physician’s
diagnosis of death. Therefore, if the medical diagnosis is
that brain death means the death of the patient, then the
patient is dead and the soul has departed the body.
However, a few religious groups still consider the cessation
of breathing and heartbeat as a requirement for diagnosing
death. State laws in the United States vary to accommodate
such differences in religious views (7).

The legal community has been reluctant to define the
precise nature of death (i.e., brain death was equivalent to
the death of the whole person). Accordingly, most legal jur-
isdictions in the United States acknowledge that the diagno-
sis of death is a medical, not a legal issue (12). The Uniform
Determination of Death Act serves as a template for most
state legislation, and emphasizes that the person is dead
when his brain and brainstem irreversibly cease function.
However, it is left to the physician to declare when brain
and brainstem death has occurred. Furthermore, the devel-
opment of coma before the person meets the criteria of
brain death is not synonymous with the time of death. The
person is considered alive until all brain and brainstem
activity cease.

Philosophical Evolution Continues
It is not surprising that philosophical disagreement about
the concept of brain death continues, given the continuing
debate about when life starts, and that the ancient quest

Table 3 Worldwide Brain Death Laws

80 countries surveyed Percent of countries

Laws concerning brain death 69

Guidelines concerning brain death 88

More than one physician required

for declaration

50

Confirmatory laboratory testing

required

40

Apnea testing with CO2 target

(50–60 mmHg)

59

Source: From Ref. 7.

Table 2 American Academy of Neurology Practice Parameters for Determining Brain Death in Adults

Category Criteria Subcategory, explanation, comments

A Prerequisite: document

absence of

exclusion criteria

Known reversible causes of coma or depressed brain function

Complicating medical conditions

Drug intoxication or poisoning

Core temperature �328C

B1 Coma or unresponsiveness Lack of cerebral motor response (in any extremity) to pain by supraorbital pressur0e

B2 Absence of

brainstem reflexes

Pupils—midposition (5–7 mm) no response to bright light

Ocular movement

No oculocephalic reflex (contraindicated with unstable c-spine)

No oculovestibular reflex (cold caloric)

Facial sensation and facial motor response

No corneal reflex, no grimacing to deep pain

No jaw reflex

Pharyngeal and tracheal reflexes (no gag or cough)

B3 Apnea Start with PaCO2 ¼ 40 and PaO2 � 200

Disconnect patient from ventilator

Administer O2 8–10 L/min via suction catheter with tip placed at

level of carina (optional)

Observe closely for respiratory motion

Measure PaO2/PaCO2/pH at end of apnea trial (8–10 min)

Reconnect the ventilator if respirations seen or hemodynamic instability occurs

Positive result requires PaCO2 to increase to � 60 mmHg or by 20 mmHg

over baseline

C Confirmatory tests

(seldom required)

99mTcHM-PAO brain scan. “Hollow skull phenomenon”

Angiography—no intracerebral filling at level of carotid bifurcation or circle of Willis

EEG— no activity for 30 mina using minimal technical criteria for brain death

TCD small systolic peaks and mediastolic flow or reverberating flow

To use table: (i) ensure all exclusion criteria in Catgeory A are absent, (ii) ensure that each criteria in B (first 3 points) are present, (iii) confirmatory tests only

needed if unclear.
aPer minimal technical criteria for brain death.

Abbreviations: EEG, electroencephalography; TCD, transcranial Doppler ultransonography; 99mTcHM-PAO, Technetium—99 m hexamethypropyleneamineoxine.

Source: From Ref. 8.
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for the source of the “mind” (sentient awareness) has only
recently been resolved. The current philosophical under-
standing of brain death as equivalent to death of the sentient
portion of the person, is the result of a journey several
millennia in duration.

Hippocrates (460–377 BC) was convinced that con-
sciousness derived from the brain, as evidenced in his writ-
ings: “men ought to know that from nothing else but the
brain comes joys, delights, laughter and sports, and
sorrows, grieves, despondency and lamentations” (16).
Some contemporary Greek philosophers, for example, Plato
(427–347 BC) published writings that placed the seat of
thought in the brain [e.g., the Timaes (360 BC)] (17). However,
other writings from Plato imply an extracorporeal source for
the mind. Aristotle (384–322 BC.), the father of comparative
biology, believed that the mind resided in the heart, and the
function of the brain was to cool the heart. It is likely that Aris-
totle performed experiments on the brains of animals, and
found it lacking sensation (17). The later Christian philoso-
phers St. Augustine (354–430) and St. Thomas Aquinas
(1225–1274) believed that the mind (or “soul”) was separate
from the body (18).

The early Greeks also theorized that all diseases
shared a single cause: imbalance of the fluid portions of
the body, specifically the four humors, yellow bile, black
bile, blood and phlegm. This incorrect thinking paralyzed
the advancement of philosophy, science and medicine, and
is a major reason why physicians did not know the cause
of a single important human disease until a little more
than 150 years ago (19).

Galen (130–200) believed that the anatomical seat of
the soul was the pineal gland. Unfortunately, Galen’s
dogma hopelessly hindered the advance of medical science
and natural philosophy for 1300 years (17). Andreas Vesalius
(1514–1564) believed the ventricles of the brain served as the
seat of perception and cognition (17).

The pervasive belief at that time was that a “vital
force” was responsible for life (an archaic philosophy now
referred to as vitalism). Indeed, William Harvey (1578–
1657) began his research in an effort to determine the
precise location of where the vital spirits were brewed. He
held the popular view that the blood was made in the
liver, and that the heart and lungs made the vital spirits.
He discovered the heart to be a muscular pump, and that
the blood circulated (17).

Rene Descartes (1595–1650) believed that intellectual
thought and reasoning is what makes humans unique
among animal species; his famous “cognito ergo sum,” lit-
erally, “I think, therefore I am,” actually means I think, there-
fore I have a mind. However, this otherwise brilliant natural
philosopher confused later scientific and philosophical
thinking, with his dual substance view. Dualism contends
that the mind’s function of consciousness occurred via a
process independently from the physical brain. The Carte-
sian model held that the mind and body were separate (18).

John Locke (1632–1704), founder of empiricism
attacked the mind-body dichotomy of Descartes (18). The
Scottish empiricist, David Hume (1711–1776), a central influ-
ence on Charles Darwin, discounted both mysticism and
dualism. Although Hume was considered by contem-
poraries to be a skeptic and atheist, he became a leader of
philosophical naturalism, a branch of philosophy which
has evolved into neurophilosophy (18). Neurophilosophers
believe that the brain is the seat of the mind, and that
sound philosophy requires a strong understanding of
neuroscience.

Joseph Priestley (1733–1804), naturalist, scientist, and
philosopher, discovered oxygen, and that animals need it
to survive. Priestley argued against spiritualism, in favor
of materiality of the soul. The French philosopher and phys-
ician Cabanis (1757–1808) built upon Priestley’s philosophy
of materialism to forcefully state, for the first time since
Hippocrates, that “the mind and the brain are one.”

Giovanni Batista Morgagni (1682–1771) worked for
50 years to develop a compendium of clinical pathological
correlations, in a book entitled “On the seats and causes of
disease.” Yet, the concept of living cells was still undiscov-
ered. After Morgagni, Frenchman Xavier Bichat (1800)
focused the origin of disease to the tissue level, and finally,
Rudolph Virchow (1858) further refined it down to the cellu-
lar level. This set the stage for understanding neurological
function on a cellular level.

The following scientists and philosophers discovered
that the organized function of neurons within the brain are
responsible for what we call the mind. Neurons were visual-
ized for the first time by Purkinge (1837), and Santiago
Ramon Y Cajal of Madrid (1852–1934), along with Camillo
Golgi of Pavia (1843–1926) later won the Nobel Prize for
describing the histologic anatomy of the brain and spinal
cord.

Charles Bell (1774–1842), a Scottish surgeon, discov-
ered that the ventral roots of the spinal cord contain only
motor and the dorsal roots only sensory fibers. In so doing,
he developed the foundation for neural organization
within the CNS. Later, Johannes Mue"ller (1801–1858) of
Berlin presented a unified theory of neurophysiology invol-
ving two cardinal principles (i) that the nervous system
serves as an intermediary between the world and the
mind, and (ii) the sensory nerve for vision is insensible to
sound, as the nerve of audition is to light.

Paul Broca (1824–1880), the French physician, discov-
ered that a lesion in the left frontal lobe was responsible for
the pathology of a speechless, right hemiplegic patient.
Finally, John Hughlings Jackson (1835–1911), an English Phys-
ician, provided the first general description of the functional
organization of the nervous system. Discrete lesions of specific
areas of the CNS have since been demonstrated to abolish
the function attributed to it. However, death of the entire
brain had never been observed in a patient with a pulse and
warm skin until the modern development of ventilators.

Consciousness has reemerged as a topic in philosophi-
cal inquiry once again over the past three decades. Modern
neurophilosophers such as Paul Churchland (20) are explor-
ing the use of neural networks to help unlock the neurobio-
logic explanation of consciousness. Francis Crick and
Christof Hoch are studying the visual system in an effort
to find a universal clue to the mechanism of consciousness
(21). All agree consciousness occurs in the brain, but there
are likely discrete areas that are responsible for certain
elements of consciousness and higher thought (including
attention, reasoning, memory, etc.). For example, the area of
the brain that governs free will may be located in Broadman’s
area 24 according to Crick (16). The future definition of brain
death may relate to destruction or death of one of these vital
structures.

DIAGNOSIS OF BRAIN DEATH
Clinical Determination of Brain Death

Brain death is diagnosed clinically with the establish-

ment of three major criteria. First, the neurological injury
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should be irreversible (1,13,15,22). Second, there is a loss

of cerebral function. Third, there is a loss of brainstem func-
tion (13,15). Prior to establishing the clinical criteria for
brain death, several potentially confounding factors must
be eliminated (Table 4). For example, deep coma secondary
to metabolic encephalopathy would not be compatible
with the diagnosis of brain death, nor would lack of respir-
ation solely due to a high spinal cord injury (23).

After brain death the pupils become fixed in mid-
position due to loss of parasympathetic and sympathetic
input. Loss of cerebral or brainstem function due to cell
death in this region of the CNS results in painful stimuli in
absence of response. Any movement or other response that
requires function of these structures is thus incompatible
with brain death. For example, decerebrate and/or decorti-
cate posturing usually correlates with severe TBI, but their
presence demonstrates that the brain is not yet dead.

Spinal reflexes, such as deep tendon reflexes and triple
flexion responses, can be preserved following brain death.
Release phenomena of the spinal cord are occasionally

seen in the setting of brain death and do not exclude
brain death; these include shivering, goose bumps, forced
exhalation and some arm movements (13,14).

Irreversible Etiology of Coma
Irreversibility is established when a structural disease or an
irreversible metabolic cause (e.g., hypoxia, carbon monox-
ide poisoning) is known to have occurred to the patient
resulting in brain cell death. At the same time, agents or
conditions that confound the testing of brain death need
to be excluded (Table 4). The patient must be documented
as normothermic, free of reversible metabolic disturbances
(e.g., renal failure, hepatic failure), CNS depressant drugs,
or neuromuscular blocking agents. Therefore, it is impera-
tive for the physician approaching a possibly brain dead
patient to be fully aware of the patient’s history of
present illness, and the patient must also be screened for
the presence of any drugs or conditions that mimic brain
death (13). If any doubt exists, the observation period
should be extended to 12 to 24 hours (two brain death
examinations separated in time by 12 to 24 hours)
(13,14). The role of confirmatory tests is discussed later in
this section.

Loss of Cerebral Function
The loss of cerebral function can be found in some vegetative
states; only when it occurs along with loss of brainstem func-
tion can a person be considered brain dead. In the setting of
brain death, there should be no spontaneous movement, eye
opening, breathing, or response to any auditory, visual, or
painful stimuli. The painful stimuli should be applied to
the face (preferably the supraorbital ridge) to rule out any
spinal cord injury or spinal-mediated reflexive motor
responses.

Loss of Brainstem Function
The brainstem houses the centers for arousal, respiratory
drive, and the cranial nerve nuclei. Accordingly, its viability
can be assessed with relevant clinical examinations (Table 2).
Clinically, loss of brainstem function is verified by lack of: (i)
pupillary reflex, (ii) corneal reflex, (iii) gag and cough, (iv)
oculocephalic reflex (doll’s eyes), (v) oculovestibular reflex
(cold caloric), (vi) respiratory effort (apnea testing), and
(vii) motor response. In practice, absence of cranial nerve
reflexes is documented first and then apnea testing is per-
formed. Confirmatory tests are not required when all of
the above signs of brainstem function are clearly absent.

Absence of Brainstem Reflexes (Apart from Breathing)
Absence of pupillary reflex is demonstrated in the brain
dead patient by pupils that are fixed (usually in mid pos-
ition), and nonreactive to light (i.e., no change of pupil
size, in either eye, after shining a strong light in each eye
sequentially in a dark room). The pupillary reflex is
mediated by cranial nerves II and III.

The lack of corneal reflex is documented in the brain
dead patient when there is lack of eyelid movement after
touching the cornea (not conjunctiva) with a cotton swab
or tissue; the corneal reflex is mediated by cranial nerves V
(afferent) and VII (efferent).

The absence of the gag reflex and cough reflex is docu-
mented in brain dead patients when there is a lack of
retching or uvula movement after touching the back of the
pharynx with a tongue depressor or after moving the endo-
tracheal tube; the gag reflex is mediated by cranial nerves IX
(afferent) and X (efferent). Additionally, there should be no
coughing with deep tracheal irritation and suctioning; the
cough reflex is mediated by cranial nerves IX and X.

The oculocephalic reflex (“doll’s eyes” reflex) should
be absent in brain dead patients. There should be no eye
movement with brisk turning of the head from side to
side. During this examination, the patient’s head should be
elevated 308 from the supine position in order to place the
semicircular canals in the optimum orientation. This reflex
is mediated by cranial nerves III, IV, and VI as well as the
medial longitudinal fasciculus (MLF). Trauma patients
with known or suspected cervical spine injuries should not
have the “doll’s eyes” reflex tested because the neck twisting
might exacerbate neurologic injury. Instead, cervical spine
injured patients should undergo the “cold caloric” test
(below).

Brain dead patients should not exhibit any oculoves-
tibular reflex (“cold caloric” reflex). There should be no
eye movement with irrigation of each tympanic membrane
sequentially with 50cc of ice water with the head of the
patient 308 elevated from the supine position. Prior to
performing this test the patient’s external auditory meatus
should be free of wax, and the tympanic membrane should

Table 4 Confounding Agents/Conditions that Need to Be

Excluded in Brain Death Testing

Agent/condition Example

Pharmacologic Anesthetics, paralytics, methaqualone,

barbiturates, diazepam, bretylium,

mecloqualone, amitrityline, meproba-

mate, trichloroethylene, alcohols, etc.

Metabolic Hepatic encephalopathy

Uremic encephalopathy

Hyperosmolar coma

Hypophosphatemia

Temperature Hypothermia ?,328 Celsius

Vascular Shock or hypotension

Infectious Brain stem encephalitis

Guillain–Barre syndrome

Source: From Refs. 8, 13, 15, and 47.
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be intact. This reflex is mediated by the cranial nerves III, IV,
VI, and VIII as well as the MLF.

Brain dead patients also lack any motor response to
pain or any other stimulatory input. There is no localization
or withdrawal after painful stimuli, nor do they exhibit
extensor or flexor posturing.

Apnea Testing (Documenting Absence of Respiratory Effort)
Prior to performing apnea testing, the following prerequi-
sites are required: the core temperature needs to be
�36.58C, the systolic pressure should be .90 mmHg, the
patient should be euvolemic, the PaCO2 should be normal
or slightly above normal (i.e., �40 mmHg), and the PaO2

should be supranormal (i.e., �200) to guard against desa-
turation during apnea. The arterial blood gas needs to be
checked to establish baseline values prior to commencing
apnea testing (24). The patient is preoxygenated with an
FIO2 of 100%, preferably with an arterial line in place for
rapid blood gas measurements, while adjusting ventilatory
rate and volume to achieve a PaCO2 of 40–45 mmHg.
Next the patient is disconnected from the ventilator and
humidified O2 at 8–12 L/min is delivered via a cannula
advanced 1–2 cm beyond the end of the endotracheal tube
but still above the carina to facilitate apnea oxygenation
(25). Pulse oximetery is used to detect oxygen desaturation,
which usually does not occur when the above detailed
oxygen supplementation maneuvers are employed.
Usually after 8 to 10 minutes has elapsed the patient’s
PaCO2 has typically increased above 60 mmHg, and an
arterial bloodgas (ABG) is measured at this time for confir-
mation (26). The exact carbon dioxide level needed to
ensure lack of respiratory drive is unknown, but a PaCO2

of 60 mmHg is well accepted because higher partial press-
ures of CO2 may begin to impart anesthetic effects and
depress the respiratory centers in a positive feedback loop
(13,15). The ventilator is reconnected after the 8–10 minute
apnea event, if the patient is a candidate for organ donation.
If there is no evidence of spontaneous respirations before
reinstitution of mechanical ventilation in the presence of a
PaCO2 greater than 60 mm Hg or an increase of greater
than 20 mmHg from the normal baseline value, the criteria
for a positive apnea test are met. If the patient desaturates
or becomes hemodynamically unstable during the apnea
test, an ABG is immediately drawn and the patient is
reconnected to the ventilator (27). Confirmatory tests are
necessary for patients who do not achieve adequate levels
of hypercarbia prior to becoming unstable.

Confirmatory Studies
Confirmatory tests are not necessary for the declaration

of brain death in the vast majority of cases. They may be
used in cases where the observation period needs to be
shortened (unstable patient intended for organ donation),
children younger than one, and when clinical brain death

testing is confounded by certain agents and/or conditions
(Table 5).

Confirmatory tests evaluate the loss of neuronal func-
tion or evaluate the cessation of intracranial blood flow
(13,14). Neuronal function is best assessed with an electro-
encephalogram. The dead brain is no longer capable of
maintaining cellular membrane potentials or electrical
signals among cells, therefore, the EEG recorded from a
dead brain is flat line with total electrical silence. The
machine is set for minimal technical requirements for brain
death and run for at least 30 minutes to document electrical

silence. Measurements of evoked potentials have also been
used but they are less widely used than EEG due to
decreased specificity.

For the detection of intracranial blood flow, the four-
vessel cerebral angiogram is the most sensitive and specific
study. All other tests are less sensitive (digital subtraction
angiography/venography, transcranial Doppler study), or
indirect (CT, EEG). Nuclear medicine cerebral blood
flow studies are increasingly used as the confirmatory

test, because the equipment can be brought to the ICU
providing images with the presence or lack of radioactive
tracer within the cranial vault (28) (Fig. 1). Recent
advances in positron emission tomography (PET) scanning
using F-fluorodeoxyglucose to assess brain metabolism
have introduced an alternative method for confirmation of
brain death. However this test is not yet universally accepted
(13). Other brain flow imaging techniques discussed in
Volume 2, Chapter 7 may also be helpful.

Brain Death Determinations in Children
The assessment of brain death in children is performed using
different guidelines than those for adults. For the purposes

Table 5 Confirmatory Tests for Establishing Brain Death

Category or test Specific test technique

Electrical neuronal

activity

EEG

Evoked potentials

Evaluation of

intracranial

blood flow

Nuclear medicine blood flow studies

Four-vessel cerebral angiography

Digital subtraction angiography

Xenon-enhanced computed tomography

Magnetic resonance angiography

Transcranial Doppler study

Figure 1 Nuclear cerebral blood flow study depicting lack of

tracer in the intracranial circulation (supplied by the internal

carotids and vertebral arteries) with preservation of tracer in the

distribution of the external carotid arteries (face and scalp). The

lack of tracer within the cranial vault is consistent with absence of

intracranial blood flow.
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of brain death documentation, the term child is applied to
patients less than 7 to 12 years of age. After seven years of
age most children can use abstract reasoning and com-
munication skills. By 12 years of age, the differences with
young adults are minimized. In younger children language,
coping skills, and reasoning are less developed, and
special clinical exam criteria are needed (29). Accordingly,
a few changes in the clinical exam and retesting frequency
are recommended (Table 6). These pediatric-specific
principles are most useful for children less than seven years
of age. The criteria for assessing brain death in children
incorporates the routine use of confirmatory tests as well

as longer observation periods between examinations,
as underscored by the variability of EEG and nuclear
studies in newborns in comparison to the clinical exam
(Table 6).

ORGANDONATION
Balancing Sensitivity for the Grieving Family with the
Need for Organ Donors
Most families have a better understanding of the organ
donation process if the ICU staff entirely separates the declara-
tion of brain death from discussions about organ donation.
Thus, the determination of brain death is performed first

and presented to the family who are given time to digest
the information (11,13,30). Before support is withdrawn,
a request for organ donation is made by a representa-
tive of the Organ Procurement Organization (OPO).

Decoupling of the process of brain death declaration
from the request for organ donation has resulted in an

increase in next of kin authorizing organ donations
(11,30,31).

Visceral organ transplantation is a relatively recent
achievement with the first successful kidney transplant
having occurred in 1954, from a twin living related donor,
and the first successful cardiac transplantation in 1967
(1,2,6,33). Dramatic improvements in transplanted organ
survival have occurred recent years due to advances in
modern surgical techniques and immunosuppressive medi-
cations. Thus, a large backlog of patients with failing internal
organs exists, all of whom are awaiting the donation of
healthy organs. Advancements in immunosuppressive care
and surgical techniques has improved both survival, follow-
ing transplantation, and life style (34). Due to the expanding
world population the number of patients awaiting transplan-
tation has increased exponentially while available organs
for donation has increased only linearly. On January 1, 2000,
there were 71,380 patients in the United States on waiting
lists for organ transplantation. For perspective on the
availability of organs for transplantation, there were 64,579
transplant-eligible patients in 1998, and 21,197 received
organ transplantation (personal communication—Gift of
Life Organ Procurement Organization).

Several strategies have been developed to procure

more organs for donation (27). These strategies include
expanding the pool of acceptable donors, the use of living
related donors, education of the public to the benevolence
of organ donation, and use of non-heart-beating donors
(33,35–38).

The trauma population provides a large pool of poten-
tial donors because serious head injury and subsequent
brain death can frequently occur in an otherwise minimally
injured patient. Experience with organ donation has demon-
strated that donors who at one time were thought to be
unsuitable can provide quality solid organs for transplan-
tation (33,39). Table 7 lists the general requirements for live
organ donations. Currently, organs are accepted from
donors as old as 80, especially since many of the recipients
are also elderly. The only two absolute contraindications
for organ donation are systemic cancer and a disseminated
viral infection such as rabies, HIV, or West Nile virus.
Bacterial infections that are antibiotic sensitive are only
relative contraindications.

Another technique to expand the pool of organ
donors is the use of living related donors such as a sibling

Table 6 Brain Death Evaluation in Children

Evaluation

element Comments/specific details

History Exclusion of reversible causes of coma (Table 4)

Clinical

examination

Loss of consciousness, vocalization, and

volitional activity

Failed standard apnea test

Absent brainstem function:

Midposition or fully fixed and dilated pupils

Absent spontaneous eye movements,

oculocephalic, and oculovestivular

reflexes

Absent movement of lower cranial nerve

musculature (pharynx, larynx, uvula,

including gag or cough)

Absent corneal, sucking, and rooting reflexes

Flaccid tone and absent spontaneous or

induced movements (excluding spinal cord

reflexes)

Findings should be consistent throughout

entire examination observation period

Age-specific

observation

and retesting

7 days of age to 2 mo: two examinations and

EEGs separated by 48 hr

2 mo to 1 yr of age: two examinations and

EEGs separated by at least 24 hrs or initial

examination plus isoelectric EEG followed

by nuclear medicine study confirming no

cerebral blood flow

.1 yr of age: two examinations at least 12 hrs

apart, with EEG and cerebral nuclear

medicine blood flow studies optional but

recommended

Source: From Ref. 29.

Table 7 Requirements for Live Organ Donors

Competent—able to give consent

Willing to donate

Free of coercion

Medically suitable

Psychosocially suitable

Fully informed of risks and benefits as donor

Fully informed of risks and benefits to recipient

Benefits to both donor and recipient must outweigh

risks of donation and transplantation

Source: From Ref. 35.
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donating a kidney or lobar lung to a brother or sister or a
parent donating part of his/her liver or lung to a child
(33,36,37). Improved surgical techniques for obtaining
organs from living related donors, such as laparoscopic
nephrectomies should, increase the popularity of this tech-
nique by decreasing donors’ morbidity. Improved recipient
immunosuppression has allowed the potential donor pool
to expand to those unrelated to the recipient, but with an
emotional relationship such as a spouse (34). It is even poss-
ible for living donors to donate kidneys to strangers.

Public education of the desirability of postmortem
organ donations has led to laws that present people with
the opportunity to designate their wish to be an organ
donor on their driver’s license before they become critically
ill. Permission must still be obtained from the next of kin in
cases where the patients have expressed on their driver’s
license their desire to donate their organs.

Role of the Organ Procurement Organization
Public education about organ procurement has derived from
studies conducted to determine what makes a family
decide to donate or not donate their relatives’ organs.
These studies have revealed that decoupling the request
for organ donation from the discussion of death (or brain
death) with a relative increases the likelihood that families
will agree to organ donation (11,30). Therefore, the medical
staff discusses with the family the facts that the patient has
suffered a devastating brain injury and will be tested for
brain death. Later the ICU staff informs the family of the
results of the brain death test. If the patient is declared
brain dead, the relatives are provided time to grieve and
accept their loss. After a brief period of mourning, a repre-
sentative from the OPO approaches the family about the
issue of organ donation. General principles of cadavaric
organ donation are listed in Table 8. This process has been
better accepted by families than a combined discussion of
organ donation and possible brain death. Similarly, if a
patient has irrecoverable brain damage, but is not brain
dead and the family wishes to withdraw life support, the
issue of non-heart-beating organ donation (NHBOD)
should be introduced only after the decision to withdraw
support is finalized (see below) (32).

Non-Heart-Beating Organ Donation (Special Case)
The NHBOD organ procurement protocol was designed to
expand the pool of available organs for donation (35). In
this (still controversial) scenario, a person with devastating,
irrecoverable brain damage, but possessing a few residual
brainstem reflexes (thus not brain dead), and whose family
has decided to withdraw life support becomes an organ
donor after support is withdrawn and the patient is declared

dead. Most commonly the patient is withdrawn from mech-
anical ventilatory support, and sedatives and analgesia are
administered while the patient is allowed to die from
respiratory and cardiac arrest. The sedatives and analgesics
are administered to ensure that the patient does not
suffer any more under the ethical principle of “double
effect” (see Volume 2, Chapter 67). Double effect states that
although sedatives and analgesics may hasten death as a sec-
ondary effect, their primary intent is to allow death to occur
without pain, fear, anxiety; thus their administration is
ethically moral.

The withdrawal of life support for NHBOD patients
often takes place in the operating room (OR), but can occur
in the ICU, or a room adjacent to the OR. After the cardiac
death occurs the patient is transferred to the operating
room for organ procurement. After the patient’s heart
stops, a suitable time period is allowed to pass (1–
2 minutes of cardiac asystole) to ensure that the patient is
indeed dead before transporting to the OR, and before the
kidneys and/or liver are perfused with cold preservation
fluid and removed (38).

Close monitoring of the actual support withdrawal
and organ donation process at the University of
Pittsburgh, in 15 NHBOD cases, demonstrated that no
one’s heart spontaneously restarted following more than
one minute of circulatory cessation. Therefore, DeVita et al.
recommend a two-minute wait following cessation of the cir-
culation as documented by loss of the heart beat and pulse
(40). This two-minute delay would ensure the patient’s car-
diopulmonary death, yet also minimize the warm ischemia
time for donated kidneys and liver. This is an obviously
important consideration, made even more salient when it
is revealed that 45 minutes of warm ischemia time is the
maximum tolerated by most solid organs, and at least one
patient in the De Vita study took 33 minutes following
extubation to become asystolic (i.e., likely had marginal
organ perfusion for many of these 33 minutes prior to
cardiac asystole).

Although initial organ transplantation was performed
after the donors suffered cardiac arrest, this technique,
which puts transplanted organs at risk for warm ischemic
damage, has sparked medical and ethical debate about its
propriety. Indeed, some in the medical community view
NHBOD to be akin to euthanasia (38). Furthermore, the
NHBOD technique is suitable only for donation of
kidneys, livers, pancreas, and (occasionally) lungs.

Non-heart-beating organ donation is not euthanasia.
Mechanical ventilation and intravenous hemodynamic
support are withdrawn in NHBOD just as they would be
in the ICU—while the patient receives sedatives and analge-
sics (but no neuromuscular blockade drugs), and no drugs
with the specific intent of hastening death (i.e., no KCl
solution) are administered, rather, patients are allowed to
naturally expire. That the withdrawal often occurs in the
operating room is the only difference. To avoid potential
conflicts of interest, the anesthesiologist is usually tasked
with declaring the patient dead before the transplant team
begins organ procurement. If the patient’s heart beat and
respiration remain strong and he/she doesn’t die within an
hour, the organ procurement is canceled and the patient is
returned to the ICU or to the floor for hospice-type care.
Whether or not the patient is extubated after the termination
of ventilator support is up to local hospital custom. Likewise,
the use of intravenous opioids and sedatives as a comfort
measure are also up to local hospital custom of withdrawing
support for terminally ill patients (35,38). However, the

Table 8 General Principles of Cadavaric Organ Donation

Society benefits from promoting organ donation

Cadavaric donors of internal organs must be brain dead when

organs are removed

Active euthanasia is absolutely prohibited

Policies and procedural protocols are completely open to the

general public

Informed consent is required

Wishes of donors and their families are respected and honored

Source: From Ref. 50.
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administration of sedatives and analgesics at withdrawal of
life support from hopelessly ill patients at end of life is a
well-established practice, and endorsed by medical
ethicists as well as the authors (41). Heparin must be given
in time to circulate through the solid organs to prevent
post mortem coagulation from obstructing organ circulation.
Many institutions also administer phentolamine to block
vasoconstriction in the vital organs. Although phentolamine
has the potential to cause systemic vasodilation, its use will
result in better preservation of organs by preventing
sympathetic nervous system vasoconstriction. Because, the
systemic vasodilation effect of phentolamine may hasten
death, phentolamine use is controversial (42). The survival
of kidneys from non-heart–beating donors is comparable
to kidneys from brain dead donors (43).

INTENSIVE CARE UNIT MANAGEMENTOF THE
BRAIN DEAD ORGAN DONOR

Once an ICU patient has been identified as a potential organ
donor and declared brain dead, management decisions are
aimed at ensuring optimum survival of potential trans-
plantable organs. Optimal care of organ donors

requires maintenance of organ perfusion, oxygen delivery,
body temperature, and euvolemia with normal serum
sodium values. Boyd et al. suggest classifying organ
donors according to their stability allowing clinicians to
prioritize management (44). Stable patients can tolerate
further ICU management while awaiting operating room
time and the arrival of the transplant team (organ sharing,
multiple procurements) without jeopardizing their organ
function. Moderately stable patients that respond to vaso-
pressors can be maintained in the ICU while the organ-
tissue typing and recipient compatibility process occurs.
However, moderately unstable patients with a poor
response to therapy, and unstable patients who don’t
respond to corrective therapy need to proceed to the
operating room with urgency, and in some case their
organs offered for organ sharing during or after procure-
ment. The only solid organs suitable for this emergent
“crash” organ procurement process are for liver, kidney,
and pancreas. The heart and lungs are much less tolerant
of ischemia (maximum cold ischemia time 4–6 hours).
Thus, crash organ procurement is not a viable procedure
for heart or lung transplantation because the potential
recipients must already be in the hospital and ready for
the operating room at time of procurement, otherwise
these organs will not be viable.

Recently declared “brain dead” donors occasionally
undergo a brief period of medical optimization prior to
organ procurement. In these patients, simple volume
resuscitation is adequate to achieve Phillips’ Rule of Hun-

dreds—systolic pressure .100 mmHg, PaO2 .100 mmHg,
and urine output .100 mL/hr (44). Moderately stable
patients are divided into two categories: those with a
good response to volume loading and pressors to
achieve Phillips’ Rule of Hundreds and those with a tran-
sient response to volume loading and pressors. This
second group often requires escalating pressor therapy
to maintain systolic blood pressure. Finally, the grossly
unstable patient never achieves Phillips’ Rule of Hun-
dreds and requires the greatest urgency to salvage trans-
plantable organs (Table 9).

Hemodynamic Management
Hypotension usually accompanies brain death when the
vasomotor centers in the brainstem become impaired.
Furthermore the hypotension is exacerbated by both the
decreased cardiac output from diminished brainstem
mediated inotropy, as well as the intra-vascular depletion
resulting from diabetes insipidus (DI) (44,45). Patients
should be monitored with an intra-arterial catheter and
central venous pressure (CVP) catheter.

The first step toward improving blood pressure in
the brain dead organ donor is to provide adequate
volume resuscitation. Although transplantable kidneys
perform very well when the donor is managed in the
hypervolemic state causing a brisk diuresis, other trans-
plantable organs (particularly heart and lungs) do not
perform as well when obtained from a hypervolemic, ede-
matous donor. Therefore, maintenance of a CVP in the 5–
10 mmHg range and use of pressors/inotrops if the systolic
pressure remains less than 100 mm Hg is recommended in
heart and lung donor patients.

Volume loading should also lead to a urine output
.100 mL/hr. If urine output is much greater than 100 mL/hr,
intravenous fluid management must include replacement
for urine output to keep CVP in the 5–10 mmHg range.

The decision to place a pulmonary artery catheter is
usually based on the possibility of donation of a heart or
lung for transplantation. The pulmonary artery catheter is
optional for the management of a donor who is not going
to donate heart or lungs. Additionally, the management of
the stable and moderately stable patient is often facilitated
by the information from a pulmonary artery catheter. End
points of volume resuscitation are often more clearly
achieved by following cardiac output and pulmonary
artery pressure as well as CVP. The unstable donor who
needs pressor and inotropic support as well as volume
loading will be managed more optimally with a pulmonary
artery catheter.

Table 9 Perioperative Management of the Multiorgan Donation

Step 1

Ensure that patient meets criteria for

brain death or support withdrawal

Phillips’ Rule of 100s Systolic BP .100 mmHg PaO2 . 100

mmHg urinary output .100 mL/hr

Cardiovascular Maintain perfusion pressure through

adequate hydration and inotropic/
pressure support ot treat

dysrrhythmias

Pulmonary Maintain normal blood gases:

PaO2 100–150 mmHg

PaCO2 35–40 mmHg, pH 7.35–7.45

FIO2 � 0.40 for heart-lungs donation

Endocrine Treat diabetes insipidus—replace urine

output and DDAVP or vasopressin

titrate to urine output 2–3 mL/kg/hr

Hematology Prevent anemia—maintain hematocrit

near 30%

Minimize coagulopathy

Abbreviations: BP, blood pressure; PaO2, partial pressure of oxygen in the

arterial blood; PaCO2, partial pressure of carbon dioxide in arterial blood;

FIO2, fraction of inhaled oxygen; DDAVP, D-des-argenine-vasopressin

(Desmopressinw)
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Ventilation Management and Infection Control
The brain dead organ donor has an obligatory dependence
on mechanical ventilators for ventilation and gas exchange.
The respiratory centers in the lower brainstem that normally
integrate demand signals from blood pH, PaCO2, and PaO2

and match these signals with appropriate ventilatory
response are dead and unresponsive. Therefore, the patient
will not activate the respiratory muscles for ventilation in
response to hypercarbia and hypoxia. Thus, the medical
team caring for the organ donor must review the arterial
blood gases and adjust the ventilator to optimize them.

Because the organs for potential donation require
adequate oxygen delivery to maintain function, it is rec-
ommended to aim for a PaO2 of 100 mmHg or greater.
Controlled ventilation modes, either pressure control or
volume control, are used on the ventilator because the
donor is incapable of spontaneous ventilation. The FIO2 is
adjusted to provide a PaO2 .100 mmHg while ventilation
is set to normalize PaCO2. The brain dead donor has a
lower metabolic rate and a reduced CO2 production that
needs to be cleared by ventilation to maintain PaCO2.

Care must be exercised to prevent ventilator-induced
lung injury for the potential lung donor. Thus, tidal
volume should be kept in the 6–7 mL/kg range if lung com-
pliance is low, whereas 10–15 mL/kg is acceptable if the
compliance is normal. Additionally, the positive and expira-
tory pressure (PEEP) is kept at the minimum required to
maintain the PaO2 .100 mmHg or an FIO2 � 0.4 or less.
These patients must continue to be turned and suctioned
every two to four hours. Albuterol metered dose inhalers
(MDI) are administered 2 to 4 puffs every four hours to mini-
mize closure of small airways.

Endocrine Changes
Diabetes insipidus (DI) occurs very frequently in the brain
dead donor secondary to infarction of the hypothalamus
and pituitary. Loss of antidiuretic hormone (ADH) from
the pituitary leads to inability of the kidney to concentrate
the urine, thus the patient excretes copious dilute urine. The
hallmarks of DI are urine output .4 mL/kg/hr, urine osmol-
ality ,300 mOsm/kg, with serum osmolality .310 mOsm/
kg, serum sodium [Na] .145/meg/L, and a urine specific
gravity ,1.005. Treatment is with intravenous vasopressin
for both blood pressure and urinary concentration or
DDAVP to concentrate urinary solutes and conserve free
water losses. Either drug is titrated to maintain urinary
output at 2–3 mL/kg/hr (44,45).

Serum sodium also needs to be controlled because
livers from donors with Na .155 have reduced graft sur-
vival. Extreme hyponatremia, which usually precedes the
occurrence of brain death, must also be corrected before
the patient is transferred to the operating room. Brain dead
donors are also prone to develop profound hypokalemia,
hypomagnesemia, and hypophosphatemia because of the
high urinary output. These electrolyte abnormalities must
be corrected prior to organ explantation in the operating
room.

Other metabolic and endocrine abnormalities that
must be corrected include hyperglycemia, thyroid insuffi-
ciency, and adrenal suppression. Hyperglycemia secondary
to reduced insulin secretion or catecholamines and glucocor-
ticoid administration is treated with intravenous insulin.

Brain dead donors often have depressed thyroid
function similar to the “sick euthyroid” syndrome; it is con-
troversial whether thyroid replacement is needed. Because

T3 levels are reduced by the “sick euthyroid” syndrome,
the administration of thyroid replacement as a single dose
of T3 or T4 is occasionally recommended.

The brain dead donor will have an impaired immune
response; therefore, they must be managed with careful
techniques to avoid seeding an infection in donor organs.
Hyperthermia and fever is seldom a problem with the
brain dead donor because hypothalamic temperature
control centers are destroyed when the brainstem infarcts
(i.e., these patients become poikilothermic) (44,45). These
donors should be kept at 368C to 378C to optimize organ
function before transplantation. If heated fluids and a
warm room do not adequately maintain a normal body
temperature, forced hot air warming (e.g., Bair Huggerw)
may be required, but these are only recommended for
temperature ,368C.

If the organ donor received enough dexamethasone to
suppress adrenal function prior to brain death, he will need
replacement therapy with hydrocortisone.

OPERATIVE MANAGEMENT DURING ORGAN PROCUREMENT

Management of the organ donor in the operating room
(OR) is a continuation of the hemodynamic, temperature,

and endocrine (diabetes insipidus) management of the
organ donor in the ICU. The goal of the donor procure-
ment process is to recover viable organs with minimal
warm ischemia time, hypotension, hypoxia, or surgical
trauma. The procedure described below pertains to pro-
curement from the brain dead organ donor only. Readers
interested in a review of organ procurement considerations
for the NHBOD are referred to the discussion by Von
Norman (42).

General Considerations
Prior to transporting the brain dead donor to the OR, the
anesthesiologist ensures that the patient meets appropriate
criteria for brain death, has permission to be an organ
donor, and that the consent stipulates which organs are to
be procured. The stable patient can be managed on a more
elective basis than the moderately unstable and unstable
patient. Unstable patients must have priority of operating
room space in order to procure viable organs for transplan-
tation.

The operating room needs to be warm to prevent
hypothermia, as the brain dead patient is poikilothermic,
and regional cooling and perfusion of certain organs in
situ, prior to perfusion of the heart and lungs, may cause
premature hypothermia-induced dysrhythmias or arrest.

Phillips’ Rule of 100s is the goal of cardiopulmonary
management during the organ exposure phase of surgery
prior to aortic cross clamping. Fluid management and pres-
sors should be continued into the operating room to maintain
blood pressure and urine output. The ventilator is adjusted
to maintain PaO2 greater than 100 mmHg. Frequently,
anesthesiologists administer inhalational anesthesia and
muscle relaxants to prevent Lazarus reflexes and occasional
hypertension with surgical organ exposure (46–48).

Rationale for Organ Excision Sequence
The precise operative sequence depends upon the organs to
be procured, and to some degree on the routine of the teams
involved. However, certain general concepts are universally
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followed (Table 10). The thoracic organs (heart and lungs)
are less ischemia tolerant than the abdominal viscera (liver,
pancreas, kidneys, small bowel), and are removed first
when procured. Despite this, abdominal team will often
start their part of the pre-excision visceral exposure and
vessel cannulation prior to the thoracic team because the
abdominal dissection takes longer. Both teams communicate
with each other, and cold preservation fluids are never admi-
nistered until after aortic cross clamp, which only occurs at a
mutually agreed upon time in a special choreographed way
(described below). This approach avoids premature or inad-
vertent cardiac arrest, which could damage the donor
organs.

Technical Overview of Organ Procurement
The sequence provided below occurs when both the thoracic
and abdominal teams begin operative exposure together.
The donor patient is positioned on the OR table in the
supine position, and the anesthesiologist assures all appro-
priate monitoring is applied and functioning optimally.
Surgical skin preparation and draping commences with
exposure of the entire anterior chest, abdomen, and both
groins. The thoracic team makes a standard median ster-
notomy, then carries the incision down the midline to join
the full-length midline abdominal incision created by
the abdominal team (which carries down to the pubic
symphasis).

Hemostasis is obtained while exposing the pericar-
dium and great vessels. After pericardiotomy, the heart
size and function is assessed, and the epicardial coronary
arteries are grossly palpated for atherosclerotic plaques.
Additionally, the heart is systematically inspected for any
other abnormalities. Next, the lungs are inspected grossly
for size and examined for any previously undiagnosed
lesions or abnormalities. Once both the heart and lungs
have passed the gross inspection, the ascending aorta is dis-
sected and circumferentially freed of attachments, to the
level of the left subclavian (in preparation for later place-
ment of the thoracic aortic cross clamp). The superior vena
cava (SVC) and inferior vena cava (IVC) have loosely
placed circumferential vascular tapes with rubbershods for

later vascular control. The thoracic team may scrub out of
the case for a brief respite while the abdominal team com-
pletes their, more time consuming, dissection.

The liver is exposed and freed from its ligamentous
attachments to the diaphragm. The abdominal aorta above
the celiac artery is encircled with loose ligature placed cir-
cumferentially, and rubbershods are placed for later. Next,
the hepatic artery is identified, and the inferior mesenteric
vein is cannulated with a tube and infused with normal
saline to keep the vein open (Pre-Cool); later this line will
be used to infuse cold perfusion fluid as part of the systemic
cooling. The donor’s kidneys are then dissected and renal
arteries and veins are identified and vascular control is
obtained (loose vascular tapes—with rubbershods as
above). Similarly, other visceral organs to be transplanted
are dissected out. Once this is done, the thoracic team
returns, and the patient is systemically anticoagulated (typi-
cally 40,000 units heparin). Perfusion catheters are then
inserted into the ascending aorta (which will soon be used
to infuse 1–2 L of cold cardioplegia solution), and pulmon-
ary artery (soon to be used to perfuse 3–6 L of cold pulmo-
noplegia solution). Cannulas are also placed in the
abdominal vessels (which will soon receive 5–6 L) of cold
ViaspanTM (Belzer’s UW Solution) (Table 10). The typical
placements for the two abdominal cannulas are the descend-
ing aorta (just below the previously placed loose ligature at
the crus of the diaphragm) and the inferior mesenteric vein
(which flows to the portal vein—this catheter was placed
previously). Once all cold infusion catheters are properly
placed, and all teams are ready, two aortic cross clamps are
applied simultaneously. The first one is applied on the thor-
acic aorta; just proximal to the subclavian vein; and the other
cross clamp is applied to the abdominal aorta, at the crus of
the diaphragm. Immediately after aortic cross clamp, the
cold preservation fluids are perfused through the previously
situated cannulas, and the IVC is transected to vent the
warm blood (some prefer to vent the IVC into the
abdomen; some prefer to vent into a large, caliber drainage
tube directly into the suction canister, diverting heat away
from donor organs.

After all of the cardioplegia solution is infused in the
heart (ascending aorta), and the pulmoplegia has perfused
the lungs (via pulmonary artery), and the ViaspanTM

(Belzer’s UW Soln.) has perfused the visceral organs (via
abdominal aorta and mesenteric vein), the organs are
resected working from the top down (hearts, lungs, liver,
pancreas, kidneys). After excision, some surgeons will
administer additional cold flush to the excised organs on
the back table (1–2 L of the appropriate fluid) prior to
bagging for transport.

The heart is rinsed and examined for any valvular
lesions or a patent foramen ovale (PFO); if present, the
PFO is noted (for later repair at the recipient institution),
and the heart is placed in a sterile plastic bag full of cold car-
dioplegia solution. This bag is placed within two other bags,
and sealed, and then placed inside a bag of cold cardioplegia
slush, placed in an ice chest and shipped to the recipient hos-
pital (only 4–6 hours of ischemia time starting with x-clamp
is allowed). Similarly, the perfused lungs are inspected again
and placed inside a sterile plastic bag of cold pulmoplegia
fluid, (triple bagged) and then placed inside a bag of cold
pulmoplegia slush, and placed inside bags, and the organs
are then placed in insulated labeled coolers for transport.

After the thoracic team has removed the heart and
lungs, the abdominal team removes the organs located
below the diaphragm. The common bile duct and hepatic

Table 10 Donor Organ Excision Order and Cold Perfusion

Solution Type, Amount, and Cannula Location

Standard

excision

order Organ

Perfusion solution

type (amount)

Cold perfusion

cannula site

1 Heart Cardioplegia

(1–2 L)

Ascending aorta

2 Lungs Pulmoplegia

(3–6 L)

Pulmonary aorta

3 Liver ViaspanTMa

(5–6 L)

Abdominal aorta and

mesenteric vein

4 Pancreas ViaspanTMa

(5–6 L)

Abdominal aorta

5 Kidneys ViaspanTMa

Abdominal aorta

(5–6 L)—if

all abdominal

organs procured

(2 L)—if only

kidneys procured

aBelzer’s UW Solution.
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artery are divided, and the freed liver is removed. Next, the
ureters are dissected and divided, the aorta and vena cava on
either side of the renal pedicles are transected, followed by
enbloc nephrectomy. These organs are triple bagged in
cold ViaspanTM (Belzer’s UW Soln.) analogous to that
described for the heart and lungs.

After the aorta is cross-clamped and organs perfused
with their corresponding solutions, the ventilator is
switched off and the anesthesiologist’s role has concluded.
During the entire procedure, the donor cadaver should be
treated with dignity and respect, to honor ethical, religious,
and cultural norms.

EYE TO THE FUTURE

Despite more than 30 years’ experience with brain death as
one criteria for determining death, some clinicians are still
skeptical of the concepts (49,50). Thus, we are likely to see
continued reevaluation of brain death criteria and refine-
ment of the diagnosis. Additionally work needs to be done
to educate the public that brain death is synonymous with
death of the sentient portion of the individual, and that a
declaration of brain death is synonymous with death of the
patient even though some tissues (heart, lungs, liver,
kidney, pancreas, bowel, skin) can be kept alive by artificial
means. The medical profession also needs to emphasize to
the public the difference between brain death and persistent
vegetative state (51).

Alternatively, Truog and Robinson propose that
society scrap the whole concept of brain death (47). They
further propose that organ donation occur from patients
who give informed consent to receive euthanasia under
anesthesia while their vital organs are procured for recipi-
ents in organ failure. Society is unlikely to be persuaded
by the arguments of Truog and Robinson, and it is unlikely
that many anesthesiologists would agree to participate in
the administration of such terminal anesthetics. Their argu-
ments against brain death also fail to address the original
need to acknowledge brain death: reduce the prolonged
futile ICU management of patients who were already dead
from permanent loss of brain function and infarction of
most or all of their brain. A movement toward the simpler,
yet equally valid, U.K. criteria of brainstem death would
be a far more pragmatic remedy for the numerous confound-
ing brain death definitions.

The search for chemical markers of brain death is
probably at least a decade away. However, Dimopoulou
et al. have recently identified a serum protein (S-100b),
which is elevated in brain dead patients (52). These investi-
gators found that the median S-100b level was higher in
clinically brain dead patients than those patients who did
not become brain dead (p , 0.0001). The S-100b protein
has a high specificity for CNS lesions, is released in a time
locked sequenced with injury, has a short half life, and
does not have any significant age or gender variability. The
presence of elevated S-100b in the serum indicates that both
brain cell damage has occurred, and that there is increased
permeability of the blood–brain barrier. Although far more
additional work is required to determine the extents to
which this protein can be used clinically, experimental
results indicate that S-100b might be used in a fashion analo-
gous to myocardial infarction markers (e.g., troponin), and
when elevated, indicate the degree of brain injury (cell
death) that has occurred. While the S-100b protein studies

are intriguing, they cannot be construed as a serological sur-
rogate for the clinical determination of brain death.

Care of critically ill patients has revealed that death of
various tissues or organs within the body occur as a complex
temporal process, rather than as an instantaneous event for
the entire body. This scientific fact has facilitated the philoso-
phical and scientific concept of brain death. Skin cells, with
their lower metabolic requirements, remain viable much
longer than most other cells in the body, whereas neurons
within the central nervous system are the least tolerant to
ischemia, and some of these (i.e., hippocampal neurons)
may be the least tolerant of all. In the critically ill TBI
patient, supported by mechanical ventilation, death of the
brain and brain stem may represent the first organs to die
in a long succession of dying organs. With this current
understanding and the ongoing research in neurophysiology
and neurophilosophy, we may one day in the future evolve
to a new definition of brain death; one where death of
certain critical structures in the brain that are absolutely
required for reasoning and understanding would be tanta-
mount to brain death (16,18,20,21).

SUMMARY

Advances in life support techniques following World War II
led to the appearance in intensive care units of patients who
were unresponsive and totally dependent on ventilator
support. When these patients succumbed to cardiac arrest,
autopsy would reveal a liquefied brain, which was named
“respirator brain.” A Harvard University committee pub-
lished a paper in JAMA that outlined the procedure to recog-
nize that a critically ill patient’s brain had died, thus
rendering further care futile (5). This concept of brain
death was used to effectively allow cessation of futile inten-
sive care and coincided with the rapidly developing field of
organ transplantation. Because it was recognized that death
of the brain and brainstem was equivalent to death of the
entire patient, it became permissible to procure solid
organs from brain dead patients and minimize warm
ischemic organ damage.

State laws have been updated to be consistent with
guidelines of the Uniform Determination of Death Act,
allowing physicians to declare a patient’s death based on
permanent cessation of brain and brain stem activity or per-
manent cessation of respiration and cardiac activity. The
medical diagnosis of brain death requires: (i) brain damage
consistent with permanent loss of brain function and lack
of confounding metabolic or pharmacologic factors (not
hypothermic, normal electrolytes, metabolism, metabolites,
and no sedatives or neuromuscular blocking drugs), and
(ii) total loss of responsiveness (spinal cord reflexes are
allowed).

There continues to be an ever-increasing demand for
organ donation from brain dead patients because of the
advances in organ transplantation medicine has made
it the treatment of choice for many types of organ failure.
Strategies to increase the supply of donated organs include
societal educational efforts to increase the percentage of
brain dead patients who donate organs, expanding the
pool of acceptable organs by accepting a wider age range
of donors and less than perfect organs, increasing the use
of live donors, and the use of non-heart–beating donors.

Although non-heart–beating donors or patients
who died from cardiopulmonary arrest were the original
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cadavaric organ donors, this technique has fallen out of
favor because the transplanted organs suffer longer warm
ischemic times. Organs from brain dead donors that are
procured while the heart is still beating have much shorter
ischemic times. However, survival of kidney grafts from
either procedure is comparable. Non-heart–beating donors
are patients with extremely poor prognosis from brain
injury who maintain some level of brainstem activity. With-
drawal of life support typically occurs in the operating room,
and organ removal is delayed until the patient is declared
dead (typically after 1–2 minutes of asystole).

The diagnosis and management of brain dead trauma
patients is an important aspect of post-traumatic critical care
to optimize the potential pool of organ donors and to
prevent futile care of otherwise dead patients.

KEY POINTS

Dr. Beecher’s white paper, published in JAMA in 1968,
concentrated on limiting the use of ICUs to maintain
futile life support for patients who had no chance of
recovery secondary to death and necrosis of their
entire brain.
Currently, the U.S. standard to declare brain death is to
document the absence of brain and brain stem activity.
The current U.K. standard for the diagnosis of brain
death is complete and irreversible loss of brainstem
function.
A patient who meets the clinical definition of brain
death by either the U.S. or U.K. criteria is in essence
dead as a person, as he/she will never recover sentient
function.
Brain death is diagnosed clinically with the establish-
ment of three major criteria. First, the neurological
injury should be irreversible. Second, there is a loss of cer-
ebral function. Third, there is a loss of brainstem function.
Spinal reflexes, such as deep tendon reflexes and triple
flexion responses, can be preserved and do not exclude
brain death. Release phenomena of the spinal cord are
occasionally seen in the setting of brain death and do
not exclude brain death; these include shivering, goose
bumps, forced exhalation, and some arm movements.
Confirmatory tests are not necessary for the declaration
of brain death in the vast majority of cases. They may be
used in cases where the observation period needs to be
shortened (unstable patient intended for organ
donation), children younger than one, and when clini-
cal brain death testing is confounded by certain
agents and/or conditions.
Nuclear medicine cerebral blood flow studies are
increasingly used as the confirmatory test, because the
equipment can be brought to the ICU providing
images with the presence or lack of radioactive tracer
within the cranial vault.
The criteria for assessing brain death in children incor-
porates the routine use of confirmatory tests as well as a
longer observation period between examinations, as
underscored by the variability of EEG and nuclear
studies in newborns in comparison to the clinical exam.
Decoupling of the process of brain death declaration
from the request for organ donation has resulted in an
increase in next of kin authorizing organ donations.
Several strategies have been developed to procure more
organs for donation. These strategies include expanding
the pool of acceptable donors, the use of living related

donors, education of the public to the benevolence of
organ donation, and, use of non-heart-beating donors.
Optimal care of organ donors requires maintenance of
organ perfusion, oxygen delivery, body temperature,
and euvolemia with normal serum sodium values.
In these patients, simple volume resuscitation is ade-
quate to achieve Phillips’ Rule of Hundreds—systolic
pressure .100 mmHg, PaO2 .100 mmHg, and urine
output .100 mL/hr.
Management of the organ donor in the OR is a continu-
ation of the hemodynamic, temperature, and endocrine
(diabetes insipidus) management of the organ donor in
the ICU.
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INTRODUCTION

Optimum cardiovascular management of critically ill
trauma patients often requires accepting hemodynamic
indices that are reasonable rather than normal. When clini-
cians insist upon pushing the patient’s hemodynamic
system toward normal or even supranormal targets, iatro-
genic complications can occur (1)

This chapter provides the trauma intensivist with a review
of reasonable hemodynamic goals in hypertensive patients by
surveying the normal cardiovascular indices during health,
and explaining how these parameters are altered by trauma
and critical illness (1–4). This chapter also reviews the vasoactive
drugs commonly used in trauma and critical care. A complete
review of cardiovascular physiology is presented in Volume 2,
Chapter 3 and cardiovascular monitoring in Chapter 9. Accord-
ingly, these topics are only briefly reviewed here. The optimum
management for both hypotension and significant hypertension
is summarized for the most common etiologies. Optimum
hemodynamic management is based upon (i ) the immediate
cause of hypotension or hypertension, (ii ) the presence of
concomitant injuries, and (iii ) the baseline medical con-
ditions affecting the patient.

In the “Eye to the Future” section, we introduce some
of the newer cardiovascular drugs as well as some diagnostic
and monitoring tools that are on the horizon but not yet used
in clinical practice.

NORMAL AND RATIONAL HEMODYNAMIC INDICES

Normal age-specific hemodynamic indices have been estab-
lished for healthy patients. Following trauma and critical
illness, the normal physiologic response is typified by abnor-
mal hemodynamic indices. For example, massive hemorrhage
leads to an increase in heart rate (HR), systemic vascular resist-
ance (SVR), and contractility in compensation for the
decreased intravascular volume (preload), blood pressure
(BP), and cardiac output (Q̇) (5–7). For a brief period, these
compensatory responses will help maintain Q̇ and BP to the
central circulation at the expense of an underperfused periph-
ery. Sepsis results in an increased HR and decreased preload,
but with an associated decrease in SVR and myocardial con-
tractility. This results in a decreased BP despite an increased Q̇.

Treatment of hemorrhage begins with control of bleed-
ing and repletion of intravascular volume. Further decreases
in BP in this setting can be potentially disastrous, as oxygen
delivery (ḊO2) is already low. Likewise, the septic patient
will likely require some additional intravascular volume, but
the primary defect is sepsis-mediated vasodilation and myo-
cardial depression. Accordingly, drainage of infected, necrotic
tissue (as in necrotizing fasciitis) and immediate adminis-
tration of appropriate antibiotics (Volume 2, Chapter 53) are
equally important. Only after volume repletion, infection deb-
ridement, and appropriate antibiotics are instituted, should
the inotropic support be initiated (8,9). A summary of the
normal hemodynamic parameters and the typical disease-
related alterations in these variables is provided in Table 1.

Heart Rate
The HR should be maintained within a reasonable range

in order to sustain adequate Q̇ for tissue perfusion
(10,11). The normal resting adult HR ranges between 60
and 100 beats/min. Numerous physiologic perturbations
(e.g., exercise, body temperature) and pathophysiologic
insults (e.g., trauma, burns, and critical illness) result in var-
iances in this “normal” range.

Although the relationship “Q̇ ¼ HR � stroke volume
(SV)” holds within the normal HR range, when HRs
become excessively high, there begins to be an associated
decrease in SV (i.e., decreased preload due to inadequate
filling time). Accordingly, HRs above 120 should be discour-
aged in normal patients and rates above 90 should be pre-
vented in patients with coronary artery disease (CAD).

Tachycardia is defined as a HR greater than 100 beats/
min and is caused by mechanisms that increase the firing
rate of the sinoatrial (SA) node (sinus tachycardia) and by
atrial and ventricular dysrhythmias (Volume 2, Chapter
20). The most common causes of sinus tachycardia in the
critical care setting result from conditions that increase sym-
pathetic tone (e.g., hypovolemia, hypercarbia, hypoxemia,
pain, fear, anxiety, etc.) and conditions that increase the
metabolic rate (e.g., fever, thyroid storm, etc).

Trauma patients have several reasons why they may
develop tachycardia, including hypovolemia from hemorrhage,
pain, anxiety, and third spacing. Third spacing in the trauma-
tized patient is a result of circulating cytokines causing leaky
capillaries, as well as a result of decreased albumin from
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blood loss and crystalloid resuscitation. Additionally, hypoxe-
mia from pulmonary contusion, pneumothorax or hemothorax,
atelectasis, cardiac tamponade, myocardial contusion, sepsis,
and pulmonary embolism may cause tachycardia (12).
Trauma results in fever through numerous mechanisms includ-
ing tissue injury, hematoma, subarachnoid blood, burns, and
infection. In a febrile patient, the basal metabolic rate
increases approximately 8% per degree centigrade, which
correlates with an increase in HR of approximately 18
beats/min (i.e., 10 beats/min for each degree Fahrenheit)

(13,14). Trauma patients may also develop tachycardia
due to underlying medical conditions, such as thyrotoxicosis
and withdrawal from alcohol or other psychotropic drugs.

Bradycardia is defined as a HR less than 60 beats/min and
results from mechanisms that decrease the SA node firing rate
(sinus bradycardia) as well as by pathology at the SA or atrial-
ventricular (AV), node, leading to junctional or ventricular

bradydysrhythmias (Volume 2, Chapter 20). Following
trauma, bradycardia can result from spinal cord injury that
causesadecreaseintherelativesympathetic tone(15).Brainstem
ischemia, hypoxia, brainstem herniation (Cushing response),
sick sinus syndrome, and myocardial ischemia (Volume 2,
Chapter 19) are additional causes of bradycardia. Moderate to
severe hypothermia (Volume 1, Chapter40) isanother important
cause of bradycardia, as is opioid intoxication.

Some patients can manifest a form of bradycardia
that is unresponsive to the elevated catecholamine state,

associated with trauma or critical illness. For example,
patients taking beta-blockers, or occasionally young athletic
patients with an exaggerated vagal tone, may not have the
expected response to the elevated catecholamines during
early shock following blunt or penetrating trauma (16). Some
common causes and therapeutic options for the bradycardic
patient are listed in Table 2.

Table 1 Normal Hemodynamic Parameters and the Direction of Alteration with Various Forms of Shock

HR MAP PP PACWP Q̇ SVR SVO2 a-vdO2 LAC

Normal 80 85 40 4–10 5 1200 75% 3–4 2–3

Hemorrhage ** + + ++ + ** ++ * ***

Sepsis * + *+ + * ++ * + *

Cardiogenic * + + * + * + * **

Neurogenic + + *+ + + + *+ *+ *+

Abbreviations: HR, heart rate; LAC, lactate; MAP, mean arterial pressure; PP, pulse pressure; PACWP, pulmonary artery capillary wedge pressure; Q̇, cardiac

output; SVR, systemic vascular resistance; SVO2, mixed venous hemoglobin O2 saturation; a-vdO2, arterial–venous difference in O2 saturation or content.

Table 2 Bradycardia: Causes and Drug Options

Causes Diagnosis Treatment/comments

Increased vagal tone Common in athletes and elderly/spinal

cord injury

Only if symptomatic; atropine 0.5–1 mg

ETT at carina Chest X ray Reposition ETT

Large mucus plugs Chest X ray Suction or bronchoscopy

Gastric distention Abdominal flat plate/chest X ray; hiccoughs Nasogastric decompression

Overdistension of the bladder Suprapubic pain/distended bladder Bladder decompression via Foley catheter

Increased ICP Cushing’s reflex—bradycardia and

hypertension with increased ICP

Decrease ICP

Hypothermia Temperature ECG Warm patient; treat underlying cause

Drug-induced (digitalis, beta blockers,

calcium-channel blockers)

Electrolytes ECG digoxin level Replace electrolytes; may need digibind,

calcium chloride

Hypothyroidism Thyroid function studies; electrolytes Treat thyroid disorder

Sick sinus syndrome

“tachy–brady syndrome”

ECG—intermittent sinus pauses Pacemaker

Ischemic or hypertensive cardiomyopathy ECG 2-D echo If HR too low, may need nitroglycerin

First-degree AV block ECG—pr interval .0.2 seconds If symptomatic (e.g., hypotensive, syncope),

treat with atropine 0.5–1 mg or

glycopyrrolate 0.2 mg (longer acting)

Second-degree Mobitz

Type I—Wenckebach

ECG—progressive prolongation of pr interval

until beat is dropped

Treat if symptomatic with medications

Second-degree Mobitz Type II ECG—regular dropping of ventricular beats Treat with atropine or glycopyrrolate;

if no response, infusion of dopamine,

epinephrine, or isoproterenol until

pacemaker can be inserted

Third-degree AV block ECG—complete AV dissociation Above medications; temporary

pacemaker—transthoracic or transvenous,

Permanent pacemaker

Inferior wall MI ECG—cardiac enzymes Fluid; treat MI

Abbreviations: AV, atrial-ventricular; ETT, endotrachial tube; ECG, electrocardiogram; ICP, intracranial pressure; MI, myocardial infarction.
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Rhythm
Normal sinus rhythm is the ideal condition for both recently
traumatized victims and those who are critically ill, because
the atrial contraction preceding the ventricular contraction
augments the left ventricular (LV) preload and coordination
of myocardial mechanics. Several conditions following
trauma (myocardial contusion, concomitant drug intoxi-
cation) and critical illness (ischemia, thyrotoxicosis, etc.)
are associated with dysrhythmias and an impaired hemody-
namic performance. Patients who have sustained a myocar-
dial contusion after blunt trauma may present with sinus
tachycardia or atrial and ventricular dysrhythmias, all of
which can result in decreased myocardial performance.

Elderly patients suffering from trauma or critical
illness are prone to develop atrial fibrillation or supraventricu-
lar tachycardia, secondary to elevated catecholamines, base-
line myocardial irritability, direct myocardial injury, or
ischemia, all of which can impair pump function (17,18).

These aberrations can eventually lead to inadequate perfusion
of end organs and contribute to multiple organ failure. In
order to maintain tissue perfusion, the astute physician main-
tains vigilance for, and is prepared to treat, these aberrations in
the intensive care unit (ICU) setting.

Preload
Hemorrhage is the most common cause of decreased preload
following acute trauma. When patients first present to the
trauma bay, clinical signs are surveyed to assess preload.
When the patient entering the trauma bay is pale, tachycar-
diac, and hypotensive, the patient is assumed to be in hemor-
rhagic shock and in need of intravascular volume. However,
in less obvious situations, evaluation of the intravascular
volume requires all the diagnostic tools and experience of a
master clinician. Parameters measured by noninvasive

means, such as HR, BP, urine output, skin color, turgor,
and temperature, along with capillary refill, can be obtained
quickly and reflect the patient’s intravascular volume status
prior to the placement of invasive monitors (19,20).

The focused abdominal sonography for trauma (FAST)
examination is designed to identify extra anatomic fluid
within the peritoneal cavity. FASTcan also be used to evaluate
the intravascular volume status by estimating the size and
function of the cardiac chambers. Although not as specific as
transesophageal echocardiography (TEE), using FAST to
perform a transthoracic echo (TTE) can yield gross measures
of left ventricular (LV) volume and the presence or absence of
cardiac tamponade. Later, central lines and pulmonary artery
(PA) catheters can be inserted to assess intravascularly by
measuring surrogates for pressure, including central venous
pressure (CVP) or PA catheter wedge pressure. These invasive
measures help to gauge the physiologic adequacy of the
volume status, by determining the SVunder similar conditions
of contractility and afterload (i.e., construct a Starling curve,
because SV ¼ preload � contractility) (21–23). Additional
specific monitoring techniques for the evaluation of intravascu-
lar volume are reviewed in Volume 2, Chapters 3, 9, and 21.
Drugs (both endogenous and those discussed in this chapter)
mainly affect the afterload and contractility and, to a somewhat
lesser extent, the preload of the cardiovascular system.

Afterload
Afterload can be determined using Ohm’s law (E ¼ IR) as
represented in the following estimates: PVR ¼ [PA 2 left
atrial pressure (LAP)]/Q̇ and SVR ¼ (MAP 2 CVP)/Q̇.
However, the clinician is warned that these measures are

not perfect. Indeed, Ohm’s law refers to electricity or rigid
pipes, and the blood vessels are not rigid structures.
Additionally, one must account for the volume of blood
that is pumped and pushed out of the way with each ejection
of the heart. The true afterload is the sum of forces against
which the LV must act to eject blood into the aorta.

The measured SVR can be two to three times
higher than normal following massive hemorrhage, due to
catecholamine-mediated arteriolar constriction in compen-
sation for the decreased intravascular volume. In this
setting, the blood flow is shunted away from skin, muscle,
splanchnic and renal circulation, with the majority of the
dramatically diminished Q̇ directed centrally to the heart
and brain via the large arteries. In this setting, increased
alveolar dead space may cause V̇/Q̇ related hypoxemia
(Volume 2, Chapter 2). Several abnormal patient conditions
can complicate trauma resuscitation and SVR interpretation.

For example, patients with aortic stenosis (AS) or cor-
onary artery disease (CAD) with left ventricular hyperthro-
phy (LVH) typically have a higher than normal baseline
SVR as a compensatory mechanism, to augment perfusion
through the coronary arteries during diastole. Any reduction
in afterload in these patients (as can occur with the adminis-
tration of sedatives or analgesics), without first restoring the
missing blood volume, will result in decreased coronary per-
fusion and likely cause myocardial ischemia. Conversely, cir-
rhotic patients will demonstrate a low baseline SVR because
of arterio–venous (A–V) shunting. Patients suffering from
septic conditions will also have a low SVR secondary to
the systemic levels of circulating cytokines. Consequently,
sepsis in a patient with coincident acute blood loss or base-
line AS can unfavorably stress the myocardial supply/
demand ratio and potentially cause myocardial ischemia.

Contractility
Myocardial contractility can be estimated by observing LV
function with a TEE or by constructing Starling curves (via
serial Q̇ measurements and a plot of SV vs. left ventricular
end diastolic volume (LVEDV) or left ventricular end diastolic
pressure (LVEDP)). Only when LVEDV and SVR are perfectly
controlled can accurate determinations of contractility be
made. Accordingly, clinical measures are never perfect.

In addition, drugs that increase both SV and afterload
(e.g., norepinepherine) may not result in a measured increase
in Q̇, partly because of the baroreceptor-mediated decrease in
the HR and partly due to the elevated SVR. Drugs that
increase contractility while decreasing afterload (e.g., dobuta-
mine or milrinone) will likely demonstrate an increase in Q̇
(due to an increase in both SV and HR), but with a decrease
in SVR and pulmonary vascular resistance (PVR).

When the myocardial perfusion is dependent upon the
SVR for coronary artery perfusion (i.e., severe AS or CAD
with significant LVH), ischemia can be precipitated when
the afterload is reduced and result in decreased contractility
and myocardial failure. However, a patient with a dilated car-
diomyopathy and normal coronaries will likely benefit from a
decreased SVR. A trauma patient who has been bleeding and
requires intravascular volume may suffer profound hypoten-
sion following the administration of drugs with direct or
indirect vasodilating effects, such as sedatives and analgesics.
Drugs that increase afterload also tend to increase preload,
and thus have countervailing effects on SV. Accordingly,
monitoring multiple measures of these various parameters
is the best way to keep track of the progress being made.
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Adequacy of Perfusion (Oxygen Delivery 5 D
.
O2)

Adequacy of perfusion to tissues is the most important
endpoint of resuscitation. Unfortunately, only global
measures of oxygen delivery (ḊO2) are in wide clinical use
(see Volume 1, Chapters 12 and 18, and Volume 2, Chapter
18). Global measures of ḊO2 tell only a part of the picture,
ḊO2 ¼ O2 content � Q̇. Normal Q̇ ¼ 5 L/min at rest in a
70-kg patient. The normal arterial O2 content is 200 cc O2/
L, thus ḊO2 ¼ 1000 cc O2/min. Because a normal 70-kg
patient will consume 250 cc O2/min at rest, the mixed
venous saturation at rest is normally approximately 75% in
a healthy adult patient. Although the ḊO2 may be globally
adequate, certain tissues may remain ischemic (24–26).
Accordingly, specific measures of perfusion are required
for each tissue bed of interest (this is an area of continued
research).

When titrating therapy, the clinician has to anticipate
variation in the patients’ tissues needs. Exercising and
febrile patients need higher Q̇s, and certain disease states
will be associated with supranormal Q̇s [e.g., the systemic
inflammatory response syndrome (SIRS)]. Conversely,
other disease states are associated with low Q̇s (e.g.,
hypothyroidism and hypothermia). Other conditions [e.g.,
congestive heart failure (CHF)] are associated with high
preload, high SVR, and impaired pump function.

Clinically, the global adequacy of ḊO2 is determined
by reviewing patient mentation, skin perfusion, BP, urinary
output, base deficit, lactate, mixed venous saturation, and
thermal dilution derived Q̇ measurements.

OPTIMUM MANAGEMENTOF HYPOTENSION
Definitions and Causes of Hypotension in the Trauma ICU
Hypotension is the most common hemodynamic pertur-
bation requiring immediate physician attention following
trauma and critical illness. When the mean arterial
pressure (MAP) falls below 60 mmHg, organ perfusion to

renal and splanchnic organs begins to fall. As the MAP
dips below 50 mmHg, perfusion to brain and myocardium
can become diminished. In the setting of atherosclerotic
disease, chronic hypertension, as well as in traumatic brain
injury (TBI), cerebral ischemia may begin at higher MAPs,
especially when the intracranial pressure (ICP) is elevated
(27). Similarly, myocardial ischemia will occur at normally
adequate MAPs when associated with severe tachycardia,
anemia, or increased metabolic rate.

A normal MAP in a 70-kg adult varies with age and
the degree of associated atherosclerotic disease, but typically
ranges between 85 and 105 mmHg in healthy patients who
are at rest. Patients who sustain trauma or critical illness
often have tachycardia, and thus, those with coronary
artery disease are at increased risk.

Although staying cognizant of the important concerns
mentioned, it is sometimes necessary to accept lower MAPs
in various conditions. For example, the patient with sepsis or
SIRS may suffer from such a profound degree of vasodilation
that administering drugs in high enough quantities to
normalize MAP would potentially lead to additional compli-
cations, including renal insufficiency or decreased gut per-
fusion; thus compromises occasionally need to be accepted.

The most common cause of hypotension following
trauma is hemorrhage. In the ICU, the most common
causes are hypovolemia (due to numerous causes), vasodila-
tion, and impaired cardiac output. Less commonly, brady-
cardia can be the culprit (Table 2).

Hypovolemia can result from hemorrhage, third
spacing, increased intrathoracic pressure (tension pneu-
mothorax, excessive PEEP, or high tidal volumes), excessive
diuresis (e.g., iatrogenic, Lasix, mannitol), diabetes insipidus,
hyperglycemia, alcohol or caffeine intoxication, excessive
dialysis, evaporative losses following burns (Volume 1,
Chapter 34), toxic epidermal necrolysis (TENS), and heat
stroke. Anaphylaxis (Volume 1, Chapter 33) causes hypovole-
mia by two mechanisms, vasodilation and increased capillary
permeability. Dysrhythmias (Volume 2, Chapter 20) can have
an effect analogous to hypovolemia, by either not allowing
enough LV filling time or due to loss of the atrial contraction,
as occurs with a junctional rhythm. Pericardial tamponade is
an important cause, which typically presents early following
penetrating thoracic trauma, but can have a delayed and insi-
dious presentation following blunt trauma and when result-
ing from numerous medical needs etiologies.

Decreased SVR, which leads to hypotension, occurs in
various conditions such as sepsis (Volume 2, Chapter 47),
spinal cord injury (Volume 2, Chapter 13), neuroaxial block
(spinal or epidural anesthesia) with local anesthetics, after
administration of systemic vasodilators (e.g., propofol for
sedation, nimodipine to treat cerebral vasospasm, nitrogly-
cerin to treat coronary artery spasm), and during SIRS
(Volume 2, Chapter 63). SIRS is a common cause of hypoten-
sion in trauma and critical care, resulting from circulating
inflammatory cytokines released following tissue injury from
trauma, burns, infection, and pancreatitis (Volume 2, Chapter
39). Anaphylaxis (Volume 1, Chapter 33), also decreases SVR,
as does cirrhosis and other etiologies of A–V shunting.

Another cause of hypotension in the critically ill
patient is that of relative adrenal insufficiency (Volume 2,
Chapter 62). Any patient who is adequately fluid resusci-
tated and requiring vasopressor support, but remains unre-
sponsive to these measures, may have adrenal insufficiency

and may need steroid administration for improvement in
vasomotor tone (28–33). Relative adrenal insufficiency is
common in patients with refractory septic shock, and moderate
doses of steroids may restore cell sensitivity to vasopressors. A
randomized, controlled trial performed in France demon-
strated a significant survival benefit among patients receiving
moderate-dose corticosteroid therapy in critically ill patients
(34). A consyntropin (synthetic ACTH) stimulation test might
help to diagnose this problem (Volume 2, Chapter 62).
However, if adrenal insufficiency is suspected, and this test is
not readily available, patients may benefit from empiric
initiation of steroids without waiting for the results of this test.

Evaluation Principles
Bedside examination is initially employed in the evaluation
of the hypotensive patient. Prior to a global exam of the
patient (including evaluation of the skin, neck, cardiovascu-
lar system, pulmonary system, abdomen, extremities, and
neurological systems), a careful survey of the patient’s
vital signs may offer some clues regarding the etiology of
the hypotension. In addition to HR, BP, and respiratory
rate, it is important to obtain information regarding the
temperature, cardiac rhythm, skin color and temperature,
oxygen saturation, and urine output.

TEE is the current gold standard for evaluating intra-
vascular volume and can quickly diagnose most causes of
hypotension because LV function and size are readily visual-
ized, as is the presence or absence of tamponade (Volume 2,
Chapter 21). However, TEE is not always immediately avail-
able in the ICU and may be contraindicated in patients with
esophageal injury.
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Accordingly, in addition to clinical examination par-
ameters, an ECG, chest X ray, central lines (CVP, PA cath-
eters), and TTE can assist in determining the cause of the
hypotension (also see Volume 2, Chapter 9).

Management Goals Based upon Etiology and Other
Conditions Present

The overall goal is to ensure adequate tissue perfusion
by repletion of intravascular volume first. Vasoconstrictor
or inotropic support drugs are generally best administered

after intravascular repletion is assured. However, occasion-
ally, both drug support and volume repletion must be
employed concomitantly to maintain an adequate BP, until
sufficient fluid repletion can be achieved.

Intravascular Volume Repletion
TEE is an excellent monitor for evaluating the efficacy of
volume repletion. In the absence of TEE, intravascular
pressure measurements (CVP, PACWP) are used as surro-
gates of intravascular volume status.

The choice of fluid for intravascular repletion depends
upon several factors discussed at length in Volume 1,
Chapter 11. In general, crystalloids are employed first. Col-
loids and blood products are added depending on the
extent of hemorrhage and whether bleeding has been con-
trolled or remains ongoing.

Vasopressor and Inotropic Drug Therapy
After ensuring adequate intravascular volume repletion,
vasopressor therapy may be appropriate (e.g., when SVR is
very low). Table 3 shows the dose range, receptor activity,
predominant hemodynamic effects, and the complications
for the most commonly employed vasopressor drugs. Note
that some drugs, like norepinephrine and calcium chloride,
have both inotropic and vasoconstrictor effects. Norepi-
nephrine has recently been found to be less renal toxic
than dopamine in euvolemic patients with sepsis (35–39).

Review of Vasopressors for Hypotension
Phenylephrine (Neo-Synephrine�)
Phenylephrine (Neo-Synephrinew) is commonly used in the
treatment of hypotension due to hypovolemia, anaphylaxis,

or drug-induced vasodilation (40). This a1-agonist causes
arterial and venous vasoconstriction. It may cause a reflex
decrease in HR. A loading dose is not required, and the
drug is usually given as an infusion at 20–200 mcg/min
titrating to effect in a 70-kg adult. It must be used with
caution in patients with aortic insufficiency or mitral regur-
gitation. The drug usually decreases cardiac output as well
as renal and splanchnic blood flow.

Phenylephrine is best infused via a central line, but can
be initially administered using a peripheral IV. When a per-
ipheral IV is used, it should be in concert with a carrier sol-
ution so as to prevent an unintentional bolus of a line
containing pure phenylephrine. An arterial line should be
used to monitor therapy and to titrate the infusion. The
patient may also need a PA catheter to help guide therapy.

Norepinephrine (Levophed �)
Norepinephrine (Levophedw) can be used to increase BP

in hypotensive patients who fail to respond to adequate
volume resuscitation and other, less potent, vasopre-

ssors. It is commonly employed in septic patients
because it increases the BP and SVR without altering Q̇
(38,39,41–44). Norepinephrine is an a- and b1-agonist that
causes arterial and venous vasoconstriction. It has minimal
chronotropic effects and is typically infused at a rate of
0.05–40 mcg/kg/min. Norepinephrine causes vasoconstric-
tion of the systemic, renal, and splanchnic beds. Compli-
cations include decreased renal perfusion in hypovolemic
patients, peripheral vasoconstriction, and dysrhythmias.
Norepinepherine can cause tissue necrosis following extra-
vasation. The drug must be given through a central vein
with careful monitoring of arterial pressure, perfusion, and
renal function to prevent organ ischemia and excessive
increases in ventricular afterload.

Arginine Vasopressin
Arginine vasopressin has been used for decades to treat eso-
phageal variceal bleeding and diabetes insipidus. Recently,
vasopressin has been shown to be useful in the treatment
of refractory septic shock and during resuscitation from
cardiac arrest (45–51).

The dose of vasopressin for treatment of diabetes insi-
pidus is 2.5–10 U subcutaneously or intramuscularly three

Table 3 Vasopressors

Drug Dose range Receptor activity Hemodynamic effects Complications

Phenylephrine 20–200 mcg/min a1-agonist " SVR " MAP Hypertension, bradycardia, myocar-

dial ischemia, + renal perfusion

Norepinephrine 0.05–1.5 mcg/kg/min Strong a1-agoinst; moder-

ate b-agonist

" Contractility

" SVR " MAP

Peripheral vasoconstriction,

arrhythmias, + renal perfusion,

tissue necrosis with extravasa-

tion, hyperglycemia

Vasopressin 0.01–0.04 units/min Neurohypophyseal peptide

Vasoconstriction

of vascular smooth

muscle

Potent vasoconstrictor

# CO # Renal

perfusion

Mesenteric ischemia, + CBF, CNS

disturbances, hyponatremia,

metabolic acidosis, hypertension

Calcium

chloride

10%a

Loading dose—90 mg

0.5–2 mg/hr

adjusted to ionized

calcium level

Stimulates the intracellular

release of calcium

from the sarcoplasmic

reticulum

" SVR " MAP "

Ionized

concentration of

calcium

Hypercalcemia, hypophosphate-

mia, + sensorium, arrhythmias,

chemical burn if extravasates

a1 ampule of 10% calcium chloride ¼ 13.6 mEQ of calcium, 1 ampule of calcium gluconate ¼ 4.65 mEQ calcium.

Abbreviations: CBF, cerebral blood flow, CNS, central nervous system; MAP, mean arterial pressure; SVR, systemic vascular resistance.

Chapter 17: Hemodynamic Management 299



to four times a day. In the treatment of esophageal and
gastric variceal bleeding, the dose is 20 U in 100 mL of
normal saline given over 15 to 30 minutes or an infusion of
0.4 U/min intravenously. The recommended dose during
Advanced Cardiac Life Supportw (ACLSw) for refractory
ventricular fibrillation is 40 U intravenously (52). Some
investigators believe that vasopressin is superior to epineph-
rine in arrest situations (48). Although it is a weak vasopres-
sor in normal subjects, the addition of vasopressin, infused at
a fixed rate of 0.04 U/min, to norepinephrine is more effec-
tive in reversing late vasodilatory shock than norepinephrine
infusion alone (41,53). The use of vasopressin has also
been shown to decrease the requirement for other vaso-
pressors and is associated with a higher urine output and
improved creatinine clearance (54,55). Vasopressin is
used with caution in patients with coronary artery disease.
Complications include coronary and mesenteric ischemia,
hyponatremia, pulmonary vasoconstriction, and skin necrosis
from peripheral infusion. When using this agent as a vaso-
pressor, it is preferably infused through a central line, and
titrated based on invasive pressure monitoring (56).

Calcium Chloride
Calcium chloride is required for a wide variety of cellular
functions. Ionized calcium is essential to the process of exci-
tation–contraction coupling. When it is given exogenously, it
stimulates the intracellular release of calcium from the sarco-
plasmic reticulum. Indications for administration include
ionized hypocalcemia, especially following rapid adminis-
tration of citrate, containing blood products, or in continu-
ous renal replacement therapy (CRRT). Calcium chloride is
also recommended for the treatment of acute hyperkalemia,
hypermagnesemia, and calcium-channel blocker overdose.
Calcium administration can increase peripheral vascular
tone and myocardial contractility, both serving to increase
BP. Ionized calcium can also potentiate the peripheral vascu-
lar and inotropic effects of catecholamines.

The utility of calcium for the treatment of citrate
intoxication is based upon the function of citrate. The
citrate is used in blood products and with CRRT to bind
calcium and inhibit clotting because Caþ þ is needed in
both the intrinsic and final common coagulation pathways.
Exogenously administered citrate is rapidly cleared by the
liver in normal healthy patients. However, when massive
transfusion occurs, a concomitant massive quantity of
citrate is coadministered and this can temporarily over-
whelm the liver’s ability to metabolize it, resulting in transi-
ent ionized hypocalcemia.

In severe liver disease, citrate is not metabolized and
the citrate level in the blood will increase. When large quan-
tities of citrate build up in the blood, free ionized Caþ þ is
diminished below the levels required to maintain vascular
tone or myocardial contractility.

Calcium is given as a loading dose of 100 mg and
then 1–5 mg/kg/hr, adjusted to the ionized calcium level.
In the setting of massive blood product administration, or
during the anhepatic stage of liver transplantation patients
(where citrate is not being metabolized), much larger quan-
tities of calcium are required. Calcium chloride has approxi-
mately three times the calcium bioavailability of the
gluconate form. There are 13.6 mEQ of calcium in one 10-
mL ampule of calcium chloride, whereas there are only
4.65 mEQ of calcium in one 10-mL ampule of calcium gluco-
nate (57,58). Excessive calcium can precipitate or exacerbate
digitalis toxicity, leading to dysrhythmias, and therefore

should be cautiously administered in patients taking
digoxin. Calcium forms an insoluble precipitate if mixed
with bicarbonate (calcium carbonate). Calcium chloride
may sclerose peripheral veins and can produce a severe
chemical burn if it infiltrates into the subcutaneous tissues.
It is preferably infused through a central line to decrease
the risk of peripheral vein injury.

Inotropes for Decreased Contractility Conditions
Perhaps the most commonly employed inotropic drug is
dopamine. Though less potent than epinephrine, dopamine
has a wide therapeutic range. Dopaminergic receptors are
stimulated in the 2–3 mcg/kg/min range, whereas 5–10
mcg/kg/min stimulates beta-receptors, and .10 mcg/kg/
min stimulates alpha-receptors. The dose ranges, receptor
activities, predominant hemodynamic effects, as well as
complications for the most commonly employed inotropic
drugs are reviewed in Table 4.

Epinephrine
Epinephrine is an endogenous catecholamine with nonselec-
tive a- and b-adrenergic agonist effects. It is often used to
treat hypotension and low Q̇ following cardiopulmonary
bypass (CPB), acute asthma, cardiac arrest, and anaphylaxis.
Epinephrine is a third-line agent in the treatment of septic
shock (after dopamine and norepinephrine) (59–62). Epi-
nephrine at low dose (0.01–0.02 mcg/kg/min) stimulates
predominantly b-receptors, and above 0.2–0.4 mcg/kg/
min begins to have significant a-receptor agonist effects as
well.

Low doses of epinephrine cause primarily b1-adrener-
gic receptor agonist effects increasing inotropy and chrono-
tropy, as well as b2-adrenergic effects causing mild
vasodilation; and the combined b1 and b2 effects increase
Q̇ and mildly increase MAP. High-dose epinephrine stimu-
lates a1 receptors causing vasoconstriction, and b1 receptors
increasing chronotropy and inotropy, producing a large
increase in MAP. At high doses, the a1 effects overwhelm
the b2 effects, causing an increased SVR. This, along with
an increase in Q̇ due to the concomitant b1-adrenergic
agonist effects-markedly elevate the MAP.

For the treatment of acute asthma, epinephrine is
given as 0.3–0.5 mg of 1:100 dilution subcutaneously,
repeated at 20-minute to four-hour intervals or one inhala-
tion (metered dose) repeated in one to two minutes until
symptoms abate. For emergency cardiac care, epinephrine
is given at 0.5–1 mg (1 : 10,000) intravenously every three
to five minutes to response. When used in the surgical inten-
sive care unit (SICU) for inotropic support, it is infused at
0.01–0.4 mcg/kg/min. Complications include increased
myocardial oxygen consumption with ischemia, dysrhyth-
mias, hypertension, hyperglycemia, and decreased renal
perfusion, especially in hypovolemic patients. Epinephrine
should be administered through a central vein and moni-
tored with an intra-arterial catheter.

Norepinephrine (Levophed �)
Norepinephrine is an endogenous catecholamine with
potent a-adrenergic receptor agonist and moderate b1-adre-
nergic agonist effects. It produces potent vasoconstriction
with a less pronounced increase in cardiac output. A reflex
bradycardia can occur in response to the increased SVR
and MAP, so that the mild chronotropic effect is negated
and the HR remains unchanged or even decreases slightly.
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Norepinephrine is most commonly used in acute hypoten-
sive states, especially to treat septic shock. Its major indi-
cation is to increase BP in hypotensive patients who fail to
respond to adequate volume resuscitation and other, less
potent, vasoconstrictors and inotropes. It causes systemic
vasoconstriction and coronary artery vasodilation. Norepi-
nephrine is inactivated by the pulmonary circulation, and
thus does not cause an increase in PVR. Thus, it can be
used in patients with PA hypertension (63,64).

Complications include dysrhythmias, hyperglycemia,
and splanchnic vasoconstriction. When given to patients
taking tricyclic antidepressants, norepinephrine can lead to
a severe hypertension. As an inotrope, norepinephrine is
inflused at a rate of 0.05–1.5 mcg/kg/min, and titrated
based on the arterial pressure. It is best given through a
central vein to avoid tissue necrosis from extravasation.
Careful monitoring of arterial pressure, perfusion, and
renal function is necessary during infusions to prevent
organ ischemia.

Dopamine
Dopamine has a variety of actions depending upon the dose
administered. At doses of 1–3 mcg/kg/min, dopamine acts
predominantly on D1-receptors in the renal, mesenteric,
cerebral, and coronary beds, resulting in selective vasodila-
tion. It has been shown that this low-dose dopamine can
increase urine output and renal blood flow (65–69).

Although low-dose dopamine increases renal blood

flow, it does not ameliorate renal failure, and has not
improved outcomes in nonoliguric patients recovering
from acute tubular necrosis (ATN) (70,71). At 5–10
mcg/kg/min, the b1-adrenergic effects of dopamine predomi-
nate. Dopamine at these doses will increase cardiac output by
increasing SV and HR. The effect of dopamine on HR is vari-
able at all dose ranges. At doses greater than 10 mcg/kg/min,
the predominant effect of dopamine is to stimulate a1-recep-
tors. This dose will produce vasoconstriction and consequent
increase in SVR. The vasoconstrictor effect of dopamine is
weaker than that produced by norepinephrine. In some
patients, doces greater than 3 mcg/kg/min result in dose-lim-
iting dysrhythmias due to b1-adrenergic receptor stimulation.
Dopamine is most often used in hypotension due to sepsis,
impaired cardiac function, and other combined vasodilated
states. Once started, dopamine is titrated to a desired effect
rather than a pharmacologic range. It is preferably adminis-
tered through a central line and monitored with an intra-arter-
ial catheter. Monitoring HR and rhythm, systemic and renal
perfusion is also recommended. Dopamine has a mild
increased effect on hypoxic pulmonary vasoconstriction but
does not increase PVR and can be safely used in patients
with pulmonary hypertension. Nausea, emesis, and tachyar-
rhythmias are the most common complications associated
with dopamine infusion. Of note, patients on monoamine
oxidase inhibitors (MAOI) can have exaggerated hyperten-
sive effects following dopamine administration. Patients on
MAOIs should only receive direct-acting drugs to increase
BP (e.g., phenylephrine) and contractility (e.g., epinephrine).

Table 4 Inotropes

Drug Dose range Receptor activity Hemodynamic effects Complications

Epinephrine 0.01–0.4 mcg/kg/min

0.5–1 mg (1:10,000)

0.3–0.5 mg SQ

(1:1000)

Potent a1-agonist

Nonselective b-

agonist

"" Q̇

"" Contractility " HR

""" Vasoconstriction (high dose)

"" Vasodilation (low dose)

" MAP Bronchodilation

* Myocardial consumption

with ischemia; arrhythmia,

hypertension, hyperglyce-

mia, poor renal perfusion,

local ulceration if infiltrated

Norepinephrine 0.05–1.5 mcg/kg/min Potent a1-agonist

Moderate b1-agonist

" Contractility

" SVR

" MAP

Arrhythmias; peripheral vaso-

constriction, tissue necrosis,

hyperglycemia

Dopamine 1–3 mcg/kg/min

2–10 mcg/kg/min

.10 mcg/kg/min

DA receptor b and DA

a1, b and DA

"" Contractility

" HR Vasoconstriction

" SVR

""" Renal blood flow

""" Q̇

Arrhythmias; tachycardia,

necrosis at injection site with

extravasation

Dobutamine 2.5–20 mcg/kg/min Potent b1-agonist """ Contractility

" HR

""" Q̇ Peripheral vasodilator

## SVR

Tachycardia, hypotension

Isoproterenol 0.01–0.1 mcg/kg/min Potent b1-and b2-

agonist

""" Contractility

""" HR

""" Vasodilation

""" Q̇ Bronchodilator

Tachycardia, tachyarrhythmias,

myocardial ischemia,

flushing of the skin

Amrinone/
milrinone

Load 0.75 mg/kg over

3 minutes 2–15

mcg/kg/min

Load 50 mcg/kg

over 10 minutes

0.375–0.75 mcg/
kg/min

Inhibits phosphodiest

erase * cAMP

""" Contractility; systemic and

pulmonary vasodilation

Dose-related thrombocytopenia

with amrinone, synergy with

dobutamine, arrhythmia

Abbreviations: Q̇, dopaminergic; cAMP, cyclic adenosine monophosphate; HR, heart rate; MAP, mean arterial pressure; SVR, systemic vascular resistance;

DA, cardiac output.
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If extravasation of the dopamine infusion occurs, tissue necro-
sis can develop if not treated by local injection of phentola-
mine (72–74).

Dobutamine
Dobutamine is a synthetic inotropic drug derived from iso-
proterenol, in an attempt to decrease the dysrhythmogenic
and vasodilatory effects. Dobutamine has b1-adrenergic
receptor effects that increase Q̇ and HR. It typically decreases
both systemic and pulmonary vascular resistance because of
minimal a1-and moderate b2-adrenergic receptor effects.
Dobutamine is most frequently used in severe, medically
refractory heart failure and cardiogenic shock. It is not rou-
tinely used in patients with sepsis or hypovolemic shock
because it may exacerbate hypotension (72–80). Dobutamine
is infused at a rate of 2.5–20 mcg/kg/min and is monitored
by effect or cardiac parameters. Dysrhythmias and decreases
in BP are the most frequent side effects.

Isoproterenol
Isoproterenol is a potent, nonselective b1- and b2-adrenergic
receptor agonist with prominent chronotropic and vasodilator
effects. Theb2 effects cause vasodilation and a decrease in MAP,
and therefore isoproterenol has virtually no role in either the
acute trauma or critical care setting. Isoproterenol can be
used to treat pulmonary hypertension and right ventricular
(RV) failure following heart transplantation, and in young
patients without CAD. It can be used cautiously to treat hemo-
dynamically significant bradycardia, but other choices are
usually preferred (i.e., pacemakers, atropine, epinephrine, etc.).

Isoproterenol is avoided in patients with CAD because
it can induce myocardial ischemia. Other complications are
tachydysrhythmias and flushing of the skin. Isoproterenol
is infused at a rate of 0.01–0.1 mcg/kg/min and is adjusted
to produce the desired hemodynamic effect. Isoproterenol
should never be used in patients without intra-arterial cath-
eters, or in those with aortic stenosis, mitrial stenosis, hyper-
trophic left ventricles, CAD, or other disease states that will
not tolerate combined hypotension and tachycardia.

Phosphodiesterase Inhibitors
Amrinone and milrinone inhibit phosphodiesterase, result-
ing in an increase in intracellular cyclic adenosine mono-
phosphate cAMP. These are nonadrenergic drugs with
inotropic and vasodilatory actions. These agents are most

commonly used to treat patients with impaired cardiac func-
tion and heart failure refractory to b2-agonists (81–83).
Because these phosphodiesterase inhibitors cause systemic
and pulmonary vasodilation, their role is limited in the
trauma patient (84,85). Both drugs can cause dysrhythmias,
and amrinone can also result in a dose-related thrombocyto-
penia (86,87).

Dopexamine
Dopexamine is a dopamine analog used intravenously in the
treatment of heart failure and low Q̇ states. It produces
systemic vasodilation by stimulating b2-adrenoceptors and
peripheral dopamine receptors. It is a weak inotrope and
has no a-adrenergic receptor activity. Dopexamine is given
as an infusion ranging from 1 mg/kg/min to a maximum
dose of 6 mg/kg/min. Although primarily used in heart
failure, some studies have proposed its use in high-risk
surgical and critically ill patients, because it preserves
hepatosplanchnic and renal perfusion (88–92). This preser-
vation of flow is thought to aid in the prevention of multiple
organ dysfunction in critically ill patients. Dopexamine may
also ameliorate the vasopressin-associated decrease in tissue
oxygen in sepsis, thereby increasing the Q̇ and ḊO2 in these
patients (89). The most common complication associated
with its use is tachyarrhythmias, which may be undesirable
in the patient population subjected to its use.

OPTIMUM MANAGEMENTOF SIGNIFICANT HYPERTENSION
Definitions and Causes of Hypertension in the Trauma ICU
Most patients who present with hypertension in the ICU are
baseline hypertensives who have stopped taking medi-
cations or who have a new medical problem that causes
exacerbation of their normal conditions, for example, intra-
cranial hemorrhage (ICH), aortic dissection, and cocaine or
amphetamine intoxication.

In 2003, the Joint National Committee on Prevention,
Detection, Evaluation, and Treatment of High Blood Pressure
published their latest set of recommendations (JNC 7) on the
diagnosis and treatment of hypertension (93–95) (Table 5).
Hypertension is defined as a BP greater than 140/90. In con-
trast to JNC 6 (published in 1997), the new guidelines have
only two stages of nonurgent or emergent hypertension.
Unless there are compelling indications, stage 1 (140 to
159/90 to 99 mmHg) patients are recommended to receive

Table 5 Blood Pressure Classifications per Joint National Committee (JNC) 7 (2003)

BP classification SBP (mmHg) DBP (mmHg) Comments (examples)

Normal ,120 and ,80 In JNC 6 this was called optimal

Pre-HTN 120–139 or 80–89 In JNC 6 this was called normal or borderline

Stage 1 HTN 140–159 or 90–99 Thiazide diuretics first-line therapy

Stage 2 HTN �160 �100 ThiazideþACEI, or ARB, or BB, or CCB

HTN urgency �160 �100 May have symptoms, but no evidence of end-organ failure (e.g., may have

headache, but no ICH, encephalopathy, or seizure; e.g., may have shortness of

breath, but not acute pulmonary edema)

HTN crisis �180 �120 Evidence of impending or progressive target organ dysfunction (e.g., HTN

encephalopathy, ICH, acute MI, acute LV failure with pulmonary edema,

aortic dissection, eclampsia)

Abbreviations: ACEI, angiotensin-converting enzyme inhibitor; ARB, angiotensin receptor blocker; BB, b blocker; BP, blood pressure; CCB, calcium-channel

blocker; DBP, diastolic blood pressure; HTN, hypertension; ICH, intracranial hemorrhage; JNC, Joint National Committee on Prevention, Detection, Evalu-

ation, and Treatment of High Blood Pressure; LV, left ventricle; MI, myocardial infarction; SBP, systolic blood pressure.
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thiazide diuretic therapy only, and stage 2 (.160/ . 100
mmHg) patients are treated with thiazide diuretics and a
second drug such as an angiotensin-converting enzyme
inhibitor, an angiotensin receptor blocker, a beta blocker, or
a calcium-channel blocker.

The traumatologist and intensivist need to be aware of
the pharmacology and side effects of these common drugs,
because of their prevalence in the critically ill population
and because they are used in the treatment of hypertensive
crises. Hypertensive urgency is defined in JNC 7 as stage 2
hypertension plus symptoms, but no overt evidence of
end-organ damage. Hypertensive crisis is defined by JNC
7 as BP greater than 180/120 mmHg and evidence of
current or impending end-organ damage [(e.g., ICH, acute
myocardial infarction (MI), acute LV failure with pulmonary
edema, aortic dissection, pre-eclampsia)] (96,97).

Malignant hypertension (MHTN) is defined by the
World Health Organization as severe hypertension with
bilateral retinal hemorrhages and exudates. There is no
defined level of systolic BP; however, the diastolic BP is
usually greater than 120 to 130 mmHg (98–100).

Although the trauma intensivist must be cognizant of
these definitions, common causes of hypertension may be
present. Pain, fear, and anxiety are commonplace in the
trauma ICU and need to be treated first. While evaluating
and treating these common problems leading to hyperten-
sion, the intensivist must also search for the other life-
threatening conditions. In all scenarios, the goal of
MHTN treatment is to prevent end-organ damage.

Evaluation Principles
Because the causes of hypertension in the ICU are numerous,
bedside evaluation of the patient is imperative. It is most
practical to obtain an assessment of pain, fear, and anxiety
by examining the patient. By evaluating the patient at the
bedside, the physician obtains a global assessment of the
patient’s condition and can begin treating the common pro-
blems of pain, fear, or anxiety. In examining the patient, the
clinician can also rule in (or out) life-threatening conditions
while surveying the patient for evidence of end-organ
damage. Antihypertensive therapy can be started if there is
no response to the other measures. However, it is important
to avoid overcorrection because autoregulation is typically
impaired, and hypotension can trigger hypoperfusion and
organ ischemia.

During the bedside evaluation, a history of hyperten-
sion and medical treatment is sought. Hypertensive patients
should be restarted on their antihypertensive medications as
soon as it is safe to do so.

The physical exam provides clues to the cause and
potential complications of hypertension. The head-to-toe
examination focusses upon any obvious injuries that may
cause pain and also evaluates the neurological status, check-
ing for papilledema, assessing the HR and rhythm, and
ruling out any occult injuries or causes.

Laboratory data should include a toxicology screen for
cocaine, amphetamine, alcohol, and so on. Some withdrawal
syndromes result in hypertension, including alcohol (e.g.,
delirium tremens) and abrupt cessation of clonidine. Serum
chemistries and thyroid function studies help exclude renal
vascular hypertension, thyroid storm, or hyperadrenalism. If
the laboratory results and clinical evaluation does not return
a clear etiology of the new-onset hypertension, it is important
to rule out a pheochromocytoma (particularly when episodes
of severe hypertension persistently recur) (101,102).

Imaging studies can define the cause of hypertension,
such as in the setting of altered mental status. A CT scan of
the head will help determine whether TBI or ICH is the
culprit, while a CT scan of the abdomen and pelvis may
lead to medical renal disease or an adrenal mass as the incit-
ing factor.

Hypertension Management Goals Based upon Etiology
After ruling out pain, fear, or anxiety as the cause, it is
important to treat the acutely hypertensive patient in order
to prevent end-organ damage. Acutely, nitroprusside
therapy is easily titrated, but beware of cyanide toxicity
and exacerbation of tachycardia. If the patient is tachycardic,
beta blockers are sometimes appropriate.

Peripheral Vasodilators
Nitroprusside
Nitroprusside is a direct vasodilator with rapid onset and
elimination. Its use is indicated in the setting of hypertensive
crisis, aortic dissection, or when rapid titration of vasodilatory
effects is needed. The dose is 0.5–10 mcg/kg/min and the dur-
ation upon termination is three to five minutes. The dose is
titrated to effect and to specific BP parameters. Monitoring
with an indwelling arterial pressure line is a more accurate
method of BP assessment when titrating the drug (Table 6).

Nitroprusside is contraindicated in the setting of acute
TBI because of the cerebral vasodilatory effects that result in
increased cerebral blood flow (CBF) and ICP (103).

Cyanide toxicity is the major concern with high dose
(.8–10 mcg/kg/min) or prolonged therapy (e.g., .24
hours of dosages .2 mcg/kg/min) (104). Cyanide toxicity
is particularly problematic in patients with thiosulfate
deficiency (104). Other complications include metabolic
acidosis, nausea, and coronary steal (103). Nitroprusside
use is avoided in pregnant patients.

Nitroglycerin
Nitroglycerin is a venous and arterial dilator with a fast
onset of action and a short duration. It is indicated in myo-
cardial ischemia and postcoronary bypass. Its dose ranges
from 0.1 to 10 mcg/kg/min and is titrated to symptomatic
relief or desired effect. Because it increases CBF, it is rela-
tively contraindicated in patients with TBI and elevated
ICP. Complications of nitroglycerin infusion include head-
ache, tachycardia, tolerance, and methemoglobinemia.
Therapy is monitored based on desired effect. It is helpful
to have an arterial line for more accurate BP control.

Hydralazine
Hydralazine is a direct arteriolar dilator. Its peak onset of
action is 15 to 30 minutes, and its duration is two to four
hours. Indications for hydralazine include pre-eclampsia
and postoperative hypertension. Hydralazine can be given
intravenously or intramuscularly. The intravenous dose
is 10–20 mg, every 20 to 30 minutes as needed, and the intra-
muscular dose is 10–50 mg, every one to two hours as need.
It is most commonly given in bolus doses without regularly
scheduled times. Relative contraindications to use include
patients with preexisting CAD, angina, or arrhythmias.
Side effects include hypotension (especially when given
more frequently than every 20–30 minutes IV). Tachycardia
is common due to the vasodilator effects. Complications also
include flushing, angina, and supraventricular tachycardia.
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There is also a lupus-like syndrome that develops in as many
as 10% of patients chronically using this drug. Therapy is
monitored by desired effect.

Beta Blockers
Esmolol
Esmolol is a b1-selective (i.e., cardioselective) adrenergic
receptor blocking agent (Table 7). Its onset is immediate and
has a clinical duration of 10 to 15 minutes after cessation of
infusion. Esmolol is usually given as a loading dose of 500
mcg/kg/min over one minute, followed by an infusion rate
of 50–100 mcg/kg/min. Indications for use include aortic

dissection and abdominal aortic aneurysm. Complications of
esmolol included excessive bradycardia and rarely bronchos-
pasm. It may prolong the effects of succinocholine and should
be used with caution in patients with systolic cardiac dysfunc-
tion. It is easily titrated and is an appropriate drug to use
when both a decrease in HR and BP are needed. Titration is
based on BP measurements, preferably from an arterial line.

Metoprolol
Metoprolol is a selective b1-adrenergic receptor blocking
agent with a clinical duration of four to six hours. It is
dosed intravenously in 5 mg increments, usually every six
hours. The dose can be increased to a maximum of 10 mg

Table 7 b-Blockers

Drug Dose Action Indications Complications

Esmolol Load 500 mcg/kg/min

over 1 minute 10–300

mcg/kg/min

Selective b1-blocker

Onset: immediate

Duration: 10–15

minutes

Aortic dissection;

abdominal aortic

aneurysm

Bradycardia; broncho-

spasm, may prolong

effects of succinocholine;

caution with systolic car-

diac dysfunction

Metoprolol 5-mg increments Selective b1-blocker

Duration: 3–4 hours

Myocardial infarction;

hypertension; angina

Bradycardia

Labetolol 20-mg test dose 20–80 mg

Q 10 minutes to total of

300 mg 0.5–2 mg/min

a1 and nonselective b-

blocker. Onset: 5–15

minutes. Duration:

2–12 hours

Eclampsia; spinal cord

dysreflexia, intracranial

process when nitro-

prusside not available

Bronchospasm; bradycardia

Table 6 Vasodilators

Drug Dose Action Indications Complications

Nitroprusside 0.25–10 mcg/
kg/min

Direct vasodilation; rapid

onset; rapid offset; onset:

seconds. Duration: 3–5

minutes

Hypertensive crisis; aortic

dissection, need for rapid

titration of vasodilatory

effects

Coronary steal; cyanide

toxicity; metabolic

acidosis; * ICP in TBI;

nausea; avoid in

pregnancy

Nitroglycerin 0.1–10 mcg/kg/
min

Venous and arterial dilator

Onset: 1–2 minutes. Dur-

ation: 5–10 min

Myocardial ischemia; post-

coronary bypass

Headache; tachycardia

tolerance; methemoglo-

binemia; * CBF

Nicardipine 5–15 mg/hr IV

10–50 mg IM

Ca2þ channel blocker onset:

3–5 minutes. Duration:

1–4 hours

CA vasodilator; prevents

vasopasm

Tachycardia; hypotension

Hydralazine 10–20 mg IV

10–50 mg IM

Direct arteriolar dilation

Onset: 15–30 minutes

Duration: 2– 4 hours

Eclampsia; postoperative

hypertension

Tachycardia; SVT; flush-

ing; angina; Lupus-like

syndrome

Phentolamine 5–10 mg IV bolus

every 15

minutes

a1 blockade onset: 1–2 min-

utes. Duration: 3–10

minutes

Pheochromocytoma; rec-

reational drugs; tyramine

and MAOI ingestion; spinal

cord dysreflexia

Tolerance; tachycardia

vomiting; angina

nausea

Diazoxide Mini bolus

50–100 mg

every 5 minutes

up to 600 mg

7.5–30 mg/
min

Direct arteriolar dilation

Related to thiazides. Onset:

2–5 minutes. Duration: 4–

12 hours

Causes " CO, # CBF, fluid

retention; caution with

Coumadin

Tachycardia; angina

hyperglycemia; hyper-

uricemia; extrapyrami-

dal symptoms

Fenoldopam 0.1 mcg/kg/min Peripheral dopamine-1

agoinst. Duration: 10

minutes.

Maintains or increases renal

perfusion while it lowers BP

Contraindicated in

patients with glaucoma

Abbreviations: BP, blood pressure; CBF, cerebral blood flow; CA, coronary artery; ICP, intracranial pressure; IM, intramuscular; MAOI, monoamine oxidase

inhibitors; Q̇, cardiac ouput; SVT, supraventricular tachycardia; TBI, traumatic brain injury.
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every six hours, or the frequency can be adjusted to every
four hours or more frequently; with the physician at the
bedside, 5 mg can be administered every 15 minutes for
four doses. Once a stable IV dose is determined, metoprolol
can be administered orally in doses of 25–200 mg twice
daily. The maximum oral daily dose is approximately
450 mg in a 70-kg patient. The higher the dose, the less the
cardioselective metoprolol becomes. It is indicated in myo-
cardial infarction, hypertension, and angina. It is easily con-
verted to an oral form once a regular dosing and effect has
been established. Bradycardia is the main complication.
Therapy is typically monitored based on increasing
dosage, until the desired effect (control of BP and HR) is
achieved or until important side effects occur.

Labetolol
Labetolol is a combined a1-blocker and a nonselective b-
adrenergic receptor blocker. Its peak onset of action is five
minutes, with clinical duration of approximately six to
eight hours. Indications include eclampsia, spinal cord dys-
reflexia, intracranial processes when nitroprusside is not
available, and all situations where both a decrease in HR
and a decrease in SVR are sought. Labetolol is administered
intravenously in five-minute intervals starting with 5 mg
aliquots, and increasing dose by 5–10 mg with each
administration, until the desired effect is achieved or a com-
plication occurs, up to a total of 300 mg in a 70-kg patient.
Once the desired effect is achieved, the aggregate milligram
dose required can be administered orally every eight hours
to provide continued BP control. Additional IV doses can
be administered as needed to supplement the baseline oral
dose. It can also be given as an infusion of 0.5–2 mg/min;
however, labetolol is not as easily titrated as esmolol, nitro-
prusside, or nitroglycerin because of the long duration of
action.

Calcium-Channel Blockers
Calcium-channel blockers comprise two subclasses,
dihydropyridines and nondihydropyridines, which are
different with respect to vascular selectivity, negative ino-
tropy, effect on cardiac impulse formation, and conduction.
Both subclasses have efficacy as antihypertensive agents.
However, several of these drugs have found certain niches.
Diltiazam is commonly used for A–V nodal blockade and
rate control of supraventricular tachycardias (Volume 2,
Chapter 20), nimodipine is used for control of cerebral vasos-
pasm following subarachnoid hemorrhage (SAH) (Volume 2,
Chapter 14), and nicardipine is used for brief periods as an
infusion in situations that were previously relegated to nitro-
prusside (discussed subsequently) (105).

Verapamil
Verapamil is calcium-channel blocker with an elimination
half-life of four to five hours (Table 8). A loading dose of 5
to 10 mg over two to three minutes is given, and then it is
infused at a rate of 5 mg/hour or 0.075–0.15 mg/kg/hr,
and titrated to effect. Indications include angina,
hypertension, hypertrophic cardiomyopathy, and supraven-
tricular tachyarrhythmias (106). Hypotension, bradycardia,
constipation, and AV block with beta blockers are some of
the complications. Therapy is monitored based on desired
effect, whether it is HR control, BP control, or chest
pain control.

Nifedipine
Nifedipine is a calcium-channel blocker with an elimination
half-life of three hours. Its use may be limited in the ICU
setting because there is no intravenous dosing. It is given
as a 10–20 mg orally or sublingually, with a maximum
dose of 180 mg/day. Its indications include hypertension

Table 8 Calcium-Channel Blockers

Drug Dose Duration Indications Complications

Verapamil N Load 5–10 mg over 2 to

3 minutes, 5 mg/hr

(0.075 to 0.15 mg/kg/
hr)

Elimination half-life:

4–5 hrs

Angina; hypertension,

hypertrophic cardio-

myopathy SVT

Hypotension, bradycardia,

AV block with b-blockersa

constipation

Nifedipine D No IV dose 10–20 mg

PO or SL Max 180

mg/day

Elimination half-life:

3 hrs

Angina, hypertension Headache, hypotension reflex

tachycardia

Diltiazemb N Load 0.25 mg/kg over 2

minutes 5 to 15 mg/
hr, max 360 mg/day

Elimination half-life:

2–5 hrs

Prevention of reinfarction

angina, hypertension,

rate control in atrial flutter/
fibrillation

Hypotension, AV block with

beta-blockersa

Nicardipine D 5–15 mg/hr Onset: 3–5 minutes

Duration: 1–4 hrs

Postoperative hypertension,

prevention of vasospasm

from SAH, angina, least

potential cardiac contracti-

lity suppression

Long half-life, reflex tachy-

cardia hypotension

Nimodipine N 60 mg PO every 4 hours Prevention of vasospasms

following SAH

aVerapamil and diltiazam have significant A–V node blockade effect, thus useful in controlling the ventricular response to SVTs.
bDiltiazam has the least amount of vasodilation compared to A–V node blockade effect, thus is the best choice for infusion in critically ill patients with atrial

fibrillation or flutter and hypotension.

Abbreviations: AV, artrial-ventricular D, dihydropyridine type; N, nondihydropyridine type; SVT, supraventricular tachycardia; PO, per oral; SAH, subarach-

noid hemorrhage.
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and angina. Complications are limited to headache, hypo-
tension, and reflex tachycardia.

Diltiazem
Diltiazem is a calcium-channel blocker with an elimination
half-life of two to five hours. It is given as a loading dose
of 0.25 mg/kg over two minutes and then infused at 5 to
15 mg/hr. The maximum dose is 360 mg/day. Indications
include prevention of reinfarction, angina, hypertension
and, most commonly, rate control in atrial fibrillation or
flutter. Hypotension is the main complication of this drug.
Therapy is monitored based on desired effect.

Nicardipine
Nicardipine is a calcium-channel blocker with an onset of one to
three minutes and duration of 15–40 minutes. Because of its
relatively selective inhibition of vascular smooth muscle con-
traction along with its short half-life, some practitioners now
use nicardipine in place of nitroprusside, especially in patients
with evidence of cyanide toxicity or low endogenous thiosul-
fate levels (i.e., higher risk of cyanide toxicity).

Intravenous nicardipine was compared with nitro-
prusside in a randomized, multicenter trial, in 74 patients
with hypertension (MAP � 100 mmHg) following coronary
artery bypass surgery (107). Nicardipine was administered
as a 2.5- to 12.5-mg bolus followed by a 2- to 4-mg/hr infu-
sion, and nitroprusside as a 0.5- to 6.0-mg/kg/min infusion.
The aim was to reduce MAP to less than 90 mmHg within
50 minutes and maintain it stable at 85+5 mmHg. Nicardi-
pine was effective in 35 of 38 patients (92%), and nitroprus-
side in 29 of 36 (81%) (108). The decrease in MAP was not
statistically different, but time until reaching the therapeutic
endpoint was shorter with nicardipine (P , 0.01).

Nitroprusside was associated with greater increase in
HR and decreases in mean PA, right atrial, and PACWP
were more marked with P , 0.01 and P , 0.05, respectively,
whereas nicardipine administration resulted in a greater
elevation of Q̇ and depression of SVR (P , 0.01 and
P , 0.05, respectively). Patients on nicardipine had slightly
more stable postreduction MAP and less need for drug titra-
tion with nicardipine. Interestingly, transfused blood
volume was also lower with nicardipine (924 + 644 mL)
than nitroprusside (1306 + 901 mL) (P ¼ 0.08), despite
similar postoperative blood losses.

Nicardipine is usually infused at 5–15 mg/hr. It is
used in postoperative hypertension, the prevention of
vasospasm from SAH, and angina. Nicardipine has the
least potential cardiac contractility suppression of all
calcium-channel blockers, but a long half-life. Complications

include reflex tachycardia and hypotension. Therapy is
titrated based on the drug’s desired affect.

Nimodipine
Nimodipine is a calcium-channel blocker that only comes in
oral form. It is usually given at 60 mg orally every four
hours. The main indication for use is prevention of vasospasm
following SAH. Nimodipine is a calcium-channel blocker that
can alleviate vasospasm after SAH (see Volume 2, Chapter 14)
(109). Intravenous nimodipine was recently used in two
patients with primary thunderclap headache (TCH) after
ischemia stroke had developed (110,111), with suggestive
improvement. In addition, a small clinical series of nimodi-
pine treatment in 11 consecutive patients with primary TCH
showed some benefit in relieving vasospasm and headache.
Similarly, intra-arterial nimodipine has been recently shown
to reverse symptomatic vasospasm after SAH (112).

For the usual treatment of vasospasm following SAH,
nimodipine is usually delivered in the oral form (the only
available form until recently).

Angiotensin-Converting Enzyme Inhibitors
Enalaprilat is the only parenterally available ACE inhibitor, and
thus the only drug of use for acute trauma orcritical care related
hypertensive crisis (113,114). The responseto enalaprilat in vari-
able and not predictable. The usual initial dose is 1.25 mg and is
given every six hours. The maximum dose is 5 mg every six
hours. The onset of action begins is 15 minutes but the peak
effect may not be seen for four hours. The duration of action
ranges from 12 to 24 hours. There are compelling indications
for its use in heart failure, postmyocardial infarction, patients
with high coronary disease risk, diabetes, chronic kidney
disease, and for recurrent stroke prevention (Table 9). It is not
used as a first-line agent for hypertension in the ICU setting.
Typically, it is added as another agent to help control the hyper-
tensive patient who needs a longer-acting drug, or in patients
that are on oral forms of ACEIs at home. The main complication
is hypotension. It is contraindicated in pregnancy.

SPECIAL CONSIDERATIONS
Coronary Artery Syndromes in the Trauma Patient
Suspicion of acute CAD in the critically ill trauma patient
requires immediate attention and further diagnostic work-
up. This should include a 12-lead ECG to document pro-
gression of disease, an echocardiogram to evaluate function,
and a consultation with the cardiology service. If the patient
goes to Catheterization lab, the information contained in
Table 10 will be obtained in order to assist in management.

Table 9 Compelling Indications for Antihypertensive Drugs Based upon Clinical Trials Reviewed in Joint National Committee 7

Compelling indication

Thiazide

diuretic BB ACEI ARB CCB

Aldosterone

antagonist

Heart failure X X X X X

Post MI X X X

High coronary disease risk X X X X

Diabetes X X X X X

Chronic kidney disease X X

Recurrent stroke prevention X X

Abbreviations: ACEI, angiotensin-converting enzyme inhibitor; ARB, angiotensin receptor blocker; BB, b-blocker; CCB, calcium-channel blocker; MI, myo-

cardial infarction.
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Cardiac enzymes, including serial troponin, should be
sent in addition to the other diagnostic studies. Therapy,
such as aspirin, heparin, or platelet inhibitors, is essential
in the management of acute cardiac ischemia. However,
these therapies are contraindicated in the acutely trauma-
tized patient with active CAD. Nitroglycerin may be con-
sidered in the trauma patient with acute CAD, but is
harmful and essentially contraindicated in acute TBI with
elevated ICP. Although the management is usually beta
blockade if tolerated, following serial cardiac enzymes, sup-
portive therapy, and watchful waiting, it is imperative to get
the cardiology team involved early in these patients.

Once the information from the echocardiogram is
obtained, there are certain hemodynamic goals to reach in
the patient with cardiac ischemia. The echocardiogram will
determine pump function, value function, intravascular
volume, and rule out tamponade. The hemodynamic goals
for the patient with myocardial ischemia may be at odds
with the resuscitation requirement for hemorrhage. For
instance, in the patient with myocardial ischemia, the goal
is to decrease preload and increase the SVR. However, if
the patient is traumatized and has ongoing hemorrhage,
the goal is to increase the intravascular volume, which will
start to normalize the SVR after fluid repletion (Table 11).
As stated previously, some specific therapies for the CAD
patient (e.g., heparin, aspirin, Plavix, etc.) are contraindi-
cated in the trauma patient with active bleeding.

Valvular Heart Disease and Trauma/Critical Illness
The critically ill trauma patients with valvular heart disease
may also create some management dilemmas. These
patients may have specific hemodynamic requirements
that may be contrary to the goals of resuscitation in hemor-
rhagic shock. Suspicion warrants immediate evaluation by
the cardiology service, a 12-lead ECG, and an echocardio-
gram. Resuscitation considerations for patients with
valvular heart disease are reviewed in Table 12. Managing
these patients takes continuous communication with the

cardiology team, as well as constant reassessment of the
hemodynamic goals.

EYE TOTHE FUTURE

Developments in the cardiovascular management of critically
ill patients continue to be made in diagnosis, monitoring, and
support (mechanical and pharmacologic). Recent research
indicates that early recognition and goal-directed therapy
in septic patients improve outcomes (115,116). This concept
of recognizing patients with sepsis syndromes early, so that
aggressive therapy is instituted when patients arrive in the
emergency department (ED), has led to a decrease in mor-
tality from sepsis (117). Early goal-directed therapy in criti-
cally ill surgical patients has also led to better outcomes
and a successful decrease in hospital stay (118,119).

Innovations in monitoring have also improved the
care of the critically ill patient. Although invasive measures
monitoring devices are still commonly employed, numerous
noninvasive hemodynamic monitoring devices have become
available that can provide accurate data in trauma and criti-
cally ill patients (120,121). These noninvasive devices can
assess the adequacy of tissue perfusion and give hemody-
namic parameters, such as cardiac index, without placing a
Swan-Ganz catheter (122–124). A new form of inotropic
drug is now being evaluated that may shorten the relaxation
phase of the cardiac cycle and reduce filling pressures. These
so-called “calcium sensitizers” provide better inotropic
support in acute heart failure syndromes than the commonly
employed inotropes (125,126).

Because the average age of the general population is
increasing there are more elderly trauma and critically ill
patients in our ICUs. The resuscitative efforts required to
treat these elderly injured patients must now be more
attuned to fluid overload, myocardial ischemia, or dysrhyth-
mias, because the geriatric trauma patient is more prone to
develop heart failure and inadequate tissue perfusion. The
trauma intensivist needs to employ a wide array of strategies
to ensure adequate tissue perfusion.

SUMMARY

The overriding management principles for the treatment of
both the hypotensive and hypertensive conditions are
firstly patient survival and secondly the prevention of end-
organ damage. Although supranormal hemodynamic
indices were at one time the goals of resuscitation, we now
recognize that the side effects of attempting to achieve
these supranormal values can cause ischemia, dysrhythmias,
or be otherwise harmful.

The trauma intensivist now has a large armamentarium
of diagnostic tools and therapeutic interventions to assist in

Table 11 Effects of Hemodynamic Parameters on Oxygen

Supply and Demand of the Myocardium and Target Values for

Patients with Coronary Artery Disease

Hemodynamic

parameter

Effect on O2

supply Effect on MvO2

Target

value

HR + ** +++

Dysrhythmia + – +++ * – ** NSR

Preload * ** ++

Afterload ** * **+

Contractility ** ** *+

Abbreviations: HR, heart rate; NSR, normal sinus rhythm.

Table 10 Ventricular Function Data Expected from the Catheterization Lab

Parameters evaluated on cath Good Impaired

RA, RV, PA, PACWP, LA, LV, AO contractility: EF, RVEDP,

LVEDP wall motion abnormalities CA anatomy and

description of lesions (.70% stenosis is significant)

EF . 0.55 LVEDP , 12

RVEDP ,6 CI . 2.5

EF , 0.4 LVEDP . 18

RVEDP . 12 CI , 2.0

Abbreviations: AO, aorta; CA, coronary artery; CI, cardiac index; EF, ejection fraction; LA, left atrium; LV, left ventricle; LVEDP, left ventricular diastolic

pressure; PA, pulmonary artery; PACWP, pulmonary capillary wedge pressure; RA, right atrium; RV, right ventricle; RVEDP, right ventricular and diastolic

pressure.
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resuscitative efforts. Therapy should be targeted to specific
end points that provide adequate perfusion pressures
and flows to critical organ beds. In order to monitor the
success of therapy, the end points discussed in Volume 1,
Chapters 12 and 18, and Volume 2, Chapter 18 should be
reviewed.

In addition to understanding the hemodynamic goals
of therapy, the clinician must be cognizant of side effects of
the various drugs employed so that therapeutic goals can
be obtained. As the patient population ages, more treatments
are required on increasingly frail patients. Optimal manage-
ment of these and other critically ill patients will likely be
improved by early implementation of goal-directed
therapy, where “reasonable” rather than “supranormal”
resuscitation goals are targeted.

KEY POINTS

Optimum hemodynamic management is based upon (i)
the immediate cause of hypotension or hypertension,
(ii) the presence of concomitant injuries, and (iii) the
baseline medical conditions affecting the patient.
The HR should be maintained within a reasonable
range in order to sustain adequate Q̇ for tissue per-
fusion (10,11).
In a febrile patient, the basal metabolic rate increases
approximately 8% per degree centigrade, which corre-
lates with an increase in HR of approximately 18
beats/min (i.e., 10 beats/min for each degree Fahren-
heit) (13,14).

Table 12 Resuscitation Considerations for Patients with Valvular Heart Disease

Aortic stenosis Aortic insufficiency Mitral stenosis Mitral regurgitation

Pathophysiology Concentric hypertrophy Dilated LV volume

overloaded

Dilated LA, " PAP

Empty and protected

LV

Dilated LA and LV,

volume overloaded

Hemodynamic goals Hypertrophic LV requires

high CA perfusion pressure

(best assured by maintain-

ing high SVR)

Stroke volume and

ejection fraction

maintained with

preload reserve

May present with dys-

pnea, may be 28 to

increased cardiac

output (pregnancy or

sepsis)

May underdiagnose

LV failure because

of regurgitant flow to

LA despite severely

decreased forward

stroke volume

HR + + * + + *

Rhythm SRa – Frequently in AS but

NSR! AF ¼ #

–

LV preload " " " "

SVR * # $ +

PVR $ $ # (These patients may

have severe PA

HTN)

#

Contractility $ " $ " $ $ "

RESUSC. pearls Avoid myocardial depression,

maintain CA perfusion

pressure ( " SVR, " BP)

Minimize myocardial

depression and keep

the patient fast, full,

and vasodilated

Avoid tachycardia (No

Pavulon, inc. con-

duction through the

AV node may dra-

matically inc. ven-

tricular HR)

Isolated MR rare.

Usually two papillary

muscle dysfunction

or RHD

Be prepared to cardiovert if

an arrhythmia occurs (CPR

is futile)

A PAC is useful for

measuring filling

pressures and car-

diac output

Don’t decreases

contractility.

Inadequate sedation

can precipitate

extreme anxiety and

tachycardia

MVP ¼ most common

cause of trivial iso-

lated MR

Treat hypotension with neo

synephrine (etomidate ¼

good induction choice)

Dobutamine is a

reasonable sup-

portive drug at

induction

Consider esmolol to Rx

tachycardia and

hypotension

Maintain elevated HR,

intervascular

repletion and

vasodilation

(Have several ways

to increase HR)

Note: Management of the patient with ischemic CAD is identical to that used for AS, except, the goal for the coronary artery patient should be to decrease the

preload as hemodynamic improvement allows. Also note, for both AS and MS, CPR will be entirely ineffective, thus early cardioversion is required for the

onset of V-fib, and very soon after the onset of atrial fib if medication does not quickly restore normal sinus rhythm.
aMaintaining SR is particularly critical in aortic stenosis.

Abbreviations: AV, atrial-ventricular; AI, aortic insufficiency; A-Fib, atrial fibrillation; BP, blood pressure; CA, coronary artery; CPR, cardiopulmonary resus-

citation; CHF, congestive heart failure; Cong, congenital; HR, heart rate; HTN, hypertension; LA, left atrium; LV, left ventricle; MVP, mitral valve prolapse;

mm, muscle; MR, mitral regurgitation; PA, pulmonary artery; PAC, pulmonary artery catheter; PAP, pulmonary artery pressure; PVR, pulmonary vascular

resistance; RF, rheumatic fever; RHD, rheumatic heart disease; SBE, sub acute bacterial endocarditis; SVR, systemic vascular resistance.
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Some patients can manifest bradycardia that is unre-
sponsive to the elevated catecholamine state, associated
with trauma or critical illness.
Elderly patients suffering from trauma or critical illness
are prone to develop atrial fibrillation or supraventricu-
lar tachycardia, secondary to elevated catecholamines,
baseline myocardial irritability, direct myocardial
injury, or ischemia, all of which can impair pump
function (17,18).
Parameters measured by noninvasive means, such as
HR, BP, urine output, skin color, turgor and temperature,
along with capillary refill, can be obtained quickly and
reflect the patient’s intravascular volume status prior to
the placement of invasive monitors (19,20).
The measured SVR can be two to three times higher
than normal following massive hemorrhage, due to cat-
echolamine-mediated arteriolar constriction in com-
pensation for the decreased intravascular volume.
Adequacy of perfusion to tissues is the most important
end point of resuscitation.
When the MAP falls below 60 mmHg, organ perfusion
to renal and splanchnic organs begins to fall. As the
MAP dips below 50 mmHg, perfusion to brain and
myocardium can become diminished.
Any patient who is adequately fluid resuscitated and
requiring vasopressor support, but remains unrespon-
sive to these measures, may have adrenal insufficiency
and may need steroid administration for improvement
in vasomotor tone (28–33).
The overall goal is to ensure adequate tissue perfusion
by repletion of intravascular volume first. Vasoconstric-
tor or inotropic support drugs are generally best admi-
nistered after intravascular repletion is assured.
However, occasionally, both drug support and volume
repletion must be employed concomitantly to maintain
an adequate blood pressure until sufficient fluid
repletion can be achieved.
Norepinephrine (Levophedw) can be used to increase
BP in hypotensive patients who fail to respond to ade-
quate volume resuscitation and other, less potent, vaso-
pressors.
The use of vasopressin has also been shown to decrease
the requirement for other vasopressors and is associ-
ated with a higher urine output and improved creati-
nine clearance (54,55).
Although low-dose dopamine increases renal blood
flow, it does not ameliorate renal failure, and has not
improved outcomes in nonoliguric patients recovering
from ATN (70,71).
The traumatologist and intensivist need to be aware of
the pharmacology and side effects of these common
drugs, because of their prevalence in the critically ill
population and, more importantly, because they are
used in the treatment of hypertensive crises.
In all scenarios, the goal of MHTN treatment is to
prevent end-organ damage.
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INTRODUCTION

Shock was recognized by Hippocrates and his contempor-
aries as a “post-traumatic syndrome” occurring in those who
had sustained major injuries. The origins of the word
“shock” traces back to the French word choc meaning violent
attack, and was first used by Le Dran in 1737 in his text, “A
treatise on reflections drawn from practice on gunshot
wounds” (1). The term “shock” entered into more common
usage after Edwin Morris published his book “A practical
treatise on shock after operations and injuries” in 1867 (2).

Prior to World War I, Cannon postulated a “toxic”
theory, whereby shock was attributed to the effects of circu-
lating toxins causing vasomotor pooling and loss of blood
and fluids into the injured tissues (3). An alternative theory
was presented by Dr. Alfred Blalock with his research on
dogs, where he suggested that blood loss alone was respon-
sible for the hypotension seen in traumatized animals.
Blalock revolutionized the management of patients in hemor-
rhagic shock, and his enthusiasm for the transfusion of blood
and blood products certainly saved numerous lives during
World War II (4). It has become increasingly clear that both
the volume loss and toxin production hypotheses are
involved in various aspects of the current shock paradigm,
and treatment today attempts to address both considerations.

In 1972, Hinshaw and Cox proposed a classification
system for shock, which is among several currently utilized
today. Their description is based largely on the cardiovascu-
lar characteristics seen with each type and includes hypo-
volemic, cardiogenic, obstructive, and distributive. The
category of distributive shock is sometimes eschewed in
favor of its constituent categories (septic, anaphylactic, neuro-
genic, and adrenal crisis) being listed separately. In addition,
many investigators believe a fifth category should be added,
which includes a “cellular” designation (Table 1) (5).

Shock is defined as inadequate perfusion of the
tissue. This inadequacy can result from deficient oxygen

delivery (ḊO2), excessive utilization, or a combination of
the two. In “cytotoxic” shock tissue, mitochondria are
unable to utilize the O2 delivered.

Hemorrhage and sepsis are common etiologies of
shock, following central nervous system injury as the most
common etiologies of death in trauma patients (6–9).
Trauma patients are subject to a variety of shock etiologies,
often progressing from one form to another. Neurohumoral
mechanisms initially compensate for cardiovascular
derangements and maintain vital organ perfusion, but com-
pensatory mechanisms can ultimately become over-
whelmed. When the perfusion of tissues with oxygenated
blood falls below the basal state required to maintain cell
viability, cellular injury, organ ischemia, multiple organ dys-
function, and death may ensue. Diagnosis and treatment of
the underlying etiology is the foundation of shock treatment,
and prompt initiation of therapy is vital to forestall adverse
consequences.

Hypovolemic shock is caused by acute blood loss
of greater than 30% of the circulating blood volume (class

III/IV hemorrhage). The severity of the hypovolemic
shock is correlated with the degree of volume loss (Table 2)
as well by the rapidity with which it occurs. Prolonged
hypovolemic shock can proceed to irreversible shock with
diffuse organ injury resulting in irreversible circulatory
failure. Aggressive fluid resuscitation remains the mainstay
of care. Cardiogenic shock is caused by primary myocardial
dysfunction and inability to generate effective cardiac output
(Q̇). Distributive shock is characterized by arterial and
venous dilation with venous pooling. Its causes are numer-
ous, including: bacterial sepsis and its byproducts,
mediators of systemic inflammatory response syndrome
(SIRS), anaphylactic and anaphylactoid reactions, neuro-
genic shock, and adrenal crisis. Obstructive shock results
from mechanical impediment to blood flow; that is, obstruc-
tion of venous return and/or arterial outflow from the heart.
Causes include tension pneumothorax, pericardial tampo-
nade, pulmonary embolism (PE), excessive positive end
expiratory pressure (PEEP), and abdominal compartment
syndrome (ACS) (Volume 2, Chapter 34).

This chapter provides an overview of the pathophysiol-
ogy, diagnosis, and management of various shock states,
emphasizing those most commonly seen in trauma and critical
care. Cellular shock etiologies are mentioned for completion,
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but not reviewed here. These conditions are thoroughly
covered elsewhere (e.g., CN Toxicity in Volume 1, Chapter
34 and CO Toxicity in Volume 1, Chapters 31 and 34).

PATHOPHYSIOLOGY

The oxygen delivery (ḊO2) to tissues is related to the Q̇ and
arterial O2 content (CaO2) as seen in Equation 1. The Q̇ com-
ponent can be augmented by increasing either the stroke
volume (SV) or the heart rate (HR) (Equation 2). The CaO2 is

derived from the hemoglobin concentration [Hgb] in g/dL,
the amount of O2 bound to the Hgb (generally, 1.34 mL O2/g
Hgb) multiplied by the SaO2; and the amount of O2 dissolved
in the plasma (0.003 � PaO2) as per Equation 3.

ḊO2 ¼ Q̇� CaO2 (1)

Q̇ ¼ SV�HR (2)

CaO2 ¼ ½Hgb� � 1:34� SaO2 þ 0:003� PaO2 (3)

Stressful events affecting the body, for example, trauma,
burns, sepsis, and so on, will increase O2 demand (10). O2 con-
sumption (V̇O2) will usually increase to meet that demand so
long as an adequate ḊO2 is being provided (11). If ḊO2 fails to
increase adequately to meet the demands of the tissues, tissue
ischemia develops and cell death and organ dysfunction may
ensue (12). With studies supporting these relationships, it is
easy to see why shock research initially became focused on
maximizing ḊO2, either by increasing Q̇ or CaO2.

The targets for improving ḊO2 have been largely
aimed at maximizing the Q̇ after ensuring that hemoglobin
concentration [Hgb] and saturation is adequate. Often the
focus for increasing Q̇ has been increasing the SV. Studies
which demonstrate maximized ḊO2 have not, however, con-
sistently shown improved survival (13,14).

In both hemorrhagic and septic shock, maximal ḊO2

has not consistently increased V̇O2. Therefore, two hypo-
theses emerged: (i) systemically adequate ḊO2 is not necess-
arily sufficient when measured at the tissue level (i.e.,
macrocirculation = microcirculation); and (ii) cells in shock
may be unable to utilize the O2 being delivered.

Systemic D
:
O2 Adequacy Does Not Ensure Sufficient

Tissue Perfusion
Blood flow to organs is regulated by mechanisms that

control systemic, regional, and local perfusion. Dysfunction
can occur at any of these points.

Historically, clinicians have targeted the “macro”circu-
lation, mainly because it was the only tissue bed that could
be monitored. It is certainly easier to implement goal-
directed therapy toward arterial blood flow than toward
microcirculatory blood flow. Technological advances are

Table 1 Classification of Shock and Common Etiologies

Categories Common etiologies

Hypovolemic External and occult hemorrhages, skin losses

(severe burns), third spacing (pancreatitis,

bowel obstruction, and prolonged abdomi-

nal surgery), gastrointestinal tract losses

(vomiting, diarrhea), urinary tract losses

Cardiogenic Acute myocardial infarction and its compli-

cations (e.g., acute mitral regurgitation,

rupture of the interventricular septum,

rupture of the free wall), myocarditis, end-

stage cardiomyopathy, myocardical contu-

sion, myocardial dysfunction after pro-

longed cardiopulmonary bypass, valvular

heart disease, and hypertrophic obstructive

cardiomyopathy

Obstructive Cardiac tamponade, massive pulmonary

embolism, tension pneumothorax, cor

pulmonale, atrial myxoma, coarctation of

aorta

Distributive Septic shock, anaphylactic shock, neurogenic

shock, adrenal crisis

Cellulara Cyanide intoxication, carbon monoxide

intoxication, iron intoxication

aCellular shock results from processes that render the cell incapable of uti-

lizing the O2 which is delivered.

Table 2 Estimated Fluid and Blood Losses Based on Patient’s Initial Presentationa

Class I Class II Class III Class IV

Blood loss (mL) Up to 750 750–1500 1500–2000 .2000

Blood loss (% blood volume) Up to 15% 15–30% 30–40% .40%

Pulse rate ,100 .100 .120 .140

Blood pressure Normal Normal Decreased Decreased

Pulse pressure (mmHg) Normal or increased Decreased Decreased Decreased

Respiratory rate 14–20 20–30 30–40 .35

Urine output (mL/hr) .30 20–30 5–15 Negligible

CNS/mental status Slightly anxious Mildly anxious Anxious, confused Confused, lethargic

Fluid replacement (3:1 rule) Crystalloid Crystalloid Crystalloid and blood Crystalloid and blood

aFor a 70-kg man. The guidelines in this table are based on the 3:1 rule. This rule derives from the empiric observation that most patients in hemorrhagic shock

require as much as 300 mL of electrolyte solution for each 100 mL of blood loss. Applied blindly, these guidelines can result in excessive or inadequate fluid

administration. For example, a patient with a crush injury to the extremity may have hypotension out of proportion to their blood loss and require fluids in

excess of the 3:1 guidelines. In contrast, a patient whose ongoing blood loss is being replaced by blood transfusion requires less than 3:1. The use of bolus

therapy with careful monitoring of the patient’s response can moderate these extremes.

Abbreviation: CNS, central nervous system.

Source: From Ref. 192.
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increasingly allowing cellular perfusion to be evaluated, but
these are still largely in the experimental phase and not yet
validated in patient populations.

The microcirculation consists of vessels ,300 mm in
diameter. In excess of 10 billion capillaries supply nutrients
and remove waste from cells in a normal 70-kg individual
(15). Capillary PO2 and Hgb saturation values are markedly
decreased from arterial values at this level (15,16). In
addition, the hematocrit in the microvasculature is
decreased from arterial values and heterogeneously distrib-
uted leading to uneven ḊO2 at the tissue level (17).

The microcirculation is particularly vulnerable to dys-
function in diseased states (17). Hypovolemic shock is
associated with decreased perfusion of muscle, skin, and
the splanchnic circulation. Septic models have shown that
a large number of capillaries are either not perfused or inter-
mittently perfused in the shock state. Among the capillaries
that are perfused, there exists a heterogeneity in blood flow
(18,19). Failure of the microcirculation to function normally
in the shock state has been attributed to a host of causes
including acidosis (20), impaired nitric oxide (NO) (21),
leukocyte activation and plugging, coagulation factor acti-
vation (22), and the elaboration of other inflammatory
mediators (23,24).

Inability to Utilize Oxygen Hypothesis
If V̇O2 cannot be increased after injury, even if adequate

ḊO2 is assured, multiple organ dysfunction syndrome
(MODS) may ensue and mortality is increased (12).
Failure to accomplish effective oxidative metabolism, as
measured by elevated lactate levels after injury, also predicts
MODS (25).

The cytochrome c oxidase redox state has been used to
reflect ḊO2 to the cells. When ḊO2 falls, the redox state
moves toward reduction and when the ḊO2 is increased,
the redox state is more oxidized (26). This relationship
occurs in healthy cells, and hence the mitochondrial electron
transport redox state is said to be “coupled” to ḊO2. If, for
any reason, electron transport is inhibited proximal to the
cytochrome c oxidase, the redox state will become relatively
oxidized in the absence of increased O2 availability. In this
case, the mitochondrial electron transport redox state is
said to be “decoupled” from ḊO2 (27), resulting in anoma-
lous electron transport, the production of reactive oxygen
species (ROS), and the potential for free radical–mediated
damage (28). Trauma patients who subsequently develop
MODS demonstrate decoupling in the setting of both
normal or supranormal ḊO2 (28,29).

Evidence of decoupling has been seen in the brain (30),
liver (28), and heart (28). Cardiac decoupling is particularly
worrisome, as the heart is responsible for supplying itself
and the rest of the body with the substrates for oxidative
metabolism. Ischemia and reperfusion can produce organ
injury by several mechanisms, including direct oxidative
injury and the activation of NF-kB (31). It has been demon-
strated that prolonged ischemia followed by reperfusion
results in inhibition of mitochondrial oxidative metabolism
enzyme systems (31). Free radical–mediated damage, result-
ing from ischemia and reperfusion, has been observed in
every major organ predominantly from activated leukocytes
(polymorphonuclear cells) in the vasculature, but also from
intracellular processes such as mitochondrial dysfunction
(32). These data infer that mitochondrial integrity or injury
directly relates to cellular, and ultimately organ function in
shock states.

Oxygen Extraction Ratio
The normal 70-kg patient consumes approximately

250 mL O2/min and has a ḊO2 ¼ 1000 mL O2/min. The
V̇O2/ḊO2 is known as the extraction ratio (ER), which is nor-

mally about 25% (Fig. 1).
As V̇O2 increases or ḊO2 falls, the ER will increase

until a critical ER is achieved, generally thought to be
approximately 60% to 70%. At this point anaerobic metab-
olism begins to predominate, and shock may become pro-
found as tissues become ischemic. There is a family of
V̇O2/ḊO2 curves, with each tissue/organ having its unique
V̇O2/ḊO2 relationship, and values for maximum ER vary
for each tissue, which will vary with stress and the disease
state.

Current technology does not allow for determination
of these organ-specific relationships in the critically ill
patient, and inferences drawn from systemic oxygenation
parameters may not be valid in different regional milieus.

One marker for hypoperfusion is compensatory
increased oxygen extraction, demonstrated by decreased
mixed venous oxygen saturation (Sv̄O2) and increased
difference between arterial oxygen saturation (SaO2) and
the Sv̄O2 (Sa-vO2). Generally, a Sv̄O2 ,50% is indicative of
the shock state, as is a Sa-vO2 .50%. Another marker for
relative hypoperfusion is an increased O2 ER, as can be
seen in low delivery states, or high consumption conditions.
However, certain disease processes (e.g., sepsis) may actu-
ally have an elevated Sv̄O2 and a decreased O2 ER due to

Figure 1 The normal relationship between V̇O2 and ḊO2 is

illustrated by line ABC. The V̇O2/ḊO2 is known as the ER. As

metabolic demand (V̇O2) increases or ḊO2 diminishes (C–B), the

ER rises to maintain aerobic metabolism and consumption remains

independent of ḊO2. However, at point B—called critical ḊO2 the

maximum ER is reached. This is believed to be 60% to 70% and

beyond this point any further increase in V̇O2 or decline in ḊO2

must lead to tissue hypoxia. In critical illness, particularly in sepsis,

an altered global relationship is believed to exist (broken line

DEF). The slope of maximum ER falls (DE vs. AB), reflecting the

reduced ability of tissues to extract oxygen, and the relationship

does not plateau as in the normal relationship. Hence consumption

continues to increase (E–F) to “supranormal” levels of ḊO2,

demonstrating so called “supply dependency” and the presence

of a covert oxygen debt that would be relieved by further

increasing ḊO2. Abbreviation: ER, extraction ratio. Source: From

Ref. 191.
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inability of the tissues to utilize the O2 delivered. This prob-
ably reflects a mitochondrial O2 utilization problem.

Stages of Shock
Compensated Shock

The shock state has been described as evolving through
stages. The first stage is typically called compensated
shock. During this phase, compensatory mechanisms are
successful at counteracting the hemodynamic perturbations
of the shock state. The heart rate increases, the systemic vascu-
lature constricts through autonomic involvement, and the
renin–angiotensin–aldosterone (RAA) system shifts into a
fluid retention mode (see Volume 2, Chapter 44). The
decreased urine output in the early stages of the hypovolemic
state represents renal compensation; later, renal failure
(Volume 2, Chapter 40) can occur, as protective mechanisms
are exhausted and cell injury begins to occur.

Local factors initially may compensate with rapid
early changes mediated through endothelial stretch recep-
tors, precipitating local bed vascular resistance changes.
Additional mechanisms such as the release of CO2, Hþ,
and NO cause further vascular dilatation, initially helping
to preserve perfusion. These mechanisms are unable to
fully compensate for extended periods of poor perfusion,
and indeed, may exacerbate the perfusion deficit with
vascular pooling.

In some patients, this compensated phase is
short-lived. Either the total volume lost is too extensive
(e.g., hemorrhagic shock), or the toxin load is too great
(e.g., septic shock), and so on, or the patient is unable to
fully compensate secondary to underlying medical con-
ditions or advanced age. When compensation begins to

fail, worsening circulatory changes and metabolic imbal-
ances become manifest, and shock enters the second
phase (uncompensated shock).

Uncompensated Shock
The shock process progresses to the uncompensated stage
when systemic blood pressure (BP) falls, and ḊO2 at the
macrovascular level begins to suffer. At the same time,
microvascular changes worsen as tissues become hypoxic.
Ongoing uncompensated shock frequently precipitates a
transition from aerobic to anaerobic metabolism in those
vascular beds where ḊO2 becomes inadequate for tissue
perfusion. Anaerobic metabolism (which occurs in the cyto-
plasm) is 19 times more energy-costly than aerobic metab-
olism (which occurs in the mitochondria). Intracellular
adenosine biophosphate (ATP) is rapidly depleted and cellu-
lar repair systems become disrupted. Endoplasmic mem-
branes swell, mitochondria distend (lack of ATP decreases
ability to maintain membrane electrochemical gradients),
and lysosomes are released. If shock continues to progress,
the diminished end-organ perfusion is said to enter the
“irreversible” stage of shock.

Irreversible Shock
Irreversible shock is said to occur when cellular

damage is so extensive that even if hemodynamics are
restored, the degree of cell injury/death that has

occurred (or will occur due to apoptotic mechanisms)
cannot be sufficiently repaired to sustain life. Permanent
cellular damage may ensue with lysosomal release and auto-
lysis. Tissues with high metabolic demands and minimal
energy reserves such as the brain, heart, and kidneys are
particularly vulnerable to ischemia with hypotension.

The resulting cellular injury and death are responsible for
the functional abnormalities affecting individual organs.
Should cellular perfusion be restored, further injury may
occur early in the reperfusion period due to generation of
oxygen free radicals and other cytotoxic products. This cellu-
lar injury that occurs following the reestablishment of per-
fusion is referred to as reperfusion injury.

The state of “irreversible” shock can result
from numerous causes, but is particularly devastating fol-
lowing hypovolemia and hypotension due to hemorrhage.

Patients suffering from hemorrhagic shock have
usually lost at least 30% to 40% of their blood volume,
and if replacement is not adequate, or too long of a duration
occurs before the bleeding is controlled, hemodynamic
instability can persist even after adequate volume resuscita-
tion has occurred. As many as one-third of patients with
massive hemorrhage (i.e., those who have lost greater
than or equal to one blood volume within 24 hours) will
die from this “irreversible” shock state (33). The study of
these patients has been limited because the number of
patients is small, and because of injury severity, these
patients rarely have time for enrollment and randomization
protocols (34).

The irreversible shock state is characterized by vasodi-
lation, representing a failure of vascular smooth muscle
regulation, endothelial dysfunction, and activation of white
blood cells (WBCs) as well as other circulating cells (35).
Initially, lactate was thought to be a prominent vasodilator;
however, more recently, other vasodilating agents such as
NO have been implicated (36). These vasodilating mechan-
isms overwhelm the normal compensatory vasoconstriction
properties (that operate through elevated adrenergic tone)
by at lease three mechanisms: (i) KATP channel activation,
(ii) NO/cGMP overproduction, and (iii) vasopressin
deficiency (37). An increase in exhaled NO concentration
has been advocated as an early marker of a hypovolemic
state (38). Currently, no analogous (noninvasive) assay exists
to detect increased KATP or decreased vasopressin levels.

Neurohumoral Responses in Shock States
Neurohumoral responses to hypotension stimulate sym-
pathetic discharge via carotid and aortic baroreceptors. The
subsequent increase in adrenal release of epinephrine and
norepinephrine enhances myocardial inotropy and chrono-
tropy. In addition, the sympathetic-mediated increase in
vascular tone temporarily increases BP during the compen-
sated shock phase. Catecholamines, as well as stress hor-
mones such as glucagon, aldosterone, adrenocorticotropic
hormone (ACTH), and antidiuretic hormone (ADH) are
secreted to maintain homeostasis during shock. Distal
tubular sodium and water resorption are optimized to con-
serve intravascular volume. All of these factors combine to
initially preserve hemodynamics.

The metabolic responses can be affected at both the
neurohumoral and the local cellular level. Glucagon, epi-
nephrine, and glucocorticocoids are part of the “fight or
flight” response system leading to increased lipolysis and
circulating glucose. Elevated levels of stress hormones
promote muscle wasting, poor wound healing, loss of
gastrointestinal (GI) mucosal integrity, and hypoalbumine-
mia. Inflammatory mediators, especially in conjunction
with hypoxia, exacerbate proteolysis. Because all of these
mediators are catabolic, it is not unusual for patients with
chronic inflammatory (SIRS/sepsis) states to have difficulty
in maintaining caloric balance, manifest inadequate wound
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healing, and suffer variable degrees of hemodynamic
instability and difficulty in weaning from mechanical
ventilation until the primary disorder is corrected.

EFFECTOF SHOCKON ORGAN SYSTEMS

Hypoperfusion and inadequate ḊO2 to individual organ
systems during shock can trigger a cascade of events that
disrupt the function of these organs. Systemic shock
affects all organ systems, with earlier cellular damage and
death seen in more rapidly metabolizing organs such as the
brain, heart, lungs, kidneys, adrenals, and so on. Many
circulating blood and humoral constituents also affect the GI
tract, especially, the lining of the gut and the liver.

Central Nervous System
Central nervous system (CNS) dysfunction is often one of
the first clinical signs reflecting from inadequate perfusion
during shock states. This can be manifested as confusion
or obtundation depending upon the severity of cerebral
hypoperfusion, and/or the magnitude of circulating inflam-
matory mediators with CNS effects.

Although highly susceptible to hypoxemia and hypo-
perfusion, cerebral blood flow (CBF) is normally maintained
at 50 mL/100 g brain tissue/minute as long as the mean
arterial pressure (MAP) remains approximately between
50 and 150 mmHg. When MAP acutely moves outside this
range, autoregulation of CBF may be compromised. Patients
with chronic hypertension are more susceptible to cerebral
hypoperfusion with relatively less significant hemodynamic
perturbations than normal patients, due in part to a right-
ward shifted autoregulatory curve with subsequently
lower hemodynamic reserve. Delirium and ultimately
obtundation from inflammatory cytokines can occur
during shock states even in the presence of normal CBF.

Profound hypotension may result in ventilatory and
vasomotor collapse due to brainstem ischemia. Increased
intracranial pressure (ICP), cerebral metabolic rate of O2 con-
sumption (CMRO2), PaCO2, and PaO2 levels, as well as
blood viscosity represent additional considerations affecting
CBF and perfusion in trauma patients. Posterior pituitary
ischemia or trauma can precipitate neurogenic diabetes insi-
pidus (DI) initiated by the inhibition of ADH release by the
posterior pituitary. The massive volume losses that accom-
pany DI can dramatically exacerbate shock states occurring
from any of the primary categories listed in Table 1.

Cardiovascular System
The cardiovascular system is greatly affected during shock
states, both as a primary effector, and as a target of injury
because of its extensive endothelial lining and contact with
systemic inflammatory mediators. Sympathetic outflow pro-
vides mechanisms to initially maintain perfusion and resul-
tant arteriolar constriction and increased HR are typical
initial compensatory mechanisms seen with hypovolemic
shock due to hemorrhage in trauma patients. Vascular tone
is typically elevated in hypovolemic (early phase), cardio-
genic, and obstructive shock whereas decreased in distribu-
tive shock states (Table 3).

Hypoperfusion and hypoxia may precipitate myocar-
dial ischemia, decreased contractility, and dysrhythmias.
Direct myocardial depression may also occur due to circulat-
ing mediators, such as in uncompensated hemorrhagic
shock (e.g., following reperfusion and/or large-volume

blood product administration) and septic shock, particularly
in the later stages (38). However, similar to the cerebral cir-
culation, cardiac autoregulatory mechanisms normally
maintain adequate perfusion to the coronary arteries
between a MAP of 50 and 150 mmHg (39).

Patients with the underlying coronary artery disease
or left ventricular (LV) hypertrophy (e.g., aortic stenosis), are
particularly vulnerable to myocardial ischemia with shock.
Myocardial ischemic risk is increased not just by diminished
coronary arterial perfusion pressure resulting from hypoten-
sion, but also as a result of the compensatory tachycardiac
response commonly occurring with hypotension.

Pulmonary System
Acute respiratory failure is another common finding seen
early in the course of shock. Airway protection with intuba-
tion and mechanical ventilation support should be con-
sidered as an early intervention in the setting of significant
shock. In addition to direct traumatic lung injury (e.g., pul-
monary contusion), other factors (e.g., aspiration, drug
intoxication, spinal cord injury, etc.) play a role in respiratory
failure in the trauma patient.

Lung injury also results from circulating inflamma-
tory mediators following reperfusion, or blood product
transfusion in hemorrhagic shock, and from cellular injury

following burns or massive blunt trauma, and bacterial
toxins in septic shock. Smooth muscle regulators such
as thromboxane and certain prostaglandins may cause
bronchospasm and acute pulmonary hypertension with sub-
sequent ventilation/perfusion (V̇/Q̇) mismatch. These initial
incidents often evolve into acute lung injury (ALI) and acute
respiratory distress syndrome (ARDS). When ALI/ARDS
develops following early injury, it often persists, contributing
to critical illness and is a leading factor in delayed morbidity
and mortality in trauma patients.

The PaO2 is monitored with arterial blood gas (ABG)
measurement and pulse oximetry (see Volume 2, Chapter 2).
Capnography is an increasingly appreciated monitor which
is of significant value during resuscitation and subsequent
management of trauma patients. Low expired end-tidal
CO2, in the setting of normal V̇E, correlates with low Q̇,
and/or increased alveolar dead space, as can occur in ex-
tremely hypovolemic patients (40). Continuous end-tidal
CO2 (PETCO2) monitoring may aid in the determination of
resuscitation of low Q̇ states.

Renal System
The renal system is particularly vulnerable to the effects of
shock. Shock stimulates compensatory mechanisms to

Table 3 Shock Hemodynamics

Hypovolemic Distributive Cardiogenic Obstructive

HR Increase Increase Variable Increase

BP Decrease Decrease Decrease Decrease

CVP Decrease Decrease Increase Increase

PPA Decrease Decrease Increase Increase

PPAO Decrease Decrease Increase Increase/
no change

Q̇ Decrease Increase Decrease Decrease

SV Decrease Increase Decrease Decrease

Abbreviations: BP, blood pressure; CVP, central venous pressure; HR,

heart rate; PPA, pulmonary artery pressure; PPAO, pulmonary artery

occlusion pressure; Q̇, cardiac output; SV, stroke volume.
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maintain intravascular volume. One of the first clinical signs
is oliguria and urinary concentration of solutes. Renal artery
constriction and decreased glomerular filtration rate (GFR)
occurs early in the shock state. Blood is redistributed from
the cortex to the medulla in an attempt to conserve intravas-
cular volume during hypovolemia. These events, mediated
by circulating catecholamines, vasoconstrictor prostaglan-
dins, and angiotensin predispose the renal cortex to ischemic
injury. Shock patients with associated renal failure have a
high mortality (41).

Ischemic injury to the kidney may result in acute
tubular necrosis (ATN). Nephrotoxic agents (aminoglyco-
sides or IV radiocontrast) further increase the risk for ATN.
During the early phase of shock, patients may become
oliguric or anuric. Other than optimizing hemodynamics to
ensure adequate renal perfusion, no clear evidence exists
that it is possible to alter the course of ATN through the
use of such agents as diuretics to prevent tubular sludging
or renal dopamine to enhance renal blood flow (RBF).

Gastrointestinal System
The GI system is particularly susceptible to hypoperfusion,
and thus at risk for ischemia during shock states. Sympath-
etic stimulation during shock diverts blood flow from
viscera to more “vital” organs such as the heart and brain.
Gut mucosa can be compromised by splanchnic hypoperfu-
sion, and damaged mucosa can then facilitate movement of
toxic substances (e.g., proteolytically cleaved peptides,
lipids) into the lymph and portal circulation. In addition,
GI ulcers, GI hemorrhage, ileus, pancreatitis, and hepatic
failure can also occur. Liver failure is an ominous sign
given the significance of the liver’s synthetic, metabolic,
and clearance functions.

Splanchnic hypoperfusion results in a decrease in
gastric intramucosal pH (pHi). Gastric pHi of less than
7.32 has been correlated with increased morbidity and mor-
tality in shock patients (42). Measurement of gastric pHi may
be useful in assisting with the estimation of disease severity
(43). A 50% mortality has been demonstrated in critically ill
patients with a pHi less than 7.32 obtained 24 hours after
initial insult, compared with 11% mortality in those with
pHi greater than 7.32 (44). Gastric intramucosal acidemia
may be an early indicator of hypovolemia.

Hematological System
The hematologic system is widely affected in shock; in
addition to anemia, WBC activation, platelet activation,
and coagulopathies are commonly seen. Red blood cells,
platelets, and coagulation factors can be diminished by
both dilution and consumption. Consumption can result
from disseminated intravascular coagulation (DIC), or
more rarely, adverse drug reactions such as heparin-
induced thrombocytopenia (HIT). Functional platelet
dyscrasias can also occur without thrombocytopenia second-
ary to hypothermia, uremia, and sepsis. Blood products are
commonly required in trauma patients with shock. The
transfused blood products can themselves cause reactions
that mimic or exacerbate shock.

HYPOVOLEMIC SHOCK

Hypovolemic shock often results from uncontrolled hemor-
rhage, and is the most common form of shock occurring

in the acute trauma patient. External hemorrhage is
usually easily detected following large lacerations, gunshot
wounds, and open fractures, but these are not always easy
to control. Thoracic and abdominal trauma are additional
sources of blood loss that are usually apparent on chest
radiograph and objective evaluation of the abdomen [e.g.,
focused abdominal sonography for trauma (FAST), com-
puted tomography (CT) scanning, or diagnostic peritoneal
lavage (DPL)]. However, concealed hemorrhage can be
more problematic to diagnose. Common etiologies of con-
cealed hemorrhage include long bone fractures, pelvic frac-
tures, and other sources of retroperitoneal hemorrhage.
Nonhemorrhagic hypovolemic shock can also result from
diminished intravascular volume from etiologies other
than hemorrhage. Causes of nonhemorrhagic hypovolemic
shock include major burns, third space losses from crush
injury, or major blunt trauma. Other sources include GI
losses such as diarrhea and vomiting, and urinary losses
such as DI or excess diuretics.

Pathophysiology
Hypovolemic shock is characterized by intravascular
volume loss. The pathophysiology of hypovolemic shock
can be revealed as a decrease in venous return, SV, Q̇, BP,
central venous pressure (CVP), pulmonary artery pressures,
and pulmonary artery occlusion pressure. A compensatory
increase in resorption of fluid into the capillaries decreases
interstitial volume in an attempt to maintain intravascular
volume. At some point, this compensatory mechanism
may become inadequate and frank microcirculatory
derangements (increases in capillary permeability, WBC
plugging with no-reflow phenomenon, inflammatory
mediator release, etc.) may occur.

Clinical Presentation
The patient’s clinical presentation is dictated by the degree
of hypovolemia along with comorbid conditions. The
worse the premorbid state, the less the body tolerates the
hypovolemia. The acutely volume-depleted patient has
cool, moist, pallid, and/or cyanotic skin, especially at the
extremities. Typical physical examination reveals dimin-
ished pulse pressure, rapid pulse, cold clammy integument,
and flat neck veins. Because of compensatory mechan-

isms, there may already be as much as 30% to 40% blood
volume loss by the time hemodynamic changes occur
(Table 2). The greater the quantity and rate of volume
loss, the greater the degree of shock sustained. Initial
patient evaluation includes estimating blood volume
deficit (Table 4), estimating rate of additional blood loss,
completing a primary and secondary survey according to
ATLS principles, evaluating cardiopulmonary reserve, and
evaluating coexisting hepatic or renal dysfunction (45).

Table 4 Estimation of Blood Volume Deficit in Trauma

Unilateral hemothorax 1000–3000 mL

Hemoperitoneum with abdominal distension 2000–5000 mL

Full-thickness soft-tissue defect 5 cm3 500 mL

Pelvic fracture 1500–2000 mL

Femur fracture 800–1200 mL

Tibia fracture 350–650 mL

Smaller fracture sites 100–500 mL
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Management and Monitoring Priorities
Major goals in resuscitation include controlling blood

loss, repleting intravascular volume, and restoring ade-
quate tissue ḊO2. Management and monitoring priorities
in the acutely bleeding trauma patient target oxygenation
and ventilation, BP measurement, electrocardiogram (ECG)
monitoring, pulse oximetry, and capnography. The treating
physician must establish or verify adequate intravenous
(IV) access for infusion of normothermic fluids. Measure-
ment of temperature, urine output, ABGs, hemoglobin, hem-
atocrit, electrolytes, and parameters of coagulation is routine
in severely injured patients. Arterial catheterization and
monitoring is usually warranted once basic management
priorities are fulfilled. Placement of invasive monitors (e.g.,
CVP, pulmonary artery catheter) and/or transesophageal
echocardiography (TEE) may be considered, but should
not delay definitive care.

A lag in restoration of normal organ perfusion may be
present even after it appears the hemorrhagic shock patient
has been adequately resuscitated (46). Despite recent sugges-
tions that delayed fluid therapy may be preferable in isolated
penetrating trauma, the current recommendation remains to
optimize intravascular volume to prevent organ hypoperfusion.
ATLS recommendations call for an initial bolus of 2000 mL crys-
talloid to determine hemodynamic response (Table 5).

Patients with higher preload, initially, after shock
presentation maintain higher preload, demonstrate less
intramucosal gastric acidemia, and have lower mortality
(47). Q̇, BP, and perfusion of oxygenated blood flow to
vital organs are important determinants of outcome. A
byproduct of massive volume resuscitation is tissue
edema, in part, due to increased capillary permeability and
perhaps decreased plasma oncotic pressure. Patients with
comorbid cardiac dysfunction may be at risk for congestive
heart failure (CHF) with even moderate volume overload.
These patients may benefit from early placement of central
monitoring to guide therapy.

Fluid Options
The choice of IV solutions for fluid resuscitation in all forms of
shock remains controversial and is fully discussed in Volume
1, Chapter 11. Initial fluid resuscitation is most commonly
performed with crystalloid solutions. Blood products are
reserved for replacement of significant red blood cell loss,
thrombocytopenia, or coagulopathies due to factor deficiency.
Nonplasma colloids are generally used in low albumin states
or when hypovolemia is so pervasive that crystalloid admin-
istration is not capable of resuscitating the patient.

Isotonic Crystalloids
Lactated Ringer’s (LR) solution or isotonic 0.9% normal
saline are given intravenously to replenish intravascular
and interstitial volume (48). One-fourth to one-sixth of
the isotonic fluids administered remains in the intravascu-
lar space. LR is a balanced electrolyte solution containing
lactate, which is converted to bicarbonate by a functioning
liver (49,50). This is useful in trauma patients with meta-
bolic acidosis, as LR solution does not elevate circulating
lactate levels in patients with a functioning liver (51).
Because LR solution contains calcium, and can theoreti-
cally precipitate clotting when infused into blood products
using citrate phosphate dextrose (CPD) as an anticoagu-
lant, it should not be used with blood product. Rather,
0.9% normal saline is the solution of choice to dilute
packed red blood cells. It is an acceptable alternative for
fluid resuscitation; however, large volumes result in a
hyperchloremic metabolic acidosis (Volume 2, Chapter
45), which may complicate patient care (49,52). Glucose
solutions are avoided, as hyperglycemia may aggravate
CNS injury (53,54).

Colloids
Colloids increase plasma volume to a larger degree than do
crystalloids per unit volume infused, and remain intravascu-
lar for a longer period of time (55,56). However, several
studies suggest worse outcomes in trauma patients receiving
albumin (see Volume 1, Chapter 11). Trauma induces a state
of inflammation which results in damaged endothelial integ-
rity and altered microvascular permeability, promoting the
extravasation of fluid and large molecules such as albumin
into the interstitium (57), which may actually worsen inter-
stitial edema (58).

Albumin is the least likely of the colloids to induce a
coagulopathy, but both albumin and hetastarch can increase
the risk of coagulopathy (59–62). In view of these concerns
along with the expense of colloid compared to crystalloid,
routine use of colloids in trauma patients appears unwar-
ranted. Hetastarch doses greater than 1.5 L have been impli-
cated in coagulopathy as a result of diminished factor VIII
levels (63,64). Anaphylactoid reactions may also occur with
colloid administration (65).

Hextend, a relatively new, physiologically balanced
colloid plasma expander, does not appear to cause
acidosis or coagulopathy following the infusion of up to
5 L in vivo and may be a promising colloid option (66). To
date, no trauma outcome studies have been completed
with Hextend.

Table 5 Responses to Initial Fluid Resuscitationa

Rapid response Transient response No response

Vital signs Return to normal Transient improvement,

recurrence of # BP and " HR

Remain abnormal

Estimated blood loss Minimal (10–20%) Moderate and ongoing (20–40%) Severe (.40%)

Need for more crystalloid Low High High

Need for blood Low Moderate to high Immediate

Blood preparation Type and cross-match Type-specific Emergency blood release

Need for operative intervention Possibly Likely Highly likely

Early presence of surgeon useful Yes Yes Yes

a2000 mL Ringer’s lactate solution in adults, 20 mL/kg Ringer’s lactate bolus in children.

Abbreviations: BP, blood pressure; HR, heart rate.

Source: From Ref. 192.
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Hypertonic Saline
Hypertonic fluids can provide rapid volume expan-

sion, improved hemodynamics, lessen tissue edema,
diminish inflammatory response, lower ICP, and decrease
brain water when compared with isotonic solutions
(67,68). Hypertonic solutions result in an osmotic translo-
cation of extracellular and intracellular water. The intracellu-
lar half-life of hypertonic saline is similar to that of isotonic
saline.

Despite the above described theoretical benefits,
hypertonic saline has been associated with bleeding, hemo-
dynamic deterioration, and increased mortality in some
animal studies of uncontrolled hemorrhagic shock (69). A
small study of septic patients demonstrated an improvement
in cardiovascular parameters; however, patients receiving
hypertonic saline had a higher incidence of bleeding, hemo-
lysis, hypernatremia, and hyperchloremia (70). Hypertonic
saline does not improve cerebral ḊO2 after head injury and
mild hemorrhage in animals (71). However, hypertonic
saline combined with 6% hydroxyethyl starch may
improve neurologic function and cerebral perfusion
pressure (CPP) in patients with traumatic brain injury
(TBI) (72). Such hypertonic fluid solution is currently used
in Austria for resuscitation of all head-injured and major
trauma patients in the field.

Blood Products
Blood products should be reserved for patients who are

hemorrhaging briskly, and in more stable patients who are
requiring transfusion due to dangerously low levels of red

blood cells, platelets, or other factors (see Volume 2,
Chapter 59) (73). Blood products should not be transfused
in stable patients for volume expansion without such
deficiencies. Blood products are expensive, relatively
scarce, and carry the risk for transmissible disease.

ḊO2 is generally adequate with a hemoglobin of 7 g/dL
in critically ill patients without underlying coronary artery
disease (CAD) (see Volume 2, Chapters 54 and 59). A reason-
able transfusion trigger in patients with significant CAD is a
hemoglobin of 10 g/dL. Tissue oxygenation is maintained in
otherwise healthy, normovolemic individuals, between
hematocrits of 18% and 25% (74). Relatively restrictive trans-
fusion triggers, maintaining hemoglobin between 7 and 9 g/
dL, in critically ill patients appears to confer no added risk
to organ function or survival compared with a liberal
regimen trigger of 10 to 12 g/dL (75). The rate and magnitude
of blood loss, degree of cardiopulmonary reserve, presence of
atherosclerotic disease, and oxygen consumption should
affect the transfusion trigger for red blood cells (73).

Actively bleeding patients with large volume blood
loss in class III or IV (Table 2) shock, however, require
immediate blood administration (76). Type O-negative,
type-specific, typed and screened, or typed and cross-
matched packed red blood cells are options. The initial
choice of product depends upon the degree of hemodynamic
stability and the acuity of the need for transfusion. Type
O-negative red cells have no major antigens and may be
given to patients with all blood types (76). Only 8% of
the population have O-negative blood; therefore, O-positive
red blood cells are frequently used. However, O-positive
blood will predispose Rh-negative females of childbearing
age to hemolytic disease of the newborn and should be
avoided in this population if practicable.

If type O blood has been given in volumes of 50% to
75% of the patient’s blood volume (e.g., approximately 10

units of red cells in an adult patient), it is prudent to continue
to administer type O red cells if further transfusion is
required. If possible, the use of type-specific red cells, requir-
ing five to ten minutes in most institutions, is preferred over
O-negative (77). Temporizing measures may sometimes be
employed to gain the necessary time, as a full cross-match
requires 45 minutes.

Post-traumatic bleeding is primarily due to surgical
causes, hypothermia, and dilution. Additional coagulopa-
thies may present due to preexisting defects or DIC (78).
Correction of coagulopathies to forestall continued bleeding
is essential in the care of hemorrhagic shock. Point-of-care
testing and rapid reporting of coagulation test results
should be used to guide decisions regarding administration
of fresh frozen plasma (FFP), platelets, or cryoprecipitate
(Table 6). Microvascular bleeding in this setting can be
treated with FFP (79). Typically, 30% of coagulation factors,
provided by two units of FFP (10–15 mL/kg), are required
to achieve clinically adequate levels. Cryoprecipitate may
be used to correct specific factor deficiencies. Dilutional
thrombocytopenia, or a platelet count reduced to ,50,000/
mL, is a cause of hemorrhagic diathesis after transfusion of
1.5 to 2.0 blood volumes (80,81), corresponding to approxi-
mately 15 to 20 units of red cells in an adult trauma victim
(82,83). Platelet transfusions are indicated in the presence
of clinical bleeding and platelet count less than 75,000 to
100,000/mL. One unit of platelet (50 mL) increases the plate-
let count in an adult by 5000 to 10,000/mL.

Activated recombinant factor VII, although not
approved by the FDA, is a relatively new approach to
assist in the control of massive hemorrhage (84). A number

Table 6 Common Blood Components Used in Trauma

Blood component Characteristics

Whole blood RBC and plasma

WBC and platelets not viable after

24-hr storage

Labile clotting factors significantly

decreased after 2 days of storage

Hematocrit 35%

PRBC PRBC with reduced plasma volume

WBC, platelets, and coagulation

factors as for whole blood

Hematocrit 69%

Random-donor

platelet concentrate

Platelets 5.5 � 1010

Some WBC (i.e., lymphocytes)

50 mL of plasma

Few RBC

Hematocrit ,0.5%

Fresh frozen plasma Plasma proteins

All coagulation factors

Complement

Cryoprecipitate 80 units of factor VIII

Other plasma proteins

Von Willebrand factor

Factor XIII

Fibrinogen (200 mg)

Fibronectin

Abbreviations: PRBC, packed red blood cell; RBC, red blood cell; WBC,

white blood cell.

Source: Adapted from Ref. 193.
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of clinical and case reports indicate an improvement
in hemostasis without the apparent activation of the
coagulation cascade. Although no definitive dosing schedule
has been determined, doses ranging from 40 to 221 mg/kg
have been reported (85,86).

Hypothermia
Avoidance of hypothermia (Volume 1, Chapter 40) is

another primary consideration in the resuscitation of hypo-

volemic trauma patients. The patient’s environment
should be kept warm. Trauma patients often arrive to the hos-
pital hypothermic. The subgroup of spinal cord injury (SCI)
patients uniformly present with hypothermia. Detrimental
effects of hypothermia include coagulopathies, cardiac dys-
rhythmias, and compromised immune function (87–89).

Standard coagulation tests are temperature corrected
to 378C and may not reflect hypothermia-induced coagulo-
pathy (90–92). Hypothermia impairs coagulation due to
decreased enzymatic rates and reduced platelet function.
Hypothermia may also cause decreased myocardial contrac-
tility (93), cardiac dysrhythmias, and even cardiac arrest due
to electromechanical dissociation, standstill, or ventricular
fibrillation, particularly with core temperatures below
308C. Citrate, lactate, and drug metabolism are impaired
by hypothermia; increases in blood viscosity, impairment
of red blood cell deformability, increases in intracellular
potassium release, and a left-ward shift of the oxygen dis-
sociation curve impairing oxygen offloading to tissues may
also occur. One hundred percent mortality has been reported
in trauma patients whose body temperature fell to 328C (94),
regardless of severity of injury, degree of hypotension, or
fluid replacement.

Infusion of 4.3 L of room temperature crystalloid to a
70-kg trauma patient will result in a decrease of 1.58C in
core temperature (95,96). Similarly, infusion of 2.3 L of
diluted red cells could result in a core temperature decrease
between 18C and 1.58C. Thus, in addition to keeping the
patient’s environment warm, all fluids administered
should be warmed.

The use of fluid-warming devices effective at deliver-
ing normothermic fluids to the patients at clinically relevant
flow rates permit rewarming of hypothermic trauma
patients; rewarming may be enhanced by an externally pro-
vided heat source such as a convective warming device (97).
Fluid and blood resuscitation of the trauma patient is best
accomplished with large-gauge IV catheters and effective
fluid warmers with high thermal clearances (98). Counter-
current water and other fluid warmers using 428C set
points provide consistently warm fluid delivery, maintain
thermal neutrality with respect to fluid, and do not
damage red blood cells (97).

Pressors and Inotropes
Pressors and inotropes should be used only as tempor-

izing measures in the setting of isolated hypovolemic
shock. Their use to maintain perfusion pressure within
the range of autoregulation of the brain and the heart may
occasionally be temporarily necessary while volume is
being transfused. It must be recognized that such interven-
tion will not necessarily provide adequate perfusion to
other organs, and may worsen splanchnic and renal per-
fusion. In contrast to most pressors, vasopressin has shown
potential in the early treatment of hemorrhagic shock
without such compromise. The dosage for hemorrhagic
shock is an initial bolus of 20 units followed by infusion of

0.2–0.4 units/min, increased up to 0.9 units/min as needed,
per FDA guidelines. Vasopressin has an even greater role in
the treatment of distributive shock (discussed further).

Calcium is also frequently required to restore hemody-
namics in patients who have received large volumes of blood
products. Packed red blood cells, FFP, and platelets are all
stored in CPD with adenine or adsol at 48C and may
acutely decrease serum-ionized calcium levels (citrate-
binding calcium) (99). Hypocalcemia decreases inotropy
and vascular tone, and at severely decreased levels will
exacerbate coagulopathy. Calcium administration is war-
ranted during massive transfusion if large amounts of
blood are transfused rapidly (50–100 mL/min) or if the
patient is hypotensive and measured ionized calcium
values are low. Ionized serum calcium typically normalizes
when hemodynamic status is restored, so long as liver func-
tion remains intact.

CARDIOGENIC SHOCK

Cardiogenic shock is common, occurring in up to 25% of
myocardial infarction patients in the United States. Cardio-
genic shock is associated with an increased morbidity and
mortality, approaching 60%. Cardiogenic shock can also be
seen in such conditions as acute valvular dysfunction, dys-
rhythmia, or myocarditis. In trauma, myocardial contusion
or coronary artery injury can also precipitate cardiogenic
shock.

Pathophysiology
The pathophysiology of cardiogenic shock usually results
from a decreased O2 supply/demand ratio, and is character-
ized by a decrease in myocardial contractility. Consequently,
SV, Q̇, and ultimately BP are all diminished. The CVP, pul-
monary artery (PA) pressure, and PA occlusion pressures
are generally all increased as blood returns to the heart but
is not subsequently pumped out efficiently. Heart rate is
variable, but often is increased in order to compensate for
decreased SV, in an effort to preserve Q̇, and systemic vascu-
lar resistance (SVR) increases in order to preserve BP.

Among the more common etiologies of cardiogenic
shock in trauma is myocardial contusion (100,101). Nonethe-
less, hemodynamic consequences precipitating shock from
this etiology are not common. If myocardial failure occurs in
the setting of blunt chest trauma, etiologies such as tamponade
and cardiac rupture must be ruled out. Pulmonary artery cath-
eter placement and/or optimally, TEE can discriminate
between these diagnoses. Equilibration of pressures on pul-
monary artery evaluation would indicate tamponade. TEE
can quickly reveal or rule out tamponade, valvular dysfunc-
tion, contractility problems, and hypovolemia. The right ven-
tricle (RV) is most frequently involved following blunt chest
injury, demonstrating focal or general stunning.

Clinical Presentation
The clinical presentation of cardiogenic shock demonstrates
hypoperfusion with peripheral vasoconstriction. Ejection
fraction (EF) is decreased. Cold and mottled extremities,
cyanosis, hypoxemia, altered sensorium, and decreased
urine output are typical manifestations. Signs of elevated intra-
vascular volume such as jugular venous distension, rales on
chest examination, and an S3 gallop may be present. A new
murmur may also be present. Invasive monitoring is gener-
ally diagnostic, with elevated CVPs along with diminished
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Q̇ and SV. Chest X rays may demonstrate elevated pulmon-
ary vascular volume with cephalization of vessels or frank
pulmonary edema. TEE may demonstrate either global or
segmental dysfunction with diminished EF or possibly an
acute valvular defect. ECG may demonstrate ischemic
signs such as ST-depression (subendocardial ischemia) or
ST-elevation (transmyocardial ischemia).

In the case of myocardial contusion, it is rarely an iso-
lated injury, and generally occurs in the setting of severe
polytrauma. Abnormal ECGs and abnormal CK-MB and/
or troponin values correlate with significant symptoms and
the need for treatment, whereas normal ECGs and CK-MB
and/or troponin values correlate with clinically insignificant
complications. In patients with ECG abnormalities and/or
echocardiographic abnormalities, cardiac troponin is not
especially sensitive, nor specific for the diagnosis of myocar-
dial contusion (102). Patients at risk for myocardial contu-
sion who are younger than 55 years old, hemodynamically
stable, without history of cardiac disease, and with a
normal ECG have minimal likelihood for significant
adverse events requiring subsequent intervention (103).

Monitoring and Management Priorities
Management of cardiogenic shock centers upon improving
cardiac performance, improving cardiac output, maintaining
sinus rhythm, and restoring effective organ perfusion. A
variety of means may be employed, depending upon the
etiology of the insult. Inotropic agents, arterial dilators,
venodilators, appropriate sedation, and intra-aortic balloon
counterpulsation (Volume 2, Chapter 22) may be indicated.
Emergent definitive therapy such as emergent revasculariza-
tion or valvular repair may be life-saving. Thrombolysis in
the setting of acute myocardial infarction with cardiogenic
shock has not been demonstrated to improve mortality.

Fluid Management
In the setting of cardiogenic shock, fluid administration
must be judicious. These patients may be approaching the
steep end of the Starling curve. Even moderate volume
administration may place these patients at risk for CHF.
Naturally, trauma patients with concomitant hypovolemia
will require more aggressive fluid repletion. PA catheters
and TEE monitoring can assist in guiding rational fluid
therapy. For significant myocardial contusion, which is
similar to other forms of RV failure, treatment requires ade-
quate preload to maintain LV filling.

Inotropes
Inotropic agents should be considered early in cardiogenic
shock. Inotropic agents improve myocardial contractility.
Normal patients have a b1- to b2-myocardial receptor ratio
of 80:20. Patients with a failing myocardium have a
decreased absolute number of b1-receptors along with a
global diminished responsiveness to b-stimulation (104).
Initial b-receptor down-regulation may occur within
several hours of initial insult. With increased clinical severity
of heart failure, there is greater reduction of b1-receptors
(105). This consideration must be entertained when choosing
inotropic therapy for patients with myocardial dysfunction.
Phosphodiesterase inhibitors do not rely on b-receptors, and
may be helpful in cardiogenic shock. Phosphodiesterase
inhibitors act primarily through inhibition of phosphodi-
esterase fraction III, found predominantly in cardiac
muscle, increasing cyclic AMP and intracellular calcium to

increase inotropy (see Volume 2, Chapter 17 for rational
use of vasopressors in this population).

Vasodilators
Vasodilators can be considered in the treatment of severe
cardiac dysfunction when SVR is very high. Decreasing
SVR and preload decreases myocardial wall tension and
cardiac work, thus improving the myocardial oxygen
supply to demand ratio. However, in the setting of concomi-
tant hypovolemic shock with compromised BP, isolated
treatment with vasodilators is not beneficial, as it will
further diminish coronary artery perfusion pressure, and
simultaneously decrease perfusion pressure to other vital
organs such as brain and kidneys. Rather simultaneous
volume repletion and inotropic support is a superior initial
management plan. As intravascular volume is repleted, the
SVR will tend to decrease some. If ongoing cardiogenic
shock keeps SVR high, despite adequate fluid repletion,
then inotropes with vasodilatory side effects can be
employed.

Inotropes such as dobutamine and phosphodiesterase
inhibitors provide a component of vasodilation along with
improved inotropy and are the most commonly utilized
vasodilators in cardiogenic shock. In the postacute cardio-
genic shock phase, primary vasodilator drugs such as
angiotensin-converting enzyme (ACE) inhibitors, nitrates,
along with rate-control drugs such as b-blockers have been
shown to improve long-term outcomes.

Caution must also be exercised when instituting
nitrates in patients with decreased preload, as nitrates can
cause further intravascular depletion resulting in increased
hypotension, with a compensatory response of increased
HR (increasing the risk of ischemia). Rate-related ischemia
is often best remedied by initially controlling HR, using a
cardioselective b-blocker, such as esmolol 10–100 mg IV,
titrated 10–20 mg per dose, and augmented by small doses
of pressors such phenylephrine 40–80 mg IV during
initiation of b-blocker therapy. As HR decreases, and MAP
is maintained, ischemia often resolves. As ischemia resolves,
myocardial performance typically improves. Systemic BP
increases, organ perfusion improves, and the need for sup-
plemental pressor support can be abated.

Ensuring Adequate Analgesia and Sedation
A cornerstone of patient care is providing adequate comfort,
including both analgesia and anxiolysis (Volume 2, Chapter
5). Adherance to these precepts is particularly important in
patients with cardiogenic shock. Indeed, these patients are
uniquely prone to ischemia and dysrhythmias when pain
and/or anxiety are inadequately treated. Reducing the hyper-
adrenergic state by effective analgesia reduces myocardial
oxygen consumption by decreasing sympathetic discharge,
decreasing vascular tone, and decreasing cardiac work.

Opioids are a reasonable first-line choice. Once ade-
quate analgesia is provided, additional anxiolysis can be
added, if required. Benzodiazepines are an appropriate
choice in this setting. The synergistic effect of benzo-
diazepines with opioids must be kept in mind when initiat-
ing their use, both in terms of hemodynamics and
respiratory depression. In general, the peak respiratory
depressant effect of morphine occurs 15 to 20 minutes
following an IV bolus.

An additional consideration for sedation are the
newer a2-agonists such as dexmedetomidine. Dexme-
detomidine offers analgesia and sedation with minimal
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respiratory-depressant properties. Dexmedetomidine also
possesses potent sympatholytic properties, and directly pro-
duces both vasodilation and decreased HR.

Mechanical Assist Devices
Intra-aortic balloon pump (IABP) counterpulsation may be
life-saving for patients in cardiogenic shock. The IABP was
developed and entered into clinical practice 40 years ago
(106,107), and improves survival in patients with severe or
intractable cardiac shock (108) due to various forms of LV
failure (Volume 2, Chapter 22). IABP is not a definitive
therapy, but can be a bridge until definitive therapy can be
initiated. Inflation of the IABP during diastole augments dias-
tolic pressure improving coronary artery perfusion, whereas
rapid deflation during systole decreases “afterload” and myo-
cardial work.

Definitive Therapy
Definitive therapy, when appropriate, specifically addressing
the underlying etiology of the cardiogenic shock should be
instituted as soon as possible (Volume 2, Chapter 18). Throm-
bolysis for acute myocardial infarction is typically contraindi-
cated in the setting of acute trauma. Alternative therapies
such as percutaneous transluminal coronary angioplasty
(PTCA) or surgery may also be contraindicated given the
need for anticoagulation in such therapies. Surgical interven-
tion, however, may be required as a life-saving measure in
acute, traumatic valvular injury. Cardiac surgery and cardiol-
ogy consultation should be obtained in such circumstances to
access appropriate risk:benefit ratios.

DISTRIBUTIVE SHOCK STATES

Distributive shock states comprise a spectrum of disease
processes with vasodilated hemodynamic profiles. The most
commonly considered forms of distributive shock are
septic shock, anaphylactic and anaphylactoid reactions,
neurogenic shock, and adrenal crisis.

Septic shock, SIRS, and anaphylaxis are characterized
by release of mediators that induce vasodilation, increase
microvascular permeability, and affect capillary leakage of
plasma proteins. Neurogenic shock refers to hypotension
following spinal cord injury and is characterized by vascular
dilation secondary to a diminished sympathetic outflow.
Systemic hypotension secondary to vascular dilation is
the hallmark in distributive shock. SV is often normal or
elevated.

Septic Shock
Septic shock results of an infectious process (Volume 2,
Chapter 47), cause an SIRS (Volume 2, Chapter 63) state.
Because SIRS can result from either infectious or noninfec-
tious etiologies (e.g., trauma, transfusions, pancreatitis) a
wide differential should be initially considered. SIRS is
characterized by tachycardia, tachypnea, hyperthermia
(temperature .38.58C) or hypothermia (temperature
,368C), leukocytosis (WBC .12,000/mL) or leukopenia
(WBC ,4,000/mL), or bandemia (elevation of immature
WBC .10%). Should SIRS progress to involve failure of
more than one organ system, it is termed MODS. Septic
shock is characterized by hypotension not readily responsive
to volume infusion, and dysfunction or failure of at least one
organ system. It is the 13th leading cause of morbidity in the
United States (109,110) with a mortality of more than 50%.

Bacteria, fungi, and rarely, viruses cause sepsis. Septic
shock is a systemic inflammatory syndrome secondary to a
suspected or documented infectious process accompanied
by end-organ damage or refractory hypotension (111–113).
Trauma and hemorrhage are the leading causes of noninfec-
tious SIRS. Similar to sepsis, a neurohumoral cascade is
initiated with major trauma or hemorrhage. Early changes
are proinflammatory; inflammatory mediators such as cyto-
kines are released and contribute to physiological changes of
vascular dilation and impairment of intravascular integrity
(i.e., leaky capillaries). Subsequent immunodepression may
follow.

Pathophysiology
The pathophysiology of septic shock results from both direct
action of microbial toxins and the body’s response to the
infection. Toxins such as endotoxin, peptidoglycan, and
lipoteichoic acid (LTA) may trigger an inflammatory cascade.
The body’s response to these stimuli may be overzealous
and precipitate SIRS, septic shock, and MODS. Cytokines
and a host of other circulating inflammatory mediators are
involved in the process. Among those cytokines implicated
include tumor necrosis factor-a (TNF-a) and the interleu-
kins. These cytokines mediate such systemic responses as
hyperthermia, tachycardia, increased endothelial per-
meability, DIC, and shock. Systemic vasodilators include
NO, prostacyclin, and prostaglandin E2.

Clinical Presentation
The presentation of septic shock results from hypotension
primarily from vasodilation, but also from intravascular
hypovolemia secondary to extravasation of fluid into the
interstitium. In addition, direct myocardial depressants
may be present, impairing cardiac performance. Therefore,
although septic shock is commonly considered as secondary
to vasodilation, that is, distributive shock, it is apparent that
components of hypovolemia and myocardial dysfunction
are common. Components of obstructive shock, such as
decreased venous return with either ACS or elevated venti-
latory pressures, may also contribute to the overall con-
dition. In this setting, multiple organ systems are
impacted. The CNS may be affected directly with toxins
causing obtundation, but may also be affected due to cer-
ebral hypoperfusion during severe shock.

The cardiovascular system is affected in several ways.
The vasculature dilates causing an effective intravascular
hypovolemia. Additional intravascular hypovolemia occurs
secondary to toxically mediated endothelial injury, resulting
in extravasation of fluids into the interstitium. Furthermore,
direct myocardial depression may occur (usually later in the
course of disease). The overall hemodynamics of this setting
are typically that of increased Q̇, SV, HR, with decreased
preload and SVR. TEE, early in the process, will demonstrate
central hypovolemia with variable degrees of diminished
myocardial performance.

The pulmonary system is also frequently affected in
septic shock. The etiology of infection can be the lungs.
However, even if the site of infection is distant from the
lungs, pulmonary dysfunction is common. The body’s
entire circulation passes through the lungs, exposing the
lungs to circulating toxins and mediators. Extravasation of
fluids into the lung interstitium may cause significant
declines in oxygenation due to increased diffusion gradients.
Further injury may occur with the progression of ALI to
ARDS.
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Renal dysfunction is also prevalent, ranging from mild
oliguria to frank ATN. Typically, the hypotension of septic
shock and renal hypoperfusion is the precipitating event of
the ATN; however, additional injury secondary to sepsis-
related cytokines and nephrotoxic agents such as antibiotics
(aminoglycosides) and radiocontrast agents can also occur.

The GI system may be involved in the pathogenesis of
septic shock. Gram-negative sepsis is the most common etiol-
ogy of septic shock. Sepsis from GI sources may also be a
result of shock from other etiologies. During periods of sig-
nificant hypotension, such as during traumatic hypovolemic
shock, splanchnic blood supply and GI perfusion may be
compromised. In this setting, mucosal integrity may be com-
promised with resulting systemic transfer of vasoactive pep-
tides, lipids, and eventually the translocation of gut bacteria,
resulting in sepsis.

The hematologic system also develops derangements.
WBC count is typically elevated early in sepsis (predomi-
nantly neutrophils) but may decline to precipitously low
levels in later stages of sepsis as immune function is compro-
mised. Thrombocytopenia due to either the dilutional effects
of volume resuscitation, consumption of platelets with DIC,
or microvascular thromboses may occur. Bone marrow
suppression may occur in critical illness or secondary to
medications. Anemia requiring red blood cell transfusion
may be required.

Management
Management of septic shock requires a multimodal
approach. Care is not just focused upon the hypotension,
but also must include treatment of the inciting infection
(111,114,115). Appropriate antibiotic coverage should begin
as soon as possible, with a goal of initiation of treatment
within four to eight hours. Empiric broad-spectrum anti-
biotics may be a reasonable choice in the early period
while definitive diagnosis and therapy is undertaken as
reviewed in Volume 2, Chapter 53. Specific antimicrobial
choices may be tailored to the suspected source of infection.
Surgical management such as for bowel perforation or cath-
eter placement for abscess drainage may be required.
Additional care is supportive in nature, supporting the
systems that may be affected by the septic shock. As in
other forms of shock, initial therapy is aimed at maintaining
adequate intravascular volume. Tissue oxygenation is
dependent upon both supply and demand. During periods
of excess inflammation, demand increases while supply
must remain adequate to meet the increased demands.

Perhaps the best-known evidence-based publication
for the treatment of sepsis and septic shock is the Surviving
Sepsis Campaign Guidelines published in 2004 (116).
Among the positive recommendations supported by at
least one large randomized trial with clear-cut results is
the use of “early, goal-directed therapy” (120). This method
advocates aggressive optimization of hemodynamics and
oxygen balance within six hours of diagnosis of septic shock.

The guidelines for sepsis and septic shock have been
well articulated by the Surviving Sepsis Campaign. Rec-
ommendations were graded from A to E with category A
representing evidence from two or more large randomized
trials, and category E representing case series, uncon-
trolled studies, nonrandomized historical controls, or
expert opinion. Here we review the findings of the Surviv-
ing Sepsis Campaign that were graded with an A or B
(supported by at least one large randomized trial)
(Table 7).

Volume resuscitation to replace fluids lost to leaky
capillaries and decreased vascular tone is the cornerstone
of therapy. Meta-analysis of sepsis patients shows no consist-
ent benefit to crystalloid versus colloid use (117–119). In all
forms of distributive shock, relative intravascular volume
is depleted, whereas total body volume is usually elevated.
It is common for infused volumes to exceed 5 L of crystalloid
(120). An effective approach is to titrate volume until SV is
maximized, typically at 100–150 cc/beat, while maintaining
acceptable cardiac filling pressures, effectively defining the
cardiac Starling curve.

Vasopressors are added when volume resuscitation is
deemed adequate. They may also be used during early
resuscitation to augment systemic BP while volume is
being administered. Norepinephrine, phenylephrine, vaso-
pressin, dopamine, and epinephrine are commonly used
agents in the treatment of septic shock.

Vasopressors and Inotropes
Vasopressors are instituted in septic shock when volume
resuscitation alone does not restore adequate BP and organ
perfusion. Phenylephrine is often the first pressor chosen.
As a direct-acting a-adrenergic agent, phenylephrine pro-
duces vasoconstriction without inotropic support. Phenyl-
ephrine has a rapid onset and a limited time of duration of
less than 10 minutes following bolus. It may be given
through a peripheral IV either in bolus or continuous
infusion.

Norepinephrine is the pressor of choice in septic
shock; it has both direct a and b sympathomimetic effects.
Supplementation with norepinephrine will provide a
greater Q̇ and SV for a given systemic BP than phenyl-
ephrine alone. Norepinephrine is a potent vasoconstrictor
and should be infused via central access to lessen the risk
of local ischemia, should peripheral extravasation occur.
Recent studies demonstrate that norepinephrine may
indeed be the drug of choice for patients with a low-tone
state when used to support hemodynamics in patients
with normal to elevated Q̇ (121). Models of distributive
shock treated with norepinephrine have shown an increase
in organ perfusion pressure along with an improvement of
splanchnic, renal, and glomerular blood flow, and may be
associated with better prognosis than either epinephrine or
dopamine (122–124). While there has not been a controlled
outcome study in humans, many distributive shock patient
series demonstrate an increased GFR and urine output
when norepinephrine is utilized (122), presuming that
adequate volume resuscitation has been undertaken. Nor-
epinephrine is also less likely to raise ICP than dopamine
(125), and may be preferred in head trauma patients requir-
ing vasopressor therapy with modest inotropy.

Dopamine, traditionally, has been the drug of choice
for cardiovascular support in septic shock. Dopamine
exerts various effects based upon the dose range. Doses in
the range of 2–5 mg/kg/min have historically been used
for as yet unproven “renal protective properties” (126),
affecting predominantly the dopamine receptors located
chiefly in the splanchnic circulation and renal beds. Doses
in the 5–10 mg/kg/min range are used for inotropic effects
as b-adrenergic effects come into play. Doses 10–20 mcg/
kg/min are used for pressor effect as a-receptors become
affected. The utility of dopamine as first-line pharmacother-
apy has been questioned recently. Norepinephrine and vaso-
pressin appear to offer improved outcomes in distributive
shock when compared with dopamine. Dopamine is
further limited by its propensity for tachydysrhythmias.
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Care must be particularly exercised in this regard in patients
at risk for heart rate-related ischemia. Dopamine also sup-
presses growth hormone, thyroid stimulating hormone,
and prolactin. These additional detrimental effects in
critically ill patients may induce immunosuppression and
catabolism.

Epinephrine, similar to norepinephrine, is both
a direct-acting a- and b-sympathomimetic. However,
norepinephrine has been demonstrated to be superior to

epinephrine in the treatment of septic shock, possibly
partly related to its relatively greater a effects. Care must
be taken in the use of epinephrine due to its propensity for
significant tachycardia and dysrhythmias, which, in the
setting of cardiac disease, can cause myocardial ischemia.

Vasopressin is becoming popular in the treatment of
septic shock. Patients with septic shock refractory to volume
infusion and standard pressor therapy have demonstrated
restoration of adequate BP with the addition of small-dose

Table 7 Surviving Sepsis Campaign Guidelines

Category Grade Recommendation

Initial resuscitation B Resuscitation of a patient with severe sepsis or septic shock should begin at recognition.

During the first 6 hrs, the following should be targeted:

CVP 8–12 mmHg

MAP .65 mmHg

UOP .0.5 mL/kg/hr

SvO2 .70%

B During the first 6 hrs, if SvO2 of 70% is not achieved with a CVP of 8–12 mmHg, then

transfusion of PRBCs to a hematocrit of 30% and/or a dobutamine infusion should be

started to achieve this goal

Vasopressors B Low-dose dopamine should not be used for renal protection as part of the treatment of severe

sepsis

Inotropic therapy A A strategy of increasing cardiac index to achieve an arbitrarily predefined elevated level is

not recommended

Steroids A Doses of corticosteroids .300 mg hydrocortisone daily should not be used in severe sepsis

or septic shock for the purpose of treating septic shock

rhAPC B rhAPC is recommended in patients at high risk of death (APACHE II �25, sepsis-induced

multiple organ failure, septic shock, or sepsis-induced acute respiratory distress

syndrome) and with no absolute contraindications related to bleeding risk or relative

contraindication that outweighs the potential benefit

Blood product

administration

B Once tissue hypoperfusion has resolved and in the absence of extenuating circumstances,

such as significant coronary artery disease, acute hemorrhage, or lactic acidosis, red blood

cell transfusion should occur only when hemoglobin decreases to ,7.0 g/dL to target a

hemoglobin of 7.0–9.0 g/dL

B Erythropoietin is not recommended as a specific treatment of anemia associated with severe

sepsis, but may be used when septic patients have other accepted reasons for adminis-

tration of erythropoietin such as renal failure–induced compromise of red blood cell

production

B Antithrombin administration is not recommended

Mechanical ventilation B High tidal volumes that are coupled with high plateau pressures should be avoided in ALI/
ARDS. Tidal volumes should be 6 mL/kg and inspiratory plateau pressures should be

,30 cmH2O

A A weaning protocol should be in place and mechanically ventilated patients should undergo

a spontaneous breathing trial to evaluate the ability to discontinue mechanical ventilation

when they satisfy set criteria

Sedation, analgesia, and

neuromuscular blockade

B Protocols should be used when sedation of critically ill, mechanically ventilated patients is

required

B Either intermittent bolus sedation or continuous infusion sedation to predetermined

end-points with daily interruption/lightening of continuous infusion and

retitration if necessary

Renal replacement B In acute renal failure, and in the absence of hemodynamic instability, continuous veno-

venous hemofiltration and intermittent hemodiaysis are considered equivalent

DVT prophylaxis A Severe sepsis patients ¼ low-dose unfractionated heparin or low-molecular–weight heparin

If contraindication to heparin ¼ mechanical prophylaxis or intermittent compression device

High-risk patients ¼ pharmacologicþmechanical therapy

Stress ulcer prophylaxis A Stress ulcer prophylaxis should be given to all patients with severe sepsis

Abbreviations: ALI, acute lung injury; APACHE II, Acute Physiology and Chronic Health Evaluation II; ARDS, acute respiratory distress syndrome; CVP,

central venous pressure; MAP, mean arterial pressure; rhAPC, recombinant human activated protein C; UOP, urine output; DVT, deep venous thrombosis.

Source: From Ref. 116.
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vasopressin therapy. Septic shock patients have a relative
vasopressin deficiency, and its exogenous administration
can stabilize hemodynamics in advanced distributive
shock (127–130). Septic shock patients require markedly
smaller doses of vasopressin, in the range of 0.01 to 0.05
units/min, to improve BP (131). Vasopressin augments
response to concomitant pressors, often allowing a reduction
in other agents (132,133). Utilizing doses above 0.04 units/
min in septic patients requires caution, as hemodynamics
are not consistently improved in larger doses. Larger doses
may compromise organ perfusion and contribute towards
adverse events (134). A synthetic analog, terlipressin, has a
longer half-life than vasopressin, and may be useful in
potentially allowing intermittent dosing (135).

Inotropic support is frequently required given the
myocardial depression secondary to the circulating toxins
and mediators. Patients with supernormal physiology have
been observed to have comparably improved outcomes.
However, attempts to pharmacologically augment physi-
ology to supernormal levels have not been shown to
improve outcomes, and have indeed been shown to worsen
outcomes. Pharmacological augmentation to normalize
physiology is the current standard of care. Norepinephrine
gives both vasoconstriction and moderate inotropy without
significant tachycardia or dysrhythmias.

Corticosteroids
Steroids are sometimes utilized in septic shock patients in
relatively modest dose replacement therapy to support
hemodynamics. High doses of steroids (e.g., methylpredni-
solone 30 mg/kg) were given in the past for patients with
septic shock, but were shown to have either no or detrimen-
tal effect on survival (136–139). A number of studies have
explored the use of moderate steroid doses, in the range of
steroid replacement therapy, and have shown improved out-
comes (140–142). One effect may be to limit the systemic
inflammatory response. Reduced HR, temperature, C-
reactive protein, and phospholipase A2 are noted (143).

Endogenous cortisol increases the pressor effect of
catecholamines (Volume 2, Chapter 62). Cortisol increases
b-adrenergic receptor cell density and synthesis by prevent-
ing desensitization (144,145), and its release from the pitu-
itary is stimulated by stress and plays a role in homeostasis.

Half of the septic shock patients have relative adrenal
suppression with serum cortisol levels less than 20 mg/dL
(146). Patients with pressor-dependent septic shock who
are unresponsive to fluid resuscitation have a high likeli-
hood of adrenal suppression. Those with an inadequate
response to 0.25 mg cosyntropin (synthetic ACTH) stimulat-
ing test (147), that is, less than 9 mg/dL increase over baseline
serum cortisol level, had a 74% 28-day mortality when com-
pared with 18% in those with positive response.

A follow-up randomized controlled outcome study
showed 76% of patients with pressor-dependent septic
shock unresponsive to volume replacement to have a nonres-
ponsive cosyntropin stimulating test. In these nonrespon-
ders, patients who received steroid replacement therapy of
50 mg hydrocortisone as intravenous bolus every six hours
along with 50 mg fludrocortisone orally, once per day had a
53% 28-day mortality versus 63% in the placebo group
(148). The patients who had a positive response to the stimu-
lation test showed a slight, nonsignificant trend towards
increased mortality if given the above steroid replacement
regimen.

Based on these findings, a reasonable approach in
pressor-dependent septic shock patients nonresponsive to

volume replacement, given that roughly three-quarters of
the patients will be nonresponders, is to perform a cosyntro-
pin stimulation test, and then start low-dose steroid therapy.
If there is a positive response to the test (i.e., appropriate
increase of .18 mg/dL plasma cortisol levels), discontinue
steroids. If the patient is a nonresponder, continue steroid
therapy for seven days.

In an analogous fashion, noninfectious inflammatory
syndrome patients and posthemorrhagic patients with
shock have been demonstrated to have a high incidence of
adrenal cortical suppression with abnormal response to cor-
ticotropin stimulation test (149). In this group of patients,
there was an increased requirement for norepinephrine
support, both in the amount of drug administered and in
the duration of treatment required (149). Nonetheless, it
has not yet been demonstrated whether steroid replacement
therapy, similar to that described earlier in the septic shock,
will be efficacious in this patient population.

Activated Protein C
Despite the general lack of apparent efficacy targeting
specific mediators and toxins, recombinant activated
protein C (APC) has shown promise in the treatment of
septic shock. Infection causes a procoagulant, antifibrinolytic,
and inflammatory state. A variety of therapies have been
explored for septic shock, including high-dose glucocorti-
coids (150,151), cytokine antagonists (152–162), bacterial
modulators (163–165), anticoagulants (166,167), nonsteroi-
dal anti-inflammatory agents (168), and NO inhibitors
(169), which have all proven ineffectual or detrimental in
patient studies.

On the other hand, APC appears to play a critical role
in achieving regulation of thrombosis, fibrinolysis, and
inflammation with subsequent improvement of survival in
septic shock. Native APC reduces activated factor VIII and
activated factor V leading to a reduction in thrombin for-
mation with a decrease in fibrin clot formation. APC also
reduces neutrophil activation and margination, plasminogen
activating inhibitor, tissue factor, and monocyte activation
by, as of yet, unknown mechanisms. In addition, APC
deficiency is seen in 85% of severe sepsis patients (170). In
a large randomized, placebo-controlled study, adminis-
tration of recombinant APC showed a significant, overall
reduction in mortality of 6.1% (171). A follow-up, open
label trial dosed at 24 mg/kg/hr for 96 hours showed
similar results with even sicker patients (172). The sicker
the patient, the more cost-effective the treatment with
recombinant APC appears to be; the chief benefit of APC
appears to be seen in patients with greater than one failing
organ system (173). The major adverse event with APC is
serious bleeding, with a small minority exhibiting fatal intra-
cranial bleeding; this may be exacerbated in the pediatric
population secondary to an immature blood–brain barrier.
Nonetheless, the decreased mortality seen with APC is
eight times less than the risk of a fatal bleed (in adults). It
may soon be that all patients arriving in sepsis receive APC
by protocol, as acute myocardial infarction and cerebral vas-
cular accident patients today receive thrombolytic therapy.

Anaphylactic Shock
Anaphylaxis is an immunoglobulin E (IgE)-mediated

allergic reaction, and requires an initial exposure with sen-
sitization to an antigen with synthesis of IgE. On re-
exposure, the antigen binds to specific IgE antibodies
bound to mast cells and basophils, and triggers the release
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of chemical mediators including histamine, tryptase, leuko-
trienes, kinins, and prostaglandins (see Volume 1, Chapter 33).

These immunological mediators produce the systemic
signs and symptoms of anaphylaxis. Common early symp-
toms are utricaria, edema, wheezing, excess airway
secretions, vasodilation, and cardiovascular collapse. Ana-
phylaxis may be life-threatening, compromising both respir-
atory and cardiovascular systems, and be confused with
etiologies such as sepsis, cardiogenic shock, and asthma.
The most threatening manifestations of anaphylaxis are
airway edema, bronchospasm, and shock. Anaphylactoid
reactions are similar to anaphylaxis but not mediated by
IgE and thus do not require a previous exposure. Anaphylac-
toid reactions are clinically indistinguishable from anaphy-
laxis and treated in the same fashion as anaphylaxis.

Inciting agents for anaphylaxis and anaphylactoid
reactions may be environmental agents or medications.
The temporal relationship to a triggering event often pro-
vides a clue. Bronchospasm and hematuria are consistent
with the diagnosis. Elevated levels of serum histamine,
tryptase, and IgE confirm the diagnosis. Common inciting
environmental agents include latex products, hymenoptera
(bee) stings, crotalid (snake) venom, and antivenom.
Medications such as penicillins, cephalosporins, protamine,
dextran, and radiocontrast agents are commonly noted to
incite anaphylactic and anaphylactoid reactions. Immedi-
ately upon recognition of anaphylaxis or an anaphylactoid
reaction, an attempt should be made to determine the incit-
ing agent. The inciting agent should then be removed, for
example, latex catheters, bee stingers, or medications.

The presentation of anaphylactic and anaphylactoid
reactions has classic symptoms. Fifty percent of the deaths
from anaphylaxis occur within the first hour. Seventy-five
percent of the anaphylaxis deaths are from asphyxia, the
remainder from circulatory collapse. Upper airway obstruc-
tion may occur from tongue and glottic edema. Bronchocon-
striction may produce dyspnea, wheezing, air trapping, and
acute respiratory collapse. Hypotension and tachycardia
are typically present. Histamine is the most important
mediator, affecting both H1 and H2 receptors. Vasodilation
and vascular hyperpermeability (“leaky capillaries”) cause
hypotension. This marked hyperpermeability may occur
rapidly, producing a fluid shift from the vascular to the
extravascular space. Rapid, profound loss of intravascular
volume may occur. Up to 50% of intravascular volume
may be lost within 10 minutes (174). Secondary mediators
are stimulated with an increase in serum catecholamines
and a conversion of angiotensin I to angiotensin II
(175,176). The Q̇ and SV may be normal or increased,
depending upon the patient’s functional volume status and
these compensatory mechanisms. Measurements of CVP,
PPA, and PPAO are generally low. However, depending
upon the effect of the toxic mediators upon the bronchial
tree and pulmonary vasculature, the CVP and PPA may be
increased. Care must be taken not to interpret this as
primary cardiac dysfunction.

Treatment of anaphylaxis and severe anaphylactoid
reactions must be prompt and follow the ABCs (airway,
breathing, and circulation) of patient management (177).
Identify and remove the offending allergen. Supplemental
O2 and airway management take highest priority followed
by administration of epinephrine and intravascular
volume. Intubation prior to severe airway edema should
be considered, both to ensure an adequate airway and also
to enable positive pressure ventilation given the probability
of significant bronchospasm. Aggressive volume resuscitation

to correct the significant hypovolemia with infusion of 1000–
2000 mL of crystalloid as an initial bolus to replete the intra-
vascular volume, given the ongoing interstitial extravasa-
tion, is indicated.

Pharmacological therapy with epinephrine is the
single most important specific therapy. Epinephrine is
the ideal agent for the treatment of anaphylaxis and ana-
phylactoid reactions. Epinephrine increases vascular tone,
increases cardiac output, stabilizes mast cells to prevent
further deregulation, bronchodilates, and helps restore circu-
lation. Initial dosing in early anaphylaxis is 100 mg IV bolus,
followed by subsequent infusion. Alternatively, 300–500 mg
should be administered intramuscularly (when an IV is not
available). IM doses can be repeated several times at 10-
minute intervals. Acute bronchospasm may be treated with
0.01 mg/kg IM epinephrine or SQ or, alternatively, with
0.5–0.1 mg/min IV. In the setting of fulminant cardiovascular
collapse, continuous epinephrine infusions titrated to effect
should be instituted. More severe or prolonged symptoms
may be treated with 100–500 mg intravenous doses every
five minutes as needed to maintain hemodynamic stability
(177). Continue therapy with an IV infusion of 1–4 mg/min
as necessary.

When administering epinephrine, the patient should
be closely monitored. Cardiac ischemia and myocardial
infarction have been reported in the use of epinephrine in
anaphylactic shock. In the event of cardiac arrest, Advanced
Cardiac Life Supportw (ACLSw) protocol should be fol-
lowed. Secondary treatment with corticosteroids and antihis-
tamines inhibit further immune response. Antihistamines are
particularly useful in the treatment of cutaneous symptoms.
Since both H1 and H2 receptors are involved, both H1 and
H2 blockers should be utilized. Diphenhydramine (25–
50 mg) should be given either intramuscularly or intrave-
nously along with 1 mg/kg of ranitidine intravenously, or
4 mg/kg of cimetidine intravenously. Corticosteroids may
be considered, but do not have an immediate effect.
However, corticosteroids may play a role in diminishing
inflammatory respiratory reactions. Corticosteroids may be
given IM, IV, or PO. Options include hydrocortisone
100 mg IV or prednisone 60 mg PO.

Neurogenic Shock
Neurogenic shock is caused by traumatic SCI. Neurogenic
shock is characterized by an adrenergic deficiency character-
ized by vascular dilation and bradycardia. Higher SCI
increases the incidence of significant bradydysrhythmias. If
the SCI is above T1–T5 (level of the cardiac accelerator
nerves), significant bradycardia, bradydysrhythmias, and
even sinus arrest can occur.

The pathophysiology of neurogenic shock is hypoten-
sion due to loss of vasomotor tone. SCI ablates intrinsic sym-
pathetic stimulus while allowing elevated or unopposed
parasympathetic stimulus. Venous pooling occurs with
decreased venous return and decreased cardiac output.
Hypotension may ensue. Monitoring of BP, HR, and
urinary output is necessary. Bradycardia may contribute to
shock, and is a significant factor in post-SCI morbidity and
mortality.

Neurogenic shock presents with significant vasodila-
tion precipitating hypotension. The CVP, PPA, PPAO are all
typically low, but depend upon the overall volume status.
Bradycardia is often present if the injury is at or above the
cardiac accelerator nerves (T1–T5). On physical examin-
ation, patients will have evidence of peripheral vasodilation,
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and may evidence signs of parasympathetic excess such as
bradycardia, priaprism, diarrhea, and bronchospasm. Evi-
dence of neurologic injury should be explored in trauma
patients with shock symptoms. The etiology is generally
clear; however, other types of shock such as hypovolemic
shock must also be considered. Significant hypothermia is
often present given inadequate temperature regulation.

Management of neurogenic shock begins with suppor-
tive measures. Airway management may be required should
innervation of muscles of respiration be disrupted. Fluid
resuscitation is necessary given the significant vascular
dilation and pooling. Temperature control is critical, as
these patients uniformly enter the hospital hypothermic
due to their inability to autoregulate their temperatures
secondary to peripheral vasodilation.

Early steroid loading with methylprednisolone
(30 mg/kg loading dose followed by 5.4 mg/kg/hr � 24 hrs)
may improve recovery in spinal cord injured patients for
patients treated within four to six hours of the SCI. Pharma-
cological support is also at times necessary. The constellation
of symptoms in neurogenic shock must be considered. In
view of this, care must be exercised in using phenylephrine
as the sole medication for restoration of vascular tone due to
the potential to worsen bradycardia. Dopamine and epi-
nephrine both offer vasoconstriction and increased chrono-
tropy. If hypotension is severe, norepinephrine may be
useful. For acute episodes of bradycardia, boluses of atro-
pine or glycopyrrolate may be necessary. In SCI above the
cardiac accelerator nerves, significant bradycardic events
may be present.

Adrenal Crisis
Adrenal crisis (a.k.a. acute adrenal insufficiency or Addiso-
nian crisis) is a medical emergency characterized by low
serum cortisol and aldosterone with hypotension and tachy-
cardia refractory to volume administration (Table 8). Prompt
treatment with fluids, steroid replacement, and correction of
metabolic derangements is necessary. A cosyntropin stimu-
lation test (as described in the steroid treatment section for
septic shock earlier) may still be utilized after a single dose
of 2 mg of IV dexamethasone has been given (also
see Volume 2, Chapter 62). Dexamethasone does not,
however, offer mineral corticoid replacement. Therefore, in

primary adrenal failure, subsequent dosing with IV hydro-
cortisone 200 mg infusion over 24 hours should be initiated.
Tapering of the initial large-dose steroids may be considered
after resolution of the acute crisis, aiming for simple replace-
ment doses.

OBSTRUCTIVE SHOCK

Obstructive shock is due to mechanical impediment to
blood flow; that is, obstruction of venous return and/or

arterial outflow from the heart. Causes in trauma patients
include PE, pericardial tamponade, ACS, increased
intrathoracic pressure such as with tension pneumothorax,
positive pressure ventilation and excessive PEEP (either iatro-
genic or intrinsic). Obstructive shock is characterized by a
diminished Q̇ and SV, with increased HR, CVP, and intracar-
diac pressures. The CVP, PPA, and PPAO can all become elev-
ated to similar values, which is termed as equalization of
pressures.

Signs and symptoms common to all forms of obstruc-
tive shock include hypotension, tachycardia, respiratory dis-
tress, cyanosis, and jugular venous distension. Classical
findings of pulsus paradoxus and Kussmaul’s sign are also
seen in forms of obstructive shock. Pulsus paradoxus is a
greater than 10 mmHg decrease in systolic pressure during
inspiration. Kussmaul’s sign is an increase in venous
pressure with inspiration during spontaneous ventilation.

Management of obstructive shock primarily focuses
upon supportive care until diagnosis and definitive
therapy such as decompression of tension pneumothorax,
pericardiocentesis for pericardial tamponade, thrombolytic
therapy for PE, or abdominal decompression for ACS are
instituted. Supportive measures may include volume resus-
citation and inotropic support. Volume therapy provides
temporary support by improving intracardiac filling.
Although the central pressures are elevated in obstructive
shock, they are reflective of transmitted pressures rather
than due to elevated intracardiac volumes. Inotropic
support with dobutamine and phosphodiesterase inhibitors
may also be considered while diagnosis is being accom-
plished. Pressors are not generally required, as peripheral
vasoconstriction is typically present from sympathetic
stimulation.

Pulmonary Embolism
PE is a common complication following deep venous
thrombosis (DVT) formation after trauma. Virchow’s triad
of intimal damage, venous stasis, and a hypercoagulable
state comprise the classically described conditions predis-
posing to thromboembolic disease (see Volume 2, Chapter
56), which exist in most trauma patients. Risk is reduced
by utilization of both DVT prophylaxis and vena caval
filter placement in patients unable to have anticoagulation.
Mortality from PE increases in settings of significant comor-
bid disease, RV dysfunction, and age greater than 60 years.
The risk of PE is further increased in TBI, SCI, pelvic fracture,
and lower extremity fractures.

PE can present with classical symptoms of pleuritic
chest pain and dyspnea (60–73% of the time). Apprehension
is a common symptom as well, occurring in up to 60% of
patients. Additional common symptoms include hemoptysis
(20%), wheezing (9%), and palpitations (10%). However,
syncope and sudden death may be the only signs at presen-
tation. Examination is typically nonspecific. Tachypnea

Table 8 Common Causes of Adrenal Insufficiency

Primary Secondary

Autoimmune adrenalitis Sepsis

Acquired immunodeficiency

syndrome (opportunistic

infections)

Pituitary damage or dysfunction

(tumors, metastasis, traumatic

lesions, surgery, radiation)

Tuberculosis Drugs

Metastatic carcinoma Long-term glucocorticoids

therapy

Systemic fungal infections Interference with cortisol

synthesis (etomidate, ketoco-

nazole, aminoglutethimide)

Hemorrhage; necrosis

or thrombosis of

adrenal gland

Increased metabolism of cortisol

(phenytoin, phenobarbital,

rifampin)

Source: Adapted from Ref. 189.
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(70%) is the most common finding, followed by crackles
(50%) and tachycardia (30%).

Nonspecific ECG changes (50%) are common. The
classically described pattern showing RV strain, right
bundle branch block, and right axis deviation are present
in less than one-third of the cases. Dysrhythmias, such as
atrial fibrillation, premature ventricular contractions, and
premature atrial contractions are present 5% of the time.

Radiographic imaging is helpful. Chest X rays are
abnormal in 80% of patients. Parenchymal infiltrate (66%)
is most common, followed by small effusions (50%), and
atelectasis. The classic X-ray findings of Hampton’s hump
(a wedge-shaped pleural-based infiltrate) and Westermark’s
sign (prominent pulmonary artery with decreased pulmon-
ary vascularity) are seen infrequently, but, if present, are
strongly predictive of PE. Although V̇/Q̇ scans are often
abnormal and useful in patients without other lung pathol-
ogy, these are seldom useful in trauma patients due to the
common presence of concomitant pulmonary infiltrates.
Previously, pulmonary angiography represented the gold
standard for diagnosis. More recently, multidetector
spiral CT angiography has emerged as the diagnostic
imaging study of choice for pulmonary embolism (see
Volume 2, Chapter 56). Treatment is with systemic
heparin, except for those with contraindications to anti-
coagulation (e.g., TBI) in whom placement of IVC filters is
recommended.

Abdominal Compartment Syndrome
The ACS can result in refractory hypotension and ultimately
obstructive shock in trauma patients (Volume 2, Chapter 34).
Patients at risk are those with direct abdominal trauma,
massive volume resuscitation, burns, intra- or retroperito-
neal hemorrhage, along with those who have had gut ische-
mia, such as peritrauma episodes of significant hypotension.

The most common method to measure intra-abdominal
pressures is to instill 100 cc of saline into the bladder, then
transduce, and measure the bladder pressure. The syndrome
may be classified as grade I, II, III, or IV based upon the
pressure (Table 9). Elevated abdominal compartment
pressure is transmitted to the vasculature and thorax. Its
primary effects are seen upon the cardiac, pulmonary
(decreased chest wall compliance), and renal systems. At
pressures of 20 mmHg, effects are already seen in the
kidney, with decreased renal perfusion and urine output.
At pressures above 40 mmHg, renal perfusion is minimal,
and urine output is usually absent. As intra-abdominal
pressures rise, venous return decreases and afterload
increases. Cardiac output decreases, pulmonary artery
occlusion pressure rises, and hypotension may ensue.
Typical symptoms include a distended tense abdomen,
unexplained respiratory failure, decreasing blood pressure

with increasing PPAO and decreasing cardiac output, persist-
ent gastric intraluminal acidosis, and oliguria (178).

Initial treatment is moderate fluid loading. If symptoms
do not improve, or if the patient has grade III or IV pressures,
consider surgical decompression as follows: pressures above
26 to 35 generally indicate that decompression is required.
Those patients with compartment pressures .35 usually
require decompression and consideration of re-exploration
of abdomen if the prior surgery had occurred (179). Typically,
symptoms quickly resolve after decompression. However,
immediately after decompression, reperfusion syndrome is
possible, with ensuing acute metabolic derangements, acide-
mia, and hypotension (see Volume 2, Chapter 34) (180).

Tension Pneumothorax
A tension pneumothorax is seen in trauma patients second-
ary to a variety of causes, including direct pulmonary
trauma, placement of invasive monitoring, and positive
pressure ventilation. Tachycardia is common along with an
abnormal chest examination. Chest examination usually
reveals hyporesonance to percussion along with diminished
breath sounds on the affected side. Additional symptoms
include agitation, arterial desaturation, air hunger, increas-
ing peak airway pressures, hypotension with shock, and pul-
seless electrical activity. Chest radiograph or chest CT would
confirm the diagnosis of pneumothorax. However, in the
setting of likely pneumothorax with significant hemody-
namic compromise, treatment should not be delayed to
obtain imaging studies. Initial therapy may be placement
of a 16- to 18-gauge angiocatheter in the second intercostal
space in the mid-clavicular line. Definitive therapy with
chest tube placement should follow.

Dynamic Hyperinflation
Dynamic hyperinflation, also known as auto-PEEP or intrin-
sic PEEP, occurs when a subsequent breath is initiated prior
to complete exhalation of a prior breath. Auto-PEEP may be
unrecognized by ventilator estimation due to frequent non-
communication between some hyperinflated airways and
site of airway measurement. Recognition of auto-PEEP is
likely in the setting of failure to reach zero pressure at the
end of exhalation. Dynamic hyperinflation may present
with hemodynamic collapse due to decreased venous
return and RV filling, increased RV afterload, and decreased
LV compliance. When dynamic hyperinflation is suspected,
the initial therapy should be to disconnect the patient from
the ventilator, allowing the patient to fully exhale. Typically,
hemodynamic effects readily resolve with such a trial.
Should dynamic hyperinflation be confirmed, ventilator
adjustments should be undertaken to administer bronchodi-
lator therapy, and to ensure complete exhalation (i.e.,
decrease RR and increase exhalation time).

Cardiac Tamponade
Cardiac tamponade may be seen in trauma patients. The
pericardium isolates the heart and great vessels from the
mediastinum. It usually holds approximately 50 cc of fluid.
While over the long-term, the pericardium can accommo-
date 2–3 L, in the acute setting, hemodynamic compromise
should likely accumulate more than 200 cc of fluid in the
pericardium. Pericardial injury is common with chest stab
wounds. As pericardial pressure increases, intracardiac
pressures equilibrate, and cardiac output is compromised.
Pulsus paradoxus is seen. Percutaneous or surgical drainage

Table 9 Intra-abdominal Compartment Syndrome

Grade

Intra-abdominal

pressure (mmHg) Recommended treatment

I ,15 Maintain normovolemia

II 16–25 Hypervolemic resuscitation

III 26–35 Decompression

IV .35 Decompression and re-exploration

Source: Adapted from Ref. 190.
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is required to treat tamponade, should hemodynamics be
significantly compromised.

EYE TO THE FUTURE

Experimental therapies targeting toxins and mediators of
shock have been at the forefront of critical care research for
some time. Trials utilizing dialysis in an effort to “wash”
the blood of inflammatory mediators have not yet demon-
strated benefit (see below). Similarly, antitoxin/antimediator
antibodies have not yet proven efficacious. Work continues
in this arena with hope that targeted therapy will one day
provide a “magic bullet”; however, it is becoming increas-
ingly clear that multimodal therapies offer the most reason-
able approach for effective therapies in shock.

Orthogonal polarization spectral (OPS) imaging is a
relatively new method of imaging the microcirculation,
which may have some utility in the diagnosis and treatment
of shock. De Backer et al. (181) used OPS to examine the
microcirculation under the tongue in both healthy volun-
teers and in patients suffering from septic shock. They
found that the proportion of perfused capillaries was signifi-
cantly less in severely septic patients, and that this decrease
in proportion of perfused capillaries correlated with the
severity of the septic process. Sakr and associates (26)
prospectively observed the microcirculation in another
group of septic patients and correlated improvement in micro-
vascular perfusion with survival, whereas most systemic
hemodynamic and oxygenation variables did not differ
between the survivors and the nonsurvivors. OPS is a fascinat-
ing new technology, which, when validated, may play a role
in the understanding and possibly treatment of shock.

One of the new strategies emerging from the biotech
sector is the marriage of rapid analysis of large numbers of
data streams with biological problems of interest, including
combinatorial analysis and computer-aided drug design. An
illustrative example of diagnostic testing now in use
includes gene (DNA microarrays) and protein chips as
well as other “lab on a chip” devices, where trays are
plated with large numbers of candidate molecule ligands
for assay analysis. Increasing numbers of putative target mol-
ecule probes [e.g., known (heat) shock proteins or genetic
precursors] can be put on chips, allowing simultaneous
evaluation of large numbers of molecules, either manually
or through artificial intelligence or neural network-type pro-
cessing (182,183). At present, this kind of mass data analysis
approach is limited by cost and understanding of shock
pathophysiology, but may become clinically practical as
design refinements occur.

Important strides are also being made in the treatment
of shock. Although it has long been acknowledged that
shock is a systemic phenomenon with global organ involve-
ment, it has become increasingly clear that the nidus for
MODS following shock may in fact be the gut (184). Proteo-
lytic cleavage at the intestinal lumen is implicated in sys-
temic shock, be it circulatory or septic in nature, and
intralumenally-given protease inhibitors are efficacious in
ameliorating the inflammatory response and subsequent
mortality (185,186). Interventional techniques to block
proteolytic enzymes in the gut may prove to be a valuable
intervention against the initial shock process.

Alternatively, it may prove that either multipronged
downstream approaches to modifying individual
inflammatory mediators [oxygen free radicals including

nitric oxide, prostaglandin derivatives and phospholipases,
platelet activating factor, and other lipid mediators, TNF-a,
high mobility group box 1 (HMGB1) as well as other cyto-
kines, NF-kB and transcriptional factors, leukocytes, serine
and metalloproteases, leukocyte integrins/selectins, protein
activated receptors (PARs), lipopolysaccharides and Toll-
like receptors (TLRs), the complement, coagulation, and
kinin pathways, etc.] or inhibitors [heat shock proteins,
nitric oxide, cytokines, growth factors (e.g., GM-CSF),
erythropoietin, calcitonin, etc.] are efficacious. Thus far, all
of the above candidate molecules have found some rel-
evance in the preclinical arena but have not, in general,
proven decisive in the clinical shock condition. This may
be secondary to inadequate targeting, timing of intervention,
or most importantly, the redundancy of the inflammatory
response. As multiple therapies necessitate multiple toxici-
ties and side effects, one method is to simply attempt to
remove inflammatory mediators from the body (187). This
assumes that mediators are circulating systemically (not
merely locally diffusible molecules) and can be instrumented
as an inflammatory “filter” that binds either nonspecifically
or specifically via antigen–antibody complexing to
mediators of interest. At present, prototype models are
extracorporeal in the mode of continuous veno-venous
hemodilution (CVVHD) (188). Their efficacy remains to be
determined.

SUMMARY

The key to trauma care is a prompt recognition that the
patient has sustained serious injury. Severely injured
trauma patients may either present in shock or develop
shock as a result of their injuries. Shock is a syndrome of
hypotension and hypoperfusion with a broad variety of
etiologies. Shock may progress from one hemodynamic
classification to another. It is not unusual that a single
patient may be treated for any and all of the four broad cat-
egories of shock: hypovolemic, cardiogenic, distributive, and
obstructive during the peritrauma period. Diagnosis and
treatment of shock’s underlying etiology is always the foun-
dation of shock treatment. Neurohumoral mechanisms
initially maintain vital organ perfusion, yet cannot compen-
sate long term. Aggressive intervention is warranted;
without intervention, systemic ischemia with organ failure
ensues.

Trauma patients have an array of etiologies of shock,
with hypovolemic and distributive shock the most com-
monly seen. Hemorrhage and sepsis are among the most
common specific etiologies of traumatic shock, following
CNS injury as most common etiologies of death in trauma
patients (7–9). Success in caring for the bleeding trauma
patient and adherence to ATLS standards require rapid
evaluation and treatment to ensure adequate tissue perfusion
by skilled trauma personnel. Thermally efficient fluid
warmers, effective transfusion services, and rapid availability
of coagulation tests are practical aspects of trauma resuscita-
tion that deserve priority. Preventing hypothermia, recogniz-
ing other complications of massive transfusions, as well as
following trends in vital signs, urinary output, CVP, ABG
analysis, and mixed venous blood gas analysis are critically
important in managing patients with hemorrhagic shock.

Septic shock requires similar aggressive therapy. There
is a growing belief that there may indeed be a “Golden
Hour” in sepsis as well as trauma. Early, goal-directed
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therapy is rapidly becoming the gold standard in septic
shock. Institution of appropriate antibiotics and optimiz-
ation of hemodynamics through aggressive volume resusci-
tation and invasive monitoring, as early as in the emergency
department, has been demonstrated to significantly improve
outcomes.

Despite intensive research efforts in finding a magic
bullet cure for shock, the foundations of management includ-
ing airway, breathing, and circulation remain most vital in the
care of the critically ill and injured trauma patient.

KEY POINTS

Shock is defined as inadequate perfusion of the tissue.
This inadequacy can result from deficient oxygen deliv-
ery (ḊO2), excessive utilization, or a combination of the
two. In “cytotoxic” shock, tissue mitochondria are
unable to utilize the O2 delivered.
Hypovolemic shock is caused by acute blood loss of
.30% of the circulating blood volume (class III/IV
hemorrhage).
Blood flow to organs is regulated by mechanisms that
control systemic, regional, and local perfusion. Dys-
function can occur at any of these points.
If V̇O2 cannot be increased after injury, even if adequate
ḊO2 is assured, MODS may ensue and mortality is
increased (12).
The normal 70-kg patient consumes approximately
250 mL O2/min and has a ḊO2 ¼ 1000 mL O2/min.
The V̇O2/ḊO2 is known as the ER, which is normally
about 25% (Fig. 1).
The shock state has been described as evolving through
stages. The first stage is typically called compensated shock.
When compensation begins to fail, worsening circula-
tory changes and metabolic imbalances become mani-
fest, and shock enters the second phase (uncompe-
nsated shock).
Irreversible shock is said to occur when cellular damage
is so extensive that even if hemodynamics are restored,
the degree of cell injury/death that has occurred (or will
occur due to apoptotic mechanisms) cannot be suffi-
ciently repaired to sustain life.
The state of “irreversible” shock can result from numer-
ous causes, but is particularly devastating following
hypovolemia and hypotension due to hemorrhage.
Hypoperfusion and inadequate ḊO2 to individual
organ systems during shock can trigger a cascade of
events that disrupt the function of these organs.
Lung injury also results from circulating inflammatory
mediators following reperfusion or blood product
transfusion in hemorrhagic shock, and from cellular
injury following burns or massive blunt trauma and
bacterial toxins in septic shock.
Because of compensatory mechanisms, there may
already be as much as 30% to 40% blood volume loss
by the time hemodynamic changes occur (Table 2).
Major goals in resuscitation include controlling blood
loss, repleting intravascular volume, and restoring
adequate tissue ḊO2.
Hypertonic fluids can provide rapid volume expansion,
improved hemodynamics, lessen tissue edema, dimin-
ish inflammatory response, lower ICP, and decrease
brain water compared with isotonic solutions.

Blood products should be reserved for patients who
are hemorrhaging briskly, and in more stable patients
who are requiring transfusion due to dangerously low
levels of red blood cells, platelets, or other factors (see
Volume 2, Chapter 59).
Avoidance of hypothermia (Volume 1, Chapter 40) is
another primary consideration in the resuscitation of
hypovolemic trauma patients.
Pressors and inotropes should be used only as tempor-
izing measures in the setting of isolated hypovolemic
shock.
Anaphylaxis is an IgE-mediated allergic reaction, and
requires an initial exposure with sensitization to an
antigen with synthesis of IgE.
Obstructive shock is due to mechanical impediment to
blood flow; that is, obstruction of venous return and/or
arterial outflow from the heart.
More recently, multidetector spiral CT angiography has
emerged as the diagnostic imaging study of choice for
pulmonary embolism (see Volume 2, Chapter 56).
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EPIDEMIOLOGYOF CORONARYARTERY DISEASE

Myocardial ischemia results from an abrupt decrease in the
myocardial oxygen supply/demand relationship. This may
result from rupture of pre-existing atherosclerotic plaque
or an acute increase in demand in a patient with significant
pre-existing coronary artery disease (CAD) (1). In the trauma
setting, coronary vasospasm and coronary emboli may
occur, along with direct trauma to the heart, resulting in
ischemia in the absence of known pre-existing coronary
disease (2). However hypoperfusion of myocardium
supplied by coronary arteries with pre-existing lesions is
the predominant ischemic mechanism. Additionally, coron-
ary spasm, in response to a variety of stimuli, plays a vari-
able role in the development of myocardial ischemic
episodes when superimposed upon CAD (3).

An epidemic of cardiovascular diseases exists, with
atherosclerosis as the chief among them (4). By far, the most
common cause of overall mortality in the United States is
CAD, which is responsible for one in five deaths (5). More
than 1.1 million myocardial infarctions (MIs) occur annually
in the United States, with a significant male predominance
(as with trauma). Sudden cardiac death (SCD) is responsible
for 250,000 premature deaths each year in the United States,
and in over half of these patients, there was no pre-existing
knowledge or symptoms of CAD (6).

Obstructive CAD is manifested in a variety of ways. It
is useful to envision a continuum, based on the severity of
signs and symptoms, which is influenced by the degree of
coronary obstruction, the stability of atherosclerotic
plaques, activation levels of the platelet and fibrin systems,
coronary arterial spasm, and systemic and local inflamma-
tory factors (7). Patients with CAD are often asymptomatic
(8). When symptoms of the disease exist, they may manifest
as stable angina (SA) pectoris, unstable angina (UA), nonST-
segment elevation MI (NSTEMI), and transmural or
ST-segment elevation MI (STEMI). In addition, CAD may
present as SCD (1). Further complexity is added by the
realization that myocardial ischemia is often clinically
silent. Indeed, 17% of all MIs occur without symptoms,
and another 17% are unrecognized due to atypical
symptoms (8).

The presence of CAD significantly increases the
risk of morbidity and mortality to any acutely injured
patient. The incidence of CAD in trauma patients
ranges from 0.3% (9) to as high as 15% (10). Mortality rates
in trauma patients with pre-existing CAD have been
reported to be as high as 11.2% (10) and 18.4% (9) compared
with a mortality of only 2.6% (10) and 3.2% (9) in corre-
sponding cohorts without CAD. Given the high prevalence

of asymptomatic ischemic heart disease (6), many trauma
patients with CAD at the time of injury may be undiagnosed.

Although several cases of direct traumatic coronary
occlusion have been reported in trauma patients (11), the
most common cause of myocardial ischemia in the trauma
patient with CAD is hypoperfusion due to hemorrhagic
shock. While young patients without CAD can tolerate a
low flow state for brief periods, patients with critical coron-
ary artery lesions will develop immediate myocardial ische-
mia, further exacerbating the shock state, and complicating
the resuscitation.

In one retrospective study at a busy tertiary trauma
center, only five cases of post-traumatic MI occurred over a
10-year period (12). Only one of these patients had chest
pain, but all five developed heart failure. However, the expec-
tation is that prospective studies would reveal more patients.
Indeed, about 4% of trauma patients (and a large percentage
of elderly) have pre-existing ischemic heart disease, which
confers a higher mortality rate after trauma (13).

This chapter will review the considerations for CAD
for the general population, and then discuss the specific
issues related to the trauma patient. Many of the first-line
treatments for acute coronary syndromes (ACS) in the
nontrauma setting are relatively contraindicated following
trauma (e.g., anticoagulation or antiplatelet drugs in
setting of bleeding, nitrates in the setting of hypovolemia,
or closed head injury, and beta blockers in the setting of
hemorrhagic shock). Accordingly, many aspects of mana-
gement for CAD in the trauma victim are complicated and
different.

PATHOPHYSIOLOGYOFMYOCARDIAL ISCHEMIA
Atherosclerosis of the Coronary Arteries
As the majority of cases of myocardial ischemia result from
atherosclerosis of the coronary arteries, it is important to
review the pathogenesis of this process. Focal changes of
the vessel wall of middle-sized and large arteries lead to a
softening of the intima and a hardening around it from a
combination of lipid accumulation, smooth muscle cell pro-
liferation, and immune cell activation (14). The epicardial
coronary arteries, aorta, iliofemoral, and carotid arteries
appear to be most susceptible to this process.

Atherogenesis begins with endothelial cell dysfunc-
tion at susceptible sites, including increased permeability
to lipoproteins, accumulation of leukocytes, and other pro-
cesses related to thrombosis, fibrosis, and neovascularization
(15). “Fatty streaks,” asymptomatic collections of lipid-laden
macrophages or “foam cells,” are the initial lesions of
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atherosclerosis and can be seen in the fetuses of hypercholes-
terolemic women, as well as in normal adolescents (16). The
grossly apparent streaks may regress if serum cholesterol is
lowered, or progress to symptomatic atherosclerotic plaques.
The activation of macrophages and T-cells is an important
contributor to the progression of these lesions, perhaps
allowing progression to full-fledged atherosclerotic plaques
(17). Atheromatous lesions progress in association
with known risk factors for CAD, such as hypertension,
and the influx of inflammatory cells.

Risk factors for CAD, such as hypertension, diabetes,
smoking, advanced age, and elevated cholesterol levels, are
associated with endothelial dysfunction (17). Further,
intimal thickening, resulting from mechanical influences on
the vessel wall, tends to develop at areas frequently affected
by atherosclerotic lesions. This focal adaptive thickening of
the intima in association with endothelial dysfunction
seems to predispose the development of atherosclerosis at
these sites (18).

When the foam cells of a fatty streak begin to release
lipid into the vessel wall, or when lipoproteins from the
serum become trapped within the lesion, the streak begins
to mature into a atherosclerotic plaque. Concomitant patholo-
gic changes include proliferation of connective tissue,
denuded areas of intima with platelet adhesion, and neo-
vascularization at the base of the plaque (19). Additional
inflammatory cells then migrate into the lesion, resulting in
further progression (Table 1). An advanced plaque contains
cellular debris, apoptic cells, connective tissue cells, and free
cholesterol crystals. This is very rich in tissue factor (Fig. 1) (7).

Atherosclerotic Plaque Vulnerability to Rupture
Some atherosclerotic lesions are vulnerable to rupture or
fissuring, which results in superimposed thrombosis of
varying degrees. Thrombotic occlusion of the coronary
lumen, whether subtotal or complete, is the basis for the
majority of ACS (Fig. 2) (20,21). Atheromatous plaque
may be vulnerable to rupture, with resultant coronary

artery thrombosis and occlusion, despite a relatively
modest baseline impingement of the coronary lumen.
Plaques which are rich in lipid, especially those with
greater degrees of inflammation and with thin fibrous
“caps” are most susceptible to rupture (22). These are
termed “vulnerable plaques.” Surprisingly, the size of a
plaque tells little about its vulnerability to rupture (23).
Lesions which rupture and cause ACS show greater
degrees of inflammation than other plaques (Fig. 3) (24). A role for infectious agents in atherosclerosis has been

suggested but is not well elucidated (25).
Vulnerable, advanced plaques rupture with great fre-

quency, and most of these episodes are asymptomatic.
However, such lesions are subject to worsening inflam-
mation and rapid progression (26). Plaque rupture may
lead to formation of a small mural thrombus, which seals
the lesion; or of a more substantial thrombus, which pro-
duces UA or MI. Both platelet adhesion and the deposition
of fibrin are important components of the dynamic thrombo-
sis, which complicates plaque rupture (27).

Rupture of a plaque may also be followed by hemor-
rhage into the atheroma, thereby encroaching on the lumen
of the vessel. In addition, the rupture may also be followed
by a coronary vasospasm. Such lesions may either cause
chest pain, or other anginal equivalents, or may remain clini-
cally silent. Obstruction of the lumen is often dynamic, with
a fluctuating impediment to distal blood flow (20,21).

While unstable, ruptured plaques are usually evident
on coronary angiography, the majority of atherosclerotic

Table 1 The Pathologic Characteristics of an Atheromatous

Plaque

General characteristics

High vulnerability

characteristics

Intimal thickening

Accumulation

of lipid-laden macrophages

(foam cells)

Proliferation of connective tissue

Neovascularization at base of

lesion

Fibrous “cap” on lumen

surface of lesion

" inflammation

(e.g., " CRP)

Rich in lipid

" IL-18

Exuberant neo-

vascularization

Small “cap”

" greater degrees of

inflammation

Abbreviations: CRP, C-reactive protein; IL-18, interleukin-18.

Figure 1 Progression of atheromatous lesions in a coronary

artery using the American Heart Association classification.

Adaptive smooth muscle thickening constitutes a type I lesion;

type II lesions require the infiltration of macrophage foam cells;

type III lesions are characterized by small pools of extracellular

lipid; type IV lesions contain a large core of coalesced lipid;

fibrous thickening of the intema (so called fibroatheroma)

characterizes the type V lesion; and type VI lesion involves

intimal fissures with thrombus formation. Source: From Ref. 15.
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plaques do not cause significant lumen narrowing and are
thus not apparent during cardiac catheterization (28,29).
Furthermore, regions of vessel wall affected by atheromas
often undergo remodeling, which preserves the integrity of
the vessel lumen.

Coronary angiography does not identify all high-
risk lesions, because neither the size of the plaque nor the
degree of stenosis correlates with its vulnerability to
rupture (23). Most MIs result from lesions that are not
angiographically significant (7). Coronary calcification ident-
ified by electron beam computed tomography (CT) reflects
the overall burden of atherosclerosis, although calcium-
containing plaques may actually be more stable than
lesions without calcium (30,31).

The Ischemic Continuum
CAD may present as a continuum of clinical ischemic manifes-
tations ranging from stable angina to STEMI (see box below).

Atherosclerosis remains silent until the coronary lumen
is reduced to the degree that blood flow is insufficient to meet
the metabolic needs of the myocardium, typically when
more than 70% of the cross-sectional area of the artery is
obstructed. Such compromise classically produces a stable
angina pattern, wherein the metabolic demand exceeds the

oxygen delivery only during exertion, producing chest
discomfort or other symptoms. When stable angina occurs,
reductions in metabolic demand result in restoration of the
balance of oxygen supply and myocyte demand. Symptoms
generally resolve at this point, and no myocardial damage
occurs (32).

Patients with stable angina generally complain of exer-
cise-induced (or emotionally induced) chest discomfort, but
are symptom free at rest. Anginal “equivalents” include jaw
or neck pain, shoulder or arm pain, and shortness of breath.
Rest alone suffices to ameliorate the symptoms in these
patients. The physiologic perturbations associated with
major trauma (hypotension, tachycardia) as well as the
supratentorial component (stress, pain, fear, and anxiety)
can escalate a previously stable patient toward the right
side of the ischemic continuum (Box 1), leading to myo-
cardial ischemia or infarction.

More severe coronary obstruction gives rise to the
ACS, including UA, NSTEMI, and STEMI (Table 2).

Instability and rupture of nonocclusive plaque leads to
most episodes of ACS, because the subsequent exposure
of reactive elements within the lesion leads to unpredictable
degrees of thrombosis at the vascular luminal site (33).
Platelet adhesion occurs, following the luminal exposure of
thrombin inducing constituents, and fibrin deposition is
initiated. The extent of resultant thrombosis is related to
local vessel wall abnormalities, rheologic characteristics of
blood, and systemic factors, as originally described by
Virchow (34). The thrombus which arises may occlude the
coronary lumen embolize small particles downstream,
or promote coronary vasospasm through the release of

Figure 2 Coronary artery lesions showing areas of rupture and erosion. (A) Coronary section with plaque rupture containing a

luminal thrombus, disrupted thin fibrous cap, and underlying necrotic core. (B) A high-power view of the region outlined by the box in (A),

showing macrophage infiltration of the thin fibrous cap (arrows). (C) Section proximal to rupture site (A) showing the propagated

thrombus over a lesion resembling plaque erosion. (D) A high-power view of the region outlined by the box in (C) showing a smooth

muscle cell—and proteoglycan-rich plaque. Without serial sectioning, the rupture site may not have been identified. This case

exemplifies the histological diversity of some lesions that confound the diagnosis underlying the patient’s demise. Abbreviations: NC,

necrotic core; Th, thrombus. Source: From Ref. 18.

Box 1. The Ischemic Continuum
stable angina ! UA ! NSTEMI ! STEMI
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vasoactive substances (35). Therapeutic maneuvers in ACS
are leveled at these causes of compromised perfusion.

Autopsy evidence reveals that plaque rupture or fis-
suring occurs frequently in atherosclerotic lesions, but
most of these undergo remodeling and heal without deleter-
ious consequences to the patient (36,37). It appears that
widespread activation of inflammatory biomolecules
results in frequent plaque disruption in those with CAD.
Only a small minority of these occurrences result in ACS
(3). Certain inflammatory markers, such as C-reactive
protein, may predict adverse outcome in such patients
(38,39).

A wide range (in terms of size and thrombus content)
of coronary lesions occurs in UA. Necropsy typically shows
disrupted plaques with intralumenal thrombus, and some
degree of preserved lumen patency. Most plaques which
cause UA contain thrombus, implying disruption, while
most other plaques in patients with stable angina do not
contain any thrombus. In milder cases of UA, repeated epi-
sodes of vasospasm occurring at sites of lumen narrowing
may be part of the underlying cause (7,40–42).

Intravascular ultrasound confirms that many “stable”
coronary plaques are angiographically invisible due to arter-
ial remodeling. Thus, angiography accurately demonstrates
anatomic stenosis, but is an imperfect test for predicting
the likelihood of future plaque rupture and consequent MI
locations. Indeed, high grade (more than 50%) stenosis is
responsible for less than one-third of MI (22). These lesions
may progress to complete occlusion, but this tends to
occur over years, and usually does not lead to acute MI
due to the development of collateral coronary blood flow
(43). The precise morphology of disrupted plaques leading
to MI cannot currently be determined in vivo (7).

STEMI is caused by complete occlusion of a coron-
ary artery, with simultaneous myocyte death in the territory
supplied by that vessel (44). NSTEMI results from small
areas of infarction of differing ages, probably caused by

repeated episodes of transient occlusion, platelet emboli,
or both (7,45). In addition, it appears that SCD may be
related to plaque rupture and thrombosis as well (33,46).
Fifty percent to 70% of cases of CAD-related SCD are due
to coronary thrombi (47).

TRAUMA RELATED CAUSES OFMYOCARDIAL ISCHEMIA
Direct Mechanisms of Cardiac Injury
Myocardial Contusion
Direct trauma to the heart may cause a variety of disturb-
ances of cardiac structure and function, depending on
whether the mechanism is blunt or penetrating (Table 3).

Myocardial ischemia is often clinically silent in the

trauma patient. Myocardial ischemia and infarction
may be caused by cardiac trauma, blunt or penetrating,
even in the absence of atherosclerosis of the coronary
arteries. Such episodes are relatively infrequent, but
require suspicion on the part of the examining physician.
Numerous conditions in the trauma patient may mask myo-
cardial injury or distract the examiner, including altered
mental status (from head injury or intoxication), as well as
coexisting painful fractures or soft-tissue injury.

Myocardial contusion is more common than coronary
artery obstruction-related ischemia, after blunt chest trauma;
and most of these cases arise from motor vehicle accidents
(MVA). The mechanism of cardiac injury in this setting
involves severe compressive forces delivered to the thorax.

Figure 3 Range of plaque heterogeneity, determinants of rupture

vulnerability (core size, cap thickness, inflammation, and repair),

and the transformation from mature plaque to vulnerable plaque.

Source: From Ref. 19.

Table 2 Pathophysiology of the Coronary Syndromes

Coronary syndrome

Pathophysiologic

derangements

Stable angina pectoris

during demand

Narrowing of coronary

lumen, reduced blood

supply, ischemia resolves

with rest, no cellular

injury

Unstable angina

myocardial

Plaque disruption,

dynamic coronary throm-

bosis, ischemia, limited

cellular injury

NSTEMI myocardial

ischemia

Plaque disruption,

dynamic coronary throm-

bosis, greater degree of

ischemia, some cell death

STEMI throughout the

territory

Occlusive coronary

thrombosis, ischemia

Death Served by the affected

coronary, transmural cell

Abbreviations: NSTEMI, nonST-segment elevation myocardial infarction;

STEMI, ST-segment elevation myocardial infarction.
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Histopathologically, cardiac contusion is marked by hemor-
rhage into the myocardium, disruption of myofibrils, and
followed by inflammatory cell infiltrates (48). Chest pain
may be identical to that of myocardial ischemia, or may
appear to be due to injury to the chest wall (49).

Myocardial contusion should be suspected in all
patients with significant blunt chest trauma. No laboratory
test has proven completely accurate in confirming the diag-
nosis. Cardiac enzyme determination [creatine kinase (CK)]
suffers from a lack of specificity, as it is frequently liberated
by major trauma to skeletal muscle in multitrauma patients.
The cardiac troponins are far more specific for injury to the
myocardium (47,50,51). Nevertheless, the ability of these bio-
markers to predict complications in the blunt chest trauma
patient is poor (52). Electrocardiographic (ECG) abnormal-
ities which may occur with myocardial contusion include
tachycardia, nonspecific ST-segment and T-wave abnormal-
ities, and supraventricular or ventricular tachydysrhyth-
mias. None of these findings is very specific for contusion,
as they occur with numerous other conditions (53).
However, patients with normal troponins and a normal
ECG are very unlikely to have significant myocardial contu-
sion (52). Gated scintigraphy has also proven useful in the
diagnosis of myocardial contusion (52).

Echocardiography, both transesophageal (TEE) and
transthoracic (TTE), has proven to be a more useful imme-
diate diagnostic tool in the patient with suspected myocar-
dial contusion, and is especially useful in those with
structural abnormalities resulting from trauma, such as
papillary muscle injury (54). However, even when wall
motion abnormalities appear on echocardiogram after
blunt chest trauma, there is a low likelihood of complications
that require intervention (48).

Most myocardial contusions require no specific
therapy (other than monitoring), and these patients usually
have an excellent prognosis. Therapy for cardiac contu-
sion is largely symptomatic and supportive. Only 2% to 4.5%
of patients with myocardial contusion from blunt chest
trauma require treatment of complications (55). Unlike
ACS, there is no obstructing coronary lesion or thrombus
at which to direct the therapy. Patients are generally moni-
tored for early treatment of significant dysrhythmias, and
if severe left ventricular dysfunction exists, concomitant cor-
onary artery thrombosis or spasm should be ruled out, and
inotropic agents may be useful (48). Patients with atrial
or ventricular dysrhythmias should be monitored with
continuous ECG for at least 24 hours following trauma.

Significant dysrhythmia, or hypotensive episodes, or both
warrant an echocardiographic exam. Large contusions may
result in prolonged or permanent left ventricular compro-
mise, with the patient experiencing intermittent bouts of
congestive heart failure (CHF). Patients who develop left
ventricular aneurysms may benefit from surgical repair
(56). However, the vast majority of patients with myocardial
contusion do well and do not have long-term sequelae or
ventricular dysfunction (57).

Blunt Coronary Artery Injury
Coronary thrombosis secondary to blunt chest trauma is
rare. Such cases appear to be due to intimal tears of the cor-
onary arteries with dissection and subsequent thrombosis.
These thrombi will result in MI unless either spontaneous
thrombolysis or emergent invasive therapy intervenes to
rapidly re-establish blood flow (Fig. 4) (58). Blunt chest

injury may produce injury to the right coronary artery
(RCA) or left anterior descending (LAD) artery. These inju-
ries often involve dissections resulting in MI, especially
when the LAD coronary artery is injured. Most case
reports involve the LAD and RCAs, with the circumflex
(CIRC) rarely becoming injured (58–60).

Electrocardiography, cardiac enzymes and troponins,
and echocardiography may all prove useful in making the
diagnosis of MI in blunt chest trauma. Each of these modal-
ities provides greater specificity for the diagnosis of coron-
ary artery injury than for the diagnosis of myocardial
contusion. ST-segment elevation, reflecting a current of
transmural injury, is common in this situation (58,59,61,62).
Both creatine kinase MB isoenzyme (CKMB) and cardiac
troponins will be elevated, reflecting infarcting myocardium,
and the echocardiography will reflect wall motion ab-
normalities in the ischemic territory.

When coronary dissection with thrombotic occlusion
is suspected, the patient should undergo coronary angio-
graphy if the clinical condition permits. Intracoronary throm-
bolysis has been described in the management of one such
patient but severely injured patients may develop life-
threatening hemorrhage from this intervention (60). Both
percutaneous transluminal coronary angioplasty (PTCA)
and coronary stenting have been successfully utilized in
these patients to emergently re-establish coronary blood flow
(58,59,62). Ventricular septal defect, coronary aneurysm, or
ventricular aneurysm mandate surgical intervention (58).

Penetrating Cardiac Trauma
Penetrating cardiac trauma commonly results from injury by
sharp instruments or missiles. Mortality from these injuries
is greater than 50% (63). As with myocardial contusion, the
right side of the heart is injured more frequently than the
left due to its orientation within the thorax (64). Coronary
lacerations constitute only 5% of these injuries, and are
usually sufficiently distal in the artery to minimize the
degree of resultant myocardial injury (65).

Chest radiography, ECG, and echocardiography are
utilized in the diagnosis of complications from penetrating
chest trauma. When the patient has signs of life in the field
or the emergency department, but becomes acutely unstable
or experiences cardiac arrest, immediate resuscitative thora-
cotomy (Volume 1, Chapter 13) for presumed pericardial
tamponade may be life saving (65). Surgical repair of any
cardiac laceration is required after resuscitation.

Table 3 Injuries Sustained Following Direct Cardiac Trauma

(Blunt and Penetrating)

Blunt trauma Penetrating trauma

Myocardial contusion

Coronary dissection

Coronary thrombosis

Coronary injury with delayed

aneurysm formation

Pericardial tamponade

(may be delayed)

Posttraumatic pericarditis

Valve or papillary muscle

disruption

Myocardial laceration

Coronary laceration

Arteriovenous fistula

Coronary injury with aneurysm

Pericardial tamponade

(after acute presentation)

Valvular or papillary

muscle laceration

Foreign body retention

embolism
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Another potential complication of penetrating
chest trauma is arterial air embolism, which may pro-
duce myocardial ischemia or infarction. Arterial air

embolism, a complication of penetrating chest trauma,
may be rapidly fatal and requires early suspicion and famili-
arity to diagnose the condition and effectively intervene.
This is typically the result of pulmonary laceration, with
positive pressure ventilation favoring entrainment of air
into open pulmonary veins (66). Subsequent embolization
to the arterial tree and various arterial capillary beds
follows, with resultant ischemia. Patients may present with
typical manifestations of penetrating lung trauma, only to
rapidly deteriorate when positive pressure ventilation is
initiated (67). Management includes reducing airway press-
ures, ventilating with 100% oxygen, appropriate inotropic
support, and immediate thoracotomy to clamp the hilum
of the involved lung, thereby excluding the source of air
embolization (68).

Indirect Mechanisms of Cardiac Injury
The indirect stressors of hypotension and hypoperfusion
probably trigger the majority of ischemic episodes occurring
during the resuscitation phase of trauma patients with pre-
existing CAD. However, many ischemic episodes occur
two to three days or more following trauma and surgery
(69,70). Inflammation also plays a seminal role in the pro-
gression and rupture vulnerability of atherosclerotic
plaque. Multiple trauma leads to the release of inflammatory
biomolecules and initiation of inflammatory cascades in
animals and humans (71), but the relationship of these
factors to plaque progression or instability after trauma is
not well established.

The primary cause of death to trauma patients outside
of the immediate period of injury is multiple organ system

failure. This appears to result from widespread inflamma-
tory changes in the organ systems that are affected, more
often out of proportion to the degree of insult (72).
Complement activation, release of anaphylotoxins, as well
as activation of both the coagulation and fibrinolytic
systems often accompany major trauma. Each of these cas-
cades can activate granulocytes. Adverse neutrophil-endo-
thelium interaction occurs, leading to local microvascular
dysfunction, dysregulation of blood flow, intravascular
coagulation, and ischemic injury superimposed on toxic
injury from oxidants and other products of activated neutro-
phils (73). A systemic inflammatory response syndrome
(SIRS) often follows, which, when unregulated, causes
further release of cytokines and prolonged activation of
inflammatory cells, causing end-organ injury (also see
Volume 2, Chapter 63) (72–77). Higher cytokine levels corre-
late with increased mortality rates in these patients (78,79).

Systemic inflammation is likewise deleterious in CAD.
Various markers of inflammatory activation, such as C-
reactive protein (CRP) and circulating leukocyte levels,
have been linked to the progression of atherosclerotic
plaques (80,81). Loss of smooth muscle cells in the fibrous
caps of plaques has been suggested to result from cytokine
production by activated leukocytes (82,83). This loss of
smooth muscle cells predisposes a plaque to rupture. It is
possible that circulating inflammatory molecules in trauma
may adversely affect smooth muscle cells in pre-existing
plaque, predisposing these patients to plaque rupture and
increasing the likelihood of ACS.

Systemic inflammation and adverse physical
conditions (common accompaniments of major trauma)
probably predispose the existing atheromatous plaques

toward instability, followed by their rupture. Shear
forces may be exaggerated due to trauma, and labile vital
signs in such patients can result in altered coronary

Figure 4 Angiogram showing a right coronary artery dissection (upper left and middle) following blunt chest trauma. After percutaneous

transluminal coronary angioplasty and stenting (upper right and lower). The patient’s ischemic symptoms improved after this procedure and

was doing well after the one-year follow up. Source: From Ref. 58.
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dynamics, leading to plaque fissuring or rupture.
Adrenergic stimulation, a concomitant of multiple trauma,
may play a role as well (80). Lastly, the determinants of
clotting and clot stability can be dramatically altered by sys-
temic trauma, with ill-defined effects on the process of cor-
onary thrombus formation.

Major surgical procedures, much like multisystem
trauma, can initiate a widespread inflammatory response,
which, when unchecked, can have deleterious consequences.
Incision, tissue dissection, vessel ligation, and cauterization
may all result in cellular injury, release of tissue factor and
cytokines, and initiation of the coagulation and fibrinolytic
cascades (84,85). A SIRS may result, with progression to
multiple organ system failure (73).

Both surgery and multiple trauma provide favorable
conditions for the development of acute instability in athero-
sclerotic plaques. Each of these processes has been shown to
release tissue factor and other inflammatory biomolecules,
activate the thrombotic and fibrinolytic systems, and activate
platelets and leukocytes, thus predisposing to small-vessel
dysfunction and widespread tissue injury. Epidemiologic
and pathophysiologic studies of myocardial ischemia and
infarction in the trauma patient are scarce, but much work
has been done to elucidate the nature and mechanisms of
myocardial ischemia in surgical patients during the peri-
operative period.

As is the case with ACS outside of these settings, vul-
nerable atheromatous plaques put the patient at risk for
plaque rupture, fissuring, or denudation with subsequent
coronary thrombosis, followed by UA, MI, or spontaneous
clot dissolution with re-establishment of coronary flow. A
variety of historical factors and laboratory abnormalities
have been established to qualify the likelihood of periopera-
tive cardiac morbidity (Table 4). Those placing patients at
high risk include recent MI with ongoing ischemia, active
CHF, uncontrolled dysrhythmias, UA, or severe valvular
disease (86). A large area of ischemic myocardium or ische-
mia in multiple different coronary territories on preoperative
radionuclide perfusion studies or stress echocardiography
also portends high risk (69). Intermediate degrees of risk
are suggested by stable angina, diabetes mellitus, history of
CHF, and more modest degrees of ischemia on perfusion/
functional testing (69,86). Poor exercise capacity also helps

stratify risk of cardiac disease and the need for preoperative
testing.

The invasiveness and immediacy of surgery are also
important variables, with major vascular surgery carrying
one of the highest risk profiles (70). Intraoperative factors
are also closely tied to the risk of perioperative cardiac mor-
bidity. Hypotension and tachycardia, particularly when they
occur in tandem, are important contributors to myocardial
ischemia and adverse cardiac sequalae (87). This may be
related to increased myocardial oxygen demand, decreased
oxygen delivery, shear stress on vulnerable plaques, or a
combination of these.

Intraoperative ST-segment depression, and ischemic
ECG changes in the immediate postoperative period are
associated with postoperative MI (88). Segmental wall
motion abnormalities evident on intraoperative TEE are
more sensitive to ischemia than ST-segment analysis, but
are not necessarily more predictive of outcomes (89).

Continuous electrocardiographic ST-segment evaluation
provides the most practical means of monitoring for intrao-

perative myocardial ischemia.
The postoperative period is just as important as the

intraoperative period, perhaps more so, in the genesis of
perioperative cardiac morbidity (PCM). Up to 90% of perio-
perative MIs occur in the first 72 hours postoperatively, with
very few actually occurring in the operating suite (69,87). It
is likely that systemic inflammatory mediators, liberated
by surgical trauma, place patients at risk of plaque rupture
and thrombosis throughout the perioperative period.
The risk of myocardial ischemia in the perioperative

period is higher postoperatively than intraoperatively.

DIAGNOSIS OF MYOCARDIAL ISCHEMIA FOLLOWINGTRAUMA
Clinical Diagnosis
In stable angina pectoris, ischemia is typically manifested by
chest pain, which may be dull, heavy, squeezing, or merely a
sensation of pressure. Discomfort may be felt in the precor-
dial or substernal region, or in the neck, jaw, arm, or
shoulder. It is often difficult for the patient to precisely loca-
lize the pain (32). In the case of stable angina, symptoms
occur with exertion or after exertion, and generally resolve
within a few minutes of ceasing the activity.

In some patients, pain is not sensed, but anginal
“equivalents” are experienced during ischemia. These
include shortness of breath and vague chest heaviness (90).
Ischemic episodes occur with no symptoms at all, in many
patients, with ischemia detectable only by ambulatory ECG
(91). The extreme variability among patients in symptoms
experienced during myocardial ischemia makes the diagno-
sis challenging, and explains why significant numbers of
patients are discharged inappropriately from emergency
departments when experiencing MI (92).

Angina is considered unstable when (i) anginal
symptoms occur at rest, or (ii) with increasing frequency,
with levels of activity that were previously well tolerated,
or (iii) becomes refractory to previously effective therapy
(93). This intensifying symptomatology portends a poor
prognosis. Like stable angina, many episodes of UA occur
without producing symptoms or with atypical symptoms
(91). UA and NSTEMI are commonly indistinguishable
on clinical grounds, manifesting as rest angina. They are,
therefore, approached in a similar diagnostic and thera-
peutic fashion. Unlike stable angina, in which athero-
sclerotic plaque produces limitations of blood flow in the

Table 4 Major Risk Factors for Perioperative Cardiac Morbidity

Risk factors Clinical examples

Historical Recent MI with ongoing ischemic symptoms

Active CHF

Unstable angina

Severe valve dysfunction

Surgical Emergency surgery

Major vascular (aortic) or peripheral

vascular surgery

Abdominal or thoracic surgery with large blood or

fluid losses

Intraoperative Prolonged tachycardia and/or hypotension

ST-segment depression on ECG monitoring

Postoperative ST-segment depression on ECG monitoring

Prolonged tachycardia

Abbreviations: CHF, congestive heart failure; ECG, electrocardiogram;

MI, myocardial infarction.
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face of increased myocardial demand, UA and NSTEMI are
caused by occlusive coronary thrombus at the site of a rup-
tured or denuded plaque. Arterial occlusion is probably
intermittent, fluctuating with propagation and lysis of the
clot, coronary vasospasm, mechanical disruption of the
obstruction, and distal platelet emboli (94). In NSTEMI,
symptoms are likely to prevail for a longer period of time
before relief, implying a greater period of ischemia and cel-
lular injury, detectable by chemical markers.

In STEMI, the signs and symptoms of classic MI are
more likely to be manifest. These include unrelenting chest
pain or pressure, dyspnea, and visceral symptoms such as
diaphoresis and nausea (95). Hemodynamic instability,
such as tachycardia and hypotension, are common, as are
dysrhythmias. Chest pain in STEMI is frequently refractory
to nitrate therapy, and often requires opioids or effective
reperfusion to ameliorate its severity.

Despite the classic descriptors of anginal or ischemic
pain, up to 90% of perioperative ischemic episodes are asymp-
tomatic (70), and the majority of such events, after major
trauma, appear to be clinically silent (12). The diagnosis
of myocardial ischemia is difficult to make on clinical
grounds, especially in the trauma patient, who may have
altered pain response for a variety of reasons, such as
distracting injury, analgesic medications, or CNS injury.

Electrocardiographic Diagnosis
Historical and physical examination data are notoriously
unreliable in diagnosing myocardial ischemia, following
severe trauma or major surgery, making laboratory data
(especially ECG and troponin values) essential. Electro-
cardiographic evidence of ischemia includes ST-segment
depression, T-wave inversion, or both, in the territory of a
particular coronary artery (96). In the operating room (OR),
and potentially in the intensive care unit (ICU), continuous
computer analysis of ST-segments improves the sensitivity
of ECG for detecting ischemic episodes (88). For patients at
high risk, ambulatory ECG can be utilized to document
and quantify the number and duration of ischemic episodes
(97). The number and duration of such episodes predicts the
risk of PCM.

The diagnosis of MI by ECG criteria must be made
rapidly for effective institution of therapy to commence.
The changes on ECG reflect numerous processes in the myo-
cardium so that coronary thrombi can be manifest in a
number of different patterns, varying with artery length
and size, location of the thrombus, degree of necrosis, colla-
teral circulation, and cardiac orientation in the thorax (98).
The time honored terms used to locate an MI include
anterior, inferior, and lateral, corresponding to occlusion of
the LAD, RCA, and CIRC arteries, respectively. Some
authors maintain that the appropriate anatomic correlate of
these occlusions should actually be anterior, lateral, and
posterior (99).

ST-segment elevations permit the most rapid recog-
nition of MI, though sensitivity of ECG for MI is only fair.

Classic ECG criteria for MI are only about 50%
sensitive. The standard criteria for diagnosis of acute
STEMI is to have the ST-segment elevation greater than
1 mm in at least one lead (anterior or inferior), and ST-
segment elevation greater than 2 mm in at least one anterior
lead. This combination produces a sensitivity of 56% and
specificity of 94% for MI (100). ST-segment depression in
uninvolved areas of the myocardium as reflected on the
ECG may reflect “reciprocal” forces. The position of the

ST-segment elevation in the precordial leads helps to
identify the position of LAD occlusion as proximal or
distal. Elevation in leads I and aVL predicts occlusion of
the first diagonal branch of the LAD (98,101).

Inferior MI is classically manifested by ST-segment
elevation in leads II, III, and aVF, 80% to 90% of which rep-
resent RCA occlusions. The other 10% to 20% represents
CIRC occlusion, depending upon the patient’s anatomy
(102). MI may manifest with ST-segment depression
rather than elevation. It will often be accompanied by
ST-segment depression in the lead aVL (103). ST-segment
elevations in V5 or V6 accompanying the pattern of inferior
MI indicate posterolateral myocardial injury (104).

Unfortunately, the variable territory served by the
CIRC and the placement of ECG leads renders occlusion of
this artery difficult to diagnose. Only half of the occlusions
are manifest as ST-segment elevation, most often in II, III,
and aVF (105). When an inferior infarction pattern is
accompanied by ST-segment depression in the precordial
leads, posterior myocardial wall injury is likely (106–109),
implicating the CIRC rather than the RCA as the infarct
artery. To further elucidate injury to the posterior wall of
the LV, leads V7 through V9 can be placed. These leads are
placed in the same horizontal plane as V6, on the posterior
thorax, and will show ST-segment elevation in posterior
wall injury (102,105). They are much more sensitive and
specific for posterior MI related to CIRC occlusion than the
standard precordial leads (104).

Infarctions of the interventricular septum usually
manifest as ST-segment elevation in leads V3 and V4 (110).
Occlusion of the left main coronary produces a combination
of ST-segment elevation in aVR and ST-segment depression
inferiorly in lead II, with lateral depression in leads I and
V4–V6 (110). Infarction of the right ventricle often accompa-
nies inferior MI and manifests on ECG as ST-segment
elevation in V1 and in the right precordial leads, especially
V4R (111).

Many patients with acute MI do not have ST-segment
elevations despite coronary occlusion. ST-segment
depression is sometimes the only manifestation evident on
the ECG. Depressions of 4 mm or more (except in aVR) are
highly specific for acute MI, though not very sensitive
(112). Diffuse precordial ST-segment depression, if
maximal in leads V4–V6, suggests LAD occlusion. When
this depression is maximal in V2–V3, CIRC involvement is
more likely (113). When such depression is evident in the
inferior leads and across the precordium, left main coronary
or triple vessel disease is probably present (98).

An ECG monitor that can simultaneously display two
channels is optimal for ischemia monitoring of high-risk
patients in the OR and the ICU . Lead II is superior for moni-
toring the cardiac rhythm because of the clarity and size of
the P wave. However, the precordial leads are the most sen-
sitive for detecting significant myocardial ischemia. Indeed,
London et al. (114) studied a large cohort of patients with
known CAD undergoing noncardiac, mainly vascular
surgery using continuous 12-lead ECG monitoring, and
found that V5 was most sensitive, detecting 75% of ischemic
events. Simultaneously, monitoring both leads V4 and V5

increased sensitivity to 90%, whereas the standard II and
V5 array was only 80% sensitive (Fig. 5). However, lead II
and concomitant V5 monitoring is recommended, because
lead II is most sensitive for P-wave evaluation and detects
inferior wall ischemia (geographically separated from, and
perfused by a different coronary artery than the V5 area).
The V5 lead is usually placed over the left fifth intercostal
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space just lateral to the mid-clavicular line. However, we
frequently need to modify this location to accommodate
surgical management in the OR and chest wall dressings fol-
lowing trauma in the ICU.

Conduction defects, such as bundle branch blocks, can
make the diagnosis of MI more difficult, because repolarization
abnormalities commonly accompany these disorders.
However, the right bundle branch block (BBB) does not
usually obscure the ECG evidence of MI (115). The left BBB pre-
sents more difficulty to the physician. Criteria have been pro-
posed to distinguish new myocardial injury patterns in the
left BBB (116), but the clinical utility of these criteria remains
controversial (117). Symptoms of acute myocardial ische-
mia, combined with new ECG manifestations of left bundle
branch block, together are sufficient to diagnose acute
MI. Strong clinical evidence of myocardial ischemia

in association with a new left BBB is an indication for throm-
bolytic therapy or percutaneous coronary interventions
(118).

A number of conditions may mimic acute MI or ische-
mia on ECG, and must be considered in the differential diag-
nosis. These include electrolyte abnormalities, acute
pericarditis, acute pulmonary thromboembolism, thoracic
aortic dissection, ventricular aneurysms, left ventricular
hypertrophy and left BBB, hypothermia, and early repolari-
zation patterns (98). Electronic permanent pacemakers may
obscure the diagnosis of acute MI. ST-segment elevation of
more than 0.5 mV in leads with negative QRS complexes
have high specificity for acute MI, though these changes
only occur in about half of the cases (119).

A significant proportion of patients with MI do not
have the expected ECG changes described. Ten percent

of patients with acute MI have a normal ECG on presentation
(92). In one analysis of diagnostic modalities for acute
cardiac ischemia, the sensitivity of prehospital ECG for
acute myocardial ischemia was 76% (120). Thus, the diagno-
sis of acute myocardial ischemia or infarction may depend
upon clinical suspicion and other laboratory data, as well
as the ECG.

Biochemical Testing
Several biochemical tests are available to assist in the diagno-
sis of myocyte injury. These include creatine kinase (CK) and
the MB fraction of CK, cardiac troponins I and T (cTnI and
cTnT), and myoglobin (Table 5). These biomarkers have
been primarily evaluated for the diagnosis of MI and not
for myocardial ischemia. When infarction occurs, cellular
proteins and enzymes are released into the bloodstream in
time dependent fashion. This is less likely in the setting of
ischemia without infarction.

CK is an enzyme found in myocytes, of which
several subunits exist. The subunit most specific to cardiac

Figure 5 Single-lead sensitivity for detection of myocardial

ischemia during noncardiac surgery. Abbreviation: ECG, electro-

cardiogram. Source: From Ref. 120.

Table 5 Biochemical Markers of Cardiac Injury

Marker Hours til elevated Peak elevation Duration of elevation Sensitivity, specificity, and comments

AST 8–12 1–2 days 3–6 days Low sensitivity and specificity elevated with

skeletal trauma and liver injury.

LDH 8–12 2–3 days 7–10 days Low sensitivity and specificity elevated with

skeletal trauma and liver injury.

CK 4–6 12–36 hrs 3–4 days Low sensitivity and specificity elevated with

skeletal trauma and liver injury.

CKMB 4–6 12–24 hrs 2–3 days 99% sensitive, 90–95% specific in absence of

skeletal injury. Skeletal muscle has trace

amounts of CKMB, thus limiting usefulness

following trauma and surgery.

Myoglobin 2–3 6–12 hrs 24–48 hrs Heme protein located in both skeletal and cardiac

muscle. Nonspecific in setting of trauma or

surgery. However, very sensitive, and an early

marker.

HFABP 2–3 8–10 18–30 HFABP not widely available clinically yet, may

emerge as useful measure of infarct size.

Troponins (T and I) 4–6 12–24 hrs 7–10 days 99–100% sensitive, 85–96% specific, increased

specificity compared to others in the setting of

trauma and surgery.

Note: Troponin T and I are isoforms of troponin.

Abbreviations: AST, aspartate transaminase; CK, creatine kinase; CKMB, creatine kinase MB isoenzyme; HFABP, heart fatty acid binding protein; LDH,

lactate dehydrogenase.
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myocytes is the MB subunit, though it appears in variable
degrees in skeletal muscle as well. CK is reported in units
of total enzyme activity, while CKMB is reported in units,
or concentration, or as a percentage of total CK. Since CK
and its MB subunit also appear in skeletal muscle, they
may be elevated in circumstances which cause skeletal
muscle injury, such as trauma, vigorous exercise, rhabdo-
myolysis, heat illness, and inflammatory conditions. These
markers become detectable in serum four hours after
myocyte injury, and peak levels occur at 12 to 24 hours
(110,111), returning to normal at 24 to 36 hours. In

acute MI, serial determination for CKMB is more sensitive
for the diagnosis than a single determination at presen-
tation. In a recent meta-analysis of studies conducted to
evaluate the accuracy of CKMB in the diagnosis of acute
MI, sensitivity of serial testing ranged from 68% to 90%, if
samples were drawn at presentation and three or four
hours later. However, sensitivity improved to nearly 100%
in studies in which serial testing was performed at six
hours or more after presentation (114). Specificities ranged
from 90% to 96%, depending on whether the assay was
drawn at presentation or serially thereafter.

Myoglobin is the best early indicator of myocardial
ischemia in patients who have not sustained trauma or
surgery. Indeed, it is detectable in serum at two to four
hours after infarction, providing improved early sensitivity
compared to CKMB (110). Sensitivity is improved for myo-
globin as symptom duration increases, as with CKMB. The
sensitivity of myoglobin for MI at presentation varies from
43% to 55% and specificity from 82% to 94% (114). When
drawn serially, the sensitivity of myoglobin determinations
improves to about 90%. However, myoglobin is also released
from injured skeletal muscle myocytes. Accordingly, myo-
globin is a useless marker of myocardial injury in the
trauma or postsurgical patient.

Troponins are another type of protein released from
cardiac myocytes during cellular injury. cTnI and cTnT are
highly specific for myocardial injury, as they differ in signifi-
cant ways from their skeletal muscle counterparts (121).
Thus troponin assays are more specific for cardiac injury,
and help to differentiate this condition from elevated
CKMB due to skeletal muscle trauma (49–51). Troponin
measurement is an essential feature of diagnosing MI or
injury after surgical or accidental trauma (122).

Cardiac troponins appear in the serum four to six
hours after myocyte injury. Cardiac troponins are often
released during myocardial ischemia, even without infarc-
tion. The peak activity occurs at about 12 hours, but
these markers remain elevated for around 3 to 10 days
(123). Unlike CKMB or myoglobin, the cardiac troponins
are also released during some episodes of UA, providing
useful diagnostic and prognostic information that are not
available from other biomarkers (3). In diagnosing acute
MI, serial assays of cTnI and cTnT yielded a sensitivity of
90% to 100%, with a specificity that ranges from 85% to
96% (114). Because troponins are specific for the heart, they
are, by far, the best measure of myocardial ischemia and
infarction in trauma patients.

In summation, individual biomarkers drawn at the
time of patient presentation for possible myocardial
ischemia are not very sensitive, but their specificity is quite
good, generally greater than 85%. When these markers are
drawn serially over several hours after presentation, sensi-
tivity is increased from less than 50% to over 80%.

Cardiac troponins are more useful than CKMB to diag-
nose MI in the multiple trauma patient, as they are more

specific for cardiac muscle injury. In the future,
markers of systemic inflammation, such as CRP and
fibrinogen, may provide important diagnostic and
prognostic information for those suffering from myocardial
ischemia without infarction (124).

Imaging Modalities and Stress Testing
The imperfect sensitivity of biochemical testing for acute MI
is troublesome, but serial testing markedly improves this
sensitivity. On the other hand, the sensitivity of biomarkers
for acute myocardial ischemia without infarction, as in UA,
is poor. In such circumstance noninvasive testing is
frequently utilized to support (or exclude) the diagnosis.
These testing modalities, which include rest and stress
echocardiograpy, and radionuclide perfusion studies, are
particularly valuable in patients with suspicious symptoms
or findings who have normal biochemical testing and
normal ECG, or nonspecific ECG abnormalities only
(Table 6) (125).

Both TTE and TEE can be used to detect acute ischemia
or prior infarction. In addition, Doppler color flow analysis
can provide evidence of valvular dysfunction. Information
about global cardiac function and abnormal anatomy or path-
ology can be obtained from these tests. Evidence of ischemia
includes reduced contractility and segmental wall motion
abnormalities. However, differentiation of prior infarction
and current ischemic wall motion abnormalities is difficult.
Resting echocardiography in the emergency department to
evaluate low to moderate risk patients has shown sensitivity
of 81% to 97% for cardiac ischemia (125,126). Exercise echo-
cardiography or dobutamine stress echocardiography may
improve upon the specificity of this test, which is reported
to be between 43% and 83% for acute myocardial ischemia
(127). TEE has proven to be extremely sensitive for intraopera-
tive monitoring of ischemia (88).

Technetium-99m Sestamibi scanning utilizes radio-
nuclide distribution to image myocardial blood flow, and
is useful to demonstrate areas of reduced perfusion. This
study has been shown to have high sensitivity for the diag-
nosis of ischemia in patients presenting with chest pain,
ranging from 91% to 100%, with a range of specificity for
MI between 49% and 84%. The sensitivity of this technique
for acute myocardial ischemia, without infarction, is also
quite good (126).

Exercise stress electrocardiography is less complex,
less expensive, and less dependent upon operator
expertise than the studies described previously. Imaging
modalities or stress testing may be utilized to improve

the accuracy of the diagnosis of myocardial ischemia or

Table 6 Diagnostic Modalities for the Detection of

Myocardial Ischemia and Infarction

Echocardiography

Exercise echocardiography

Dobutamine echocardiography

Transesophageal echocardiography (intraoperative)

Technicium-99m Sestamibi scanning (with adenosine or

persantine)

Exercise electrocardiography

Computed ST-segment analysis during ECG monitoring

Ambulatory (Holter) ECG monitoring

Abbreviation: ECG, electrocardiogram.
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infarction in patients with equivocal or nonspecific ECG and

biochemical testing. Reported sensitivities vary widely,
from 29% to 90%, while specificity ranges from 50% to 99%
(128,129).

Detecting Intraoperative Myocardial Ischemia
Detection of intraoperative myocardial ischemia and ische-
mia in the ICU are more or less limited by logistical
considerations. As noted earlier, TEE is highly sensitive in
this regard. However, this technology is both very expensive
and operator dependent. Computed ST-segment analysis of
continuous ECG, utilizing two leads, has a high degree of
sensitivity and reasonable specificity for detection of ische-
mia in the OR (88). Typically, leads II and V5 are monitored
(Fig. 5) (114). However, controversy exists as to which of the
precordial leads is most sensitive (130). Ambulatory ECG is
useful for detection of ischemia in the postoperative period,
during which around 90% of episodes of myocardial ische-
mia are without symptoms (70).

In summary, the clinical diagnosis of myocardial ische-
mia and MI is unreliable. Electrocardiography is rapidly
obtainable, inexpensive, noninvasive, and relatively accu-
rate. However, some patients with MI have a normal ECG
and others have a nonspecific tracing. NSTEMI is often
indistinguishable from ischemia without infarction on
ECG. For this reason, biochemical testing with CKMB iso-
enzymes, or cardiac troponins, or both markedly improves
the diagnosis of MI. When the diagnosis remains uncertain,
or when it is essential to exclude mechanical complications
of infarction, imaging modalities such as echocardiography,
gated scintigraphy, and radionuclide perfusion scanning are
of value.

THERAPY FOR MYOCARDIAL ISCHEMIA AND INFARCTION

The therapy for myocardial ischemia has substantially
changed in the past decade. More emphasis is placed
upon early re-establishment of coronary flow in the
catheterization lab when such therapy is available, and
medical therapy is more effective ever since the introduc-
tion of several new classes of drugs. It is convenient to
discuss therapeutic interventions with respect to the
ischemic continuum.

Stable Angina Pectoris
SA pectoris may occur during exertion or stress, and there-
fore may occur in the perioperative period or after trauma.
However, angina or evidence of ischemia in hospitalized
patients will usually be considered UA, since the patients
are generally at rest. The therapy of SA involves coronary
vasodilation, preload reduction, reduction of myocardial
oxygen demand, and prevention of platelet aggregation
(Table 7) (131). Nitrates, calcium-channel blockers, and

beta- blockers, along with platelet inhibition, are the main-

stays of medical management of stable angina.
Nitroglycerine, whether sublingual or topical, is the

time-honored method of providing selective coronary vaso-
dilation, while at the same time reducing preload, wall
tension, and therefore myocardial oxygen demand (132).
Typically, sublingual nitroglycerine is utilized by the
patient or physician for acute therapy of angina attacks,
while more prolonged therapy is delivered via slow-
release oral formulations or topical patches. The latter
seem most efficacious when they are incorporated into a
regimen, which includes a daily nitrate-free period (133).

Both calcium-channel blocking agents and beta-block-
ing drugs are utilized in SA to reduce myocardial oxygen
demand. Calcium-channel blocking agents may also contri-
bute to coronary vasodilation. Both these drug classes also
have antihypertensive properties, thus reducing the after-
load as well as contractility (131).

Aspirin is beneficial in SA, as it is in all of the ACS
(134). By preventing platelet aggregation, which serves as
the nidus for obstructing thrombosis, aspirin reduces the
likelihood of MI and death in this population (135). Revascu-
larization procedures, such as PTCA, coronary stenting, and
coronary artery bypass grafting (CABG), are utilized selec-
tively to reduce symptoms, improve quality of life, and
increase life expectancy.

Unstable Angina and Non-ST-Elevation
Myocardial Infarction
In UA/NSTEMI, which are often indistinguishable at pres-
entation, management is conducted with immediate atten-
tion to reducing ischemia, preventing further platelet
aggregation, preventing fibrin deposition and, in some
cases, re-establishing coronary patency by invasive means
(Table 8) (124). Therapy of ischemia generally includes sub-
lingual or intravenous nitroglycerine, although evidence for
its efficacy is only fair. Supplemental oxygen is necessary if
the patient is hypoxic, and morphine sulfate should be insti-
tuted if ischemic signs and symptoms are not relieved with
nitrates (136). Antiplatelet and antithrombotic agents

assume increasing importance in the therapy of UA and
NSTEMI.

Beta-receptor blockade is effective in ACS (136).
Patients should receive a first dose intravenously if evidence
of ischemia persists after the aforementioned interventions,
and orally within 15 minutes thereafter (137). If beta-block-
ade cannot be tolerated due to adverse effects, a nondiydro-
pyridine calcium-channel blocking agent should be used
instead (136). For persistent hypertension despite beta-
receptor blockade and nitrate administration, an angiotensin-
converting enzyme (ACE) inhibitor should be initiated,
especially in patients with CHF or diabetes.

Because of the central role of intracoronary thrombus
in causing ACS, antiplatelet and anticoagulation therapies
are essential components of the management strategy in
this population. Aspirin is the primary antiplatelet agent
used, and should be started immediately and continued
indefinitely (136). Anticoagulation should be acutely insti-
tuted in these patients, with either intravenous unfractio-
nated heparin or low-molecular–weight heparin (138).
Several studies have established improved outcomes in
ACS when enoxaparin, a low-molecular–weight heparin,
was compared to unfractionated heparin (124). In addition,
the American College of Cardiology recommends the
addition of a glycoprotein IIbIIIa receptor antagonist to the

Table 7 Therapy of Stable Angina Pectoris

Nitrates (oral, sublingual, topical)

Calcium channel blockers

Beta-receptor blockers

Aspirin

Revascularization
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aforesaid measures in patients who have continuing evi-
dence of ischemia, hypotension or bradycardia, new
bundle branch block, or markedly elevated biochemical
markers of cardiac myocyte injury (124,136,138,139).
These agents, which block platelet receptors permitting
aggregation and progression of thrombus formation, are
also indicated in patients in whom percutaneous coronary
intervention (PCI) is to be conducted within the ensuing
24-hour period (138).

Opinions differ as to the necessity of early PCI, as
opposed to a conservative strategy of medical management
with deferred coronary arteriography, pending further clini-
cal events or symptoms. Certain subsets of patients with
UA/NSTEMI benefit from early percutaneous coronary inter-

vention. Patients who appear to benefit from early PCI
include those with high-risk profiles, such as recurrent rest
angina, CHF, hemodynamic instability, sustained ventricular
tachycardia, and prior CABG or PCI (136).

Indications for coronary revascularization in patients
with ACS are similar to those for patients with chronic SA,
depending upon coronary anatomy, life expectancy, ventricu-
lar function, functional capacity, severity of symptoms, and
degree of myocardium at risk. The objective of such revascu-
larization is to improve functional capacity, prevent pro-
gression of disease, relieve symptoms, and alter the
prognosis. CABG is generally recommended for those with
left main coronary disease, three vessel disease, and two
vessel disease with significant LAD disease or with ischemia
on noninvasive testing (135). Those with normal LV function
and suitable multivessel CHD are generally treated with PCI.

ST-Elevation Myocardial Infarction
Acute STEMI, also referred to as transmural or Q-wave MI,
represents the most damaging of the ACS, with the greatest
extent of cell death and the highest rate of early compli-
cations. However, prognosis of this entity has dramatically
improved in the last two decades, with the introduction of
effective thrombolytic drugs and establishment of the effi-

cacy of several other classes of medications, ushering in
the modern era of active management of MI.

Historically important therapies, such as oxygen,
nitrates, and morphine sulfate, have become ancillary
interventions to the main focus of therapy, which is re-
establishment of patency of the infarct-related artery (140).

Re-establishing early patency of the infarct-related
artery is key to limiting damage in STEMI. As in UA/
NSTEMI, management of thrombosis is carried out with
multiple classes of drugs, which act by distinctly different
mechanisms. Antiplatelet agents, anticoagulants, and fibri-
nolytic agents all play an essential role in the therapy of
STEMI (141). Numerous studies have shown that re-estab-
lishment of patency of the infarct-related vessel improves
inhospital and long-term survival (140).

Nearly three decades ago, randomized trials estab-
lished that aspirin significantly reduced mortality in
STEMI (142). Subsequent mega-trials investigated the effi-
cacy of thrombolytic agents, demonstrating a reduction in
mortality from approximately 15% to 7% (143). Tissue plas-
minogen activator (tPA) and its derivatives have become
the favored agents for reperfusion in the United States, but
controversy exists over whether or not these expensive
agents are actually more efficacious or safer than strepto-
kinase. Nevertheless, these large, randomized trials estab-
lished that earlier intervention with thrombolytic agents in
STEMI resulted in greater preservation of myocardium
with reduced early and late adverse effects. Optimum
benefit occurs when thrombolytics are administered within
six hours of symptoms, although some benefit may be
derived up to 12 hours later (140).

Criteria for thrombolysis include ST-segment elevation
of greater than 1 mm in at least two contiguous limb leads or
more than 2 mm in at least two contiguous precordial leads.
The left BBB and permanent pacemakers may obscure this
diagnosis, although diagnostic criteria have been proposed
to detect acute MI, even under these circumstances (116).

Several adjunctive agents have proven beneficial in MI
when used in conjunction with thrombolytics. Heparin is

Table 8 Management of Myocardial Ischemia and Infarction

Goal Drug or treatment Comments

Ameliorate

ischemia

Oxygen

Nitrates (if not contraindicated

by increased ICP)

Morphine sulfate

Beta-receptor blockade

Add ACE inhibitor within first 24 hrs for MI with

ST-segment elevation

Prevent further

platelet

aggregation

Aspirin In nontrauma setting may add glycoprotein

IIb/IIIa inhibitor

Prevent further

fibrin deposition

Intravenous unfractionated

heparin, or

Subcutaneous low-molecular–

weight heparin

Anticoagulation with heparin contraindicated

immediately following head injury, and in

patients with trauma- or hemorrhage-related

coagulopathy

Re-establish

coronary

patency

Percutaneous coronary interven-

tion (especially if not a candi-

date for thrombolytics)

Emergent coronary artery bypass

grafting (when appropriate)

Thrombolysis (tissue plasminogen activator) in

nontrauma patient

Both PTCA and off-pump CABG have been

successfully accomplished in selected trauma

patients (see text for explanation)

Abbreviations: ACE, angiotensin converting enzyme; CABG, coronary artery bypass grafting; ICP, intracranial pressure; MI, myocardial infarction; PTCA,

percutaneous transluminal coronary angioplasty.
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administered to prevent coagulation, and intravenous
unfractionated heparin is most commonly used in this
setting (141). Aspirin is of established benefit, as noted
earlier. Beta-receptor blockade is initiated early in the
course of STEMI, if there are no contraindications, and con-
tinued thereafter, with a reduction in early and long-term
mortality (144). ACE inhibitors, usually begun in the first
24 hours after presentation, also reduce postinfarction mor-
tality, probably due to alterations of adverse neurohumoral
influences on the myocardium, along with a favorable
effect on ventricular remodeling (145). Nitroglycerine,
useful for symptomatic improvement, has not been clearly
shown to improve the outcome.

Percutaneous coronary intervention is evolving as
the preferred therapy in STEMI, when available. Up to
two-thirds of patients with STEMI are not candidates for
thrombolysis, due to contraindications to these agents,
while PCI is almost always applicable, if available (146).
Several randomized trials have been conducted which
provide evidence that percutaneous coronary intervention
is as efficacious as thrombolysis, or even more so, in the man-
agement of STEMI (147,148). Patients undergoing primary
percutaneous coronary intervention appear to have
improved infarct-related artery patency and a lower rate of
intracranial hemorrhage compared to patients receiving
thrombolytics (146). A meta-analysis of 10 studies, evaluating
primary percutaneous coronary intervention compared to
thrombolysis for STEMI, concluded that percutaneous coron-
ary intervention confers a 34% reduction in mortality along
with reduced nonfatal MI and hemorrhagic stroke rates (149).

Unfortunately, recurrent ischemia occurs before hospi-
tal discharge in around 10% to 15% of patients who receive
angioplasty. Placement of coronary stents has been found
to be safe and practical at the time of primary PCI in
STEMI, with a reduction in the rate of restenosis. Glyco-
protein IIbIIIa inhibiting agents are efficacious in reducing
restenosis in this setting as well, and are recommended as
cotherapy for all patients receiving percutaneous coronary
intervention (150). Percutaneous coronary intervention has
been most effective for those older than 65 years of age,
those with prior CABG, and for those patients with CHF
or cardiogenic shock in association with STEMI (146).

Myocardial Ischemia in the Multiple Trauma Patient
The treatment of MI in trauma is complicated by the like-
lihood of hemorrhagic complications in this population
with many of the agents that are used to manage ACS.
Thrombolysis is absolutely contraindicated in patients with
major trauma, active bleeding, or surgery within the prior
10-day period, most of which apply to the hospitalized,
injured patient (12). Since thrombolysis is not feasible
in the trauma patient, percutaneous coronary intervention
is an important alternative for therapy of MI. Even
heparin may cause significant hemorrhage in the traumatized
or postoperative patient, and its use must, therefore, be care-
fully balanced against the risk of complications. Management
of ischemia and MI may well be confined to aspirin, nitrates
[except in the setting of closed head injury with elevated intra-
cranial pressure (ICP)], beta-blockers (may not be tolerated in
acute shock state), and ACE inhibitors in this setting, along
with the usual management of complications, such as CHF.

Some authors recommend early invasive monitoring
for elderly trauma patients who have evidence of shock on
presentation, or a high injury severity score, maintaining
that this allows improved titration of oxygen delivery and

thus reduces organ injury and post-traumatic mortality
(151,152). For patients with hemodynamic instability due
to myocardial ischemia or infarction after major trauma, or
who have persistent evidence of ischemia despite supportive
therapy as outlined earlier, percutaneous coronary interven-
tion is appropriate to re-establish coronary blood flow.

Prophylaxis Against Myocardial Ischemia
Perioperative beta-blockade is associated with a significant
reduction in ischemic episodes (153,154). One validated
method entails postoperative titration of esmolol to a heart
rate (HR) of 20% less than that which was determined pre-
operatively as the individual’s ischemic threshold HR (153).
The benefit of esmolol is its b1 selectivity, titratability, and
short clinical duration. Most clinicians titrate beta-blockade
to a HR of 60 beats per minute (153–155). As HR slows, myo-
cardial oxygen demand decreases (less contractions per unit
time) and supply increases (diastolic time increases,
especially as HR falls below 70) because most of the coronary
blood flow occurs during diastole, especially for the left ven-
tricle. Indeed, diastolic time increases 15% when HR
decreases from 70 to 50 beats per minute (156). With few con-
traindications (Table 9), beta-blockers are recommended for
most high risk patients for prophylaxis against perioperative
MI (PMI) undergoing major surgery (153,155). Poldermans
reported a striking reduction in cardiac complications within
30 days postoperatively (3.4% vs. 34%) (153). In a placebo-
controlled, double-blind study of 200 men with or at risk for
CAD, Mangano (155) found a perioperative atenolol regimen
that was associated with a reduction in two year mortality.

The ACC/AHA Perioperative Practice guidelines
limits specific recommendations for beta-blockade use to
patients with inducible ischemia (157). In this high-risk
population, beta-blockers should be started days to weeks
before surgery, and titrated to a resting HR from 50 to 60
beats/min preoperatively. No specific recommendations
are made for lower-risk patients, or for intraoperative or
postoperative therapy (157).

A recent review by London et al. (158) provides a
thorough overview of the known and theoretical benefits
and hazards of perioperative beta-blockade. They also rec-
ommend that the ACC/AHA guidelines be followed until
the results from several recently launched, large-scale trials
provide more substantial data. This paper, and the accom-
panying editorial by Kertai (159) triggered a flurry of corre-
spondence regarding the relative merits of perioperative
beta-blockade (160–162). The ongoing Perioperative
Ischemic Evaluation (POISE) trial is currently enrolling
patients in six countries, and will evaluate the effectiveness

Table 9 Contraindications to Beta-Blockade

Absolute Relative (strong) Relative (weak)

Acute broncho-

spasm following

treatment

Third-degree heart

block

Starting

HR , 55 bpm

Strong Hx of

bronchospasticdisease

SBP , 100 mmHg

(after treatment with

Neosynephrine)

Current exam or lab

evidence of CHF

Epidural or spinal

anesthetic

Fluid shifts

anticipated

Hypovolemia

Concurrent

antihypertensives

Abbreviations: CHF, congestive heart failure; HR, heart rate; Hx, history;

SBP, systolic blood pressure.
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of perioperative beta-blockade in 10,000 moderate to high
risk patients undergoing noncardiac surgery (160,161).

When beta-blockers are contraindicated (Table 9),
calcium channel blockers or a2 agonists (clonidine, or dex-
medetomidine) may be better tolerated. Although
nitroglycerin is effective in treating ischemia, it is not effec-
tive prophylactically. Nicardipine has been found to be
more useful in reducing ischemia after coronary artery
bypass (perhaps helping to decrease spasm) (163). Although
dexmedetomidine caused a 20% reduction in blood pressure
in both vascular surgery patients and healthy volunteers
(treatable with phenylephrine), it was associated with
fewer ST ischemic changes than placebo (164). The level of
ischemia reduction and sedation appears to be similar to
that found with clonidine, but future studies will delineate
clinical situations for which each drug is indicated.

PROGNOSIS

The prognosis for the patient with post-traumatic MI is less
favorable than for patients who infarct outside of this
setting. In one study, the mortality rate was 20% for patients
with MI after trauma, as compared to an approximate 7%
mortality rate for STEMI in the first 30 days after infarction
(12). The elderly suffer higher rates of mortality after
trauma than patients under 55 years of age, largely due to
multisystem organ failure (MSOF) and sepsis (165). Ischemic
heart disease, along with several other pre-existing con-
ditions, significantly increases the post-traumatic mortality
rate (13). Among 326 multitrauma patients older than 60
years, Tornetta (166) found that MI, along with acute respira-
tory distress syndrome (ARDS) and sepsis, was a major pre-
dictor of mortality. He reported 62% mortality in those
sustaining MI in this retrospective investigation.

EYE TO THE FUTURE

In the future, ongoing investigation into the underlying
causes of atherosclerosis, including the role of systemic
inflammatory influences and infectious agents, may permit
more effective intervention in the early stages of this dis-
order. In particular, elucidation of inflammatory cascades
in trauma and their role in influencing plaque vulnerability
and ACS, will be of importance to the development of thera-
pies which block this response to injury.

Research will continue into the epidemiology and
therapy of MI in the setting of trauma and in the periopera-
tive period, especially with regard to the safety of antico-
agulation and antiplatelet agents, and the utility of
percutaneous coronary therapy. As the nature of anticoagu-
lant therapy is refined, more specific inhibitors of the
particular steps in the coagulation cascade, such as factor
Xa, may permit effective prevention of thrombosis, with
less likelihood of systemic bleeding (34).

Recently, Le Manach et al. (167) have introduced a new
approach to reduction of perioperative cardiac morbidity
through the use of monitoring troponin I (cTnI). They
studied 1152 consecutive patients undergoing abdominal
infrarenal aortic surgery and measured cTnI release. One
group did not have any abnormal elevations, and a second
group had only mild increases of cTnI. However, two
groups demonstrated increases of cTnI consistent with a

PMI. One of these “ischemic groups” demonstrated acute
(,24 hours) increases of cTnI above threshold, and the
other demonstrated prolonged low levels of cTnI release,
followed by a delayed (.24 hours) increase of cTnI. The
authors suggest that these two different ischemic patterns
represent two distinct pathophysiologies: (i) acute coronary
occlusion for early morbidity and (ii) prolonged myocardial
ischemia for late events. They also suggest that early anti-
ischemic treatment should occur in patients with elevated
cTnI levels (prior to the development of irreversible necrosis).

The role of early percutaneous coronary intervention in
trauma patients is currently under investigation. At the time
of this writing, only seven cases have been reported describ-
ing the use of PCI to relieve acute CA occlusions, following
blunt chest trauma (58,134,137,168–170), and only one case
of concomitant PCI during repair of penetrating trauma
(gunshot wound to the chest) (171). Temporary anticoagula-
tion was used, with complete reversal at the end of the pro-
cedure to facilitate this last case. Furthermore, the
development of specialized tools for off-pump coronary
revascularization (e.g., shunts and coronary suturing
devices) have already provided new techniques for the treat-
ment of traumatic coronary artery lesions (172). These reports
are illustrative of the multisystem approach required for suc-
cessful treatment of these life-threatening injuries, and a
great deal of work still needs to be done in this area.

Lastly, existing imaging technologies are being used
in innovative ways to facilitate the diagnosis of myocardial
and coronary artery injury in chest trauma. These include
application of MRI (173) and intracoronary echocardio-
graphy (174).

SUMMARY

Myocardial ischemia and infarction due to atherosclerosis
are most likely to affect the geriatric trauma population,
which is predisposed to poor outcomes due to this and a
variety of other underlying diseases. Hypoperfusion of
pre-existing coronary artery lesions is the dominant cause
of ischemia in this population. Direct cardiac trauma with
left ventricular dysfunction or infarction due to coronary
artery thrombosis or laceration is less common but may
affect any age group following chest trauma. Detection of
myocardial ischemia in traumatized patients involves
several subtle differences compared to the nontrauma popu-
lation. Furthermore, the reliance on diagnostic laboratory
testing is greater due to the inability of seriously injured
patients to communicate their chest pain or distinguish it
from that due to chest wall trauma. As one moves along
the ischemic continuum from stable angina to STEMI,
there is greater therapeutic emphasis on platelet inhibition,
antithrombotic agents, and direct attempts to disrupt clot
in the infarct related artery with fibrinolysis or PCI.

The management of suspected myocardial ischemia
and infarction in trauma is complicated by the propensity
of these patients to bleed with anticoagulation and the con-
traindication to thrombolytic administration in this popu-
lation. Additionally, the use of nitroglycerine and other
nitrates is relatively contraindicated in the setting of severe
traumatic brain injury and elevated ICP. Anticoagulation
must be carefully weighed against its hazards, as must use
of antiplatelet agents. A greater reliance on percutaneous
angioplasty and stent placement in this population in the
setting of severe myocardial ischemia or MI should reduce
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morbidity, though only case reports exist to support this
therapeutic strategy.

KEY POINTS

The presence of CAD significantly increases the risk of
morbidity and mortality to any acutely injured patient.
Atheromatous lesions progress in association with
known risk factors for CAD, such as hypertension
and the influx of inflammatory cells.
Atheromatous plaque may be vulnerable to rupture,
with resultant coronary artery thrombosis and occlu-
sion, despite a relatively modest baseline impingement
of the coronary lumen.
Coronary angiography does not identify all high-risk
lesions, because neither the size of the plaque nor the
degree of stenosis correlates with its vulnerability to
rupture.
Instability and rupture of nonocclusive plaque leads
to most episodes of ACS, because the subsequent
exposure of reactive elements within the lesion leads
to unpredictable degrees of thrombosis at the vascular
luminal site.
STEMI is caused by complete occlusion of a coronary
artery, with simultaneous myocyte death in the terri-
tory supplied by that vessel (44). NSTEMI results
from small areas of infarction of differing ages, prob-
ably caused by repeated episodes of transient occlusion,
platelet emboli, or both.
Myocardial ischemia is often clinically silent in the
trauma patient.
Most myocardial contusions require no specific therapy
(other than monitoring), and these patients usually
have an excellent prognosis.
Blunt chest injury may produce injury to the RCA or
LAD. These injuries often involve dissections resulting
in MI, especially when the LAD coronary artery is
injured.
Arterial air embolism, a complication of penetrating
chest trauma, may be rapidly fatal and requires early
suspicion and familiarity to diagnose the condition
and effectively intervene.
Systemic inflammation and adverse physical conditions
(common accompaniments of major trauma), likely pre-
dispose existing atheromatous plaques to instability
and rupture.
Continuous electrocardiographic ST-segment evalu-
ation provides the most practical means of monitoring
for intraoperative myocardial ischemia.
The risk of myocardial ischemia in the perioperative
period is higher postoperatively than intraoperatively.
UA and NSTEMI are commonly indistinguishable on
clinical grounds, manifesting as rest angina. They are
therefore approached in a similar diagnostic and thera-
peutic fashion.
The diagnosis of myocardial ischemia is difficult to
make on clinical grounds, especially in the trauma
patient, who may have altered pain response for a
variety of reasons, such as distracting injury, analgesic
medications, or CNS injury.
Classic ECG criteria for MI are only about 50% sensitive.
MI may manifest with ST-segment depression rather
than elevation.

Symptoms of acute myocardial ischemia, combined
with new ECG manifestations of left bundle branch
block, together are sufficient to diagnose acute MI.
Ten percent of patients with acute MI have a normal
ECG on presentation.
In acute MI, serial determination for CKMB is much
more sensitive for the diagnosis than a single determi-
nation at presentation.
Cardiac troponins are often released during myocardial
ischemia, even without infarction.
Cardiac troponins are more useful than CKMB to diag-
nose MI in the multiple trauma patient, as they are
more specific for cardiac muscle injury.
Imaging modalities or stress testing may be utilized to
improve the accuracy of the diagnosis of myocardial
ischemia or infarction in patients with equivocal or
nonspecific ECG and biochemical testing.
Nitrates, calcium-channel blockers and beta-blockers,
along with platelet inhibition, are the mainstays of
medical management of stable angina.
Antiplatelet and antithrombotic agents assume increas-
ing importance in the therapy of UA and NSTEMI.
Certain subsets of patients with UA/NSTEMI benefit
from early percutaneous coronary intervention.
Re-establishing early patency of the infarct-related artery is
the most important factor for limiting damage in STEMI.
Percutaneous coronary intervention is evolving as the
preferred therapy in STEMI, when available.
Since thrombolysis is not feasible in the trauma patient,
percutaneous coronary intervention is an important
alter native for therapy of MI.
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INTRODUCTION

Dysrhythmias are commonly seen in the electrocardiogram
(ECG) of patients suffering from trauma and critical illness.
Some dysrhythmias result as exacerbations of underlying
rhythm disorders. Most are due to the changes in the auto-
nomic nervous system and electrolyte levels that often
occur in the critically ill. Dysrhythmias in the trauma
patient also result from ischemia, direct mechanical injury
to the heart (e.g., myocardial contusion), or occur secondary
to drugs or toxins. A review of normal electrophysiologic
function will precede the discussion of the dysrhythmias
most frequently encountered in trauma and critical illness.

NORMAL SINUS RHYTHM

The conduction system of the heart comprises specialized
cardiac myocytes. These myocytes spontaneously depolarize
at their own intrinsic frequency. The normal sinus rhythm
originates from sinus node cells located at the junction of
the superior vena cava and right atrium (see Volume 2,
Chapter 3, Fig. 13) and has spontaneous depolarization fre-
quencies ranging from 60 to 100 beats per minute (bpm).
The normal ECG reveals upright P waves in the inferior
leads (I, II, and aVF) and lateral leads (I and aVL) and all
of the V leads except for V1, where the P wave is biphasic.
The P wave is normally inverted in aVR. Figure 1 shows a
normal sinus rhythm in leads II and V5. The commonly
measured intervals are shown in Figure 2. Alterations in
these intervals will have both diagnostic and prognostic
implications as described in this text.

The sinus node is richly innervated with both sym-
pathetic and parasympathetic nerves. As a result, the heart
rate is closely regulated by the autonomic nervous system.
An increase in sympathetic tone, as often occurs in critically
ill patients due to pain, fear, anxiety, hypovolemia, or with-
drawal from opiates or alcohol, increases sinus rate. An
increase in parasympathetic (vagal) tone or a decrease in
sympathetic tone (as occurs with spinal shock) will decrease
the sinus node-firing rate.

BRADYCARDIA

Bradycardia is defined as a heart rate less than 60 bpm.
However, bradycardia is not necessarily pathologic and
needs to be interpreted in the light of the clinical setting.

A heart rate of 60 bpm or less may be appropriate for a
patient at rest or sleeping. However, the same heart rate
would be inappropriately low for a critically ill patient
with fever and hypotension. Because the cardiac output is
a product of heart rate and stroke volume, bradycardia
leads to a decrease in cardiac output that can result in
decreased tissue perfusion. Pathologic bradycardia, there-
fore, can be better defined as a heart rate that is too slow
to meet the metabolic demand. The causes of pathologic
bradycardia can be divided into two categories: sinus node
dysfunction and heart block.

Sinus Node Dysfunction
Failure of the sinus node to generate a cardiac impulse can
result in sinus bradycardia, sinus pauses, or sinus arrest.
Sinus node dysfunction can be due to either intrinsic struc-
tural abnormality of the sinus node or to extrinsic factors
that affect the normally functioning sinus node. The most
common cause of intrinsic sinus node dysfunction is idio-
pathic and is thought to be due to diffuse fibrosis of atrial
tissue (including cardiac conduction fibers). Intrinsic sinus
node dysfunction is most commonly seen in elderly patients
and in patients with atrial tachydysrhythmias. Extrinsic
factors that affect the sinus node are common (Table 1).
Extrinsic factors that cause sinus node dysfunction do not
cause structural changes in the sinus node and thus can be
reversed once the offending factors are removed. The most
common extrinsic causes of sinus node dysfunction
include high vagal tone and sinus node-depressant drugs.
High vagal tone can be seen in critically ill patients during
endotracheal suctioning, in association with inferior wall
myocardial infarction (MI) and with cervical spinal cord
injury that results in unopposed vagal effect on the heart.
Drugs such as beta-receptor blockers and calcium-channel
blockers are common extrinsic drug-related causes of sinus
node dysfunction. Nondrug-related extrinsic causes of
sinus node dysfunction include hypothyroidism, increased
intracranial pressure (ICP), and hypothermia. One of the
important manifestations of sinus node dysfunction is
tachycardia–bradycardia syndrome in which termination
of an atrial tachydysrhythmia is followed by a sinus pause.

Bradycardia per se does not require specific treat-
ment as long as it does not cause symptoms of hemody-
namic compromise. Symptoms related to sinus node
dysfunction are often nonspecific and are difficult to identify.
The first step in the treatment of sinus node dysfunction
should be removal of extrinsic factors such as sinus
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node-depressant drugs. Catecholaminergic drugs, such as
isoproterenol and epinephrine, and vagolytic agents, such
as atropine or glycopyrrolate, can acutely increase sinus
rate and can be used if urgent intervention for bradycardia
is needed. If bradycardia causes symptoms and is resistant
to pharmacologic therapy, or if there is concern that the
heart rate may decline further, a temporary transcutaneous
pacemaker can be placed on the surface of the patient.
Esophageal stethoscopes with pacing capabilities have also
been used successfully. If one needs prolonged heart
rate support, a transvenous temporary pacemaker, or a
permanent pacemaker, is required.

Abnormal Atrio-ventricular Conduction
Atrio-ventricular (AV) block occurs when there is a delay or
failure of the atrial impulse to conduct to the ventricles.
Abnormal AV conduction can occur at the level of the AV

node or below in the bundle of His or beyond. Identification
of the level of block is important because it determines the
treatment strategy. Conduction block at the level of the AV
node is usually due to abnormal vagal tone or to medications
and does not usually require permanent intervention.
However, an AV block below the level of the AV node
represents damage to the conduction system and requires
a permanent pacemaker.

AV block can be classified into first-degree AV block,
second-degree AV block, high-degree AV block, and third-
degree AV block or complete heart block. First-degree AV
block is characterized by prolongation of the PR interval to
more than 200 msec. In general, first-degree AV block does
not cause any significant hemodynamic compromise and
does not need intervention. Second-degree AV block can
be classified into type I and type II. Type I, or Wenckebach
AV block, is characterized by gradual prolongation of the
PR interval, eventually leading to a P wave that does not
conduct, resulting in the absence of a QRS complex
(Fig. 3A). The level of block for type I second-degree
AV block is in the AV node and is most commonly due to
high vagal tone or to medications that produce block at
the AV nodal level such as beta-blockers, nondihydropyri-
dine calcium-channel blockers, and digoxin. One must
inquire specifically about eye drops containing beta-blockers
because they can have significant systemic absorption and
can cause bradycardia and AV block. Type II AV block is
characterized by a sudden drop in a QRS complex without
gradual prolongation of the PR interval and represents
more extensive disease in the conduction system (Fig. 3B).
In general, type I second-degree AV block is associated

Figure 1 Normal sinus rhythm obtained from an otherwise

healthy 67-year-old male. The P waves are upright in leads II

and V5. Heart rate: 76 bpm, PR interval: 148 msec, QRS

duration: 76 msec, QT/QTC: 370/416 msec.

Figure 2 Commonly measured intervals on the electro-

cardiographic trace. The normal PR interval duration ranges between

0.12 and 0.2 seconds (120–200 msec). The QRS interval

normally ranges from 0.05 to 0.12 seconds (50–120 msec). The

normal QT interval varies with heart rate, age, and sex. In

general, the QT interval should be less than half the preceding

RR interval. However, when the heart rate is �65 bpm the

normal heart rate corrected QT interval (QTC) is even lower.

When the QTC becomes .500 msec there is increased risk of

torsades de pointes and V-fib.

Table 1 Extrinsic Causes of Sinus Node Dysfunction

Resulting in Bradycardia

Drugs Beta-receptor blockers

Calcium-channel blockers

Digitalis

Antidysrhythmic drugs

High vagal tone Inferior wall myocardial infarction

Endotracheal suctioning

Carotid massage

Increased ICP Bradycardia associated with hypertension

Mechanism of this “Cushing response” is

not completely understood

Traditionally, the hypertensive component

is believed to result from brainstem

ischemia

Could result from activation of intracranial

baroreceptors, or loss of supratentorial

inhibition of brainstem vasomotor centers

Bradycardia can be direct effect, or reflexic

(of brainstem ischemia)

Hypothyroidism Decreased inotropy and chronotropy

Apnea Initially HR is increased due to increased

sympathetic tone. Later, perhaps due to

brainstem ischemia, bradycardia results

Hypothermia Decreased sinus rate, and decreased PR

interval, and decreased contractility

ultimately. Osborn waves are seen just

prior to V-fib (see Volume 1, Chapter 40,

and Volume 2, Chapter 11)

Abbreviations: HR, heart rate; ICP, intracranial pressure; V-fib, ventricular

fibrillation.
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with narrow QRS complex escape beats, because these arise
from the AV node. Type II AV block is associated with wide
QRS complex escape beats, which arise from the ventricle.
Late coupled premature atrial contractions (PACs) that do
not result in ventricular contraction can be confused with
second-degree AV block. Therefore, the P-wave mor-
phologies prior to AV block need to be carefully scrutinized
(Fig. 3C). Complete heart block or third-degree heart block is
due to complete blockade of AV conduction. Complete heart
block at the level of the AV node usually results in a junc-
tional escape rhythm with narrow QRS complexes and a
heart rate of approximately 50 bpm. Junctional rhythm is
relatively stable and prolonged asystole is uncommon.
Complete heart block occurring below the level of the AV
node results in a slow ventricular escape rhythm with
wide QRS complexes, typically at a rate less than 40 bpm
(Fig. 3D). A ventricular escape rhythm is an unstable
rhythm and may suddenly disappear, resulting in prolonged
asystolic period. When there is a slow, regular ventricular
rhythm in the setting of underlying atrial fibrillation
(A-fib), complete heart block should be suspected (Fig. 3E).

Slow ventricular rates from heart block will result in a
decreased left ventricular end diastolic volume (LVEDV) due
to the lack of atrial contraction at end diastole. The subsequent
decrease in cardiac output may be significant enough to result
in inadequate tissue perfusion. Patients with heart block and
moderate hypertension may maintain what appears to be an
adequate blood pressure, but truly have occult inadequate
tissue perfusion, which is evidenced by prerenal azotemia,
hepatocelluar injury, and congestive heart failure. In addition,
complete heart block with a slow ventricular escape rate
can be associated with bradycardia-dependent torsades de
pointes. Therefore, patients with evidence of inadequate
tissue perfusion should be promptly treated.

Heart block at the level of the AV node usually does

not require invasive therapy and only requires withdrawal of
the offending agents, such as beta-blockers and calcium-
channel blockers. Sometimes, infusion of a beta-agonist
such as isoproterenol, or temporary pacing with either a
transvenous or a transcutaneous pacemaker, can be used to
support the heart rate until the medications are metabolized
or excreted. A permanent pacemaker is almost never
needed. However, heart block below the level of the AV
node often causes more significant symptoms and requires
a permanent pacemaker (Table 2).

Figure 3 (A) Type I second-degree AV block. There is a

gradual prolongation of the PR interval prior to a nonconducted

P wave. (B) Type II second-degree heart block. The PR interval

is fixed prior to a nonconducted P wave. (C) Late coupled

premature atrial contraction mimicking type II second-degree

AV block. The fifth P wave is premature and has a P-wave

morphology that is slightly different from other P waves. (D)

Complete heart block with ventricular escape. (E) A-fib with

complete heart block. The ventricular rate is slow and regular.

Table 2 Atrio-ventricular Blocks Categorized by Degree, and by Anatomic Location Relative to the AV

Node, Along with Common Symptoms and Treatment

Degree of block

Level of

block Symptoms Treatment

First-degree AV block

(prolonged PR interval)

Proximal No None

Distal No None

Second-degree AV block

(intermittent block)

Proximal No None

Yes Removal of offending factors, temporary

pacemaker

Distal No Permanent pacemaker

Yes Permanent pacemaker

Third-degree AV block

(no conduction of atrial

impulses to the ventricles)

Proximal No None

Yes Temporary pacemaker

Distal No Permanent pacemaker

Yes Permanent pacemaker

Abbreviation: AV, atrio-ventricular.
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TACHYDYSRHYTHMIAS
SinusTachycardia
Sinus tachycardia is defined as a heart rate more than
100 bpm. The morphology of the P wave is similar to that in
the baseline sinus rhythm, with positive P-wave deflections
in leads I, II, III, aVF, and aVL. Sinus tachycardia
usually has a gradual onset and termination. Sinus tachy-
cardia in critical care settings is an appropriate physiologic
response to stresses such as fever, hypovolemia, hypoten-
sion, pulmonary embolism, congestive heart failure, respirat-
ory distress, and thyrotoxicosis. Drugs such as dobutamine,
epinephrine, caffeine, and alcohol can also cause sinus tachy-
cardia. In patients with unexplained sinus tachycardia, a
vigilant search for its cause should be made. Pulmonary
embolism, in particular, should be considered as a possible
cause in a chronically ill patient in the critical care setting.

In general, sinus tachycardia does not require specific
interventions to correct the heart rate itself, and treatment
should be directed at addressing the underlying cause of
the sinus tachycardia and removing any offending agents.
However, beta-blockers such as esmolol and metoprolol,
and calcium-channel blockers such as diltiazem and verapa-
mil, can be used to slow the ventricular rate in patients in
whom tachycardia might be harmful (e.g., myocardial ische-
mia, aortic stenosis, mitral sentosis, etc.). In the trauma
intensive care unit (ICU) setting, sinus tachycardia often
means the patient requires additional intravascular
repletion, is hypoxemic or febrile, or suffering from pain
and anxiety requiring opioid analgesics or other sedatives.
Even when the problem is mainly anxiety or pain driven,
adequacy of oxygenation, ventilation, fluid repletion, and
systemic perfusion must be assured.

Atrial Tachydysrhythmias
Atrial tachydysrhythmias include A-fib, atrial flutter, atrial
tachycardia, and multifocal atrial tachycardia (MAT). Fre-
quent symptoms associated with atrial tachydysrhythmias
include a sensation of the heart racing, palpitations, dizzi-
ness, syncope, fatigue, shortness of breath, and chest pain.
These symptoms are usually due to a rapid ventricular
rate, which decreases cardiac output because of inadequate
ventricular filling time.

A-fib is the most common sustained tachydysrhyth-
mia and is frequently seen in critically ill and elderly
patients. The cause of new-onset A-fib in ICU patients is
not always obvious, although it is almost always related to
elevated catecholamine levels associated with physiologic
or pathophysiologic stress. Treatable causes of A-fib, such
as thyrotoxicosis and pulmonary embolism, should always
be sought.

The heart with A-fib is characterized by disorganized
atrial depolarizations, with an irregularly irregular ventricu-
lar contraction rate. The fibrillating atria resembles a “bag of
worms” when directly visualized or examined with transe-
sophageal echocardiography (TEE). The ECG reveals base-
line undulations without discernable P waves, and an
irregularly irregular QRS with A-fib. The disorganized
atrial depolarizations range between 300 and 500 depolariz-
ations per minute and the ventricular rate in untreated
patients varies from 100 to 180 bpm.

Atrial flutter is commonly seen in ICU patients, others
with high catecholamine levels, and those with structural
heart disease. Typically, the atrial rate is regular and
ranges from 260 to 300 bpm, and the corresponding ventri-
cular rate is 130–150 bpm due to a 2:1 AV block. Thus,

atrial flutter should be considered as the most likely
rhythm when a patient develops an acute narrow complex
tachycardia with a ventricular rate near 140 bpm. The ECG
classically reveals a sawtooth pattern in the inferior leads
and narrow positive flutter waves in leads II, III, and aVF
(Fig. 4).

Ectopic atrial tachycardia (EAT) is most commonly
due to an automatic focus and is usually seen in patients
with chronic lung disease and digitalis toxicity. The auto-
matic focus of atrial tachycardia is enhanced by catechol-
amines. Similar to sinus tachycardia, EAT typically has a
gradual onset and termination. The ECG reveals an atrial
rate of 120–250 bpm with a P-wave morphology that is
different than that seen in sinus rhythm.

MAT is also commonly seen in patients with severe
lung disease, especially in the setting of increased atrial
stretch (i.e., volume overload) and in high catecholamine
states. The atrial rate is, in general, 120–180 bpm. The ECG
reveals multiple P-wave morphologies. Patients with MAT
are usually elderly and often have prolonged ICU stays
due to their pulmonary disease and comorbid conditions
(see Volume 1, Chapter 37). Of the atrial tachydysrhythmias,
MAT is one of the most difficult to treat, partly due to the
triggering pathophysiology (long-standing pulmonary
disease and atrial stretch).

Acute treatment of atrial tachydysrhythmias includes
ventricular rate control, as well as acute conversion to and
maintenance of sinus rhythm (Table 3). For ventricular rate
control, agents that block AV nodal conduction, such as
calcium-channel blockers, beta-blockers, or digoxin, can be
used in hemodynamically stable patients. Repletion of pot-
assium and magnesium is universally beneficial. Digoxin,
once the foundation of therapy, is no longer recommended
as the initial or stand-alone treatment when other (less
toxic) AV node-blocking agents are available. In hemodyna-
mically unstable patients, synchronized direct current (DC)
cardioversion should be employed before rate-controlling
drugs are administered.

Acute conversion of atrial tachydysrhythmias to
sinus rhythm can be accomplished either by synchronized
DC cardioversion or by administration of antidysrhythmic

agents. Hemodynamically unstable atrial tachydysrhyth-
mias should be treated promptly with synchronized DC
cardioversion. Atrial flutter requires less energy than A-fib
to convert to sinus rhythm. Antidysrhythmic drugs can be
used to convert atrial tachydysrhythmias and to maintain
sinus rhythm in hemodynamically stable atrial tachydysr-
hythmias. Antidysrhythmic drugs will be discussed in
more detail in a subsequent section.

Inadequate atrial contraction associated with A-fib
and atrial flutter can result in thrombus formation in the
atria, which may lead to systemic thromboembolism. The

Figure 4 Typical atrial flutter with sawtooth flutter waves in

the inferior leads.
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risk of thromboembolism increases after A-fib or flutter is
sustained for more than 48 hours. Therefore, cardioversion
should be performed within 48 hours from the onset of
A-fib or flutter to minimize the risk of embolization that
can occur following cardioversion as the atria return to
normal contraction. Beyond 48 hours, patients should
receive a TEE to rule out mural thrombi, and be considered
for anticoagulation prior to electric cardioversion.

Atrio-ventricular Node-Mediated Dysrhythmias
The most common AV node-mediated tachycardias are
the AV nodal re-entrant tachycardia (AVNRT) and the AV
re-entry tachycardia (AVRT) shown schematically (Fig. 5).
In patients with AVNRT, there are two inputs into the
AV node, a slow pathway and a fast pathway. During the
AVNRT, the electrical impulse propagates antegrade
through the slow pathway and then retrograde through
the fast pathway (Fig. 5A). The ECG reveals a narrow
complex tachycardia with no discernable P wave, or
retrograde conducted P waves that are visualized at the
terminal portion of the QRS complexes (referred to as a
pseudo r-prime). In AVRT tachycardias (Fig. 5B), the AV
node is used for antegrade conduction and the accessory
pathway is used for retrograde conduction; this larger
circuit is sometimes referred to as macrorecurrent. The P
waves in AVRT will be retrograde conducted and seen
between the QRS and the T wave (Fig. 5B).

Treatment of AV node-mediated tachycardias
(AVNRT and AVRT) can be accomplished by administering
drugs that increase the refractory period of the AV node.
These drugs include calcium-channel blockers, beta-

blockers, digoxin, and adenosine. In patients without
hypotension, vagal maneuvers (e.g., carotid massage) are
often sufficient to terminate these dysrhythmias. However,
in the setting of hypotension, the judicious administration
of phenylephrine in 0.1 mg increments may terminate the
dysrhythmia on its own or increase the pressure enough to
allow the patient to tolerate the administration of a
calcium-channel blocker or adenosine. A diagnostic test as
well as therapeutic dysrhythmia conversion can be performed
simultaneously by giving an intravenous bolus of 6–12 mg
of adenosine. Because adenosine is rapidly degraded in
the blood stream, it should be given through a large bore
(preferably central) intravenous line followed by a bolus
flush of intravenous fluids. Intravenous verapamil (2–
10 mg) or diltiazem (10–20 mg) can also be used for acute

termination of AVNRT or AVRT. Because both of
these calcium-channel blockers can cause some systemic
vasodilation and hypotension, calcium chloride can be
administered concomitantly in (250 mg) aliquots without
inhibiting the calcium-channel blockade effect at the AV
node. Digoxin is too slow acting, and should not be used
emergently to control AVNRT or AVRT, but digoxin is
typically added to further increase tone at the AV node.
Maintenance and prevention can be accomplished with
either intravenous or oral calcium-channel blockers or
beta-blockers.

Accessory-Pathway Mediated Tachycardia
(Wolf-Parkinson-White Syndrome)
Wolf-Parkinson-White (WPW) syndrome is due to antegrade
conduction down an accessory pathway linking the atrium
and the ventricle. As a result, activation of ventricular
depolarization is fused between the activation occurring
through the normal AV nodal pathway and that occurring
through the accessory pathway (a process referred to as
pre-excitation). The resulting ECG trace reveals a character-
istic “delta wave” type widening of the QRS, which is
relegated to the basal portion of the ascending limb of the
QRS complex. WPW affects about two to three out of 1000
people in the general population. Accessory-mediated
tachycardias include orthodromic AVRT (retrograde con-
duction through the accessory pathway) and WPW atrial
dysrhythmias (antegrade conduction down the accessory
pathway) with a variable degree of pre-excitation and
delta wave formation. Orthodromic AVRT uses the AV
node–His bundle as the antegrade limb, and the accessory
pathway for the retrograde limb during the tachycardia.
Therefore, the ventricular activation pattern is normal and
the QRS complex is narrow. Antidromic AVRT (e.g., WPW)
uses the accessory pathway as the antegrade limb and
the AV node–His bundle as the retrograde limb. When the
ventricular activation is purely through the accessory
pathway, the ECG reveals a wide complex
tachyc ardia that can be difficult to differentiate from
ventricular tachycardia (VT).

AVRT, like AVNRT, requires the AV node as the critical
limb for re-entry. Therefore, agents that slow conduction
in the AV node can terminate and prevent both of these
dysrhythmias. Acutely, AVRT can be terminated with an
intravenous bolus of either adenosine (6–12 mg) or a

Table 3 Atrial Tachydysrhythmias: Diagnosis and Treatment

Atrial rhythm

disorder

Heart rate (atrial/
ventricular) P waves Treatment

Sinus tachycardia 100–180/100–180 Same as sinus rhythm Treat underlying illness

Beta-blocker, if symptomatic

Ectopic atrial

tachycardia

120–250/variable Different from sinus Rate control with AV-blocking agents

Rhythm control with antidysrhythmic drugs

Multifocal atrial

tachycardia

100–140/100–140 Multiple P-wave morphologies Rate control with AV-blocking agents

Rhythm control with antidysrhythmic drugs

Atrial flutter 250–300/150 if

untreated

Sawtooth in leads II, III, and aVF Adenosine

Rate control with AV-blocking agents

Atrial fibrillation 300–400/120–180 if

untreated

No discernable P waves Rhythm control with antidysrhythmic drugs

Anticoagulation, if more than 48 hrs

Note: In most situations, normalizing [Mg2þ] and [Kþ] and decreasing catecholamine levels will increase the ability to maintain normal sinus rhythms.

Abbreviations: AV, atrio-ventricular; VF, ventricular fibrillation.
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calcium-channel blocker such as diltiazem (10–20 mg)
or verapamil (2–10 mg) (Table 4). Oral calcium-channel
blockers or beta-blockers can be used on a regular dosing
schedule to prevent recurrence.

Patients with WPW syndrome also commonly have
atrial tachydysrhythmias such as A-fib requiring particular
caution during termination. Because the accessory
pathway can allow more rapid conduction than the AV
node, the ventricular rate during atrial tachydysrhythmias
is often quite rapid. Ventricular activation during atrial
tachydysrhythmias is fused between activation through the

AV node–His bundle and the accessory pathway. Therefore,
an ECG during A-fib in patients with WPW syndrome
reveals a wide complex tachycardia that is irregularly irregu-
lar (Fig. 6).

Acute treatment of pre-excited A-fib should be tar-
geted at slowing conduction in the accessory pathway

rather than in the AV node. Pre-excited A-fib can be
treated acutely with cardioversion (if patient is hemodyna-
mically unstable) or adenosine, intravenous procainamide,
ibutilide (1,2), or amiodarone (3). One should avoid AV
node-blocking agents (e.g., digoxin, calcium-channel
blockers, or beta-blockers) in pre-excitation AVRT (WPW),
because these may facilitate more rapid conduction
through the accessory pathway and result in hemodynamic
compromise. Chronic treatment of WPW syndrome includes
radiofrequency ablation (RFA) or chronic administration of
the above-mentioned antidysrhythmic drugs.

Differential Diagnosis of Narrow Complex Tachycardias
Accurate diagnosis of a narrow complex tachycardia in the
acute care setting is important, because the treatment
options depend on accurate recognition and diagnosis of
the tachycardia (Table 5). The first step is to determine
whether the rhythm is regular or irregular. Irregular
rhythms include A-fib, MAT, and sinus tachycardia with
frequent PACs. Regular narrow complex rhythms include
EAT, atrial flutter, AVNRT, or AVRT.

The ventricular rate is sometimes helpful. With a
ventricular rate of 140–150 bpm, the most likely diagnosis
is atrial flutter with 2:1 block. AVNRT or AVRT have ventri-
cular rates of 160–240 bpm.

The onset and termination of the supraventricular
tachycardia (SVT) are also helpful. Atrial tachycardia tends
to have a warm-up period with a slight increase in heart
rate as the tachycardia warms up. AVNRT and AVRT have
relatively fixed heart rates.

When determining the type of SVT, one must evaluate
the presence and morphology of the P waves. The best leads
in which to look for P waves are leads II and V1. Subtle
changes in the ST-T waves may allow detection of P
waves. With an EAT, P waves are usually seen at the terminal
portion of the T waves or after the T waves. With an AVNRT,
retrograde P waves are usually not visible, because they are
buried within the QRS complex or are disguised as an R’ in
the V1 lead. With an AVRT, retrograde P waves can be seen
in the ST segments.

Administration of adenosine can be used not only to
acutely terminate the rhythm, but also as a diagnostic tool.
A bolus injection of adenosine (6–18 mg) will result in
termination of AV node-mediated re-entrant tachycardias
including AVNRT and AVRT. A bolus injection of adenosine
in atrial tachycardias, such as atrial flutter and EAT, will
result in increased AV block and may allow visualization
of P waves or flutter waves when the rhythm returns,
helping to make an accurate diagnosis.

Ventricular Tachydysrhythmias
Accelerated Idioventricular Rhythm
An accelerated idioventricular rhythm (AIVR) is a dysrhyth-
mia of ventricular origin that is slower than 120 bpm, and is
most commonly seen in patients with recent myocardial
injury. In general, it does not cause hemodynamic compro-
mise and does not require treatment.

Figure 5 Schematic of AV node re-entry tachycardia (AVNRT)

and AV re-entry tachycardia (AVRT). (A) V1 lead showing the

typical electrocardiographic trace of AVNRT, along with a

schematic of the re-entrant circuit. There is relatively slow

anterograde conduction over the AV node with nearly simul-

taneous activity of the atrium and ventricle. This leads to P-wave

activity within or at the end of the QRS complex. The arrow

points to a pseudo r-prime in V1, which represents P-wave

activity during tachycardia. (B) In AVRT, the tachycardia circuit is

macro re-entrant. Anterograde conduction occurs over the AV

node–His Purkinje system to activate the ventricle. Retrograde

conduction proceeds from the ventricle over the accessory

pathway to activate the atrium. There is a requisite amount of

time necessary from ventricular activation to atrial activation.

This usually allows sufficient time for P-wave activity to be

noted in the early ST segment (arrow in V1). Abbreviations:

AVN, atrial-ventricular node; AP, accessory pathway; LBB, left

bundle branch; RBB, right bundle branch. Source: From Ref. 77.
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Nonsustained Ventricular Tachycardia
VT is commonly seen in critically ill patients. Nonsustained
VT does not always cause symptoms, but does require
prompt evaluation because it may proceed to sustained
VT or ventricular fibrillation (V-fib). In evaluating patients
with nonsustained VT, one needs to assess left ventricular
(LV) function and search for underlying coronary artery
disease, and determine if it is multifocal or unifocal.

Nonsustained VT in patients with preserved LV func-
tion and without myocardial ischemia has a good prognosis

and does not require further evaluation or treatment. In
addition, nonsustained VT is seen frequently in patients
with nonischemic dilated cardiomyopathy and usually
does not require further evaluation or treatment. However,
nonsustained VT in patients with ischemic cardiomyopathy
and an LV ejection fraction (EF) less than 40% requires an
electrophysiologic test to further assess the risk of sudden
cardiac death (4,5).

Of the nonsustained VTs, nonsustained poly-

morphic VTs with a rapid ventricular rate require special atten-
tion, because these unstable dysrhythmias are very likely to
progress to V-fib. Nonsustained polymorphic VTs are
most commonly associated with active myocardial ischemia
or a prolonged QT interval. Recognition of nonsustained VT
due to QT prolongation (Fig. 7) is particularly important,
because administration of antidysrhythmic agents such as
amiodarone would further prolong the QT interval, slow the
heart rate, and increase the likelihood of causing a sustained
polymorphic VT that could progress to V-fib.

Figure 6 Pre-excited atrial fibrillation. There are slight

irregularities in the RR interval (arrows).

Table 4 Atrio-ventricular Node and Accessory Pathway–Mediated Tachycardias: Diagnosis and Treatment

Rhythm disorder Heart rate P wave Treament

AVNRT 150–250 Retrograde P wave in the QRS or at

the terminal portion of the QRS

AV-blocking agents

Adenosine (A)

Beta-blockers (A, C)

Calcium-channel blockers (A, C)

Digoxin (C)

AVRT 150–250 Retrograde P wave in ST segment AV-blocking agents

Adenosine (A)

Beta-blockers (A, C)

Calcium-channel blockers (A, C)

Antidysrhythmics

Class IA, IC, and III (C)

RF ablation

Cardioversion adenosine

Atrial fibrillation

with WPW

150–300 Irregularly irregular wide complex

QRS. No discernable P waves

Antidysrhythmics

RF ablation

Class IA (A, C), IC (C), and III (A, C)

Abbreviations: A, acute treatment; AV, atrio-ventricular; AVNRT, AV nodal re-entrant tachycardia; AVRT, AV re-entrant tachycardia (uses

accessory pathway rather than the AV node); C, chronic treatment; RF, radiofrequency; WPW, Wolf-Parkinson-White syndrome.

Table 5 Differentiation of Narrow Complex Tachycardias

Regular vs. irregular Irregular Atrial fibrillation, multifocal atrial

tachycardia, sinus tachycardia with

PACs

Regular EAT, atrial flutter, AVNRT, AVRT

Rate 140 2 150 bpm Atrial flutter

160–240 bpm EAT, AVNRT, AVRT

Onset/termination Sudden Atrial flutter, AVNRT, AVRT

Gradual warm up Sinus tachycardia, EAT

P waves Not seen or at the terminal

portion of QRS complex

AVNRT

Seen on the ST segment AVRT

Sawtooth pattern Atrial flutter

Response to adenosine Increased AV block EAT, atrial flutter

Termination AVNRT, AVRT

Abbreviations: AV, atrio-ventricular; AVNRT, AV nodal re-entrant tachycardia; AVRT, AV re-entrant tachycardias;

EAT, ectopic atrial tachycardia; PACs, premature atrial contractions.

Chapter 20: Dysrhythmia: Diagnosis and Management 363



Nonsustained polymorphic VT with QT prolongation
should be treated promptly with intravenous magnesium,
correction of underlying electrolyte disturbances, and
withdrawal of offending drugs. Judicious doses of phenyl-
ephrine 0.05–0.1 mg bolus or phenylephrine infusion (25–
75 mg/min) may be required to maintain blood pressure in
patients with this rhythm. If the nonsustained polymorphic
VT continues despite the above measures, a transvenous
temporary pacemaker can be placed to overdrive suppress
the nonsustained VT.

Sustained Ventricular Tachycardia
Sustained VT can be divided into monomorphic VT and
polymorphic VT. The ECG reveals a wide complex tachycar-
dia. Differentiation of VT from SVT with aberration will be
discussed in a later section. Monomorphic VT is most
commonly seen in patients with underlying heart disease
including previous MI and cardiomyopathy (Fig. 8).

Sustained VT is occasionally seen in patients with a
structurally normal heart. In patients with normal hearts,
VT often arises from either the right ventricular (RV)
outflow tract or the LV septum. Sustained VT originating
in the RV outflow tract has tall upright R waves in the
inferior leads (leads II, II, and avF) and has a left bundle
branch block (LBBB) pattern. Sustained VT originating in
the LV septal area has a right bundle branch block (RBBB)
pattern and normal or left axis deviation. The unique
feature of these VTs in patients with normal hearts is that
they behave more like SVTs and respond well either to
calcium-channel blockers or to beta-blockers, sedatives,
and analgesics. This is not surprising, given the typical
trigger is a high catecholamine state (secondary to pain,
fear, anxiety, or underresuscitation).

Sustained polymorphic VTs are divided into those
with and without QT prolongation. Polymorphic VT with
QT prolongation is called torsades de pointes, which is
characterized by QRS complexes that alternately widen
and narrow continuously as the electrophysiologic axis of
the heart changes “twists around a point.” The underlying
mechanism for QT prolongation is abnormal and prolonged
repolarization of the ventricles. As a result, the T wave
becomes abnormal and the QT duration becomes prolonged
to an interval greater than the upper limit of the normal
corrected QT duration (QTc) of 440 msec.

There are primary (or congenital) and acquired long QT
syndromes. Primary long QT syndrome is a familial disorder.
The acquired long QT syndrome is most commonly caused by

(i) drugs such as quinidine, procainamide, sotalol, amiodar-
one, tricyclic antidepressants, antihistamines, and quinolone
antibiotics; and (ii) electrolyte disorders such as hypokalemia
and especially hypomagnesemia. Other causes of QT pro-
longation are discussed below. Torsades de pointes due to
acquired QT prolongation is more likely to occur in the
setting of bradycardia (bradycardia-dependent) or it can
follow long pauses (pause-dependent). Prolonged QT interval
(and frequent PVCs due to the prolonged QT interval) should
be promptly treated, so that polymorphic VT does not
progress to V-fib, and the subsequent need for cardiac resusci-
tation can be prevented.

Acute treatment of sustained unifocal (monomorphic)
VT depends on whether or not hemodynamic decompensa-
tion is associated. Hemodynamically unstable VT should
be treated promptly with DC electrical cardioversion.

Monomorphic VT can be treated using a synchronized
low-energy shock. However, when the rate of VT is too
rapid, synchronization may not work well, may delay treat-
ment, may accelerate VT, or may convert VT to V-fib. When a
nonsynchronized shock is given for rapid VT or fibrillation,
the output should be high enough to depolarize enough
myocardium to terminate VT. In general, the minimum
output for a nonsynchronized shock should be 120 J with a
biphasic defibrillator and 200 J with a monophasic defibrilla-
tor. If V-fib results, reshock with 300 J to convert to sinus
rhythm, increasing to 360 J, if subsequent shocks are
needed. Closed chest cardiopulmonary resuscitation (CPR)
should always be started if cardioversion is not immediately
available in the case of V-fib or hemodynamic unstable VT
(without a pulse or pressure). Following termination of the
VT, an antidysrhythmic agent such as amiodarone should
be started to prevent recurrent VT while the causes of the
VT are sought after. Hemodynamically stable VT can be
treated with a pharmacologic agent. The first line of treatment

is intravenous amiodarone or procainamide (6).
Sustained polymorphic VT, in general, causes hemo-

dynamic decompensation and requires prompt nonsynchro-
nized DC cardioversion. Again, the output should be high
enough to depolarize enough myocardium to terminate
VT. Following termination of VT, the QT interval should be
determined to rule out torsades de pointes. If the QT interval
is not prolonged, an antidysrhythmic agent can be started.
However, if the QT interval is prolonged, a magnesium infu-
sion should be started, any underlying electrolyte disturb-
ances should be corrected, and offending drugs should be
withdrawn.

Similar to the atria in A-fib, the appearance of the
entire heart during V-fib resembles a “bag of worms.”
There is no significant ejection out of a ventricle during
V-fib. Low-amplitude fibrillatory waves are seen on ECG.
Accordingly, treatment of V-fib is immediate CPR until a
defibrillator is available; then immediate cardioversion
should proceed with 300 J escalating to 360 J.

Differential Diagnosis of Wide Complex Tachycardias
The diagnosis of wide complex tachycardia is often difficult
to make. However, accurate diagnosis of wide complex
tachycardia is important for prompt and appropriate initial
treatment and subsequent management. The differential
diagnosis of wide complex tachycardias includes VT, SVT
with aberration, SVT with underlying bundle branch block
(BBB) or conduction delay, and SVT with ventricular
depolarization through an accessory pathway. Several
criteria have been developed to distinguish among wide

Figure 8 Sustained monomorphic ventricular tachycardia.

Note the retrograde P wave seen after every other QRS

complex (arrows).

Figure 7 Nonsustained torsades de pointes in a patient taking

sotalol. Note the prolonged QT interval and a large T wave

from which nonsustained ventricular tachycardia starts.
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complex tachycardias. Factors to be considered include pre-
senting symptoms, past medical history, and the ECG.

Presenting symptoms are not always reliable in decid-
ing whether a wide complex tachycardia is VT or SVT with
aberration. Although SVT tends to be more hemodynami-
cally stable, sustained VT does not necessarily cause hemo-
dynamic instability. One should not assume that if a
patient is alert and hemodynamically stable, the wide
complex tachycardia must be an SVT; the misdiagnosis of
VT as SVT, and the treatment as such, may lead to cata-
strophic consequences.

Past medical history is important in differentiating VT
from SVT with aberration (7). In patients with a history of
previous heart disease, such as previous MI, heart failure,
and congenital heart disease, a wide complex tachycardia is
more likely to be VT than SVT and should be presumed to
be VT unless one can be sure that it is an SVT with aberration.

The ECG is quite useful in distinguishing VT from SVT
with aberration.

Ventricular rate is not a useful differentiation between
VT and SVT because there is significant overlap between the
two. However, AV dissociation, capture beats, and fusion
beats are all associated with VT. Right superior axis, that
is, –908 to –1808, is more likely to be VT than SVT. Addition-
ally, the wider the QRS complex, the more likely the dys-
rhythmia is VT rather than SVT. A QRS duration longer
than 140 msec with an RBBB morphology and a QRS dur-
ation more than 160 msec with an LBBB morphology, are
more likely to be VT than SVT. Finally, QRS morphology is
useful. In general, SVT with aberration leads to a more
typical BBB pattern than VT, whether it is an RBBB or an
LBBB pattern, whereas VT usually has a BBB pattern that
is bizarre and atypical. The following features of the QRS
morphology favor diagnosis of VT: (i) concordance of the
precordial leads, that is, the QRS complex in the precordial
leads are either all negative or all positive; (ii) presence of
Q waves; and (iii) an RS interval longer than 100 msec.
These criteria are useful in distinguishing VT from SVT
with aberration. However, for most clinicians, distinguishing
VT from SVT with aberration and remembering all the
criteria is difficult. The more important determination is the
patient’s hemodynamic status. If the patient is stable, abun-
dant time is available to measure RS intervals, and so on. If
the patient is unstable, cardioversion is indicated. The

criteria for distinguishing VT from SVT include: (i) VT is
more common than SVT with aberration, especially in
patients with structural heart disease, (ii) SVT with aberra-
tion usually has a typical BBB pattern, (iii) when in doubt,
treat wide complex tachycardias as VT, and (iv) obtain as

much electrocardiographic documentation as possible
including a 12-lead ECG and rhythm strips of the
tachycardia’s onset and termination.

ANTIDYSRHYTHMIC DRUG SELECTION

Many dysrhythmias are triggered by reversible factors such
as ischemia, stress, electrolyte imbalance, systemic illness,
and drugs. Antidysrhythmic drugs themselves can cause
as well as treat dysrhythmias. In a broad sense, the agents
that are used to treat underlying illness can be considered
to be antidysrhythmic agents. However, in this section, we
will focus more on the drugs that are classically classified
as antidysrhythmic due to their electrophysiologic effects
on the heart (Table 6). Despite some shortcomings, the

Vaughn-Williams drug classification system is a useful way
of classifying antidysrhythmic agents. Class I drugs affect
sodium channels and thus depress the phase 0 (Fig. 9) of
the action potential and slow conduction. This group of
drugs is further subdivided into A, B, and C depending on
their potency and their effect on repolarization. Subclass A
has modest effects on the sodium channel, but prolongs
repolarization. Subclass B has weak sodium channel-
blocking action and has no effect on repolarization. Subclass
C is the most potent sodium-channel blocker and has
minimal or no effect on repolarization. Class II drugs are
those that block beta-receptors. Class III antidysrhythmic
drugs are those that prolong repolarization. Class IV drugs
are those that block the calcium channel. All antidysrhyth-
mic drugs have undesirable side effects, including the pro-
pensity to cause some dysrhythmias. For example, class IA
and III drugs can prolong repolarization and cause poly-
morphic VT (torsades de pointes). Class IC drugs, especially
in patients with underlying coronary artery disease, can
cause sustained VT. Class II and IV drugs can cause heart
block and bradycardia. Class I and III drugs can delay con-
duction in the His-Purkinje system, especially in patients
with underlying conduction system disease, and may
cause distal AV block with a very slow or no ventricular
escape. Therefore, initiation of antidysrhythmic agents
in patients with underlying LBBB or RBBB should be done
cautiously.

Class IA drugs include quinidine, procainamide, and
disopyramide. Because the class IA drugs affect the atria,
AV node, and ventricles, class IA drugs work well for both
atrial and ventricular dysrhythmias. It is particularly import-
ant to follow QT intervals in patients receiving class IA drugs
due to their potential for causing QT prolongation resulting
in torsades de pointes. Prolongation of the rate-corrected
QT interval (QTc) is idiosyncratic and can occur with the
first dose of class IA drugs. In general, drugs should be
stopped if the QTc prolongs by 25% or beyond 550 msec.

Class IB drugs include lidocaine, mexiletine, and tocai-
namide. These drugs are useful in the treatment of ventricu-
lar dysrhythmias, but not in the treatment of atrial
dysrhythmias. Class IB drugs have sodium channel-blocking
effects with minimal QT interval prolongation.

Class IC agents include flecainide, moricizine, and
propafenone. These drugs are also sodium-channel blockers
but have minimal effects on repolarization. Class IC drugs
are particularly useful in both converting and preventing
the recurrence of atrial dysrhythmias. Although these
drugs also work well for ventricular tachydysrhythmias,
they are only employed when all other drugs and RFA
are inadequate in patients with structural heart disease,
particularly those with coronary artery disease (8). Intrave-
nous forms of these drugs are not available in the United
States.

Class III drugs prolong repolarization and affect the
sinus node, AV node, atrial tissue, and ventricular tissue.
They work well for atrial and ventricular dysrhythmias.
Similar to class IA drugs, class III drugs also prolong the
QT interval. The QTc interval should be carefully monitored
and the drugs discontinued if the QTc interval is prolonged
by 25% or beyond 550 msec.

Beta-blockers (class II) and calcium-channel blockers
(class IV) drugs have their primary effect on the sinus node
and AV node. These drugs are useful for ventricular rate
control in atrial tachydysrhythmias, or to treat and prevent
tachycardias involving the AV node. Like the class II and IV
drugs, adenosine and digoxin affect the AV node, and are
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used for ventricular rate control in atrial tachydysrhythmias,
or to treat and prevent tachycardias involving the AV node.

PACING AND NONPHARMACOLOGIC INTERVENTIONS
Transcutaneous Pacing

Transcutaneous pacing can be a useful adjunctive

therapy in patients who require urgent heart rate support
for symptomatic bradycardia. It can serve as a bridge to
transvenous pacing, or be sufficient by itself for those
patients whose risk of symptomatic bradycardia is too low
to warrant a transvenous pacemaker. The major advantage
of transcutaneous pacing is that it is noninvasive, and can
be applied quickly by staff members who have no expertise
in the insertion of transvenous pacemakers. However, trans-
cutaneous pacing is less reliable and can cause significant
discomfort in awake patients. As a result, long-term use is
never indicated. During temporary use (in the operating
room or ICU), patients should be anesthetized or at least
sedated. When using transcutaneous pacing, it is imperative
to ensure that each pacing output results in a ventricular
capture. Watching only the ECG rhythm strip can be

Table 6 Intravenous Antidysrhythmia Drugs of Use in Trauma and Critical Care Patients

IV drugs Class

Route

elimination Half-life Doses Indication

Adenosine Other RBC and EC ,10 sec 6–18 mg IV bolus followed by a bolus

of flush

Termination of AV node-mediated

tachycardia; diagnosis of SVT

Digoxin Other Renal 30–50 hrs 0.5 mg IV and then 0.25 mg�2 over

the next 4–8 hrs

Ventricular rate control in patients with

LV dysfunction and CHF

Procainamide IA Both 6–8 hrs 500 2 1000 mg IV (max 50 mg/min)

and then 1–4 mg/min

Termination/prevention of atrial

dysrhythmias

Follow levels

Lidocaine IB Hepatic 1–4 hrs 50–100 mg IV and then 1–4 mg/min VT due to myocardial ischemia/infarct

Flecanide IC Hepatic, 75%

Renal, 25%

7–24 hrs 50–100 mg PO BID SVT (including A-fib/flutter ventricular

rhythms only if refractory to other

drugs and RFA)

Esmolol II RBC 9 min 0.5 mg/kg over 1 min and then

0.05–0.2 mg/kg/min

Termination and prevention of AVNRT

and AVRT; ventricular rate control in

atrial dysrhythmias

Propranolol II Hepatic 1–6 hrs 0.1–1.0 mg q3 min; maximum 10 mg Termination and prevention of AVNRT

and AVRT; ventricular rate control in

atrial dysrhythmias

Amiodarone III Hepatic 3–15 wks 150 mg over 10 min followed by

1 mg/min for 6 hrs and then

0.5 mg/min

Atrial fibrillation; hemodynamically

stable VTs

300 mg IV push followed by

1 mg/min for incessant VT/V-fib

Maximum daily dose of 2 g

Hemodynamically unstable VT and

V-fib

Ibutilide III Mostly liver 6 hr 1 mg over 10 min and may repeat�1

in 10 min

Acute termination of atrial

dysrhythmias

Diltiazem IV Hepatic 3–5 hrs 10–20 mg IV Termination and prevention of AVNRT

and AVRT; ventricular rate control in

atrial dysrhythmias

Verapamil IV Hepatic 3–7 hrs 5–10 mg IV Termination and prevention of AVNRT

and AVRT; ventricular rate control in

atrial dysrhythmias

Abbreviations: AV, atrio-ventricular; AVNRT, AV nodal re-entrant tachycardia; AVRT, AV re-entrant tachycardia; CHF, congestive heart failure; EC,

endothelial cells; IV, intravenous; LV, left ventricle; PO, per os; BID, twice a day; RBC, red blood cells; RFA, radiofrequency ablation; SVT, supraventricular

tachycardia; V-fib, ventricular fibrillation; VTs, ventricular tachycardias.

Figure 9 Ventricular muscle transmembrane potential

(solid line) with superimposed ECG. Phase 4 is the resting

membrane potential; phase 0 is the rapid depolarization phase

(fast sodium channels open, making the inside of the cell less

negative). Phase 1 is when the slower calcium channels open.

During phase 2, the potassium channels open. During phase 3

(repolarization), the sodium is pumped back out, the potassium

is pumped back inside the cell, and resting membrane potential

is restored. Vaughn-Williams class IA and class IC drugs

block the fast sodium channels and decrease phase 0. Class IA

and class III drugs prolong repolarization reflected in a

prolonged QT interval and increased risk of torsades de pointes.
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misleading, because the high-energy output required for
transcutaneous pacing may mask the QRS complex on the
cardiac monitor. Therefore, a measure of stroke volume
must be used to assess the ventricular response to each deliv-
ery of the electrical impulse. This is best done by following
the arterial pulse in the invasive arterial line. In the
absence of an arterial line, this is done by simply checking
for a palpable pulse, or by assuring that each pulse-oximeter
wave corresponds with a pacing output event.

Temporary Transvenous Pacing
A transvenous pacemaker is needed in patients with

symptomatic bradycardia, whether it is due to sinus node
dysfunction or to AV block. In general, a single-chamber
ventricular pacemaker is adequate for the majority of patients.

There are two types of transvenous pacing catheters: a
soft, balloon-tipped catheter, and a stiffer, nonballoon-tipped
catheter. In general, a balloon-tipped catheter is preferable.
However, during CPR in which there is inadequate cardiac
output to direct the balloon into the RV, a stiffer catheter
may be more successful. These stiffer catheters are best
manipulated under fluoroscopic guidance.

Venous access can be obtained through the left subcla-
vian, right internal jugular, or femoral veins. Placement of a
transvenous catheter through the femoral vein requires
fluoroscopic guidance.

Once venous access is obtained, a catheter can be
placed in the RV using the guidance of intracardiac ECG.
A precordial “V” lead is attached to the distal electrode of
the catheter with the other four leads attached in standard
position. As the catheter tip enters the right atrium, there
is a sharp deflection corresponding to the surface P wave.
As the catheter tip approaches the tricuspid valve, both the
atrial and ventricular deflections can be seen. Once there is
only a ventricular signal, the balloon is deflated and the
catheter advanced until ST elevation is demonstrated on
the monitor (Fig. 10). The distal electrode is attached to the
negative pole and the proximal electrode to the positive
pole (“proximal” for “positive”). The location of the catheter
tip can be determined by the morphology of the paced QRS
complex. An apical location of the catheter will give deep
negative QRS complexes in leads II, III, and aVF, and a
location in the outflow tract will give positive QRS com-
plexes in the same leads.

Once the catheter is positioned, the pacing and sensing
thresholds should be determined. The pacing threshold is
the lowest amount of energy required to depolarize the ven-
tricle. The pacing threshold is determined by setting the
pacing frequency to a rate greater than the intrinsic pulse
and then gradually decreasing the pacing output current
until there is loss of ventricular capture. The usual ventricu-
lar pacing threshold is about 1 mA. The sensing threshold is
the amplitude of depolarization or QRS complex detected by
the pacemaker. The sensing threshold can be tested by
setting the pacing frequency to a level below the intrinsic
heart rate and then gradually decreasing the sensing
setting on the pacemaker or increasing the millivolt setting.
When the sensing is lost and the pacemaker starts pacing,
the sensing setting is increased or the millivolt setting is
decreased until every QRS complex is appropriately
sensed. The maximum millivolt setting at which every
QRS complex is sensed is the sensing threshold. One
should try to obtain a ventricular sensing threshold of
above 5 mV. The pacing and sensing threshold should be

checked daily to ensure proper functioning of the pace-
maker.

Once the pacing and sensing thresholds have been
determined, a temporary pacemaker can be programmed.
In general, the ventricular output is set at 10–20 mA and
the sensitivity at 1–2 mV.

CardioversionTherapy
Transthoracic DC cardioversion is an effective and rapid
means to restore normal heart rhythms in patients with
tachydysrhythmias. When a tachyarrhythmia causes

hemodynamic instability, urgent DC cardioversion is
recommended. The energy should be high enough to
effectively terminate the tachyarrhythmia. The biphasic
mode is more efficient at an equivalent energy dose. The
mean energy for successful cardioversion of A-fib is 200 J
with a monophasic waveform and 120 J with a biphasic
waveform (9). For cardioversion of A-fib, electrode patches
should be placed in an anterior and posterior location
rather than anteriorly and apically. Conversion of atrial
flutter usually requires less joules (and should be synchro-
nized), whereas version of V-fib requires at least 300 J.

TRAUMA CONDITIONS ASSOCIATEDWITH DYSRHYTHMIAS
Myocardial Contusion
Predisposing Mechanisms
Myocardial contusion refers to damage occurring to the
myocardium from blunt trauma. The classic setting is a
decelerational injury where an individual is moving
forward, the chest strikes an immobile or slower object,
and the heart is compressed within the thorax. Motor

Figure 10 (A–C) Intracardiac electrograms recorded as the

pacing wire is advanced from the right atrium, the atrio-ventricular

(AV) groove, the right ventricle and then in contact with the

ventricular wall. Note ST elevation when the pacing lead comes

in contact with the ventricular wall (D).
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vehicle accidents or falls from a significant height are
common causes of decelerational injuries. However, any
mechanical motion that generates stress on the heart or
any direct transfer of energy to the heart can result in
tissue damage and contusion (10).

It is estimated that anywhere from 16% to 76% of
patients who suffer blunt trauma to the chest sustain a myo-
cardial contusion. The huge variation in incidence is due to
major differences in the method of defining contusion (11).
Also see Volume 1, Chapter 25, and Volume 2, Chapters 19
and 25.

Associated Injuries
A contusion caused by a deceleration injury is often
accompanied by other injuries including aortic disruption,
coronary or valvular disruption, pulmonary contusion and
hemorrhage, and flail chest and tracheobronchial injuries.
Patients who sustain more than one of these serious associ-
ated injuries often do not survive during transport to the hos-
pital. If they do, the mortality with coexisting chest injuries is
high, up to 67% in one series (12). Other less serious injuries,
such as sternal fracture, are also associated with myocardial
contusions, and when present should increase the awareness
that a myocardial contusion may be present (13,14).

Pathology
The pathology of contusion includes hemorrhage, edema
and multiple foci of myocyte necrosis, and cellular fragmen-
tation that can result in reduced blood flow and function.
Contraction bands, seen in areas of necrosis, may result
from ischemia-reperfusion and ionic abnormalities. The RV
and septum are most commonly injured because of their
location in the anterior portion of the thorax. Histologic
lesions are similar to those observed after severe ischemic
stress (15). The myocyte damage can result in a decreased
contractile force and can affect the coronary vascular bed.

The Diagnosis of Myocardial Contusion
It is known that mechanical injury to the heart can cause
abnormalities of conduction, rhythm, and mechanical per-
formance. Identifying the patients likely to have such com-
plications, in order to monitor and treat them accordingly,
is very difficult. Depending on diagnostic criteria, between
0% and 76% of patients with blunt chest trauma have a
myocardial contusion (11). Because cardiac contusion may
be complicated by lethal dysrhythmias, selecting the
proper patients for monitoring is important (Table 7).

Contusion is, in essence, a pathological diagnosis, but
because most cases of contusion are best diagnosed prior to
reaching autopsy, clinical signs and symptoms are sought
that would suggest injury. The various criteria for diagnosis
include a predisposing mechanism of trauma, ECG abnorm-
alities, cardiac enzyme elevation, and an abnormal echocar-
diogram.

Electrocardiogram Abnormalities
Many studies have used any abnormality of ECG in the
setting of a mechanical force to the chest as diagnostic of
contusion. The most common findings are sinus tachycardia
and extrasystoles. Frequent conduction abnormalities are
RBBB, AV blocks, and A-fib. VT and V-fib are less commonly
seen on ECG but are the most feared complications and are the
impetus for monitoring patients with contusion. The anterior
RV is more often affected by contusion than the more
protected LV, so the classic leads do not always detect injury.

Many patients with contusion may not have any ECG
abnormalities on presentation, and concern has been raised
that this criterion may eliminate too many patients who
need observation. In one study, abnormal ECGs were
present in 50% of patients with blunt trauma; the positive
predictive value for needing some form of cardiac therapy
was 28% with a 95% negative predictive value. In conjunc-
tion with troponin I, ECG had a 62% positive predictive
value and 100% negative predictive value for blunt cardiac
trauma victims requiring cardiac therapy (16). In another
study, the presence of ECG abnormalities was 100% sensitive
for those needing antidysrhythmic drugs or defibrillation
(17). Some authors suggest that a normal ECG three
hours after minor cardiac trauma can exclude those who
might develop cardiac complications (Table 7) (18).

Cardiac Enzymes
Creatine phosphokinase (CPK) isoenzymes: CPK and CPK-
MB (the CPK isoform predominantly found in cardiac
muscle) are frequently elevated in trauma patients, and
thus, should not be used for diagnosing contusion. Even
the MB isoform is released in patients with rhabdomyolysis;
it accounts for 1% of CPK activity in skeletal muscle.

Troponin: Troponin T and I are released after both MI
and contusion. Troponin I is exclusive to the myocardium
and is superior to CPK-MB in diagnosing contusion. Tropo-
nin T may have some cross-reactivity with skeletal muscle,
but depending on the assay, it too can be useful in detecting
myocardial injury (11). Both troponins become positive four
to eight hours after injury and peak 24 hours after injury. In
animals, troponin I is a marker of anatomic and functional
consequences of contusion and correlates well with extent
of contusion (10,15,19). Troponins are neither 100%

Table 7 Diagnostic Criteria for Myocardial Contusion

Diagnostic

criterion Example

I Predisposing

mechanism

Blunt chest trauma

IIa ECG dysrhythmias

and other

abnormalities

PACs, PVCs, sinus tachycar-

dia, extrasystoles, right

bundle branch block, atrial

fibrillation, ventricular

tachycardia, ventricular

fibrillation

IIb Elevated troponin All other markers (CPK, MB)

are nonspecific in the set-

ting of trauma or major

surgery

IIc Abnormal echocar-

diogram (transe-

sophageal or

transthoracic)

Abnormal wall function

(hypokinesis, dyskinesis,

and akinesis) in the injured

area (typically right

ventricle)

IId Contusion of heart

directly

visualized

Thoracotomy autopsy

Note: To make the diagonsis of myocardial contusion, there must be a cat-

egory I criterion and at least one of the four category II criteria. The more

category II criteria present, the higher the diagnostic accuracy.

Abbreviations: CPK, creatine phosphokinase; ECG, electrocardiogram;

MB, the CPK isoform predominantly found in cardiac muscle; PACs, pre-

mature atrial contractions; PVCs, premature ventricular contractions.
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specific nor sensitive; small injuries with undetectable tropo-

nin could lead to dysrhythmias; conversely hemorrhage and
shock may lead to troponin release without contusion (10).

In one study, troponin I had a positive predictive value
of 48% and negative predictive value of 93% when detecting
patients requiring cardiac therapy (16). Another study
showed only a 23% sensitivity, a positive predictive value
of 77% and negative predictive value of only 75% (11).
However, differences in the definition of contusion account
for much of the variability in studies of contusion.

If ECG and troponins suggest a MI, then angiography
should be considered to detect coronary injuries, especially
in young patients. As the population ages, the possibility
of concurrent MI in the trauma victim will increase.

Echocardiography
TEE is preferable to transthoracic echocardiography in

evaluating trauma patients except for viewing the pericar-
dium (20). It is superior to helical computed tomography
(CT) in detecting contusions (21). Unfortunately, the RV is
more difficult than the LV to visualize, and the RV is more
frequently involved in contusions. A study of 117
patients with blunt chest trauma showed that 42% had echo-
cardiographic evidence of contusion: RV dysfunction in 32%,
LV dysfunction in 15%, and both in 5%. A review of 50
records of patients who suffered sternal fracture and who
had echocardiograms revealed that 22% of echocardiograms
showed a pericardial effusion, which in no case was associ-
ated with other abnormal clinical findings. The authors con-
cluded that a pericardial effusion on echo after trauma is not
suggestive of contusion or other injuries (22).

Complications of Contusion
Myocardial contusion is associated with dysrhythmias

and functional impairment, especially of the ventricle. It
is also associated with an increased risk of hypotension, dys-
rhythmias, and arrest in the perioperative period (10). The
incidence of complications is highest in the period immedi-
ately after injury. Most patients who survive admission to
the hospital have a favorable prognosis (11).

Dysrhythmias
Dysrhythmias are important complications because they are
insidious, difficult to predict, and occur with increasing
frequency when greater myocardial injury has occurred, as
quantified by troponin levels (Fig. 11) (23). They can occur
even after minor contusions and may be worsened by the
metabolic and hemodynamic consequences of other injuries
or heart failure. VT and V-fib are the most dangerous.
Animal models show that the degree of arrhythmogenesis
is related to the increasing kinetic energy of the blow. A
blow leads to shortened and dispersed ventricular refrac-
tory periods with re-entrant VTs developing around an
electrically silent area or a line of fixed conduction block.
Almost all contusion-related dysrhythmias are re-entrant
(Table 7) (24) (see section on treatment of “Ventricular
Tachydysrhythmias”).

Following myocardial contusion, A-fib has been noted
in 2% to 15% of patients (11). In one series of 312 patients,
A-fib was the most significant marker of outcome (25). It is
usually treated with antidysrhythmics including cardiac gly-
cosides, but direct cardioversion can be effective as well (26)
(see section on treatment of “Atrial Tachydysrhythmias”).
Intraoperative dysrhythmias were seen in 6% of patients
who had had a myocardial contusion as well as intraopera-

tive hypotension in 16% (27). Risk factors for periopera-

tive mortality associated with contusion are old age, A-fib,
and aortic rupture (14).

Functional Impairment
The RV is commonly involved in contusion, and echocardio-
graphy may show impairment of function. Although cardio-
genic shock is rarely observed with myocardial contusion,
the RV impairment can become significant in patients with
pulmonary hypertension or acute respiratory distress syn-
drome (ARDS). In animal models, there is decreased ventri-
cular compliance after myocardial contusion and shock and
early decreases in LV maximal change in pressure over time
(dp/dt max) (15).

Therapy for Myocardial Contusion
There is no single therapy that prevents the complications of
a myocardial contusion. The presence of RV dysfunction
mandates careful preload, manipulation of mechanical ven-
tilation to minimize airway pressures, and attention to other
causes of increased RV afterload. Monitoring for dysrhyth-
mias is important, and predisposition to malignant dys-
rhythmias must be considered when administering any
treatment.

Head Trauma and Myocardial Effects
Head trauma, subarachnoid hemorrhage, and other causes
of increased ICP can lead to indirect lesions of the heart. It
is postulated that increases in sympathetic activity with cat-
echolamine release can lead to myocardial beta-receptor
desensitization, coronary vasoconstriction, and myocyte
damage (10,24). The elevated catecholamine state should
be considered when treating any dysrhythmias (see section
“Sinus Tachycardia”). In addition, the prolonged QT syn-
drome can occur in any head injury, which raises ICP.

Thoracic Blast Injuries/Pulmonary Contusions
Blast injuries result from the direct effect of changes in atmos-
pheric pressure. In addition, injuries can occur from objects
accelerated by the blast or from the body itself being propelled
by the blast energy. The role of myocardial contusions as a
cause of dysrhythmias has been discussed above. Pulmonary

Figure 11 Increasing cardiac troponin I (cTnI) levels increased

linearly with the risk of dysrhythmias following myocardial

contusion. When the cTnI level was less than 1.0, the risk of no

dysrhythmia was 7%. Source: From Ref. 23.
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contusions are discussed in Volume 1, Chapter 25, and
Volume 2, Chapter 25; however, the dysrhythmogenic blast
effect is described here.

The high-energy release of an explosion leads to blast
waves that can be propelled faster than the speed of sound.
Primary injuries from the blast waves usually occur in gas-
containing organs, including the chest. The pulmonary
contusions that result are associated with bradycardia and
hypotension unrelated to hemorrhage. Animal studies
suggest that severe hypotension is not related to myocardial
injury but to vagal nerve–mediated bradycardia and cardio-
genic shock without compensatory vasoconstriction (28,29).
Pulmonary C-fiber stimulation activates a vagal nerve reflex
with bradycardia, peripheral vasodilation, and apnea, fol-
lowed by rapid respirations. Bilateral vagotomy resolves
these reflexes in an animal model (28,29). Treatment in
patients is supportive, including administration of anticholi-
nergic drugs (atropine and glycopyrollate) and beta-agonists.

Commotio Cordis
Commotio cordis is Latin for “cardiac concussion,” and
refers to a blunt precordial chest impact that results in dys-
rhythmias and sudden death without evidence of heart
injury at autopsy. Commotio cordis is separate from myocar-
dial contusion because no actual heart damage occurs in the
former, and the lethal dysrhythmias are thought to result
from a purely electrical phenomenon. Commotio cordis
commonly results from low-energy impacts, usually
during sporting activities (e.g., baseball impact to anterior
chest), where cardiac arrest likely results from ventricle
fibrillation or from complete heart block (1). When the
timing of a precordial impact occurs precisely within 1/100
of a second period before the peak of the T wave, these
minor traumas will reliably result in ventricular fibrillation
(30,31). Occasionally, impacts outside of this period result
in unsustained polymorphic VT or transient complete heart
block if delivered during the QRS complex (30,31).

DRUG INTOXICATIONS AND ASSOCIATED DYSRHYTHMIAS
Cocaine
Cocaine is a powerful sympathomimetic drug; popular for
the energized, euphoric state it produces. The most
common associated medical problem is chest pain. Cocaine
use is also associated with cardiac ischemia and infarction,
hypertension, dysrhythmias, sudden death, thrombosis,
myocarditis, and cerebrovascular events (32–34).

Cocaine-Induced Cardiovascular Toxicity: Overview
The cardiovascular complications of cocaine are ascribed to
its inhibition of norepinephrine reuptake and stimulation
of central sympathetic outflow, raising circulating catechol-
amines up to fivefold (35). The initial effect of cocaine
on the cardiovascular system is vagotonic, followed by
increased sympathetic stimulation (36). The blood
pressure–raising effect of cocaine should normally be
offset by a baroreceptor response lowering central sympath-
etic outflow—cocaine may offset this by directly increasing
central sympathetic outflow to the heart leading to tachycar-
dia and increased contractility. It is postulated that patients
with conditions that impair baroreflex responses (such as
heart failure, long-standing hypertension, or chronic
cocaine abuse) may have exaggerated hypertensive
responses to cocaine (37). An additional effect of cocaine is

its class I antidysrhythmic properties, which can impair
cardiac conduction.

Cocaine-Induced Ischemia
Cocaine-related ischemia can be caused by two mechanisms:
(i) increased oxygen demand from an elevated heart rate and
blood pressure; or (ii) decreased flow from vasospasm,
coronary constriction, platelet aggregation, or thrombosis
(33,38). Long-term use of cocaine is associated with prema-
ture atherosclerotic disease. Short- and long-term use are
associated with an early coronary vasodilation that is fol-
lowed by a transient decrease in coronary artery caliber,
probably through alpha-adrenergic mechanisms. This con-
striction is most pronounced in diseased coronaries (33).
Some of the vasospasm associated with cocaine may be
due to endothelin-1 release that may sensitize the vascula-
ture to vasoconstrictor stimuli (38). Cocaine use is also
associated with intravascular thrombosis and platelet acti-
vation, predisposing to ischemia and infarction. Smoking
exacerbates some of the effects of cocaine. The ECG in
cocaine-induced chest pain may be difficult to interpret.
J-point and ST-segment elevation due to early repolarization
or LV hypertrophy can interfere with the diagnosis of
ischemia.

Cocaine-Induced Hypertension
Hypertension and hypertensive crises result from the direct
effects of impaired norepinephrine uptake as well as from
the enhanced sympathetic outflow. Conversely, hypotension
can occur from a state of relative catechol depletion, from
paradoxical suppression of the central nervous system
(CNS), from ischemia, or from a direct toxic effect on the
myocardium.

Cocaine-Induced Dysrhythmias
Dysrhythmias associated with cocaine are diverse and are
often associated with other cardiovascular disturbances
such as hypertension, hypotension, or MI. It is reported
that in 4% to 14% of patients with cocaine-induced MI, ven-
tricular dysrhythmias will occur, with death in less than 2%.

There are many mechanisms whereby cocaine can
facilitate dysrhythmias. It has sodium channel-blocking
properties, its sympathomimetic effects lower the threshold
for fibrillation, and it increases intracellular calcium that
can result in afterdepolarizations and triggered dysrhyth-
mias. However, the increased metabolic demands associated
with the tachycardia and hypertension of an acute intoxi-
cation also predispose the myocardium to dysrhythmias.
In the setting of abnormal myocardium, these can be particu-
larly worrisome. Cocaine can produce ventricular dysrhyth-
mias and fibrillation in the setting of ischemia. Long-term
cocaine use leads to left ventricular hypertrophy (LVH)
that predisposes to ventricular dysrhythmias.

There is evidence that differences in calcium channels
may partly explain different sensitivities to cocaine-induced
dysrhythmias including AV conduction block and sinus
arrest (39). In studies of cocaine toxicity in animals,
calcium-channel antagonists prevent malignant dysrhyth-
mias and protect against MI.

Treatment of Cocaine-Induced Ischemia and Dysrhythmias
Benzodiazepines and nitroglycerin (NTG) are the first-

line agents for patients with cocaine-induced ischemia (40).

Benzodiazepines should be administered first as
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they protect the brain against many of the ravages of acute
cocaine intoxications and also decrease any CNS-mediated
manifestations. Both NTG and verapamil reverse cocaine-
induced hypertension and vasoconstriction. However,
calcium-channel blockers may exacerbate the CNS toxicity
of cocaine. Thus, all cocaine-toxic patients should receive
benzodiazepine therapy. Furthermore, NTG and calcium-
channel blockers should be given only after benzodiazepines
have been used to stabilize the CNS (Table 8) (36). Phentola-
mine has also been shown to reverse cocaine-induced coron-
ary constriction and is considered third-line therapy after
benzodiazepine and NTG (32).

Because beta-blockers exacerbate this constriction,
they should be avoided in patients with cocaine use.
Labetalol is likewise not indicated because the beta-antagon-
ist effects outweigh the alpha-blocking effects. Sodium bicar-
bonate has been shown to reduce the cocaine-induced
widening of the QRS complex and to reduce the incidence
of associated VT. The use of benzodizepines is considered
first-line therapy, because they attenuate the cardiac and
CNS toxicity of cocaine in animal studies (36). The use of
aspirin is encouraged on a theoretical basis.

Lidocaine use in cocaine-induced dysrhythmias is
controversial because, like cocaine, it is a sodium-channel
blocker and could be prodysrhythmic in combination with
cocaine. Limited studies suggest that lidocaine is probably
safe several hours after cocaine use. Sodium bicarbonate is
safe to use immediately following cocaine use and it reverses

cocaine-induced QRS prolongation (36). The proposed
guidelines from the Toxicologic Oriented ACLS for treat-
ment of cocaine-induced VT/V-fib are sodium bicarbonate
and lidocaine and the avoidance of epinephrine and non-
selective beta-blockers (40).

Amphetamines
Amphetamines, like cocaine, are sympathomimetic agents.
Also like cocaine, the cardiovascular complications from
amphetamines can include vasoconstriction, unpredictable
blood pressure effects, dysrhythmias, and ischemia (35).
The amphetamine class includes amphetamine, metam-
phetamine, and the popular drug, ecstasy. Ecstasy (3,4-
methylenedioxymethamphetamine or “MDMA”) is a
variant of metamphetamine but also has some of the proper-
ties of mescaline (41).

An abundance of evidence suggests that MDMA acts
by increasing release of the monoamine neurotransmitters,
noradrenaline, and to a lesser extent dopamine and by
inhibiting the reuptake of serotonin (41). The increase in
noradrenaline is responsible for the cardiac effects; the
most common arrhythmia is sinus tachycardia, but sudden
death has also been reported. MDMA has a plasma half-
life of appproximately eight hours with some active metab-
olites, so effects may be seen well after the original ingestion
(see section on treatment of “Sinus Tachycardia”).

Ma Huang and the Ephedra Alkaloids
Ma huang, also known as ephedra, is one of the Chinese
herbs belonging to the ephedra alkaloid class. It is a non-
catecholamine sympathomimetic agent, which leads to
release of endogenous catecholamines and directly stimu-
lates alpha- and beta-receptors (41–43). Excess intake is
associated with ischemia, hypertension, stroke, cardiomyo-
pathy, and sudden death in the absence of structural heart
disease (42). Dysrhythmias are similar to those induced by
commercially available ephedrine and include VT (see
section “Ventricular Tachydysrhythmias”).

Alcohol
Light to moderate intake of alcohol has been associated with
improvements in cardiac risk. Moderate drinking appears to
lower the risk of stroke, peripheral vascular disease, and
perhaps type 2 diabetes (44). Heavier alcohol consumption
(.3 drinks per day) increases the risk of hypertension, dys-
rhythmias, and hemorrhagic stroke. Chronic heavy alcohol
use can be damaging to the heart and is associated with
LV hypertrophy, mild systolic or diastolic dysfunction, and
occasional biventricular dilatation, resembling a dilated car-
diomyopathy (45). Early stages are often asymptomatic and
associated with diastolic dysfunction; later symptomatic
stages show systolic dysfunction as well (46). Dysrhythmias
and other symptoms associated with alcoholic cardiomyopa-
thy are similar to those of other dilated cardiomyopathies
(46). Acute effects of alcohol intoxication include
paroxysmal A-fib, or “holiday heart,” which can be seen in
healthy patients with structurally normal hearts (Table 3)

(46–48). In animals, acute alcohol can raise cardiac tropo-
nin-T levels, decrease systolic blood pressure, and increase
heart rate (49). Chronic heavy consumption causes an
increase in catecholamine release and is associated with
poor contractility, mitochondrial dysfunction, and ventricu-

lar dysrhythmias (49–51).

Table 8 Pharmacotherapy for Cocaine-Induced Ischemia and

Dysrhythmias

Priority Drug Rational/comments

First line Benzodiazepines Most patients with myocardial

ischemia while toxic on

cocaine have central nervous

system effects that will only

be controlled with benzo-

diazepines. Thus, midazolam

should be administered first,

followed by ativan.

Nitroglycerin Whenever myocardial ischemia

is the predominant presenting

symptom, nitroglycerin is

indicated for direct coronary

artery dilation.

Second line Magnesium

sulfate

Useful for the management of

both atrial and ventricular

tachydysrhythmias, including

SVT and VT and torsades de

pointes.

Third line Consider sodium

bicarbonate

Recommended in cases of

severe acidosis (pH , 7.0,

and/or rhadidomyolysis, or

wide complex dysrhythmias).

High-dose cocaine causes

type I sodium channel block-

ade in the myocardium,

which can be partially

reversed with alkalinization.

Abbreviations: SVT, supraventricular tachycardia; VT, ventricular

tachycardia.
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Tricyclic Antidepressant Toxicity
Diagnosis

Tricyclic antidepressants are a leading cause of morbidity
and mortality due to drug intoxication in the United States.
Initial ECG changes include widening of the QRS interval to

.100 msec, an R-wave amplitude of .3 mm in aVR, and
abnormalities in the terminal 40-msec QRS axis (T40-msec)
(an axis between 1208 and 2708 rotation). These abnormalities
on the presenting ECG are reported to predict seizures and
dysrhythmias. In addition, it has been shown that the
degree of QRS widening and T40-msec axis changes and
the duration of their abnormality correlate with the likeli-
hood of developing seizures and dysrhythmias. However,
there is huge variability in the resolution of these changes
and clinical improvement can occur despite persistence of
ECG changes in some patients (51). Tricyclic antidepressants
can behave like class IA antidysrhythmics and can prolong
the QT interval as well (see section “Antidysrhythmic
Drug Selection”).

Treatment
Alkalinization is considered standard treatment for con-

duction delays or dysrhythmias associated with tricyclic
toxicity. The goal is a systemic pH of 7.5 to 7.55;
boluses are preferable to constant infusion (40). The ben-
eficial effects of sodium bicarbonate are due to alkalosis
and hypertonic sodium. Some have used hypertonic saline
to treat tricyclic overdoses, but the experience with saline
is not as extensive as with sodium bicarbonate (40). If
dysrhythmias are resistant to sodium bicarbonate, then
lidocaine is considered the drug of choice. Procainamide
is contraindicated due to its class IA properties that are
shared by the tricyclics (40). Whom to monitor and how
long are difficult questions. Some authors recommend that
patients with an abnormal QRS or T40-msec axis should be
admitted and monitored for 24 hours with serial ECGs to
determine worsening; patients who improve clinically and
whose ECGs improve can be discharged from the ICU
after that period (51).

Theophylline Toxicity
Theophylline toxicity used to be very common; its incidence
has somewhat decreased as beta-agonists, inhaled steroids,
and other modalities have become pre-eminent in the treat-
ment of asthma. Theophylline has a narrow therapeutic
window and so overdose is not uncommon. The serious
complications are hypotension, dysrhythmias, seizures,
and death (52). Peak serum concentrations are helpful in
predicting toxicity, but chronic users may be toxic at lower

serum concentrations. In chronic users, age is a major
predictor of toxicity (53).

Dysrhythmias Associated with Theophylline Toxicity
Theophylline has direct effects on membrane depolarization;
in addition, it antagonizes endogenous adenosine and has
sympathomimetic effects (53). Dysrhythmias associated
with theophylline toxicity are most commonly sinus tachy-
cardia; other minor dysrhythmias include ventricular pre-
mature contractions, SVTs, and PACs. Major toxicity is
associated with SVT, A-fib or flutter with rapid ventricular
conduction, and VT.

Treatment of Theophylline-Associated Dysrhythmias
Treatment of dysrhythmias should be supportive and

accompanied by treatment of the overdose: multiple doses
of activated charcoal or hemoperfusion for those at
highest risk, cardiorespiratory support, and correction of
electrolyte abnormalities. Predictors of toxicity depend
on whether the theophylline use is chronic or acute; chronic
users are at greater risk of toxicity and the peak serum level
is less predictive of toxicity in this group of patients (52). In
acute theophylline intoxication, peak serum levels of
.110 mg/L predict a 50% chance of major toxicity. In chronic
intoxication, serious side effects can occur at lower peak
levels, and age is a better predictor of poor outcomes. Many
will dialyze theophylline at lower levels: .60 mg/L for
chronic ingestion or .80 mg/L with acute ingestion (54).

Other Drugs of Abuse Associated with Dysrhythmias
Lighter fluid, glue, and other volatile hydrocarbons (e.g.,
toluene, gasoline, solvents, spray paint, and nail polish)
are commonly abused by adolescents, and are commonly
associated with cardiac dysrhythmias as well as neurotoxic
effects. Cardiac dysrhythmias are the main cause of
sudden death, and initial as well as prolonged use can
lead to hypoxia, seizures, and fatal dysrhythmias (55).
Sympathetic activation can lead to tachydysrhythmias and
myocardial sensitization (35). Suppression of cardiac con-
duction or sinus node activity may also be seen (see subsec-
tions “Sinus Node Dysfunction” and “Abnormal Atrio-
Ventricular Conduction”).

Tetrahydrocannabinol (THC), the active ingredient in
marijuana, can also cause dysrhythmias in susceptible indi-
viduals. Low doses of marijuana can increase sympathetic
tone, whereas higher doses lead to bradycardia and hypo-
tension from increased parasympathetic tone.

Drugs and Conditions Associated with QT Prolongation
and Torsades de Pointes
Mechanisms Underlying Torsades de Pointes
Torsades de pointes is a polymorphic VT in which the axis of
the QRS complex appears to twist around an isoelectric zero
point. Torsades de pointes is triggered by early afterdepola-
rizations, and most commonly occurs in the setting of QT
prolongation. Early afterdepolarizations are depolarizing
potentials that develop because of failure of normal repolariza-
tion. They are referred to as “triggered” because they only
occur in the presence of a preceding action potential. They
are due to an imbalance in repolarizing currents due to
reduced net outward current or enhanced net inward
current. This can lead to oscillation of membrane potential,
which can conduct to the ventricular myocardium and lead
to tachydysrhythmias. Slowed outward potassium currents,
enhanced inward calcium currents, or slowed inactivation of
inward sodium currents can prolong the QT interval (56,57).

A number of clinical conditions are associated with
QTc prolongation (Table 9). Foremost among these are
acquired etiologies, including conditions that increase
catecholamines, decrease potassium and magnesium (e.g.,
excessive diuretics), and drugs. Prolonged QT intervals are
an important side effect of several antidysrhythmic drugs
including class III and some class IA agents (Table 10).

A number of other drugs (Table 10) commonly used in
critically ill patients have also been shown to prolong the
QTc. There are variations in susceptibility to drug-induced
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torsades de pointes. Some patients have torsades de pointes
without a markedly prolonged QT interval suggesting that
other modulating factors must exist besides prolongation
of the action potential. These modulating factors may
include adrenergic stimulation, low heart rate, hypokalemia,
ischemia, or hypoxia (57).

Droperidol, Ondansetron, and Food and Drug
Administration Black Box Warning
On December 5, 2001, the Food and Drug Administration
(FDA) issued a black box warning regarding the use of dro-
peridol because of concerns that droperidol leads to QT pro-
longation and may increase the risk of torsades. However,
many anesthesiologists immediately expressed concerns
that the FDA had overreacted, given droperidol’s long
track record of safety in the treatment of postoperative
nausea and vomiting (PONV) (58). To further underscore
this reality, Habib et al. (59) used the Freedom of Information
Act to gain access to the 273 cases reported to the FDA
between November 1, 1997, and January 2, 2002, upon
which the FDA based their warning. Their survey of those
273 cases revealed that the vast majority had no direct
connection between the administration of droperidol and
QT prolongation or torsades (59).

Using a square-root model to simulate the expected
prolongation of the QTc interval that would be produced by
droperidol 0.625–1.25 mg IV, Paul White’s group found that
small “antiemetic” doses of droperidol (1.25 mg) would be
unlikely to produce clinically significant proarrhythmogenic
effects in the perioperative period. Indeed, their
calculations predicted QTc prolongation of up to only 18+3
msec (60).

The degree of QTc prolongation and the risk of devel-
oping ventricular dysrhythmias following droperidol
administration was recently studied by a Charbit et al.
(61) in a PONV treatment study, and by White et al. (62)
in a perioperative prophylaxysis model. Charbit et al. com-
pared QTc prolongation in patients receiving either 0.75 mg
droperidol or 4 mg ondansetron for the treatment of PONV
symptoms experienced in the postanesthesia care unit after
surgery. The observed mean maximal prolongation in QTc
were 17+9 msec for droperidol and 20 + 13 msec for
ondansetron (Fig. 12) (61). These QTc prolongations were
similar to those reported by White et al. (62) who demon-
strated 15 + 40, and 22 + 41 msec for placebo, 0.625 mg
droperidol, and 1.25 mg droperidol, respectively. White

et al. (62) further demonstrated that the droperidol QT
prolongations were not different from those achieved with
saline placebo, and that other anesthetic drugs (including
inhaled vapors) cause modest QT prolongation themselves.
An accompanying editorial to the Charbit et al. and
White et al. studies provides additional perspective about
the general safety of droperidol, despite the clinically
insignificant QT prolongation (63).

Treatment of Torsades de Pointes
The mainstay of treatment for torsades de pointes is

intravenous magnesium (2 g bolus over two to three
minutes, then IV infusion at 2–4 mg/min with second 2 g
bolus if necessary), potassium (if K is low), temporary
cardiac pacing (at rates of 90–110 to prevent short-term

recurrence), and correction of electrolyte imbalance.
Rarely, an isoproterenol infusion to keep the heart rate at
.90 is required. Isoproterenol should not be used in conge-
nital forms of prolonged QT syndrome or in patients with
ischemia, because beta-stimulation classically exacerbates
hereditary long QT syndromes.

Table 9 Clinical Conditions Associated with QT Prolongation

and Torsades de Pointes

Condition type Example

Acquired Drugs (Table 10) causing

QT prolongation

Long pauses or bradycardia

Short-long-short RR interval sequence

Adrenergic stimulation

Hypokalemia, hypomagnesemia,

hypocalcemia

Ischemia, hypoxia, stroke, subarachnoid

hemorrhage, HIV, autonomic

neuropathy

Hereditary syndrome Sympathetic activation

Table 10 Antidysrhythmia Drugs Strongly Associated with QT

Prolongation and Torsades de Pointes

Classification Drugs

Class IA Antidysrhythmics

(torsades occurs at low-normal

doses)

Quinidine

Procainamide

Disopyramide

Class III Antidysrhythmics

(High doses are typically

required to cause Torsades)

Sotalol

Ibutilide

Azimilide

Dofetilide

Amiodarone

(rarely leads to

torsades)

Antifungal Itraconazole

Ketaconazole

Antihistamine Terfenadine

Astemizole

Antioxidant–antiinflammatory Probucol

Antiparasitic Chloroquine

Pentamidine

Antipsychotic/antidepressant Haloperiodl

Tricyclic

antidepressants

Antiviral Amantadine

Indinavir

Ritonavir

Gastro propulsive Cisapride

Immunosuppressant Tacrolimus

Local anesthetic Cocaine

Natural-occurring poison Arsenic trioxidea

Neuroleptic-tranquilizer Droperidolb

Phenothiazines

Vasodilator and smooth

muscle relaxant

Papaverine

aEncountered in contaminated ground water and as an industrial poisoning.
bDroperidol received a black box warning by the Food and Drug Adminis-

tration (FDA) which was most likely not warranted (see text for explaination).

Source: From Ref. 44.
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ELECTROLYTE IMBALANCE^ASSOCIATED DYSRHYTHMIAS
Hypokalemia
Hypokalemia is a risk factor for dysrhythmias including
conduction abnormalities and ventricular fibrillation. Pot-
assium is the predominant intracellular cation and is import-
ant in the maintenance of the resting membrane potential.
Disruption of the potassium gradient can lead to impaired
cellular function and dysrhythmias. Hypokalemia increases
the transmembrane potential, impairing conduction, enhan-
cing automaticity, and leading to afterdepolarizations. The
classic ECG changes of hypokalemia are a low-amplitude
T wave associated with a “U” wave and are usually only
seen at potassium levels ,2.7 mmol/L (Table 11) (64).

In trauma patients, hypokalemia is usually due to
catecholamines and the stress response, diuretics, or naso-
gastric drainage. Hypokalemia is exacerbated by sympatho-
mimetic drugs.

Mild hypokalemia (3–3.5 mmol/L) is usually asymp-
tomatic. More severe hypokalemia (2.5–3.0 mmol/L) may
lead to symptoms of malaise, weakness, and constipation;
symptoms correlate with the rapidity of the decrease in pot-
assium (67). Severe hypokalemia is associated with rhabdo-
myolysis and renal magnesium wasting. Conduction
abnormalities are unusual in patients without underlying
heart disease, even with severe hypokalemia. At potassium
levels below 2.5 mmol/L, ventricular extrasystoles may be
seen, as well as paroxysmal atrial tachycardia, MAT, A-fib,
or flutter (64,65). Severe hypokalemia can increase the
likelihood of ventricular dysrhythmias including VT and
V-fib (68).

In patients with ischemia, heart failure, or LVH, mild
to moderate hypokalemia can lead to dysrhythmias. The
prolonged repolarization associated with hypokalemia can
lead to torsades de pointes in susceptible patients, especially
in those with concurrent hypomagnesemia. In hypertensive

patients, potassium depletion associated with diuretic use
has been correlated with the presence of ventricular dys-
rhythmias (69). In the absence of sodium restriction, hypoka-
lemia can lead to increased systolic and diastolic blood
pressure, presumably from urinary sodium retention.
Hypokalemia may cause resistance to antidysrhythmic
drugs (70).

The treatment of hypokalemia is potassium sup-
plementation, intravenously if dysrhythmias are present.
The rate of infusion should be no more than 20 mmol/hr
and the ECG should be monitored. Glucose-containing
solutions should be avoided in the treatment of hypokalemia
(71). Glucose can lower potassium levels in patients with
initially normal potassium levels as well as in those with
hypokalemia. This is presumably due to the stimulation of
insulin, which drives potassium into cells and lowers
serum potassium levels. Studies and case reports have
shown decreases in serum potassium, the appearance of
life-threatening cardiac dysrhythmias, and worsening
muscle weakness during the infusion of potassium with
glucose for the treatment of hypokalemia (Table 12). In
addition to potassium, magnesium should be repleted
because hypomagnesemia is often coexistent and can
impair repletion of potassium.

Hyperkalemia
In trauma patients, hyperkalemia may be due to renal failure
or rhabdomyolysis (following burns, crush injuries, or
compartment syndromes). Transient elevations in potassium
may also be seen following the use of succinylcholine or as a
result of acute acidosis.

Hyperkalemia reduces the transmembrane potential,
which results in a shortened action potential, increased con-
duction, and lessened automaticity. In extreme cases, it can
lead to very prolonged cardiac conduction manifesting as

Figure 12 Electrocardiogram (ECG) recordings in two

representative subjects who received 0.75 mg droperidol

(female, left) or 4 mg of ondansetron (male, right) to treat

postoperative nausea and vomiting. Upper ECGs were obtained

immediately before antiemetic administration, and the

recordings performed after 2 and 10 minutes are shown below. The

same chest lead is shown for each patient. Note the flattened T

wave occurring after droperidol and changes in T-wave

morphology after ondansetron. Recordings of ECGs conducted at a

paper speed of 50 mm/sec and an amplitude of 20 mm/mV.

Source: From Ref. 61.

Table 11 Potassium-Related Electrophysiologic Changes

Predicted in the Electrocardiogram

Plasma potassium ECG changes

Hyperkalemia Decrease T-wave amplitude

ST-segment depression

Presence U wave

Other findings (especially with low Mg2þ):

Prolonged QT

Extrasystoles

VT, torsades de pointes, V-fib

Hypokalemia Early changes:

Peaked T waves (best seen in leads II,

III, and V2–4)

Later changes:

P wave widens/flattens

PR segment lengthens

P waves disappear

Terminal changes:

QRS widens

QRS merges with T wave: Sine wave

pattern degrades to ventricular

fibrillation

Abbreviations: ECG, electrocardiogram; V-fib, ventricular fibrillation; VT,

ventricular tachycardia.
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peaked T waves on ECG followed by QRS prolongation
appearing as sine wave activity (Table 11) (72). This must
be treated emergently.

Acute treatment of hyperkalemia consists of mem-
brane stabilization with calcium and transcellular shifting of

potassium facilitated by insulin, glucose, bicarbonate, and
beta-agonists. Removal of potassium takes longer to
accomplish and can be done with dialysis for severe cases,
loop diuretics, fluodrocortisone, or cation exchange resins
(Table 12).

Hypomagnesemia
Hypomagnesemia is a common condition associated with
trauma and critical care. Hypomagnesemia is caused by
decreased intestinal absorption or increased excretion
through the kidneys. Renal excretion is enhanced by
osmotic diuresis, as seen in hyperglycemia, or by drugs
such as ethanol, aminoglycosides, or cisplatinum (73). Hypo-
magnesemia leads to irritable membranes in both nervous
and cardiac conduction tissues. Hypomagnesemia, like
hypokalemia and hypocalcemia, can lead to prolongation
of the action potential and triggered afterdepolarizations,
which may lead to torsades de pointes.

Treatment of hypomagnesemia is repletion of mag-

nesium. This may be done by a single 2-g bolus of mag-
nesium over two to three minutes followed by an infusion
of 2–4-mg/min in severe cases. The usual total deficit
is 1–2 mEq/kg of body weight; twice this amount must be
administered to account for renal excretion of the repleted
cation. This can be repleted more slowly by giving 49 mEq
IV over three to six hours and repeating every 12 hours as
necessary (73).

Hypermagnesemia
Increased magnesium lowers the transmembrane potential,
stabilizes the membrane, and lessens automaticity and after-
depolarizations. It can occasionally cause slowed AV con-
duction and ventricular conduction. In general, the
arrhythmogenic risk of low magnesium is much greater
than that of elevated magnesium levels, and hypermagnese-
mia is not usually associated with clinical dysrhythmias (72).
At the neuromuscular junction, the action of magnesium is
antagonized by calcium.

Treatment of pre-eclampsia with magnesium leads to
marked maternal hypercalciuria, decreased serum calcium
and ionized calcium, and an increase in parathyroid
hormone in response. However, clinically significant hypocal-
cemia in either mother or fetus is unusual (74). If hyper-

magnesemia is symptomatic and causing CNS depression,

administration of calcium is appropriate. Calcium
can be given as 10 cc of 10% calcium gluconate diluted in
50–100cc of D5W and repeated, depending on calcium
levels (73).

Further treatment, though rarely required, consists
of renal excretion of magnesium, which can usually be
accomplished with fluid administration and furosemide.
Dialysis is necessary in symptomatic patients with renal
failure.

Hypocalcemia
Hypocalcemia, although less important in triggering dys-
rhythmias than hypokalemia and hypomagnesemia, is
nevertheless a factor in prolonged action potential duration
and triggered afterpotentials. The ionized calcium should
be checked to determine if arrhythmogenic hypocalcemia
is present; total calcium may be misleading if albumin
levels are abnormal. Hypocalcemia can contribute to suscep-
tibility to torsades de pointes. It can also mask digitalis tox-
icity. The ECG in hypocalcemia shows prolongation of the
QTc interval.

Risk factors for hypocalcemia include renal failure,
alkalosis, gastrointestinal bleeding, pancreatitis, and large
volume transfusions of blood products due to the presence
of the anticoagulant citrate-phosphate-dextrose (CPD) (73).
Another important source of hypokalemia in critical care is
renal replacement therapies, which commonly utilize
citrate anticoagulant. Postoperative patients at risk for hypo-
calcemia include those following parathyroid adenoma
resection (Volume 2, Chapter 61).

Symptoms of hypocalcemia include tetany, tingling,
paresthesias, and in severe cases, seizures. The treatment
of hypocalcemia is IV repletion of calcium, which can

be accomplished by either 10% calcium gluconate (93 mg
of calcium per 10 cc) or 10% calcium chloride (272 mg of
calcium per 10 cc) (73). Both agents should be diluted
to prevent venous irritation. In patients with possible
digitalis toxicity, calcium should be given slowly with ECG
monitoring, because it can enhance the effects of digitalis.

Hypercalcemia
Excess extracellular calcium rarely leads to dysrhyth-

mias. Excess intracellular calcium, from catecholamines,
ischemia, or digoxin, for example, may lead to dysrhythmias
but these rhythms are not treated by lowering extracellular
calcium. The ECG in hypercalcemia is characterized by pro-
longation of the PR interval, widened QRS, and shortening
of the QT interval, followed by prolongation of the T wave
(which may then normalize the QT interval) (74). The
enhanced myocardial contractility associated with hypercal-
cemia can rarely result in midsystolic arrest.

Hypercalcemia is treated by saline hydration and loop
diuretics to enhance renal excretion of calcium. Calcitonin
and biphosponates can be used if saline hydration is
inadequate. Octreotide does not lower plasma calcium; its
use is only in prevention of stones.

Hyponatremia and Hypernatremia
Hyponatremia and hypernatremia, while requiring correc-
tion due to CNS effects, are not associated with particular
dysrhythmias. The diagnostic significance and treatment
of these, and other, electrolyte disorders are discussed in
Volume 2, Chapter 44.

Table 12 Treatment of Abnormalities in Plasma Potassium

Concentration

Treatment of hypokalemia Treatment of hyperkalemia

Potassium: IV not .20 mm Calcium IV

Monitor the ECG Sodium bicarbonate IV

Proceed with extreme care if

abnormal renal function

Insulin 10 units regular IV

Avoid glucose-containing

solutions

Dextrose 50% ampule IV

Replete magnesium b-agonist

Diuretic

Abbreviations: ECG, electrocardiogram; IV, intravenously.
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EYE TO THE FUTURE

Many of the recent advances in dysrhythmia management have
occurred in the area of catheter-based ablation and device-
based therapy. Catheter-guided RFA therapy has become the
treatment of choice for various SVTs including accessory
pathway-mediated tachycardia, AVNRT, EAT, and atrial
flutter. More recently, there have been significant advances in
our understanding of A-fib, and catheter-based ablation of
A-fib is still time-consuming but increasingly successful. It
appears that the posterior wall of the left atrium near the
pulmonary veins is a key area in the initiation of A-fib. Cath-
eter-based ablation targeted to this area appears very promis-
ing, with a high success rate and a low complication rate
(75,76). If these early findings can be reproduced, catheter-
based ablation of A-fib may become a more routine procedure.

Device-based therapy of dysrhythmias is another area
of rapid development. It has been shown that automatic
implantable cardiac defibrillators (AICDs) are more effective
than antidysrhythmic drugs in treating VT and V-fib (4,5).
Furthermore, indications for AICD implantation are expand-
ing and an increasing number of patients are eligible for an
AICD device. It has also become more common to see these
devices in critically ill patients. Understanding and manage-
ment of these devices by critical care providers will be
important.

Most of the dysrhythmias seen in critical care settings
such as paroxysmal SVT, A-fib, atrial flutter, and VT respond
well to currently available antidysrhythmic therapies.
However, the need still remains: (i) to deliver therapies
that are more effective with fewer side effects and (ii) to
identify patients who are more likely to develop dysrhyth-
mias. Development of therapies with higher efficacy with
few or no side effects is the goal of new therapeutic
approaches. One of the major drawbacks of the currently
available antidysrhythmic agents is their effect on other
organs. Delivery of drugs to the target tissues by either
local delivery or targeted delivery systems may lessen the
systemic complications. One example of this approach is
delivery of antidysrhythmic agents to the pericardial space
to obtain high myocardial concentration without significant
systemic concentration. In addition, there are drugs in devel-
opment for atrial dysrhythmias that are specific to atrial
tissue and thus avoid potential ventricular prodysrhythmias.

Another area of future advancement will be in target-
ing patients at high risk for dysrhythmias through genetic
testing. For example, electrolyte disturbances such as hypo-
kalemia and hypomagnesemia and the usage of QT-prolong-
ing medications are common in the critical care setting.
Unfortunately, QT prolongation and torsades de pointes
are not uncommon in trauma and critical care. Although
only a small fraction of trauma patients develop acute MI
(Volume 2, Chapter 19), many develop dysrhythmias.
Along with improved monitoring techniques, identification
of these susceptible patients using noninvasive markers, or
with genetic testing, may facilitate management of these
patients and may become feasible in the near future.

SUMMARY

Dysrhythmias are commonly associated with critical illness
and trauma. Bradyarrhythmias should be treated only
when symptomatic. At such time, placement of an external
or transvenous pacemaker (depending on the availability

of devices and personnel) can be life-saving. Atrial and ven-
tricular tachydysrhythmias can often be distinguished from
each other by past medical history as well as by distinguish-
ing features on the ECG. Treatment of hemodynamically
stable atrial and ventricular dysrhythmias can be accom-
plished with medical therapy. Atrial and ventricular dys-
rhythmias in unstable patients must be treated promptly
with electrical cardioversion or pacing.

Many mechanisms of trauma, such as decelerating
injuries, blunt trauma to the chest, blast injuries, and head
trauma can cause myocardial contusions complicated by
dysrhythmias. Careful diagnosis and monitoring are essen-
tial to the care of these patients.

Overdoses of medications and other substances are
commonly seen in emergency departments and associated
with acute trauma, and can lead to critical illness and dys-
rhythmias. Treatment of these overdoses and dysrhythmias
is tailored to the substance ingested; for example, tricyclic
overdoses are treated with alkalinization, and then lidocaine
if dysrhythmias persist. Cocaine overdoses are treated with
benzodiazepines as first-line therapy along with NTG;
beta-blockers are avoided in this setting.

Other common causes of dysrhythmias in critical
illness and trauma are related to electrolyte disturbances.
Hypokalemia and hypomagnesemia are the most common
and are treated with prompt IV replacement. Hyperkalemia
can be life-threatening and should be treated emergently
if ECG changes are detected. Because potassium is painful
when administered to peripheral veins, it should be given
via central line or via a peripherally inserted central catheter
(PICC) line whenever possible.

KEY POINTS

Bradycardia per se does not require specific treatment
as long as it does not cause symptoms of hemodynamic
compromise.
Heart block at the level of the AV node usually does not
require invasive therapy and only requires withdrawal
of the offending agents, such as beta-blockers and
calcium-channel blockers.
Sinus tachycardia usually has a gradual onset and ter-
mination.
Acute conversion of atrial tachydysrhythmias to sinus
rhythm can be accomplished either by synchronized
DC cardioversion or by administration of antidysrhyth-
mic agents.
Treatment of AV node-mediated tachycardias (AVNRT
and AVRT) can be accomplished by administering
drugs that increase the refractory period of the AV
node. These drugs include calcium-channel blockers,
beta-blockers, digoxin, and adenosine.
Acute treatment of pre-excited A-fib should be targeted
at slowing conduction in the accessory pathway rather
than in the AV node. Pre-excited A-fib can be treated
acutely with cardioversion (if patient is hemodynami-
cally unstable) or adenosine, intravenous procaina-
mide, ibutilide (1,2), or amiodarone (3).
Of the nonsustained VTs, nonsustained polymorphic
VTs with a rapid ventricular rate require special atten-
tion, because these unstable dysrhythmias are very
likely to progress to V-fib.
Hemodynamically unstable VT should be treated
promptly with DC electrical cardioversion.
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Hemodynamically stable VT can be treated with a
pharmacologic agent. The first line of treatment is intra-
venous amiodarone or procainamide.
The ECG is quite useful in distinguishing VT from SVT
with aberration.
The criteria for distinguishing VT from SVT include: (i)
VT is more common than SVT with aberration,
especially in patients with structural heart disease, (ii)
SVT with aberration usually has a typical BBB pattern,
(iii) when in doubt, treat wide complex tachycardias as
VT, and (iv) obtain as much electrocardiographic docu-
mentation as possible including a 12-lead ECG and
rhythm strips of the tachycardia’s onset and
termination.
Transcutaneous pacing can be a useful adjunctive
therapy in patients who require urgent heart rate
support for symptomatic bradycardia.
A transvenous pacemaker is needed in patients with
symptomatic bradycardia, whether it is due to sinus
node dysfunction or to AV block.
When a tachyarrhythmia causes hemodynamic instabil-
ity, urgent DC cardioversion is recommended.
Some authors suggest that a normal ECG three hours
after minor cardiac trauma can exclude those who
might develop cardiac complications.
Troponins are neither 100% specific nor sensitive; small
injuries with undetectable troponin could lead to dys-
rhythmias; conversely hemorrhage and shock may
lead to troponin release without contusion.
TEE is preferable to transthoracic echocardiography
in evaluating trauma patients except for viewing the
pericardium. It is superior to helical computed
tomography (CT) in detecting contusions. Unfortu-
nately, the RV is more difficult than the LV to visualize,
and the RV is more frequently involved in contusions.
Myocardial contusion is associated with dysrhyth-
mias and functional impairment, especially of the
ventricle.
Risk factors for perioperative mortality associated with
contusion are old age, A-fib, and aortic rupture.
Benzodiazepines and nitroglycerin (NTG) are the
first-line agents for patients with cocaine-induced
ischemia.
Because beta-blockers exacerbate this constriction, they
should be avoided in patients with cocaine use.
Acute effects of alcohol intoxication include paroxys-
mal A-fib or “holiday heart,” which can be seen in
healthy patients with structurally normal hearts.
Chronic heavy consumption causes an increase in
catecholamine release and is associated with poor
contractility, mitochondrial dysfunction, and ventricu-
lar dysrhythmias.
Tricyclic antidepressants are a leading cause of morbid-
ity and mortality due to drug poisoning in the United
States. Initial ECG changes include widening of the
QRS interval to .100 msec, an R-wave amplitude of
.3 mm in aVR, and abnormalities in the terminal
40-msec QRS axis (T40-msec) (an axis between 1208
and 2708 rotation). These abnormalities on the
presenting ECG are reported to predict seizures and
dysrhythmias.
Alkalinization is considered standard treatment for
conduction delays or dysrhythmias associated with tri-
cyclic toxicity.
If dysrhythmias are resistant to sodium bicarbonate,
then lidocaine is considered the drug of choice.

Theophylline has a narrow therapeutic window and so
overdose is not uncommon. The serious complications
are hypotension, dysrhythmias, seizures, and death
(54). Peak serum concentrations are helpful in predict-
ing toxicity, but chronic users may be toxic at lower
serum concentrations.
Treatment of dysrhythmias should be supportive and
accompanied by treatment of the overdose: multiple
doses of activated charcoal or hemoperfusion for
those at highest risk, cardiorespiratory support, and
correction of electrolyte abnormalities.
The mainstay of treatment for torsades de pointes is intra-
venous magnesium (2-g bolus over two to three minutes,
then IV infusion at 2–4 mg/min with second 2-g bolus if
necessary), potassium (if K is low), temporary cardiac
pacing (at rates of 90–110 to prevent short-term
recurrence), and correction of electrolyte imbalance.
The treatment of hypokalemia is potassium sup-
plementation, intravenously if dysrhythmias are
present. The rate of infusion should be no more than
20 mmol/hr and the ECG should be monitored.
Acute treatment of hyperkalemia consists of membrane
stabilization with calcium and transcellular shifting of
potassium facilitated by insulin, glucose, bicarbonate,
and beta-agonists.
Treatment of hypomagnesemia is repletion of mag-
nesium. This may be done by a single 2-g bolus of mag-
nesium over two to three minutes followed by an
infusion of 2–4 mg/min in severe cases.
If hypermagnesemia is symptomatic and causing CNS
depression, administration of calcium is appropriate.
The treatment of hypocalcemia is IV repletion of
calcium, which can be accomplished by either 10%
calcium gluconate (93 mg of calcium per 10 cc) or
10% calcium chloride (272 mg of calcium per 10 cc).
Excess extracellular calcium rarely leads to dysrhyth-
mias.
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INTRODUCTION

The use of transesophageal echocardiography (TEE) has
expanded tremendously since its introduction into clinical
use in the mid-1970s. TEE is used daily in the echocardio-
graphy laboratory, the operating rooms, and also the surgical
intensive care unit (SICU). Its usefulness derives from its
high capacity for both diagnosis and monitoring. Ultrasound
studies are considered noninvasive procedures when per-
formed from the thoracic surface (transthoracic tomographic
views) and minimally invasive when performed from the
esophagus (transesophageal tomographic views).

This chapter reviews the basic physical principles of
ultrasound and echocardiography, echoanatomy, and a prac-
tical approach to performing an abbreviated trauma TEE
examination when time is limited. Assessment of preload,
afterload, contractility, and diastolic dysfunction will be
reviewed. This is followed by a discussion of common valv-
ular heart lesions and the general approach to the trauma
patient. Clinically oriented discussions regarding the useful-
ness of TEE in the management of trauma patients in the
operating room, SICU, and use of TEE as an emergency
“rescue diagnostic tool” in the hemodynamically unstable
patient are also provided.

A task force formed by the American Heart Associ-
ation (AHA), the American College of Cardiology (ACC),
and the American Society of Echocardiography (ASE)
published guidelines in 1997 for clinical application of TEE
(1) (Table 1). Class 1 indications are conditions for which
there is scientific evidence and/or general agreement that
the procedure is useful and effective. Class 2a indications
are those of which there is conflicting evidence and/or diver-
gence of opinion about usefulness, but the final assessment
weighs in favor of its use. Class 2b indications are still
useful but with less well established evidence or opinion.
In SICU and trauma clinical scenarios, Class 1 indications
for TEE include the evaluation of acute and life-threatening
hemodynamic disturbances, evaluation of heart structure for
possible endocarditis, guidance for placement of intra-
cardiac devices, and drainage of pericardial effusion.
Class 2a indications include the monitoring for myocardial
ischemia, diagnosis of myocardial infarction, and evaluation

for a cadiac source of emboli (atheromatous disease, intra-
cardiac thrombus/tumor, and intracardiac shunt). Finally,
class 2b indications are related to diagnosis of post-traumatic
cardiac lesions and acute aortic dissection.

PHYSICS AND PRINCIPLES
Physics of Ultrasound
Sound waves are defined as mechanical vibrations that
create rarefaction and compression of any medium
through which they travel. The human ear can analyze
sound waves with frequencies ranging from 20 Hz to
20 KHz. Ultrasound frequencies used for echocardiography
are above this level, ranging between 1 and 20 MHz.
Sound waves can be characterized by amplitude (dB),
frequency (Hz), wavelength (mm), and velocity (m/sec).
Increasing transducer frequency will give better resolution
but less depth of penetration due to tissue absorption. For
example, a 3.5 MHz TEE transducer (low frequency) will
have decreased image resolution, but will be able to assess
a structure far away from the probe [i.e., the apex of a
large dilated left ventricle (LV) at a depth of 16–18 cm]. In
contrast, a 7.5-MHz transducer (high frequency) will give
excellent spatial resolution of a near structure, but depth of
penetration will be diminished.

Ultrasound emitted by a transducer has a known
frequency and a defined constant velocity within the
medium through which it passes (1540 m/sec in soft tissue).
This relationship between frequency, velocity, and wave-
length is used to acquire appropriate data regarding cardiac
structure and function. TEE utilizes two different technol-
ogies: structural imaging (A-Mode, M-mode, B-Mode, and
2D) and Doppler.

Structural Imaging: Two-Dimensional Echocardiography
The structural imaging process relies on the fact that a
transducer will emit a signal at a known frequency,
ranging from 2.5 to 7.5 MHz, and a known constant velocity,
1540 m/sec. After emission of the sound wave, the transdu-
cer becomes a receptor and waits for the signal to be reflected
back by the structures along its pathway. Because the propa-
gation velocity of the ultrasound is constant, the distance
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between the transducer and the reflected structure will be
determined by the time it takes for the initial signal to emit
and return to the transducer. The same signal will also
have defined amplitude, which is related to the reflective
characteristics of the structures met. The processing com-
ponent of the echo machine can display this information in
various ways. The earliest echo systems displayed the data
by A-mode (amplitude vs. depth) on an oscilloscope
screen. With increasingly powerful processing systems, the
same data can be presented by M-mode (motion) where
the different returned signals are presented on a gray-scale
display over time on the horizontal axis. The temporal
aspect of M-mode is useful for analyzing highly mobile
structures, but is limited in its ability to provide information
about the relationship between multiple structures. The
M-mode gives data about only a thin cut of the cardiac struc-
ture (single scan line). The B-mode (brightness), also called
two-dimension (20) imaging, is the ultimate way to display
the same data by dots on a screen monitor. The position of
the dot on the screen is related to the calculated distance
between the transducer and the structure represented. The
brightness of the dot is related to the amplitude of the return-
ing signal. With a high-capacity processing system, multiple
scan lines can be analyzed quickly to produce a moving
image with adequate temporal resolution. This is how 2D
images of moving cardiac structures are produced in echo-
cardiography. The reflection which occurs at the interface
between two tissues and the intensity of the reflected
signal will be related to the acoustic impedance between
those tissues. Since ultrasound does not travel well through

air, it is essential to have an adequate medium between the
transducer and the tissue, such as a water-soluble jelly. In
order to obtain optimal 2D images, the angle between the
transducer and the imaged structure should be as close to
908 as possible in order to minimize refraction and artifact
formation (the angle of incidence of the transmitted ultra-
sound wave equals the angle of reflection).

Doppler Echocardiography
The second physical principle used in cardiac ultrasound
imaging is the “Doppler effect,” defined as the apparent
change in frequency observed when the source and observer
are in motion relative to each other. For echocardiography,
the Doppler shift is the difference between the initial
known frequency and the backscattered signal returned
from moving blood cells. From the Doppler shift, the
velocity of the moving blood cells can be calculated.
Ideally, the ultrasound beam should be parallel to blood flow
with the scattered signal moving directly towards or away
from the transducer. Keeping the crossing angle to less than
208 will limit error in blood flow velocity measurements.

The returning backscattered signal from the moving
blood cells is composed of several different frequencies,
which are analyzed by a fast Fourier transformation before
being displayed using spectral analysis. Spectral analysis
displays time on the horizontal axis and velocity on the
longitudinal axis. The Doppler shifts indicating that the
moving red cells are coming toward the transducer will
appear above the baseline, whereas those traveling away
from the transducer will appear below the baseline.
Doppler echocardiography is commonly used to measure
blood flow velocities in cardiac chambers, across valves,
and in great vessels. These measured velocities are helpful
for both diagnostic and monitoring applications. The
modified Bernoulli equation can be used to transform vel-
ocities obtained by TEE into pressure units.

P ¼ 4v2

where P ¼ peak pressure gradient (mmHg) and v ¼ peak velocity
(m/sec) of flow across the valve. Data for this equation are usually

obtained using continuous wave (CW) Doppler echo (described
subsequently).

There are three types of Doppler echocardiography
modalities: CW, pulsed wave (PW), and color Doppler. The
use of CW Doppler necessitates two different crystals in
the transducer. One is used for emitting ultrasound continu-
ously and the other for receiving the returned signal. The
CW Doppler will be able to measure all the velocities
along a scanning line, but is unable to differentiate the
exact location of the maximum velocity along that line
(range ambiguity). The PW Doppler is different in that it
uses one crystal that alternates between emitting and receiv-
ing. A sampling area for velocity measurement is deter-
mined by the echocardiographer, along a scanning line.
The Doppler shift will correspond to the velocity measured
at the sampling volume. The PWD signals must be
sampled twice in order to get an accurate determination of
the wavelength. This limits its ability to measure high
velocities. The major limitation of PWD is that it can only
measure a limited range of velocities without ambiguity in
the speed or direction. Velocities outside the limits of the
spectral display (the Nyquist limit) will “wrap around”
and falsely appear as a reversal of flow (aliasing).

The color Doppler is a variation of PW Doppler.
Simply explained, a larger sampling area for velocity

Table 1 Indications for Transesophageal Echocardiography in

the Operating Room or Surgical Intensive Care Unit (ASA Practice

Guidelines)

Indication Examples

Class 1 Acute, persistent and life-threatening hemodynamic

instability

Unstable ICU patients with suspected valve disease

or thromboembolic problems

Patients with suspected aortic dissection/aneurysm/
disruption who need immediate evaluation

Class 2 Monitoring for myocardial ischemia, myocardial

infarction

Patients with increased risk for hemodynamic

disturbances in the perioperative setting

Patients with intracardiac foreign bodies

Intraoperative detection of air emboli in patients at

risk

Suspected cardiac trauma

Class 3 Intraoperative monitoring for emboli during

orthopaedic procedures

Intraoperative assessment of repair of thoracic aortic

injury

Perioperative evaluation of pleuro-pulmonary diseases

Monitoring placement of central venous or pulmonary

artery catheters

Note: Class 1, frequently useful in improving clinical outcome; class 2,

perhaps useful with less clear influence on clinical outcome; class 3,

controversial indication with unclear influence on clinical outcome

Abbreviations: ASA, American Society of Anesthesiologists; ICU, inten-

sive care unit.

Source: From Ref. 4.
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measurements is analyzed and presented as color-coded
images superimposed on 2D images instead of a spectral
display. By convention, the velocities going away from
the transducer are coded in shades of blue, whereas vel-
ocities coming toward the transducer are coded in shades
of red (BART: Blue Away, Red Towards). In clinical prac-
tice, color Doppler is used to get a semi-quantitative evalu-
ation of velocities in cardiac chambers and valves. Precise
quantification is done using either CW or PW Doppler.
Color Doppler has the same intrinsic limit for maximum vel-
ocity measurement (Nyquist limit) as PW Doppler. When the
measured velocities in the mapping area of color Doppler are
above the Nyquist limit, they appear as an aliasing signal,
depicted as a sudden reverse in color. For example, when
evaluating normal mitral valve (MV) inflow during diastole
using color Doppler, blue color would appear in the left
atrium (LA) because blood flow is going away from the
probe at low velocity. If red color suddenly appeared

during diastole near the valve, the velocities measured at
that point are above the Nyquist limit of the color Doppler
setting, suggestive of mitral stenosis.

In summary, echocardiography is done with ultra-
sound using two different modalities: 2D showing live
motion images of the heart and great vessels in a gray
scale, and Doppler echocardiography measuring blood
velocity in cardiac chambers, valves, and orifices.

TRANSESOPHAGEAL ECHOCARDIOGRAPHYANATOMY
Nomenclature
In 1999, the ASE and the Society of Cardiovascular Anesthe-
siologists (SCA) published a landmark paper with guide-
lines for performing a comprehensive perioperative
multiplane TEE (2). This publication describes in detail the
20 cross-sectional views of a comprehensive TEE examination
(Fig. 1). An experienced echocardiographer can perform

Figure 1 The ASE/SCA 20-view exam. Transesophageal echocardiography cross-sections in a comprehensive examination. Twenty

standard cross-sections and their abbreviated names are depicted by the line drawings. Probe manipulations required to produce each

of the cross-sections are described in the text. Abbreviations: ME, mid-esophageal; ME LAX, mid-esophageal long-axis view;

TG mid SAX, transgastric mid-short-axis view; TG basal SAX, transgastric basal short axis view; ME AV SAX, mid-esophageal aortic

valve short-axis view; ME AV LAX, mid-esophageal aortic valve long-axis view; TG LAX, transgastric long-axis view; ME RV

inflow–outflow, mid-esophageal right ventricle inflow–outflow; TG RV inflow, transgastric right ventricle inflow; ME asc aortic SAX,

mid-esophageal ascending aortic short-axis view; ME asc aortic LAX, mid-esophageal ascending aortic long-axis view; desc aortic

SAX, descending aorta short-axis view; desc aortic LAX, descending aorta long-axis view; UE aortic arch LAX, upper esophageal

aortic long-axis view; UE aortic arch SAX, upper esophageal aortic short-axis view. Source: From Ref. 2.
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this exam in less than 10 minutes; however, for those less
experienced, a complete exam can be time consuming and
overwhelming. In this chapter, a concise and practical
approach to the trauma patient will be presented, followed
by a completion of the 20-view exam.

The modern multiplane TEE probe consists of a central
flexible shaft with a controllable distal portion (last 10 cm).
The transducer is embedded into the tip of the flexible
shaft and mounted on an electric motor that permits rotation
for multiplane imaging. With the patient supine and the TEE
imaging structures in front of it, the terminology is always in
reference to the heart. Superior is toward the head, inferior
toward the feet, posterior toward the spine, anterior
toward the sternum, and right and left being the patient’s
right and left sides, respectively. The probe itself can be
advanced inferiorly, withdrawn superiorly, and rotated
right and left (Fig. 2). The tip of the probe can be anteflexed
or retroflexed with the large rotating knob. It can also be
flexed left and right with the smaller knob. The internal
transducer (multiplane) can be rotated forward (0–1808
clockwise) or backward (180–08 counterclockwise) by
another control on the handle. The depth of the scanning
area and the multiplane angle should always be adjusted
to have the screen show only the structures being evaluated.
In general, cross sections of structures seen at multiplane
angles below 458 are called short axis and those above 458
are called long axis.

Abbreviated TraumaTransesophageal
Echocardiography Examination

The abbreviated trauma examination includes 12 of the
20 cross sections of the ASE/SCA comprehensive examin-

ation. The goal of this approach will be to identify

trauma-related injuries and evaluate the causes of hemody-
namic instability. Additional views can be used for further
evaluation if felt necessary by the echocardiographer.

The first view obtained is the transgastric mid-short
axis (TG mid SAX) (Fig. 3). The authors would recommend
starting with this view as one can rapidly diagnose many
causes of hemodynamic instability. This view is obtained
by advancing the probe past the esophagus and into the
stomach, followed by anteflexion. The multiplane angle is
generally best placed between 08 and 308. Once the LV is
seen in the center of the image, the probe is advanced or
withdrawn slightly until both the anterolateral and postero-
medial papillary muscles are shown equally. This will indi-
cate that the probe is at the mid-level of the LV. Volume
status, global and regional LV contractile function, right ven-
tricular (RV) function, and evidence of pericardial effusion
can all be evaluated with this highly versatile cross section.

The next view obtained is the mid-esophageal four-
chamber view (ME 4 Chamber) (Fig. 4). From the TG mid-
SAX view, the probe is withdrawn into the mid-esophagus
with the multiplane angle at 08. The tip of the probe often
has to be slightly retroflexed in order to reduce apical fore-
shortening. This cross section shows the four chambers
[right atrium (RA), RV, LA, and LV], as well as the MV and
tricuspid valves (TV). The free wall of the RV is shown on
the left, the septum is located in the middle, and the lateral
wall of the LV appears on the right. With this view,
chamber size and global contractile function can be exam-
ined. Regional wall motion of the septum and lateral wall
of the LV at the basal, mid, and apical levels can be evalu-
ated. The color Doppler can be used to evaluate the MV
and TV for stenosis or regurgitation.

Figure 2 Terminology used for transesophageal echo-

cardiography probe and transducer manipulations.

Figure 3 Transgastric mid-short-axis (TG mid SAX) view.

Abbreviations: LV, left ventricle; RV, right ventricle.

Figure 4 Mid-esophageal four-chamber (ME 4 Chamber) view.

Abbreviations: LV, left ventricle; RV, right ventricle; LA, left

atrium; RA, right atrium.
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Keeping the LV in the middle of the screen and rotat-
ing the multiplane forward to about 908 will give the mid-
esophageal two-chamber view (ME 2 Chamber) (Fig. 5).
The LA is seen at the top of the figure with the MV and LV
below. The anterior LV wall on the right side of the figure
and the inferior wall on the left side can be evaluated for
regional contractile function. The LA appendage can also
be visualized as a part of the LA covering the upper part
of the anterior wall of the LV. Chamber size, LV contractile
function, MV abnormalities, and thrombus in the LA appen-
dage can be studied in this view. Color Doppler can be used
to further study the MV, if necessary.

From the ME 2 Chamber view, the multiplane is then
rotated to approximately 1308 to obtain the mid-esophageal
long-axis view (ME LAX) (Fig. 6). This view shows the ante-
roseptal wall on the right side facing the posterior wall on
the left, which can be evaluated for regional contractile func-
tion. The LV outflow tract (LVOT) and the aortic valve (AV)
in long axis are above the anteroseptal wall.

From the ME LAX view, rotating the multiplane back to
08 will give the ME 4 Chamber. Withdrawing the probe until
the cusps of the AV are seen, and then turning the multiplane
angle to approximately 308 will give the mid-esophageal AV
short axis (ME AV SAX) (Fig. 7). The coaptation of the three
aortic cusps (which resemble a Mercedes Benz sign) should
be visualized in this view. The optimal depth is between 8
and 10 cm. The main focus of this cross section is to evaluate
the AV structure and function. A nonquantitative estimation
of LV stroke volume and cardiac output can be done, based
on the extent of AV opening and the heart rate.

From the ME AV SAX view (approximately 308), rotat-
ing the multiplane angle to approximately 1158 will give the

mid-esophageal AV long-axis view (ME AV LAX) (Fig. 8).
The AV is now seen in long axis in the middle with the LA
shown above, the proximal ascending aorta on the right,
and the LVOT below and to the left. The optimal multiplane
angle is found when one visualizes the coaptation point
between the right coronary cusp on the bottom of the figure
and either the noncoronary or left coronary cusp in the
middle of the aortic root. This view is optimal for color
Doppler studies of the AV to look for aortic regurgitation
(Nyquist limit above 50 cm/sec). This view is also useful for
evaluation of AV structure and function as well as its relation-
ship with the MV. A small part of the ascending aorta is also
seen, along with the sino-tubular junction, the sinuses of
Valsava, and the aortic annulus. An aortic dissection flap
may be seen in the proximal ascending aorta if present.

The remaining views of the abbreviated trauma exam
include important views of the aorta and pulmonary artery
(PA). The descending aortic short-axis view (desc. aortic
SAX) (Fig. 9) is obtained by placing the probe deep in the
stomach and turning the probe to the left so that the ultra-
sound beam is pointing posterior. Depth is decreased to 6–
8 cm. The probe can be withdrawn until the entire descending
aorta has been visualized from its distal to proximal end. If
the aorta is tortuous, the probe may be turned left or right
to keep the image centered. At any level of the descending
aorta, the multiplane angle can be rotated to 908 to image
the aorta in long axis to obtain the descending aortic long-
axis view (desc. aortic LAX) (Fig. 10). From the desc. aortic
SAX view, the probe can be withdrawn into the upper
esophagus until the aorta arches to the left side of the
figure. This is the upper esophageal aortic arch long-axis
view (UE aortic arch LAX) (Fig. 11). From this view, the

Figure 5 Mid-esophageal two-chamber (ME 2 Chamber) view.

Abbreviations: LA, left atrium; LV, left ventricle.

Figure 7 Mid-esophageal aortic valve short-axis (ME AV SAX)

view. Abbreviations: LA, left atrium; RA, right atrium; RVOT,

right ventricular outflow tract.

Figure 8 Mid-esophageal aortic valve long-axis (ME AV LAX)

view. Abbreviations: Ao, aorta; LA, left atrium; LV, left ventricle;

LVOT, LV outflow tract.

Figure 6 Mid-esophageal long-axis (ME LAX) view.

Abbreviations: Ao, aorta; LA, left atrium; LV, left ventricle; RV,

right ventricle.
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transducer is rotated 908 until the distal arch is seen in short
axis [upper esophageal aortic arch short-axis view (UE aortic
arch SAX)] (Fig. 12). In this view, the takeoff of the left sub-
clavian artery can be seen in the upper right of the figure.
These aortic views can be used to examine the proximal
ascending aorta, the distal portion of the aortic arch, and the
entire descending thoracic aorta for evidence of dissection,
aneurysm, and atheromatous plaque. However, the distal
ascending aorta and proximal arch cannot be examined
because of the interposition of the air-filled trachea and left
bronchus. The desc. aortic SAX view is also useful to visualize
fluid in the pleural space. The last view of the abbreviated
trauma exam is the mid-esophageal ascending aortic short-
axis view (ME asc. aortic SAX) (Fig. 13). This view is obtained
from the ME 4 Chamber view by rotating the multiplane to
about 408 and withdrawing the probe, until a short-axis
view of the proximal ascending aorta and a long-axis view

of the main and right PA are seen. The superior vena cava
(SVC) is seen in its location between the right PA and the
aorta. This view can be useful for Doppler studies across the
PA and evaluation for a proximal pulmonary embolus (PE).
The mid-esophageal ascending aortic long-axis view (ME
asc. aortic LAX) (Fig. 14) provides additional information
about the ascending aorta, and is obtained by rotating the mul-
tiplane 908 from the previous image. The authors believe that
these 12 views are the most important and are sufficient for the
initial brief evaluation of the acute trauma patient.

Exam Completion
In hemodynamically stable patients, as well as in previously
unstable trauma patients, a complete examination should

Figure 9 Descending aorta short-axis (desc aortic SAX) view.

Abbreviation: Ao, aorta.

Figure 10 Descending aorta long-axis (desc aortic LAX) view.

Abbreviation: Ao, aorta.

Figure 11 Upper esophageal aortic long-axis (UE aortic arch

LAX) view. Abbreviation: Ao, aorta.

Figure 12 Upper esophageal aortic short-axis (UE aortic arch

SAX) view. Abbreviations: Ao, aorta; MPA, main pulmonary artery.

Figure 13 Mid-esophageal ascending aortic short-axis (ME asc

aortic SAX) view. Abbreviations: Ao, aorta; RPA, right pulmonary

artery; MPA, main pulmonary artery; SVC, superior vena cava.

Figure 14
Mid-esophageal ascending aortic long-axis (ME asc aortic
LAX) view. Abbreviations: Ao, aorta; RPA, right pulmonary
artery.
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be performed as soon as time permits. To complete the ASE/
SCA comprehensive 20-view exam, eight additional views
are necessary. The deep transgastric view (deep TG LAX)
(Fig. 15) is obtained by advancing the probe to approxi-
mately 45–50 cm, followed by anteflexion, left flexion, and
a multiplane angle of 08. The CW and PW Doppler can be
used across the AV and the LVOT to evaluate for aortic ste-
nosis and for calculating a left-sided cardiac output. The
transgastric two chamber view (TG 2 chamber) (Fig. 16) is
obtained by rotating the multiplane to about 908 from the
TG mid-SAX view. Evaluation of wall motion of the anterior
and inferior wall as well as the apex can be performed. The
MV and subvalvular structures can also be seen. Rotating the
multiplane angle forward to between 908 and 1208 and
turning the probe slightly to the right from the previous
view will give the transgastric long-axis view (TG LAX)
(Fig. 17). With this view, Doppler studies can be performed
across the AV and LVOT. The transgastric RV inflow view
(TG RV inflow) (Fig. 18) is obtained by turning the probe
to the right from a TG mid-SAX view until the RV is in the
center, then rotating the multiplane to about 908. This view
is useful for evaluating RV function and TV anatomy. The
transgastric basal short-axis view (TG basal SAX) (Fig. 19)
view is obtained by withdrawing the probe slightly from
the TG mid-SAX view until the MV is seen. This view is
useful for evaluating the MV as well as wall motion of all
the basal segments of the LV. The ME mitral commissural
view (ME mitral commissural) (Fig. 20) can be found by
decreasing the multiplane angle to about 608 from the ME
2 Chamber view. This view is useful for further evaluation
of MV anatomy. Portions of the posterior and anterior leaflets

can be closely studied. From the ME AV SAX view, the multi-
plane is rotated to 808 and turned to the left to obtain the
mid-esophageal right ventricular inflow-outflow view (ME
RV inflow–outflow) (Fig. 21) to show the TV and pulmonic
valve. The RV inferior free wall is seen on the left, and the
right ventricular outflow tract (RVOT) is seen on the right.
This view is valuable in the assessment of RV function, tri-
cuspid and pulmonary regurgitation. The last view, mid-eso-
phageal bicaval view (ME bicaval) (Fig. 22) is obtained by
turning the probe to the patient’s right from the ME AV
LAX view and rotating the multiplane to approximately
1108. Here, the RA is seen at the bottom with the LA above
and the intra-atrial septum between. This view may be
useful to look for a patent foramen ovale, evidence of peri-
cardial tamponade, and assist with line placement.

Figure 15 Deep transgastric long-axis (deep TG LAX) view.

Abbreviations: LV, left ventricle; RV, right ventricle; LA, left

atrium; Ao, aorta; LVOT, LV outflow tract.

Figure 16 Transgastric two-chamber (TG two chamber) view.

Abbreviations: LA, left atrium; LV, left ventricle.

Figure 17 Transgastric long-axis (TG LAX) view. Abbrevi-

ations: Ao, aorta; LV, left ventricle; LVOT, LV outflow tract.

Figure 18 Transgastric right ventricle inflow (TG RV inflow)

view. Abbreviations: RA, right atrium; RV, right ventricle.

Figure 19 Transgastric basal short-axis (TG basal SAX) view.

Abbreviations: LV, left ventricle; MV, mitral valve; RV, right

ventricle.
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ASSESSMENTOF PRELOAD, AFTERLOAD, AND
MYOCARDIAL FUNCTION
Left Ventricular Preload Evaluation
Right Heart Filling Pressures vs. Transesophageal
Echocardiography
Heart muscle fibers need a particular baseline stretch
(preload) to produce optimal fiber shortening. Consequently,
the heart depends on an adequate end-diastolic volume to
produce optimal stroke volume. Even with normal myo-
cardial contractility the heart cannot produce normal
stroke volume and cardiac output if end-diastolic volume,
and thus muscle fiber baseline stretch are reduced. In clinical
practice, myocardial preload is typically assessed indirectly,
using pressure measurements in the RA [central venous

pressure (CVP) or pulmonary circulation—pulmonary
artery capillary occlusion pressure (PACOP)].

There is a rather close correlation between PACOP or
even CVP and LV end-diastolic volume (LVEDV) in most
patients with normal LV function and normal pulmonary
vascular resistance (PVR). Consequently, indirect assessment
using pressure measurements may often be sufficient to
guide volume therapy. However, in several subgroups of
patients, indirect assessment of end-diastolic volume by
pressure measurements becomes less reliable, because of
poor correlation between PACOP and LV end-diastolic
volume (3–6). Loss of correlation between pressure and
volume measurements is typically found in patients in
whom pressure measurements do not represent transmural
filling pressure (e.g., high intrathoracic pressure, high
PEEP), and in patients in whom higher filling pressures
are needed to maintain end-diastolic volume because of an
impaired ability of myocardial muscle fibers to relax (dias-
tolic dysfunction) (4) (Table 2).

The improved ability of TEE in preload assessment
was initially described for cardiac surgical patients (5–7),
but is now also well documented and widely accepted for
emergency patients or unstable patients in the SICU
(8–11). Preload assessment is among the most common indi-
cations for a TEE examination in the SICU, and a TEE exam-
ination should always be added to filling pressure
measurements if there is any doubt about adequacy of
preload (9,11,12). However, echocardiographic preload
assessment has a few limitations, particularly in patients
with diastolic dysfunction and pre-existing cardiac disease
(8). In these patients it is not possible to define a clear
threshold for LV end diastolic area (EDA), below which
there is no volume recruitable increase in LV function (8).
In these instances, it is often helpful to repeatedly assess
EDA, fractional area shortening and filling pressure during
volume administration, and not to base the decision on a
single TEE exam. It has also been suggested that adding
PW Doppler data of transmitral (ventricular filling) and
pulmonary venous blood flow (atrial filling) may further
improve echocardiographic preload assessment. However,
these parameters are markedly influenced by heart rate,
rhythm, afterload, and other physiologic parameters that
are poorly defined and constantly changing in SICU
patients. Therefore, PW Doppler estimation of preload is of
limited clinical usefulness.

Practical Approach
Normally, the TG mid-SAX view is used to assess RV and

LV myocardial preload. In the transgastric short-axis

Figure 20 Mid-esophageal mitral commissural (ME mitral

commissural) view. Abbreviations: LA, left atrium; LV, left ventricle.

Figure 21 Mid-esophageal right ventricle inflow–outflow (ME

RV inflow–outflow) view. Abbreviations: AV, aortic valve; LA,

left atrium; RA, right atrium; RV, right ventricle.

Figure 22 Mid-esophageal bicaval (ME bicaval) view.

Abbreviations: LA, left atrium; RA, right atrium; IVC, inferior

vena cava; SVC, superior vena cava.

Table 2 Common Clinical Scenarios with Poor Correlation

Between Pulmonary Artery Capillary Occlusion Pressure and Left

Ventricular End-Diastolic Volume

Cause Example

Elevated intrathoracic

pressure

Ventilation with markedly increased

I:E ratios

Ventilation with high PEEP values

Elevated abdominal

pressure

Retroperitoneal hematoma

Abdominal compartment syndrome

Diastolic dysfunction Sepsis

High-dose catecholamine therapy

Hypertrophic myocardium

Abbreviation: PEEP, positive end expiratory pressure.
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view, the TEE beam can be easily directed to precisely tra-
verse both papillary muscles, thereby producing a consistent
and highly reproducible echocardiographic view. In con-
trast, it is often impossible to direct the TEE beam to exit
through the apex of the heart in the four-chamber view,
thereby typically underestimating end-diastolic volume.
One can trace the area of the LV along the endocardial
border at end diastole and see changes in EDA with
volume loading. Echocardiographic indicators of reduced
LV preload are listed in Table 3, the systolic papillary
muscle attachment (kissing papillary muscle phenomenon)
being the most obvious, consistent, and clinically useful. In
the trauma and critical care setting, repeated evaluation of
LV function and EDA before and after volume loading can
add to the echocardiographic diagnosis of reduced LV
preload (8,10).

Left Ventricular Afterload Estimation
Using volume determinations and measurements of myo-
cardial thickness, LV afterload can be assessed by calculating
LV wall stress. In lesions where forward stroke volume does
not equal total stroke volume [e.g., mitral insufficiency, ven-
tricular septal defect (VSD)], LV wall stress may be a better
way to assess LV afterload when compared to systemic vas-
cular resistance (SVR), calculated from PA catheter data (13).
Wall stress may be a better predictor of clinical outcome (e.g.,
myocardial ischemia) when compared to SVR (13). However,
due to the complexity of the method and multiple confound-
ing factors, LV wall stress has never gained widespread
acceptance in clinical practice. Echocardiographic findings
in a state with isolated low SVR show a vigorously contract-
ing ventricle and a reduced end systolic area (ESA) similar to
hypovolemia. However, the EDA is normal. In uncertain
cases or when dealing with a mixed picture, information
from a PA catheter can be useful.

Global and Regional Left Ventricular Function Evaluation
TEE enables direct visualization of both global and regional
LV function. Semi-quantitative assessment of global LV func-
tion is possible with basic knowledge in TEE, and in general
is sufficient to solve most clinical problems. Detection and
assessment of regional LV function is often subtle and
should be done only by an experienced echocardiographer.
The midpapillary region of the heart generates 80% of LV
stroke volume and all three major branches of the coronary
circulation (left anterior descending, circumflex, and right
coronary) contribute to blood supply of this region
(Fig. 23) (3,14). Consequently, the TG mid-SAX view
(Fig. 3) is the imaging plane of choice to quickly assess LV
function in the unstable patient or to continuously monitor
LV function in the operating room.

Global Systolic Left Ventricular Function
The evaluation of global LV function in the ICU and emer-

gency patient is typically done semi-quantitatively, describ-
ing global LV function as hyperdynamic, normal,
moderately impaired, or severely impaired. Semi-
quantitative assessment of LV function has several advan-
tages. It does not direct attention away from the important
task of resuscitating the patient and allows complicated
calculations to be done with the echo software. In addition,
it does not give the impression of highly accurate values,
which takes more time to perform. One must realize that
semi-quantitative assessment relies on using a single diam-
eter to assess three-dimensional LV ejection. Impaired LV
function is often the consequence of coronary artery
disease, which may be associated with significant regional
wall motion abnormalities. The calculation of LV function
using diameter or area measurements in a single plane in
the presence of regional wall motion abnormalities may
therefore be less accurate. Fractional area change (FAC) is
the proportional area change during systole, and provides
a rapid and reliable index of global LV systolic function.
The TG mid-SAX view (Fig. 3) is used, and areas are

Table 3 Echocardiographic Findings Associated with Reduced

Left Ventricular Preload (Hypovolemia)

End-systolic papillary muscle contact and loss of LV lumen

(TG SAX view)

LV end-diastolic area ,5.5 cm2/m2 body surface area

Reduced LV end-diastolic area compared to baseline measurement

Increased fractional area shortening with decreased LV end-

diastolic area

Abbreviations: LV, left ventricle; TG SAX, transgastric short-axis view.

Figure 23 Coronary artery perfusion territories. Typical

regions of myocardium perfused by each of the three major

coronary arteries to the left ventricle. Other patterns exist

because of normal anatomic variations or coronary disease with

collateral flow. Mid-esophageal 4 Chamber (A), 2 Chamber (B),

long-axis (C), and transgastric mid-short-axis views (D).

Abbreviations: RCA, right coronary artery; LAD, left anterior

descending (coronary artery); Cx, circumflex artery.
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derived by freezing and tracing the endocardial borders
during systole (ESA) and diastole (EDA). The papillary
muscles should be excluded from the trace.

FAC ¼ EDA� ESA=EDA� 100

The normal range of FAC is from 36% to 64%. In the
presence of wall motion abnormalities, FAC overestimates
the true ejection fraction (EF). Using two orthogonal echo-
cardiographic views, ME 4 Chamber (Fig. 4) and ME 2
Chamber (Fig. 5), EF can be calculated using the modified
Simpson’s formula. This method is the most accurate in
the presence of regional wall motion abnormalities.

Although sufficient for clinical practice, all parameters
of global LV function mentioned earlier are preload and
afterload dependent and therefore have their limitations in
describing myocardial contractility. Echocardiographic para-
meters, such as length of pre-ejection period, end-systolic
pressure–volume relationship, circumferential fiber shorten-
ing rate, and end-systolic stress/end-systolic area relation-
ship, have all been evaluated in clinical or experimental
studies as less pre- and afterload–dependent indices to
describe myocardial contractility.

Cardiac output measurements can be done with TEE
using 2D echocardiographic measurements alone or more
commonly, adding transmitral or aortic Doppler flow
velocity data. Difficulties in obtaining a proper Doppler
signal (angle) and a number of assumptions when calculat-
ing the orifice of flow (errors in diameter measurements
are squared) cause significant variability and miscalcula-
tions. In addition, repeated cardiac output determinations
are necessary in most SICU patients, making PA catheter
the preferred option to determine cardiac output. Computer
software has become commercially available for continuous
echocardiographic LV function monitoring. It automatically
detects end-diastolic and end-systolic LV endocardial
borders and does a beat-by-beat calculation of fractional
area shortening. This technique has many pitfalls and pro-
blems and is rarely used in clinical practice.

Echocardiographic Evaluation of Diastolic Function
Diastolic dysfunction has become increasingly more
recognized as an important reason for cardiac dysfunction
and morbidity in SICU patients, in particular in those with
septic syndrome or high-dose inotropic support. The
causes of diastolic dysfunction include abnormal reuptake
of calcium, myocardial ischemia, hypertension, aortic
stenosis, and hypertrophic cardiomyopathy. Several echo-
cardiographic parameters to characterize and assess
diastolic dysfunction are available, based on Doppler flow
measurements of transmitral and pulmonary venous blood
flow. The 2D echocardiographic findings associated with
LV diastolic dysfunction include increased myocardial thick-
ness, reduced end-diastolic volume despite high filling
pressures, and a typical interrupted biphasic pattern of dias-
tolic filling (instead of the smooth continuous pattern of
normal diastolic filling). Doppler echocardiography is used
to characterize diastolic dysfunction more in detail (4). The
PW Doppler signal at the tips of the atrioventricular
valves (ventricular inflow) is typically biphasic with a
larger E-wave (early ventricular filling) and a smaller A-
wave (atrial systole) with the normal E to A ratio being 2:1
(Fig. 24). In patients with diastolic dysfunction, the contri-
bution of atrial contraction to diastolic filling becomes
more important, and the ratio between E- and A-wave is

altered (maximum velocity, velocity time integral, accelera-
tion and deceleration, duration of E/A-wave). To reduce
the confounding influence of LA pressure and compliance
on LV filling, PW Doppler signals at the tips of the atrio-
ventricular valves are often combined with the PW Doppler
flow profiles in the left upper pulmonary vein (atrial inflow).
Mitral annular Doppler tissue imaging and color M-mode
transmitral propogation velocity are relatively preload,
insensitive measures of LV diastolic dysfunction. However,
it should be noted that the sensitivity and specificity of
Doppler echo findings used to characterize diastolic dys-
function in the unstable SICU patient is limited, and they
should be interpreted very cautiously.

Regional Left Ventricular Function
Monitoring of regional LV function to detect intraoperative
myocardial ischemia was one of the first indications for the
perioperative use of TEE by anesthesiologists. Standard
ECG and PA catheter monitoring detect less than 50% of
all intraoperative ischemic events (3,15). Considering the
therapeutic and prognostic significance of myocardial ische-
mia in the increasing number of older perioperative and
post-traumatic patients, a sensitive tool to detect myo-
cardial ischemia is undoubtedly of significant clinical
importance.

Regional wall motion is characterized by a systolic
inward motion (endocardial movement) and systolic wall
thickening (Fig. 25). Regional wall motion may be classified
as normal, hypokinetic, akinetic, or dyskinetic. Endocardial
movement is easier to assess when compared to myocardial
thickening (Table 4). Assessment of myocardial thickening
is significantly improved with M-mode echocardiography,
in particular with the less experienced investigator. A
reduction in myocardial blood flow of about 20% will
create hypokinesis, and the segment will become akinetic
with a reduction in blood flow of more than 90% (16). For
a rapid initial assessment of regional wall motion in emer-
gency situations, the TG mid-SAX view is chosen (Fig. 26).
All three major branches of the coronary circulation are
represented in this echocardiographic plane. The mid-
esophageal views (ME 4 Chamber, ME 2 Chamber, and
ME LA) supplement the TG mid-SAX view (especially when
difficult to obtain), providing a more thorough evaluation

Figure 24 Pulse wave Doppler flow characteristics at the tips

of mitral valve leaflets (left ventricular inflow), mid-esophageal

4 Chamber view. Normal biphasic pattern of the signal with a

larger E-wave (diastolic ventricular filling), and a smaller

A-wave (atrial contraction).
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of the basal, mid and apical levels of the LV (Fig. 26). For a
comprehensive echocardiographic evaluation of regional
LV function, the 16-segment model endorsed by the ASE is
recommended (14).

The single most important cause of regional wall
motion abnormality is myocardial ischemia. Other
causes of wall motion abnormalities include myocardial
hematoma, myocardial contusion, intraventricular conduc-
tion abnormalities (left anterior hemiblock or pacemaker
stimulation), myocardial stunning, intracoronary air, hypo-
volemia, and mitral stenosis. Loss of active thickening of
the myocardium is an earlier (seconds) and more sensitive
sign of interrupted myocardial blood flow compared to ST-
T segment alterations (minutes) or increases in PACOP
(low sensitivity and specificity) (3,11). However, TEE assess-
ment of regional wall motion abnormalities has some limit-
ations, in particular with the less experienced investigator.
Oblique echocardiographic views can mimic (foreshorten-
ing) or miss (pseudo thickening) even significant, extensive
regional wall motion abnormalities.

Right Ventricular Function
Compared to evaluation of global LV function, echocardio-
graphic assessment of global and regional RV function is
complicated by the nongeometric, asymmetric, crescent
shape of this chamber, making quantitative measurements
less reliable. Thus, RV size and function is best assessed
in a qualitative manner (17). Standard views in which to
evaluate RV size and function are IG mid-SAX, ME 4

Chamber, TG RV inflow, and the ME RV inflow–outflow
views (Table 5).

The RV consists of an RV free wall and a septal wall,
which it shares with the LV. The RV free wall can be
divided into basal, mid, and apical segments corresponding
to the adjacent LV segments in the ME 4 Chamber view.
Normal RV thickness is less than half of the LV and measures
,5 mm at end diastole. Right ventricular hypertrophy
(RVH) is present when RV wall thickness exceeds 6 mm. In
patients with RVH, a prominent trabeculae pattern is often
seen, especially at the apex.

In the ME 4 Chamber view, normal RV appearance is
triangular compared to the elliptical LV, and its length
extends for only about two-thirds the length of the LV. The
apex in this view is formed by only the LV, and the end dias-
tolic cross-sectional area of the RV is less than 60% of the LV
area. When RV area exceeds LV area, severe RV enlargement
is present. As the RV dilates, its shape changes from trian-
gular to round. When the cardiac apex is formed by the
RV rather than the LV, the RV is dilated. Because of the

Figure 25 Impaired (left) and normal (right) regional left

ventricular wall motion, transgastric short-axis view, M-Mode.

Note: Normal pattern of contractility with systolic thickening

and inward motion. Akinetic myocardial segment with loss of

systolic thickening and inward motion (of the posterior wall).

Table 4 Contraction Patterns of Normal and Altered Regional

Left Ventricular Function

Contractility Radial shortening Thickening

Normal More than 30% .30%

Hypokinetic 10–30% 10–30%

Akinetic None None

Dyskinetic Systolic radial widening Systolic thinning

Figure 26 Sixteen-segment model of the left ventricle. (A) Four-

Chamber view shows the three septal and three lateral segments.

(B). Two-Chamber view shows the three anterior and three

inferior segments. (C) Long-axis view shows the two anteroseptal

and two posterior or inferolateral segments. (D) Mid-short-axis

view shows all six segments at the midlevel. (E) Basal short-axis

view shows all six segments at basal level. Basal segments—1,

basal anteroseptal; 2, basal anterior; 3, basal lateral; 4, basal

posterior (inferolateral); 5, basal inferior; and 6, basal

septal. Mid-segments—7, mid-anteroseptal; 8, mid-anterior;

9, mid-lateral; 10, mid-posterior (inferolateral); 11, mid-inferior;

and 12, mid-septal. Apical segments—13, apical anterior;

14, apical lateral; 15, apical inferior; and 16, apical septal.
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complex geometry and contraction pattern of the RV, regional
wall motion can be difficult to assess. In general, akinesia or
dyskinesia of the RV free wall needs to be present for wall
motion abnormality to be definitively diagnosed.

Normally, the ventricular septum functions as part of
the LV and maintains a convex curvature toward the RV
throughout the cardiac cycle. As the RV dilates or hyper-
trophies, the septum flattens. When RV mass exceeds LV
mass, paradoxical septal motion appears (inward move-
ment toward LV in diastole). With RV volume overload
(atrial septal defect, tricuspid regurgitation, and pulmonic
regurgitation) septal distortion is maximal at end diastole,
corresponding with timing of peak diastolic overfilling of
the RV. During systole, the end-diastolic septal flattening
reverses, and there is paradoxical systolic septal motion
toward the RV cavity. In RV pressure overload, maximal
septal distortion is at end systole and early diastole,
corresponding to the time of peak systolic afterload of
the RV.

ASSESSMENTOF VALVULAR FUNCTION

Quantitative detailed assessment of valvular dysfunction
necessitates advanced knowledge in echocardiography,
valvular anatomy, and cardiology. It should be done only
after a comprehensive echocardiographic examination,
including multiple 2D planes and various PW and
CW Doppler calculations. There are a number of possible
pitfalls when assessing the hemodynamic significance of a
valvular lesion, and only specially trained cardiologists
and cardiovascular anesthesiologists should do advanced
echocardiographic evaluation of valvular lesions. However,
an abbreviated 2D and semi-quantitative color Doppler
examination of the valves must be done in the case of hemo-
dynamically unstable or septic patients. This preliminary
qualitative echocardiographic valve assessment can be
done with a basic level of education in echocardiography,
and allows one to exclude significant valvular pathology
and reliably detect common valvular lesions relevant for
the trauma or critically ill patient in the SICU: vegetations
in patients with endocarditis, acute valvular regurgitation
after trauma, myocardial infarction, septic valve destruction,
and acute aortic insufficiency (AI) in patients with type A
aortic dissection.

Mitral Valve Evaluation
The MV can be easily examined with TEE. The MV struc-
tures include the annulus, leaflets, chordae tendinae,

papillary muscles, myocardium, and the fibrous skeleton
of the heart. The MV annulus is described as a saddle-
shaped, three-dimensional ellipsoid with a high, more
basal short axis (seen in the ME LAX view), and a lower,
more apical long axis (seen in the ME commissural view).
The MV is bileaflet with an anterior and posterior cusp
(Fig. 27). The larger anterior cusp covers approximately
two-thirds of the area of the mitral annulus and one-third
of the circumference. The smaller posterior cusp covers
approximately one-third of the area of the mitral annulus
and about two-thirds of the circumference. The valve leaflets
join at the anterolateral and posteromedial commissures.
The posterior leaflet is divided into three scallops (P1, P2,
and P3: Carpentier classification) with corresponding adja-
cent anterior valve segments (A1, A2, and A3).

The anterolateral and posteromedial papillary muscles
attach to the MV via the chordae tendinae with both muscles

Table 5 Echocardiographic Parameters that Describe Right Ventricular Function

Parameter Normal Pathological

RV shape Semilunar Round, dilated

RV size ,2/3 LV size ,LV size, moderate enlargement

.LV size, severe enlargement

RV free wall thickness ,6 mm ,10 mm, moderate hypertrophy

.10 mm, severe hypertrophy

RV free wall motion Normal Hypokinetic, moderate dysfunction

Akinetic, severe dysfunction

Septal motion Contraction with LV Paradoxical contraction with RV

Diastolic leftward shift

Abbreviations: LV, left ventricle; RV, right ventricle.

Figure 27 Mitral valve anatomy: transgastric basal short-axis

view. The valvular tissue can be divided into two commissural

regions: anterolateral and posteromedial. There are two leaflet

areas: anterior and posterior. Clefts along the free margin of

the posterior leaflet identify the individual scallops as P1, P2,

and P3. The anterior leaflet has less clearly defined segments,

designated A1, A2, and A3.
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attaching to both valve leaflets. TEE examination consists of
four mid-esophageal views (ME 4 chamber, ME commis-
sural, ME 2 Chamber, and ME LAX) and two transgastric
views (TG basal SAX and TG 2 Chamber). Using the mid-
esophageal views one can closely look at all segments of
the MV (Fig. 27). The systematic evaluation of the MV is
depicted in Figure 28.

Color flow Doppler serves as an important screen-
ing tool in the mid-esophageal views to detect evidence of
mitral regurgitation (MR). Secondary effects of MR
include dilation of the LA or LV. If MR is detected, a more
thorough evaluation can be done with transmitral and

pulmonary venous PW Doppler studies. The causes of MR
can be divided into abnormalities of the valve leaflets,
mitral annulus, chordae tendinae, and papillary muscles.

Mitral stenosis is now a rare finding, as the occurrence
of rheumatic heart disease has decreased with the use of
antibiotics. Features of mitral stenosis seen on TEE exam
include restricted movement of the valve leaflets, commis-
sural fusion, and calcification of the valvular and sub-
valvular structures. Left atrial dilatation with a normal or
more typically small empty LV may also be seen. Additional
valuable information can be obtained by using CW Doppler
studies.

Figure 28 Systematic examination of the mitral valve. In this examination, the mitral valve is viewed in multiple cross-sections to

delineate leaflet anatomy. The “5-Chamber” cross-section is accomplished by withdrawing the probe slightly from the standard 4-Chamber

cross-section, until the left ventricular outflow track is in view. The center column shows the planes of the different cross-sections as viewed

from directly above the base of the heart. The 2-Chamber “anterior,” “mid,” and “posterior” cross-sections are variations of the standard

2-Chamber cross-section and are accomplished by turning the probe from the patient’s right to left. P1, P2, and P3 refer to the three scallops

of the posterior mitral leaflet, and A1, A2, and A3 refer to the juxtaposed segments of the anterior mitral leaflet. The right column shows

the leaflet segments seen in the corresponding cross-section. Source: From Ref. 49.
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Aortic Valve Evaluation
High-resolution images of the AV can easily be obtained
with TEE because of its close proximity to the esophagus.
The AV consists of three cusps (right, left, and noncoronary)
with three outpouchings called the sinuses of Valsalva.
Normal AV area ranges from 2–4 cm2. TEE examination
includes the ME aortic short axis, ME LAX, TGLAX, and
deep TGLAX views.

The most frequent cause of aortic stenosis is calcific
degeneration associated with aging. Other causes include
rheumatic disease, congenital bicuspid or unicuspid valve,
subaortic and supravalvular stenosis. In the ME AV SAX
view, findings may include fusion of the commissures, calci-
fication, and restricted valve movement. Planimetry can be
used to estimate valve area, but in the presence of calcifica-
tions. Doppler studies across the valve in the deep transgas-
tric view give a better estimate of valve area. In the ME AV
LAX view restricted valve movement, calcifications- and
doming of the valve leaflets may also be seen.

AI can be caused by problems of the aortic cusps or by
problems with the ascending aorta. Valvular problems
include endocarditis, traumatic injury, rheumatic and myxo-
matous changes, and congenital abnormalities. Conditions
affecting the ascending aorta include aortic dissection
(from blunt trauma or hypertension), chronic hypertension,
Marfan’s syndrome, cystic medial necrosis, and aneurysm.
The 2D echocardiography using the aortic views can be
used to look for structural abnormalities of the AV, such as
vegetations, abscess formation, failure of aortic cusps to
coapt properly, thickening of aortic cusps, dilatation of the
aortic annulus, and presence of a bicuspid valve. Dilatation
of the LV occurs from chronic volume overload, and may
also be noted. Color Doppler using the ME AV SAX view
can help localize the site of regurgitation. Color Doppler of
the AV long-axis view can be used to screen for and quantify
AI. Using the ratio of jet width to LVOT has been used to
quantify the severity of AI (,0.25: 1þ, 0.25–0.46: 2þ, 0.47–
0.64: 3þ, and .0.64: 4þ).

Endocarditis
Suspected infective endocarditis is a common indication for
a TEE examination in medical ICU patients (18–20). TEE is
superior to transthoracic echocardiography (TTE) for the
diagnosis of smaller vegetations and/or complications of
endocarditis (Fig. 29). This TEE examination frequently
leads to significant changes in the patient’s clinical manage-
ment (18–24). The classic echocardiographic features of
infective endocarditis are vegetations: shaggy, irregular,
highly mobile echo-dense structures located on the low-
pressure side of a valve leaflet. On occasion, the

vegetation will appear to be attached to an intracardiac
foreign body, such as a central venous catheter or a pace-
maker lead. The length of the vegetation (.15 mm) and
the mobility (highly mobile, small basis) seem to predict
probability of embolism. Consequently, besides compli-
cations (leaflet perforation, abscesses, valve destruction,
and fistulas), length and mobility of the vegetation should
be considered when discussing a possible surgical interven-
tion. Diagnostic sensitivity and specificity of TEE for infec-
tive endocarditis is high (.90%) (1,3,15,22). However, pre-
existing valve pathology (myxomatous degeneration,
annular calcifications) can make the diagnosis less reliable.
Only repeated examinations documenting progression or
regression of the echo densities establish a definite diagno-
sis. Acute endocarditis remains a clinical diagnosis and
requires positive blood cultures. The 2D examination
should also focus on leaflet thickening or calcifications,
reduced systolic valve opening with doming of leaflets (in
mitral stenosis typically combined with LA enlargement
and spontaneous echo contrast), structural lesions causing
acute valvular regurgitation (aortic cusps prolapse into
LVOT, MV leaflet prolapse into LA, leaflet perforation, rup-
tured chordae tendinae or papillary muscle), and mitral or
tricuspid annular dilatation.

Color Doppler interrogation in multiple cross sections
allows a good semi-quantitative assessment of the hemo-
dynamic significance of a regurgitant lesion using length,

Table 6 Color Doppler Classification of the Severity of Mitral and Aortic Valve Regurgitation

Severity

Mitral regurgitation Aortic regurgitation

extension of regurgitant jet in LA extension regurgitant jet in LVOT

Trivial, grade 1 Mitral annulus area only 25% LVOT diameter

Mild, grade 2 1/3 LA height 25–45% LVOT diameter

Moderate, grade 3a 2/3 LA height 45–60% LVOT diameter

Severe, grade 4a Roof of LA or pulmonary veins 60% LVOT diameter

aAny mitral regurgitant jet with a width more than 5.5 mm at the origin (vena contract) and any aortic regurgitant jet exceeding the tip of

the anterior mitral valve leaflet should be considered hemodynamically significant. Note that an equivalent classification of regurgitant

jets in the right atrium may be used to stage tricuspid regurgitation.

Abbreviations: LA, left atrium; LVOT, left ventricle outflow tract.

Figure 29 Infective endocarditis with highly mobile vegetation

(arrow) on the anterior mitral valve leaflet. Abbreviation: LV, left

ventricle.
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diameter, and area of the regurgitant jet (Table 6; Fig. 30).
Previously unknown stenotic lesions are a rather uncommon
echocardiographic finding in ICU patients evaluated with
TEE and should always be assessed by a cardiologist, as
should any suspected pathology in patients with valve
prosthesis.

ACUTE TRAUMA EVALUATION

TEE is an important tool for the evaluation of the heart, great
vessels, and surrounding tissues in the trauma patient. It is
useful following both penetrating and blunt chest traumatic
injuries. The following section will first discuss the clinical
usefulness of TEE in trauma patients, followed by a descrip-
tion of the main differential diagnosis of lesions found in that
population. Limitations and safety issues of TEE in trauma
patients will also be discussed.

A retrospective study published by Mollod and Felner
(25) in patients with either penetrating or blunt chest trauma,
showed that 15 of 16 patients had significant abnormal find-
ings, resulting in new surgical or medical management of the
lesions. In a landmark prospective study on the systematic
use of TEE on patients with multiples injuries, Catoire
et al. (26) studied 70 patients: group 1 (patients in whom
the initial clinical evaluation supported the need for
further evaluation), and group 2 (patients without symp-
toms of thoracic or mediastinal injury). Use of the TEE
yielded new diagnoses in 70% of trauma patients in group
1, but only in 33% of those in group 2. They concluded
that TEE is of utmost importance in patients with multiple
injuries, with or without clinical evidence of thoracic or
mediastinal injuries. Another prospective study with 34 con-
secutive blunt chest traumas revealed that 65% of the
patients had clinically relevant TEE findings, ranging from
myocardial contusions to valvular ruptures (27). Karalis et
al. (28) compared TTE with TEE in a prospective study of
105 patients with severe blunt chest traumas. TEE appeared
to be more sensitive than TTE, especially for aortic lesions.

However, compared to newer multidetector CT scans,
TEE is supplementary (see Volume 1, Chapter 25). TEE
misses significant injuries in the arch and in branch

vessels, which are seen on newer multidetector CT scans,
and lacks the ability to provide comprehensive information
about other thoracic structures. On the basis of available lit-
erature, TEE is an adjunct diagnostic modality evaluation of
the multiply injured patient. Its greatest asset is in the realm
of continuous intraoperative monitoring of myocardial func-
tion, filling states, and assessment of hemodynamic instabil-
ity. The use of TEE in the acute trauma patient is only
indicated in patients without esophageal injury, and after
intubation of the trachea has been achieved.

Practical Approach
Most of the information necessary for an accurate assess-
ment of the heart and surrounding vascular structures on a
trauma patient can be obtained with the abbreviated TEE
examination described earlier (section “Abbreviated
Trauma Transesophageal Echocardiography”). In addition,
the proximal ascending aorta, distal arch, and the descend-
ing aorta views must be evaluated for a complete assess-
ment. PW and color Doppler can be used to characterize
aortic flow and velocity. In aortic dissection, the presence
or absence of flow in one lumen is very helpful to identify
the true and false lumen. Laminar versus the turbulent
characteristic of the flow pattern can be used for a better
understanding of the anatomy of the lesion. It is crucial to
begin the examination with a differential diagnosis in
mind. Common traumatic injuries include myocardial
contusion, pericardial effusion with or without tamponade
physiology, valvular rupture, traumatic shunts and fistulas,
thrombus, aortic trauma, and hypovolemia. Aortic dissec-
tion, myocardial contusion, and surgically correctable
lesions will be discussed elsewhere in more detail.

Pericardial Diseases: Effusion, Hematoma,
and Tamponade

Echocardiography is the diagnostic tool of choice to
detect and evaluate pericardial effusion and tamponade
(29). Pericardial tamponade is an important diagnostic
consideration in patients presenting with tachycardia, low
cardiac output, and high filling pressures. Theoretically,
pericardial tamponade can be differentiated from myocar-
dial failure by pulsus paradoxus. However, in clinical prac-
tice, echocardiography leads to the diagnosis. Pericardial
effusion and hematoma are characteristically echo-free
spaces between the epicardium and the pericardium, and
are detectable and diagnosed with sensitivity and a speci-
ficity of almost 100% (Fig. 31). Quantification has been
tried, but in clinical practice semi-quantitative description
of the amount of pericardial effusion is more common. Peri-
cardial thrombus from coagulated blood is difficult to detect,
as the echo density is almost the same as that in myocardium
(Fig. 32). Coagulated blood in the pericardium is often found
in atypical locations and restricted to a small area (Fig. 33).
Therefore, diagnosis of shock secondary to pericardial tam-
ponade by thrombus may be very tricky and should be
done only by an experienced echocardiographer. Whether
pericardial effusion is of any hemodynamic relevance can
be judged by certain echocardiographic findings (Table 7),
but if there is any doubt, decision for emergency pericardio-
centesis should be based predominately on hemodynamics.
The most important echocardiographic indicator of hemody-
namic significance is the systolic inward shift of the RA
(Fig. 34). The most specific finding is diastolic collapse of
the RV wall. Diastolic collapse of the RV indicates that the
pericardial pressure exceeds the intramural pressure and is

Figure 30 Mitral valve regurgitation, grade IV, mid-esophageal

4-Chamber view, color Doppler. Eccentric jet, along the posterior

MV leaflet reaching the roof of the LA. Abbreviations: LV, left

ventricle; LA, left atrium; AMVL, anterior mitral valve leaflet.
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consequently a rather late indicator of tamponade in case of
RV pressure overload (e.g., pulmonary hypertension). The
amount of effusion present is also a poor indicator of
the hemodynamic relevance. Small amounts of blood
(60–80 mL) accumulating within minutes may cause
shock, whereas large amounts of effusion accumulating
over weeks may be well tolerated.

Aortic Trauma
Approximately 80% of patients who sustain traumatic aortic
injury (TAI) die at the accident site (30). For the remaining
20% that reach the hospital alive, an expeditious and
precise evaluation of their injuries is conducted as described
in Volume 1, Chapters 8 and 14. Computed tomography (CT)
technology has become the dominant imaging modality for
providing definitive diagnosis of blunt TAI (see Volume 1,
Chapter 25). Aortography is used where new-generation

CT is not available, and in the further evaluation of aortic
branch vessel injuries that are ambiguously visualized on
thoracic CT. TEE also can be used in the early diagnosis of
aortic injuries (aortic wall hematoma, intimal flap, and dis-
ruption), and is useful in the setting of critically ill trauma
victims because it can be performed in the operating room,
SICU, or the trauma resuscitation unit. However, the TEE
is manly adjunctive to multidetector CT angiography in
terms of initial evaluation.

In order to understand the images seen with TEE
during the aorta evaluation, a brief review of the aortic
anatomy and history is useful. The aorta is formed by
three main layers of tissue, from the inside lumen to the
outside. There is the intima, a regular, smooth and thin
layer of endothelial cells; the media, which is a thicker
muscular layer; and the adventitia, a stronger and more
fibrotic layer of tissue. Current TEE probes provide sufficient
spatial resolution to differentiate between the intima, media

Figure 31 Pericardial effusion. (Left) A transgastric mid-short-axis view demonstrating pericardial effusion (PE) surrounding heart.

(Right) A mid-esophageal four-chamber view demonstrating fluid PE within the pericardial sac impinging upon the right atrium and ventricle.

Abbreviations: RA, right atrium; RV, right ventricle; LV, left ventricle; PE, pericardial effusion.

Figure 32 Pericardial thrombus—mid-esophageal bicaval (ME

bicaval) view. Arrow denotes pericardial thrombus. There is

increased echodensity of the thrombus compared to blood.

Abbreviations: LA, left atrium; RA, right atrium.

Figure 33 Atypical locations of coagulated blood—mid-

esophageal 4 Chamber view—demonstrates left atrium

compression from pericardial thrombus. Abbreviations: LA,

left atrium; RA, right atrium; LV, left ventricle; RV, right

ventricle.
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and adventitia, based on their thickness and differing
echogenicities. Accordingly, a variety of traumatic aortic
injuries have been described, depending on reference con-
sulted (30,31). Traumatic aortic injuries include intimal
tears, either localized or with extension creating a traumatic
aortic dissection, aortic ruptures, and intramural and mural
hematomas. In more than 90% of the cases, the initial tear
occurs at the aortic isthmus, defined as the aortic segment
between the left subclavian and the first intercostal arteries.

Abrupt decelerations have a maximal impact at this location
because the aorta is relatively immobile (attached by the liga-
mentum arteriosum) compared to the more freely mobile
arch. Lesions can also be found in the arch vessels and in
the descending thoracic aorta at the level of the diaphragm.

Although aortography had long been considered the
gold standard for aortic evaluation, this modality presents
significant limitations in its ability to diagnose intimal
lesions without dissection and intramural hematoma. CT
angiography using high-resolution multidetector devices is
now emerging as the gold standard. The sensitivity and
specificity of both TEE and spiral CT angiography are
clearly above 95%, when compared to surgical or post-
mortem diagnosis (32). In 1993, Nienaber et al. (33) com-
pared TEE, CT scan, and MRI for their diagnostic ability
for aortic dissection on 110 patients. The sensitivity and
specificity of MRI proved to be slightly superior to TEE
and CT scan. However, MRI accessibility for the unstable
patient is somewhat limited, and that represents a significant
problem for the trauma population. Panco et al. showed that
TEE was not only very accurate in the establishment of the
appropriate diagnosis, but provided other crucial infor-
mation, such as presence and localization of intraluminal
thrombus, function of the AV, possible retrograde coronary
dissections with LV contractile dysfunction, and hemodyna-
mically significant pericardial effusions. TEE has also been
proven to be highly valuable for follow-up evaluation of
the initial pathology (34).

Intimal Tears
Localized intimal tears appear as small (1–2 mm), thin,

mobile, echo-dense intraluminal appendages of the aortic
walls. The media and adventitia are intact, and no turbu-
lent intra-aortic flow is visualized when color Doppler
mapping studies are done over the aortic wall. The aortic
contour is also preserved. Vignon et al. (31) showed in
their 1995 study that the conservative management of loca-
lized tears was appropriate, and that no surgical interven-
tion was needed. At the other end of the spectrum, it is
possible that an intimal tear can be large enough to create
an entry point for the blood stream and create a separation
between the intima and the media. This will result in the cre-
ation of an intraluminal intimal flap (Fig. 35). These lesions
are called traumatic aortic dissections. The intimal flap is
usually thin (2.2 +0.7 mm), highly mobile, and travels par-
allel to the isthmus wall. The short-axis view of the aortic
lumen will usually present two lumens of different sizes.
The difference between the true and the false lumen is

Table 7 Echocardiographic Signs of Pericardial Tamponade

Moderate to large pericardial effusion

RV collapse during diastole

RA collapse during systole

LA collapse during systole

LV collapse during diastole

Decreased LV filling with inspiration and decreased transmitral E-

wave velocity with inspirationa

Increased RA and RV filling with inspiration and increased tri-

cuspid E-wave velocity with inspirationa

aAssumes spontaneously breathing patient.

Abbreviations: LV, left ventricle; RV, right ventricle; RA, right atrium;

LA, left atrium.

Figure 34 Systolic inward shift of right atrium (RA)—ME 4

Chamber view showing tamponade with inward indentation of

the RA. Abbreviations: LA, left atrium; RA, right atrium; RV,

right ventricle.

Figure 35 Aortic tear. Both images are descending aortic short-axis views (left). The descending aorta is visualized and the intimal

flap (�) is shown (right). The aortic dissection with intimal flap (�), as well as the accompanying hemothorax (��) are shown.
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made by evaluating the systolic flow expansion of the true
lumen. Interestingly, the true lumen is very often the
smaller one. Finally, the aortic contour is usually symmetri-
cally enlarged (31). The management of traumatic aortic dis-
section is usually medical, if limited to the descending aorta
and if no organ perfusion appears to be compromized. This
is supported by the natural history of these lesions: the false
lumen will most likely thrombose and a clot can be seen on
follow-up studies.

Aortic Ruptures
Aortic ruptures, also called traumatic aortic disruptions,
occur when the lesions involve the entire intimal and
medial layers, with the adventitia usually intact. Appropri-
ately, these lesions are also called subadventitial ruptures.
An aortic rupture will present with a thick, relatively
immobile medial flap (4.2+0.8 mm) traveling perpendicular
to the aortic isthmus and traversing the entire aortic lumen
(31). Two lumens can be seen in the short-axis views, but
they are usually about the same size and have even flows,
with Doppler evaluation. The aortic contour will also
appear irregularly enlarged. Because those patients may
die suddenly secondary to a rupture of the adventitial
layer, they should be managed surgically as soon as possible.
TEE can help the trauma physician distinguish between an
intimal tear with dissection and an aortic rupture. This
difference is of crucial importance, because of their different
management strategies.

Intramural Hematoma
Aortic trauma can also result in rupture of the vasa vasorum,
resulting in an intramural hematoma. TEE examination
shows no intimal flap and an intact intima. The aortic wall
appears to have a crescent or circular increased wall thick-
ness. Intramural hematoma involving the ascending aorta
typically measure 7 + 2 mm, whereas descending aorta
hematoma measure 15 + 6 mm. The intima is still smooth
with no apparent rupture. The wall hematoma may also
contain a hypoechoic area, representing small pockets of
blood inside the wall. There is no communication between
the thickened wall and the vessel lumen when evaluated
by Doppler echocardiography. The natural history of intra-
mural hematoma is such that 60% of patients will progress
to rupture or dissection within a one-year follow-up.
Nienaber et al. (35) clearly demonstrated that intramural
hematoma are part of the spectrum of aortic dissection
with flap and should clinically be managed the same way.

Myocardial Contusion
Myocardial contusion is characterized by direct myocardial
injury or cell death of a variable portion (width and thick-
ness) of the heart muscle. Clinically, this diagnosis can be
made by EGG changes, cardiac enzyme elevation, nuclear
studies, or echocardiographic evaluation (see also Volume 1,
Chapter 25).

The classic echocardiographic myocardial contusion
will be defined by the presence of new segmental wall
motion abnormalities, often associated with a reduced
global contractile function and an anterior pericardial effu-
sion. Because most of the myocardial trauma is related to
the rapid deceleration and contact between the heart and
the sternum, the most anterior myocardial structures (RV
free wall and anterior wall of the LV) are more commonly
involved. The ME RV inflow–outflow view, the ME 4
Chamber view, and the ME 2 Chamber views are most useful

for evaluation of the relevant structures. In addition, the TG
mid-SAX view can help identify anterior pericardial effusions.
New wall motion abnormalities are present in areas where
there is enough myocardium to be damaged and will usually
appear to be more echogenic compared to other segments.
This precision is important because the patient may have
significant baseline wall motion abnormalities.

One important point related to the early diagnosis of
myocardial contusion is to identify the diagnostic modality
that will be more powerful in predicting serious compli-
cations. In a large meta-analysis including more than 4000
patients of both retrospective and prospective studies,
Maenza et al. (36) showed that EGG abnormalities and
high rise in CPK-MB enzymes were the best ways to identify
patients who will develop complications related to myo-
cardial contusion. Only a few recent TEE studies were
included in this meta-analysis. A more recent study pub-
lished in 2001 by Wiener et al. (37) compared the usefulness
of TEE to the CPK-MB, in 50 patients. Even though the study
was limited, TEE was shown to be a better diagnostic tool
compared to the use of cardiac enzymes alone, for the diag-
nosis of more serious myocardial contusions, including
those with significant pericardial effusions and severe wall
motion abnormalities.

Surgically Correctable Lesions
Significant chest trauma, either blunt or penetrating, can
cause structural damage to the heart. Most frequently
involved are one or both atrioventricular valves. The TV
and MV can have either a valve laceration or rupture of a
supporting structure (chordae tendinae, papillary muscle),
resulting in hemodynamically significant regurgitant
lesions (38–41). Traumatic fistulas between the sinuses of
Valsalva and the main PA or the aorta have also been
described (25). Penetrating trauma can cause pericardial
lesions and potentially myocardial tear with pseudoaneur-
ysm formation or VSD. In all these cases, TEE permits
prompt diagnosis and aggressive intervention leading to
successful surgical repair of complex cardiac traumatic
lesions. The abbreviated TEE examination described earlier
can help the clinician to establish or rule out the presence
of those diagnoses, even during the early evaluation period.

Other Diagnoses
Wall thrombus secondary to severe hypokinetic or akinetic
wall segments can develop quickly after trauma and re-
present a serious threat for either pulmonary or systemic
emboli (38). The thrombi are usually adjacent to the less
contractile myocardial segments and will appear as an
echo-dense (brighter) signal with an apparent increase in
wall thickness protruding inside the chamber cavity.
Mobile thrombus may indicate impending embolization.

Limitations of TEE for Trauma Evaluation
Like any other diagnostic modality, TEE has limitations that
must be considered when evaluating the trauma patient. Of
great initial importance is the recognition that TEE is contra-
indicated in the setting of known or likely esophageal injury
(31). The next important consideration is that the trauma
patient is at high risk for pulmonary aspiration. Thus, TEE
should only be employed in those patients who are
already tracheally intubated (i.e., the airway is protected).

The acoustic shadow created by the trachea and left
bronchus make it difficult, if not impossible, to visualize
the distal part of the ascending aorta and proximal arch.

398 Mair et al.



Fortunately, isolated lesions of these areas are extremely
rare, and when injuries are present, they typically extend
beyond this “blind spot,” becoming accessible for evaluation
by TEE. Another potential pitfall is the misdiagnosis of arti-
facts for real lesions. For example, reverberation artifact from
a PA catheter or side lobes artifact from atherosclerotic
plaque can be mistaken for aortic dissection, particularly in
the proximal ascending aorta. It must be kept in mind that
a real pathologic finding will be seen consistently in multiple
imaging planes and not only in one specific view. One must
also keep in mind that TEE is not the perfect tool to evaluate
the LV apex. TTE can complete the initial TEE examination if
nothing convincing is seen with TEE.

ECHOCARDIOGRAPHY IN THE SURGICAL INTENSIVE CARE UNIT

Studies conclusively demonstrating that diagnostic infor-
mation yielded by a TEE exam can reduce morbidity or
mortality in particular clinical scenarios are completely
missing (3). Training and availability of TEE vary markedly
between institutions, and often TEE is not used only because
the equipment or an experienced echocardiographer is not
available. Consequently, indications for a TEE examination
in the SICU vary tremendously among institutions. An
increasing number of retrospective studies have demon-
strated increasing benefit of TEE on patient management
in the ICU. About 20% to 40% of all TEE examinations in
the ICU yield new unexpected information with therapeutic
consequences (Table 8) regardless of whether surgical,
general, or medical ICUs are studied (18–24). The most
common cardiocirculatory problems evaluated with TEE
were hemodynamic instability, monitoring of LV filling,
monitoring of global RV or LV function, suspected valvular
lesions, and endocarditis in septic patients (Table 1).

TEE vs. Transthoracic Echocardiography
Although the focused abdominal sonography for trauma
(FAST) is now a standard portion of the initial evaluation
of the trauma patient as described in Volume 1, Chapters
8, 16, and 27, the surface or TTE can also be used in selected
patients in the ICU. The diagnostic sensitivity and specificity
of TTE is often limited in surgical, post-traumatic, or venti-
lated patients. Inability to adequately position the patient,
positive-pressure ventilation, hematoma, subcutaneous
emphysema, wounds, surgical incisions, chest tubes, and
dressings all limit the possible windows for a comprehensive

transthoracic examination and often result in poor imaging
quality (20). In about 25% to 50% of all ICU patients investi-
gated with both TTE and TEE, only TEE revealed important
diagnostic information. This new information changed the
diagnosis or treatment prescribed by TTE in 15% of patients
(19,22). Furthermore, TEE was more specific and sensitive
when compared to TTE in certain clinical scenarios invol-
ving suspected endocarditis and evaluation of valvular dys-
function (Table 9). Therefore, TEE is often preferred to TTE
for post-traumatic or postsurgical patients in the ICU requir-
ing evaluation of cardiothoracic structures.

TEE vs. Pulmonary Artery Catheter
The PA catheter has served as the gold standard for the
advanced hemodynamic monitoring of unstable critically
ill patients over the last several decades. No prospective
clinical study has evaluated if or when semi-invasive moni-
toring with TEE should replace PA catheterization. In clinical
practice, TEE has replaced PA catheterization in some
institutions. In a significant number of patients, TEE yields
important additional diagnostic information and a complete
evaluation of an unstable patient is probably optimized if the
PA catheter data and TEE are used together (5,7,9,11). Both
techniques have their particular advantages and limitations
(Table 10); hence, these modalities should be considered to
be complementary. TEE yields anatomic information that
cannot be obtained with a PA catheter (valvular dysfunction,
septal rupture, pericardial tamponade, and end-diastolic LV
dimension) and provides a fast answer to most questions
that a clinician may have concerning a hemodynamically
unstable patient. The major advantage of a PA catheter is
the easy and reliable determination of cardiac output,
stroke volume, filling pressures, and mixed venous oxygen
saturation. TEE allows estimation of systolic PA pressure in
the presence of tricuspid regurgitation; however, a detailed
characterization of pulmonary vascular pathology (e.g., pul-
monary arterial resistance) is only possible with PA catheter.
Stroke volume calculations are possible with TEE, but can
be quite cumbersome in clinical practice.

Contraindications and Complications of TEE for
Critical Care

There are few contraindications for a TEE examin-
ation, most of them related to a pre-existing oropharyn-
geal or esophageal pathology. Some of these
contraindications (i.e., esophageal varices, penetrating

Table 8 Impact of New Diagnostic Information from Transesophageal Echocardiography

Patient type/number Total impacta (%) Major impactb (%) Reference

Cardiovascular n ¼ 51 59 24 18

40% Septic n ¼ 69 25 17 24

16% Multitrauma n ¼ 111 37 9 19

Unstable n ¼ 61 28 20 20

Medical/surgical n ¼ 108 42 — 21

TEE after TTE n ¼ 61 33 20 22

OR and ICU n ¼ 214 40 9 23

aAny new diagnostic information obtained with echocardiography.
bNew diagnostic information with major impact on medical or surgical management.

Abbreviations: TEE, transesophageal echocardiography; TTE, transthoracic echocardiography; OR, operating room;

ICU, intensive care unit.
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chest trauma without prior esophagoscopy) may be con-
sidered relative in the case of life threatening hemodynamic
instability (Table 11).

Most experts consider TEE a safe technique with a low
complication rate, which has been well documented for
sedated and nonintubated cardiac patients (Table 12).
Frequency and type of complication may be different in
anesthetized, intubated patients in the ICU; however, data
are almost completely missing. Theoretically, pressure or
thermal lesions may occur during prolonged probe inser-
tion. Therefore, the probe should be left in the esophagus
only for a few hours. Transient bacteremia is another theor-
etical consideration, which is considered trivial by most
experts. Prophylactic antibiotics are not generally used. In
smaller children, esophageal probes may cause airway com-
promise. Mortality associated with TEE has been solely sec-
ondary to esophageal perforation in patients with
unidentified pre-existing esophageal pathologies.

RESCUE TRANSESOPHAGEAL ECHOCARDIOGRAPHY FOR
THE HEMODYNAMICALLY UNSTABLE PATIENT

Sudden, unexpected hemodynamic instability is the most
common indication for a TEE examination in the ICU
(18–22). TEE examinations in patients with acute hemo-

dynamic disturbances result in a major therapeutic impact
(surgical or medical) in over 50% of patients examined
(10,19,21). According to the ASA practice guidelines, (3)

acute and persistent life-threatening hemodynamic instabil-
ity is a class 1 indication for a perioperative TEE investi-
gation in noncardiac surgical patients. Although there are
only few clinical studies prospectively or independently
evaluating the diagnostic efficiency of TEE in patients with
hemodynamic instability, those who regularly use the TEE
to diagnose unstable patients in the SICU are well aware of
the benefits. TEE is a minimally invasive bedside test and
can avoid potentially dangerous transport of unstable
patients within the hospital (e.g., to the radiology depart-
ment for CT scan or angiography). Compared to the invasive
evaluation of right heart catheterization, diagnostic infor-
mation is typically available more rapidly with TEE. In
addition, TEE yields information about anatomical lesions
and blood flow abnormalities that cannot be obtained with
alternative diagnostic tests in clinical practice (e.g., traumatic
MV insufficiency, post infarct VSD).

Practical Approach
In patients with acute hemodynamic instability, there are
five echocardiographic parameters that should be evaluated
as rapidly as possible: (i) preload of the RV and LV, (ii) global
and regional myocardial function, (iii) acute valvular dys-
function, and (iv) cardiac, and (v) extracardiac anatomical
or structural lesions that may be responsible for shock. The
time necessary to evaluate these parameters may vary, but
the establishment of a diagnosis is possible within a few
minutes. A basic, abbreviated trauma TEE exam (see
section “Abbreviated Trauma Transesophageal Echocardio-
graphy”) rather than a comprehensive echocardiographic
evaluation is often most appropriate, especially when cardio-
pulmonary arrest is imminent. Abnormal LV preload and
myocardial dysfunction are important diagnostic possibili-
ties (Table 13). Common anatomical or structural lesions
amenable to immediate echocardiographic diagnosis in
patients with sudden, unexpected hemodynamic instability
include (i) pericardial effusion hematoma, (ii) valvular
dysfunction, (iii) myocardial infarction with or without ven-
tricular septal rupture/free wall rupture, (iv) aortic rupture,
aortic dissection, (v) LVOT obstruction, SAM phenomenon,
and (vi) pulmonary embolism direct embolus visualization
not always possible (Table 14). Diagnostic sensitivity and
specificity for these anatomical and structural lesions vary
to some degree but are in general high enough to establish
diagnosis and initiate emergency therapeutic interventions.

Table 9 Cardiac Pathologies Where Transesophageal

Echocardiography Has Improved Sensitivity and Specificity

Compared with Transthoracic Echocardiography

Poor image quality in transthoracic examination

Evaluation of valvular lesions

Evaluate/exclude intracardiac shunt

Suspected endocarditis

Evaluation of mitral or aortic valve prosthesis

Aortic dissection, aortic rupture

Evaluation of left atrial pathology (e.g., left atrial appendage

thrombus)

Search for cardiac source of emboli

Table 10 Advantages and Limitations of Using Transeosphageal Echocardiography vs. a Pulmonary

Artery Catheter in Critically Ill Patients

Parameter TEE PA catheter

Left and right ventricular Direct Indirect

End-diastolic volume (preload) þþþ þþ

Cardiac output þ(þ) þþþ

Pulmonary circulation þ(þ) þþþ

Anatomical information þþþ None

Abnormal blood flow, shunts þþþ þ

Pericardial tamponade þþþ Indirect signs

Valvular dysfunction þþþ Indirect signs

Observer dependency Significant Moderate

Complications ,0.1% 1–5%

Note:þþþ, optimal information, diagnostic and monitoring method of choice;þþ, often adequate information, signifi-

cant limitations in particular patients; þ, limited clinical usefulness.

Abbreviations: PA, Pulmonary artery; TEE, transesophageal echocardiography.
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In the rare cases where TEE is not diagnostic, it still provides
valuable information about the exclusion of the most fre-
quent clinical entities causing hemodynamic compromise.

Echocardiographic Features of Common Acute Problems
Hypovolemia
The advantages of TEE include not only a rapid and mini-
mally invasive diagnostic approach, but also an increased
sensitivity in the detection of reduced LV preload in emer-
gency situations. (5,9,11,19). To assess RV and LV preload,
the TG mid-SAX view is the imaging plane of choice.
There are typical 2D echocardiographic findings indicating
hypovolemia (Table 3), the systolic papillary muscle attach-
ment (kissing papillary muscles) being the most obvious,
consistent and useful in clinical practice (Fig. 36A,B). The
clinical usefulness of 2D echo is sometimes limited by the sig-
nificant variations in the LV end-diastolic area representing

normovolemia. Both systolic papillary muscle attachment
(e.g., in patients with LV hypertrophy) and a LVend-diastolic
area more than 5.5 cm2/m2 body surface area (e.g., patients
with pre-existing dilated cardiomyopathy) may represent
normal LV preload in particular patients.

Myocardial Ischemia, Infarction, and Left Ventricular Failure
TEE enables a direct visualization of both global and
regional LV and RV function. Semi-quantitative assessment
of myocardial function is sufficient in emergency situations
and allows a rational diagnostic approach (Figs. 37 and
38). A particular advantage of echocardiography in the
unstable patient is its ability to promptly diagnose structural

complications. Structural abnormalities seen by TEE in
patients with acute myocardial infarction include aneurysm,
papillary muscle rupture with MV insufficiency, ventricular
septal rupture, pericardial effusion, and LV free wall
rupture.

Tamponade
Myocardial tamponade can occur acutely following pene-
trating trauma to the heart, or chronically following blunt
trauma. Tamponade can also occur postoperatively follow-
ing surgery on the heart where the pericardium is open
but clot and blood are contained in the anterior or posterior
mediastinum resulting in tamponade physiology (Table 7).

Pulmonary Embolism
The echocardiographic diagnosis of PE (Fig. 39) is based on
the signs of RV pressure overload (hypokinetic, dilated RV
with leftward shift of the interventricular septum) and in
more than half of the patients by the direct visualization of
embolic material (Fig. 39) in the RA or central pulmonary cir-
culation (Table 14). TEE is more sensitive in cases with sig-
nificant pulmonary hypertension, where at least 30% of the
pulmonary vessels are obstructed by embolic material.
However, TEE is more specific (i.e., if seen less on diagnostic),
but not as sensitive as spiral CT (i.e., may have significant
distal emboli not seen at all with TEE).

Echocardiographic signs of RV pressure overload are
detected in 80% to 90% of patients with PE and hemo-
dynamic instability (42,43). In patients with acute cor pulmo-
nale based on clinical findings or TTE, TEE can identify
pulmonary emboli with high sensitivity and specificity
(42–46) Therefore, in many institutions TEE is considered
the diagnostic tool of choice for unstable patients with
suspected PE, as it not only allows diagnosis with high
sensitivity, but also allows exclusion of diseases mimicking
PE, such as myocardial infarction, aortic dissection, or

Table 12 Transesophageal Echocardiography Examination:

Incidence of Complications

Complications Incidence (%)

Hypoxia �0.5

Hypo-, hypertension �0.5

Dysphagia, bleeding �0.5

Dysrhythmias �0.2

Laryngospasm �0.1

Esophageal perforation 0.02

Death 0.01

Source: From Ref. 51.

Table 11 Contraindications to a Transesophageal

Echocardiography Examination in Acutely Injured Patients

Trauma to the oropharynx or esophagus

Unprotected airway

Recent esophageal or gastric surgery

Tumor of the esophagus or esophageal stenosis

Pathology of the oropharynx (Zenker diverticulum)

Unstable cervical spine injurya

Penetrating chest/neck trauma before esophagoscopya

Esophageal varices more than grade IIa

History of unclear dysphagiaa

aMay be used if patient is in acute life-threatening condition and diagnostic

information from TEE is considered essential for patient management.

Table 13 Common Echocardiographic Findings and Underlying Cardiac Pathologies in Patients with Unexpected Prolonged

Hemodynamic Instability and Abnormal Preload or Myocardial Contractility

Clinical condition TEE findings

Reduced LV preload (hypovolemia) Systolic papillary muscle contact and reduced RV EDA

Consider pulmonary hypertension if RV EDA increased!

Reduced global myocardial function

(left or biventricular contractile failure)

Increased RV and LV EDA

Moderate to severely reduced FAC (consider myocardial ischemia or

myocardial infarction when regional wall motion abnormalities are present!)

Regional myocardial dysfunction

(myocardial infarction)

Regional wall motion abnormalities with normal/increased LV EDA and

moderate to severely reduced FAC

Abbreviations: EDA, end diastolic area; FAC, fractional area of contraction; LV, left ventricle; RV, right ventricle; TEE, transesophageal echocardiography.
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pericardial tamponade. Echocardiography is not as useful
for patients with suspected PE and stable hemodynamics;
rather, a spiral CT scan is superior. It should be noted that
detection of embolic material in the central pulmonary circu-
lation by TEE is limited by inability to image the left main
PA. Therefore, TEE can never be used to definitely exclude
the uncommon scenario of central PE limited to the left PA.
Without direct embolus visualization, echocardiographic

signs of PE may be mimicked by RV infarction and RV
pressure overload secondary to respiratory insufficiency.

Aortic Dissection
Aortic dissection (Fig. 39) is another possible reason for
acute hemodynamic instability, where TEE has significant
diagnostic abilities not only in the emergent but also in the
elective evaluation of the patient. Diagnostic sensitivity
and specificity ranges from 88% to 100% and 77% to 100%,
respectively (3,47,48). Diagnostic sensitivity and specificity
of TEE was initially comparable to CT scan or angiography
(48). However, with the newer multidetector CT scans, TEE
plays a secondary and supplemental role (see also Volume 1,
Chapter 25). Although TEE has a definite role in the diag-
nosis of aortic dissection, an important diagnostic pitfall
occurs when the dissection is restricted to the proximal
part of the ascending aorta (extraordinarily rare). Many
institutions use the simplified Stanford classification to
grade aortic dissection, as it allows one to differentiate two
distinct risk groups with a different therapeutic approach
(Table 15) (Fig. 40). The echocardiographic characteristics
of aortic dissection include a true (extension with systole)
and a false lumen, divided by an intimal flap (highly
mobile echo-dense structure in the aortic lumen). In most
cases, TEE can clearly define the extent of the dissection
(type A or B), the intimal tear (Doppler) and diagnose poss-
ible complications, such as pericardial effusion/
tamponade, pleural effusion, coronary artery involvement
(type A) and AV insufficiency (type A).

Table 14 Echocardiographic Findings in Patients with

Pulmonary Embolism

Finding Frequency

Dilated, hypokinetic right ventriclea 85%

Leftward shift of ventricular septum 70%

Dilated pulmonary arteryb 70%

Signs of right ventricular failure �50%

Right atrial enlargement

Leftward shift atrial septum

Tricuspidal valve regurgitation

Direct emboli visualization �50%c

Right atrium Rarely

Pulmonary artery, right pulmonary artery Common

aTypically combined with hyperdynamic left ventricle with end-systolic

papillary muscle contact.
bCompared to aortic diameter in basal short-axis view.
cIn case of severe pulmonary embolism with significant hemodynamic

compromise.

Source: From Ref. 25.

Figure 36 The “kissing papillary muscle phenomenon.” Transgastric short-axis view, 2D echo (A), and M-Mode (B). Arrow indicates

end systolic papillary muscle contact (B) and loss of left ventricular volume.
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EYE TOTHE FUTURE

The field of echocardiography has evolved quickly in the last
decade. The introduction of multiplane TEE probes has dra-
matically changed our perspective on the heart structures.
More changes will come in the next decade. Echocardiography
is a very dynamic area of medicine with a substantial
amount of research conducted every year. Myocardial echo
contrast and 3D echocardiography are probably the two
most exciting technologies of the future.

Echo contrast agents have been used for research pur-
poses for about 10 years and are now commonly used for
clinical applications. These intravenous agents contain
microbubbles (4–8 m in diameter) that possess a high reflec-
tive capacity. When present in the cardiac chambers, it raises
the impedance between the blood and the tissue and
improves the quality of the signal returned to the ultrasound
system. The clinical result is an improvement in the echocar-
diographic viewed endocardial borders, which allows for

Systolic papillary muscle attachment

Hypovolemia

Normo- or hyperkinetic right ventricle Dilated, hypokinetic right ventricle 

Pulmonary embolism 

Pericardial effusion ? 

Collapse of

right atrium ?

Pericardial tamponade 

Hypokinesia

 posterior/ inferior ?

Myocardial infarction

involving right ventricle 

Right ventricular dysfunction 

Yes

No

No

Yes

No Yes 

Figure 37 Diagnostic considerations in the hemodynamically unstable patient with the echocardiographic finding of systolic

papillary muscle attachment (kissing papillary muscle phenomenon).

Left ventricular fractional shortening < 30% 

and enddiastolic area  >  5,5 cm2/m2 

Dilated, hypokinetic right ventricle ?

Left ventricular failure Biventricular failure 

Postinfarct ventricular septal defect ?

Papillary muscle rupture ?

Significant valvular lesion ?

Dysfunction of valve prosthesis ?

Left atrial mass (thrombus, tumor) ?

Regional wall motion abnormalities ?
Treat myocardial ischemia 

Conider emergency cardiac 

surgical intervention 

Inotropic therapy, pre- and afterload reduction, 

mechanical circulatory support if  indicated 

No

Yes

Yes

YesNo

Figure 38 Diagnostic considerations based on transesophageal echocardiography findings in the emergency patient with reduced

left ventricular function.

Figure 39 Pulmonary embolism. (Left) A transgastric mid-

short-axis view demonstrating a distended right ventricle and a

small left ventricle. (Right) A mid-esophageal ascending aortic

short-axis view showing the pulmonary embolus in the right

pulmonary artery (arrow). Abbreviations: AO, aorta; RV, right

ventricle.
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improved evaluation of global and segmental contractile
function of the heart. Some agents are composed of
bubbles small enough to enter the myocardial microcircula-
tion. With adequate circulation, the myocardium should
appear to be very echo-dense (brighter) because of the pre-
sence of the contrast agent. If significant coronary stenosis
is present, the contrast agent should not be able to reach
the myocardium and no echo-dense signal would come
from that specific area. Clinically, it could help the clinician
to identify noninvasively the myocardial perfusion and be
able to distinguish coronary artery disease from stunned or
contused myocardium related to trauma.

With the spectacular evolution of computer processing
systems, it is becoming increasingly possible to analyze huge
amounts of information in a very short period of time. This
represents the basic requirement for 3D echocardiography.
As stated in the introduction, one of the main challenges of
echocardiography is to use several 2D planes to recreate a
3D composite of the heart structure. By letting computers
integrate this information and display it in a 3D represen-
tation, echocardiography in the next generation will be
much more intuitive and easier to analyze.

SUMMARY

TEE will likely play an increasing role in the evaluation
of the trauma patient. The main indications for TEE, in
the context of this chapter, are assessment of the
hemodynamically unstable patient, evaluation of valvular

pathologies, diagnosis of blunt cardiac injury and myocar-
dial ischemia, and assessment of traumatic aortic lesions.

Echocardiography is supported by two different appli-
cations: 2D imaging and Doppler echo. The 2D echo presents
a real-time image of the heart, based on the time it takes for the
ultrasound to travel back and forth between the transducer
and the imaged structure. Doppler echo measures the
velocity of blood flow in the chambers or across the valves.
Color Doppler represents an easy way to display the
measured velocities superimposed on the 2D image. Using
the modified Bernoulli equation, measured velocities can
be transformed to pressure units, and echo becomes a non-
invasive tool to estimate intracardiac pressures.

The abbreviated trauma TEE examination consists of
12 imaging planes aimed at diagnosing causes of hemo-
dynamic instability and traumatic lesions. With experience,
the abbreviated TEE exam can be done in less than five
minutes and can provide an excellent assessment of heart
and great vessel structures and function.

TEE adds important diagnostic information to the
hemodynamic evaluation of the patient in the operating
room and in the ICU. It enables direct visualization of both
global and regional ventricular function. In addition, it
improves preload assessment, especially in patients in
whom the right heart filling pressures do not correlate well
with LV end diastolic volume.

ATEE examination should include a 2D as well as semi-
quantitative color Doppler evaluation of valve function to
detect endocarditis and traumatic or septic valve destruction.

Although indications for a TEE examination vary
markedly between institutions, studies consistently demon-
strate that 20% to 40% of all TEE exams in the ICU yield
new, important diagnostic information. A complete hemody-
namic evaluation of the unstable patient is greatly facilitated
by the immediate availability of TEE.

According to the ASA, TEE evaluation of patients with
acute, persistent, and life-threatening hemodynamic
instability will improve clinical outcome. TEE has proven
to be invaluable in diagnosing and treating pericardial tam-
ponade and other causes of acute myocardial dysfunction.

KEY POINTS

From the Doppler shift, the velocity of the moving
blood cells can be calculated.
The modified Bernoulli equation can be used to trans-
form velocities obtained by TEE into pressure units .
By convention, the velocities going away from the
transducer are coded in shades of blue, whereas vel-
ocities coming toward the transducer are coded in
shades of red (BART: Blue Away, Red Towards).
The abbreviated trauma examination includes 12 of
the 20 cross sections of the ASE/SCA comprehensive
examination.

Table 15 Standford Classification of Aortic Dissection

Stanford type A Stanford type B

Aortic segments involved Involves ascending aorta Restricted to descending aorta

Frequency More common Less common

Mortality without surgery More than 90% About 40%

Therapeutic approach Surgical intervention More conservativea

aSurgical intervention in selected cases and in case of complications (ischemic, bleeding).

Figure 40 Stanford classification of aortic dissections based

upon the presence or absence of involvement of the ascending

aorta. The primary intimal tear in type A dissections can be in

the ascending aorta (1), arch (2), or descending aorta (3). The

intimal tear is usually distal to the left subclavian artery in a

type B dissection. Source: From Ref. 50.

404 Mair et al.



Normally, the TG mid-SAX view is used to assess RV
and LV myocardial preload.
Evaluation of global LV function in the ICU and emer-
gency patient is typically done semi-quantitatively,
describing global LV function as hyperdynamic,
normal, moderately impaired, or severely impaired.
Regional wall motion may be classified as normal,
hypokinetic, akinetic, or dyskinetic.
The single most important cause of regional wall
motion abnormality is myocardial ischemia.
Color flow Doppler serves as an important screening tool
in the mid-esophageal views to detect evidence of MR.
The classic echocardiographic features of infective
endocarditis are vegetations: shaggy, irregular, highly
mobile echo-dense structures located on the low-
pressure side of a valve leaflet.
The use of TEE in the acute trauma patient is only indi-
cated in patients without esophageal injury, and after
intubation of the trachea has been achieved.
Echocardiography is the diagnostic tool of choice to detect
and evaluate pericardial effusion and tamponade (29).
Localized intimal tears appear as small (1–2 mm), thin,
mobile, echo-dense intraluminal appendages of the
aortic walls.
There are few contraindications for a TEE examination,
most of them related to a pre-existing oropharyngeal or
esophageal pathology.
TEE examinations in patients with acute hemodynamic
disturbances result in a major therapeutic impact
(surgical or medical) in over 50% of patients examined
(9,19,21).
A particular advantage of echocardiography in the
unstable patient is its ability to promptly diagnose
structural complications.
Although TEE has a definite role in diagnosis of aortic
dissection, an important diagnostic pitfall occurs
when the dissection is restricted to the proximal part
of the ascending aorta (extraordinarily rare).
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INTRODUCTION

Mechanical cardiopulmonary assist devices have been
infrequently employed following trauma, mainly due to con-
cerns of anticoagulation and exacerbation of bleeding from
injuries. In addition, solitary injury to the heart requiring
use of only an intra-aortic balloon pump (IABP), right ventri-
cular assist device (RVAD), or left ventricular assist device
(LVAD) is also rare. More common in trauma is the need
for combined therapy with extracorporeal life support
(ECLS) due to bilateral pulmonary contusions and concomi-
tant right and/or left ventricular failure (1). Although still
rarely used in support of the acute trauma patient, a few
case reports from specialized centers have demonstrated
successful results using these support modalities (discussed
below).

More commonly, cardiac surgical patients often
require short durations of IABP use or RVAD/LVAD
support, whereas ischemic injury recovers following infarc-
tion and/or surgery. Finally, a large number of critically ill
patients who are admitted to surgical intensive care units
(SICUs) with end-stage cardiomyopathies require long-
term cardiopulmonary support as a bridge to heart trans-
plantation, a bridge to recovery, or as final “destination
therapy.” All of these devices are undergoing dramatic
advances and are increasingly employed in SICU patients.

This chapter reviews the state-of-the art mechanical
cardiopulmonary assist devices that can be of use in SICU
patients following cardiac surgery, trauma, or chronic heart
disease. Although many trauma and critically ill patients
will not be candidates for these therapies, this field of medi-
cine is rapidly evolving. Accordingly, all clinically active
intensivists must be aware of the available technologies,
because the indications for these devices continue to broaden.

The chapter begins with a review of standard IABP
indications and use, followed by an introduction to a new
implantable IABP device. Next, the basics of RVADs,
LVADs, and biventricular assist devices (BiVADs) are
provided, focusing on short-term use (i.e., bridge to recovery
of native myocardial tissue). The current status of long-term
ventricular assist devices (VADs) are presented as a bridge to

transplantation, as well as a permanent solution (i.e., desti-
nation therapy). The common complications associated
with VADs are reviewed, and the pulsatility considerations
in VAD design are also discussed.

Next, the role of ECLS, including veno-arterial support
with extracorporeal membrane oxygenation (ECMO), for
trauma and critically ill patients and pump failure is sum-
marized. The use of veno-veno circuits (where only oxygen-
ation is impaired and pump function is adequate) is
contrasted with the veno-arterial ECMO systems (which
are required if pump function is also impaired). The “Eye
to the Future” section reviews the recent innovations in
miniaturization of these devices.

INTRA-AORTIC BALLOON PUMP

The IABP is a percutaneously inserted device, which pro-
vides intra-aortic counterpulsation. Thus, it does not
truly pump blood systemically, but rather augments dias-
tolic pressure (and coronary arterial blood flow) and
decreases the afterload of the left ventricle (LV) immediately
prior to systole [improving LV ejection fraction (EF)]. In con-
trast to the VADs and the total artificial heart (TAH), the
IABP requires a pumping heart to work (the pump may be
failing, but must have some baseline function). In situations
where the LV function is nonexistent or so diminished that
meaningful ejection is absent, IABP is often insufficient,
and an evaluation for VAD may be required.

Insertion Principles
Initially, IABP devices were inserted via a femoral artery
(FA) cut down (2). However, since 1979, percutaneous place-
ment of the IABP has been achieved via the FA, using a
modified Seldinger technique (3). The IABP device is
approximately 70 cm long and the balloon is positioned in
the descending aorta, just distal to the left subclavian
artery takeoff (Fig. 1). Positioning can be verified in the
operating room (OR) or SICU using transesophageal echo-
cardiography (TEE), or via chest radiography.
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Inflation/Deflation Physiology
The IABP balloon is rapidly inflated and deflated by a pneu-
matic system that shuttles helium through an electronically
controlled solenoid valve between the IABP console and
the balloon (4). The inflation–deflation sequence is timed to
the cardiac cycle by sensing the “R” of the electrocardiogram
(ECG) rhythm or the diastolic notch (or other features) of
the arterial pressure waveform. The IABP inflates during
diastole (Figs. 1A and 2) and deflates just prior to systole
(Figs. 1B and 2).

The inflation period provides diastolic augmentation,
which can significantly increase intra-aortic diastolic blood
pressure. This diastolic inflation increases the retrograde
flow from the aorta into the coronary arteries and the great
vessels and, to a much lesser degree, helps speed along the
blood distal to the balloon down the descending aorta.

Deflation occurs immediately prior to systolic ejection,
thus causing a vacuum-like effect in the aorta, decreasing the
afterload of the LV, and enhancing LV EF. Deflation occurs
during the PR interval of the ECG waveform, and the exact

timing can be easily adjusted using controls on the IABP
console.

Timing of inflation and deflation is critical, as errors
(Table 1) can increase myocardial oxygen consumption
(MV̇O2), and decrease coronary artery perfusion. If inflation
is too early or deflation too late, ventricular afterload is actu-
ally increased. If inflation is too late or deflation too early,
then the diastolic augmentation is less robust. Initial settings
generally require some adjustment by the bedside clinician
while viewing the nonaugmented versus augmented arterial
blood pressure (BP) waveforms that are generated with
manipulations of the inflation and deflation times. Anticoa-
gulation with heparin is utilized to maintain an activated
clotting time (ACT) between 180 and 200 seconds.

Indications and Contraindications
The IABP should be considered for use in patients who have
LV dysfunction, but still have some ejection, and in whom
short-term recovery is expected (Table 2). In those with cor-
onary artery disease, or a hypertrophic LV myocardium (as
occurs with aortic stenosis or long-term hypertension), the
diastolic augmentation may be the most important com-
ponent supplied by the IABP. Whereas those in congestive
heart failure from a weak and dilated cardiomyopathy,
may benefit most from the afterload reduction properties
provided by the IABP. In both cases, the expectation is that
the IABP will help improve the perfusion and function of

Figure 2 Arterial pressure waveform in the unassisted (left) and

intra-aortic balloon pump (IABP) assisted condition (right). The

balloon inflates during diastole following a trigger signal from

the T-wave of the electrocardiogram or the diastolic notch on the

A-line trace. This diastolic inflation increases the flow into the

coronary arteries and the great vessels, and to a much lesser degree,

helps speed along the blood distal to the balloon. Deflation causes

afterload reduction.

Figure 1 Intra-aortic balloon counterpulsation increases cardiac

output and coronary and cerebral perfusion, and decreases ventri-

cular workload by inflating (A) and deflating (B) during cardiac

diastole (aortic valve closure) to displace blood to peripheral

vessels.

Table 1 Intra-aortic Balloon Pump Inflation/Deflation Errors

Error Physiologic effects

Early inflation

(inflation prior to

dicrotic notch)

Potential premature closure

of aortic valve

Potential increase in LVEDV

and LVEDP or PCWP

Increased left ventricular wal

stress or afterload

Aortic regurgitation

Increased M _VO2 demand

Late inflation

(inflation after the

dicrotic notch)

Suboptimal diastolic

augmentation

Suboptimal coronary artery perfusion

Early deflation

(deflation prior to

end diastole)

Suboptimal coronary perfusion

Potential for retrograde coronary

and carotid blood flow

Angina may occur as a result of

retrograde coronary blood flow

Suboptimal afterload reduction

Increased M _VO2 demand

Late deflation

(deflation after

end diastole)

Afterload reduction is

essentially absent

Increased M _VO2 consumption, due

to the left ventricle ejecting

against a greater resistance and

a prolonged isovolumetric

contraction phase

IABP may impede left ventricular

ejection and increase the afterload.

Abbreviations: IABP, intra-aortic balloon pump; LVEDP, left ventricular

end diastolic pressure; LVEDV, left ventricular end diastolic volume;

MV̇O2, myocardial oxygen consumption; PCWP, pulmonary artery capil-

lary wedge pressure.
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the LV and that, over time, intrinsic function is expected to
recover.

Absolute contraindications of IABP are relatively few;
mainly aortic insufficiency and/or recent aortic injury
(Table 2). Relative contraindications include severe athero-
sclerotic aorto-illiac disease, an irreversible LV failure in a
patient who is not a candidate for an implantable device or
transplant.

As patients recover from LV failure, the IABP can be
weaned off, initially transitioning from 1:1 to 1:2, then 1:3,
and 1:4 or less, and finally off IABP augmentation. If the
LV dysfunction worsens while on IABP, considerations for
placement of a VAD may need to be contemplated.

Long-Term Implantable Intra-aortic Balloon Pump
(Kantrowitz CardioVadTM)
Recently, an implantable IABP has been introduced, the
“Kantrowitz CardioVad” (LVAD Technology, Detroit, Michi-
gan, U.S.A.) (Fig. 3). This electrically powered, pneumati-
cally driven device functions in a manner similar to a
standard IABP, but is permanently anastomosed in a side-
to-side fashion to an oval-shaped window in the descending
thoracic aorta. A textured polyurethane surface sub-
sequently develops a nonthrombogenic psuedointima,
which maintains contact with the blood. Inflation and defla-
tion of the device are triggered automatically from the elec-
trical activity of the heart.

Like the IABP, the CardioVad provides diastolic aug-
mentation of coronary perfusion pressures and systolic
unloading of the failing ventricle, but this device retracts
from the aortic lumen during systolic deflation. The result
is that cardiac output (Q̇) can reportedly be increased by
around 40% with the CardioVad (depending on the after-
load) (5), in comparison to the 20% to 25% augmentation
of forward Q̇ achievable with the conventional IABP (6,7).
In addition, as there is an ostensibly nonthrombogenic
surface in contact with the blood, anticoagulation is not
required, and the device can be turned on and off at will
by the patient without increasing the risk for thromboem-
bolic events. Thus, this new device is characterized as “non-
obligatory.”

The initial clinical experience with the CardioVad
in nontransplant-eligible patients with end-stage cardiac
failure (5), demonstrated that it can be implanted with

very low perioperative morbidity and mortality, and the
degree of support obtained was sufficient to reverse heart
failure, improve end-organ dysfunction, and remove
inotrope dependency. By 30 days, investigators observed sig-
nificant increases in cardiac index, and significant decreases
in right atrium (RA) pressures, pulmonary artery capillary
wedge pressure, blood urea nitrogen (BUN), and creatinine.
No significant differences were found in platelet counts.

Recent modifications to the CardioVadTM have
decreased device length and improved forward stroke
volume to 60 mL (Dr. Valluvan Jeevanandam, personal com-
munication). A feasibility trial is now in progress, testing the
CardioVad in patients with compensated heart failure, who
are on intermittent or continuous inotropic therapy. Pilot
and pivotal trials are planned.

VENTRICULAR ASSIST DEVICES

Several Food and Drug Administration (FDA)-approved
VADs are available to support the circulation in patients
with ventricular failure refractory to maximal pharmaco-
logic interventions and/or IABPs. Circulatory support with
these devices is generally accomplished by placing cannulas
in the heart and great vessels, so as to divert blood from the
failing side of the heart to a pump, which then returns the
diverted blood to the arterial circulation immediately down-
stream of the failing ventricle.

Table 2 Indications and Contraindications for Intra-aortic

Balloon Pump

Indications for IABP

Cardiogenic shock

Acute cardiac instability following PTCA misadventure

Unstable angina

Preheart transplant/post failed transplant

Myocardial contusion following blunt abdominal trauma

Inability to wean from CPB

Acute mechanical deterioration (VSD, MR)

Contraindications of IABP

Aortic valve insufficiency

Acute aortic trauma

Severe aorto-illiac atherosclerotic disease

Irreversible myocardial disease in a nontransplant candidate

Abbreviations: CPB, cardiopulmonary bypass; IABP, intra-aortic balloon

pump; MR, mitral regurgitation; PTCA, percutaneous transluminal coron-

ary artery angioplasty; VSD, ventricular septal defect.

Figure 3 The Kantrowitz CardioVadTM. As described in the text,

the device is surgically anastomosed in a side-to-side fashion to an

oval window cut from the proximal descending aorta. Because the

balloon retracts fully during deflation, an increased forward aug-

mentation of stroke volume is realized, compared to the conven-

tional IABP. System control and pneumatic power are delivered to

the device through a unique “percutaneous” cable. The modular

design of this mechanism makes it more like a phone jack than

a percutaneous cable. The internal aspect of the “jack” is coated

with the recipient’s fibroblasts to potentially decrease the incidence

of infection at the site. Source: Courtesy of LVAD Technology,

Inc.
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These devices are becoming increasingly used in
patients with bleeding risks (e.g., trauma patients), due to
the heparin-bonded circuits that obviate the need for
full systemic heparinization and the consequent bleeding
complications.

As depicted in Figure 4, for LV support, blood is con-
tinuously drained as it returns to the left side of the heart
from the left atrium (LA) or the LV, and is then pumped
into the ascending aorta. For RV support, venous return to
the right side of the heart is continuously drained from the
RA or RV, and pumped into the main pulmonary artery
(PA). The diverted blood not only provides the stroke
volume, which will be pumped forward as the output
from the supported side of the heart, but by unloading
(decompressing) the failing ventricle, wall tension is mark-
edly decreased. This dramatically reduces myocardial
oxygen demand in the failing ventricle, which potentially
facilitates myocardial recovery.

Short-Term Ventricular Assist Device Support Overview
Acute ventricular failure can result from a variety of insults,
including ischemia (e.g., acute myocardial infarction (AMI)
or stunned myocardium during cardiotomy), acute and/or
chronic pressure and volume overloads (e.g., severe acute
valvular dysfunction), and inflammatory processes (e.g.,
acute viral myocarditis).

In the trauma setting, myocardial contusion and ven-
tricular failure generally affect the RV to a greater extent
than the LV. This is because the RV is directly underneath
the anterior thorax and is more often contused following
blunt trauma to the anterior chest. However, heretofore
RVADs have rarely been employed following acute

trauma. Rather, in cases of severe chest trauma, combined
pulmonary contusions and concomitant heart failure can
call for the use of ECMO to support both the injured heart
and lungs (discussed subsequently).

In cases where acute LV dysfunction is the primary
problem, regardless of the etiology, counterpulsation therapy
with an IABP (Fig. 1) can often provide sufficient short-
term LV “assistance” to allow hemodynamic stabilization,
preventing cardiogenic shock. (Note use of the IABP is contra-
indicated in cases of acute aortic injury or aortic regurgitation).

When maximal pharmacologic interventions and an IABP

fail to restore hemodynamic stability, extracorporeal
support may be required to re-establish and maintain
systemic perfusion, and to prevent the catastrophic seque-
lae of cardiogenic shock. Currently approved VADs
include:

B The Abiomed BVS5000w (Abiomed, Danvers, Massachu-
setts, U.S.A.; Fig. 5)

B The AB5000 ventriclew (Abiomed, Danvers, Massachu-
setts, U.S.A.; Fig. 6)

B The Thoratecw VAS (Thoratec Laboratories, Pleasanton,
California, U.S.A.; Fig. 7)

B Standard centrifugal pumps (several manufacturers;
Fig. 8) (8)

All of the devices listed above are paracorporeal (the
pump heads reside outside the body), and can provide left
(LVAD), right (RVAD), or biventricular (BiVAD) support.
With the exception of centrifugal pumps (which provide con-
tinuous flow), these devices provide pneumatically driven
pulsatile outflow. Anticoagulation during short-term

Figure 4 The Thoratecw Ventricular Assist Device and cannu-

lation approaches for univentricular left heart support (A) and

biventricular support (B and C). Although the Thoratec device is

depicted, this figure illustrates commonly used cannulation strat-

egies for all currently available ventricular assist devices. As

described in the text, cannulas are placed in the heart and great

vessels to divert blood returning to the failing side of the heart to

the pump. The blood collected in the ventricular assist device blood

chamber is then ejected into the arterial circulation, immediately

downstream of the failing ventricle. Abbreviations: AO, aorta;

Apex, left ventricular apex; IAG, cannula inserted via the intera-

trial groove and directed towards the LA roof; LA, left atrial

appendage; LVAD, left ventricular assist device; PA, pulmonary

artery; RA, right atrium; RVAD, right ventricular assist device.

Source: Courtesy of Thoratec Corporation.

Figure 5 The Abiomed BVS5000w. Since FDA approval as a

bridge-to-recovery in 1992, the BVS5000 has been used to

support more than 6000 patients, in over 500 U.S. centers. The

device is available in more than 85% of adult cardiac transplant

centers and more than 85% of all cardiac surgery teaching

institutions. (A) The BVS5000 blood pump. (B) The BVS5000

system controller and pole-mounted blood pumps. The typical

configuration for biventricular support with the BVS5000. Pumps

are kept mounted on a pole at the bedside. The height of the pumps

can be adjusted to optimize gravity-drainage filling and pneuma-

tically accomplished ejection. Source: From Ref. 9; courtesy of

ABIOMED.
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support is generally maintained with heparin to a minimum
ACT of 180 to 200 seconds. It should also be noted that none
of these devices by themselves can provide oxygenation or
removal of waste from the blood. They simply act as pumps
to maintain effective output from the failing side of the

heart (Fig. 8A). However, oxygenators can be inserted
between the pump heads and the systemic arterial cannula
site, in situations requiring ECMO support (e.g., Fig. 8B).

Myocardial recovery may be rapid or slow. If short-
term support cannot be weaned, consideration for chronic
circulatory support devices must be made. The rates of
successful weaning from short-term circulatory support
have improved over the last decade, from the previously
dismal past. Abiomed, for example, recently reported that
experienced centers, with well-defined protocols for
patient selection and timing of intervention, are achieving

Figure 6 The AB5000w ventricle. The pump head, pictured here,

is connected to the heart and great vessels by cannulas tunneled

through the skin of the upper abdomen (Fig. 1). The drive-line

emerging from the left of the device alternately provides vacuum to

assist filling and compressed air to accomplish ejection. According

to the Abiomed worldwide voluntary registry, since FDA approval

in October 2003, the AB5000 ventricle has been used to support

more than 88 patients, in more than 35 U.S. centers. The longest

duration of support was 149 days, with an average duration of

support of 15 days; 22% of those supported were transitioned from

BVS5000 pumps. Source: From Ref. 10; courtesy of ABIOMED.

Figure 7 The Thoratecw VAS. Although it was originally

introduced in 1976, and FDA-approved as a bridge to transplan-

tation in 1994, the Thoratec VAS was not FDA-approved for

postcardiotomy support until 1998. Since then, Thoratec reports

the use of its device to bridge more than 806 patients to recovery.

The maximum reported duration of support was 340 days, with a

mean duration of 19 days. As depicted, the inflow and outflow

cannulas are connected to the heart and great vessels by cannulas

tunneled through the skin of the upper abdomen. The drive-line

(lower right of the device) alternately provides vacuum to assist

filling and compressed air to accomplish ejection. Source: From

Ref. 8; courtesy of Thoratec Corporation.

Figure 8 Potential cannulation strategies for circulatory support with centrifugal pumps. (A) Cannulations of the heart and great vessels

(Fig. 1). The large controllers that power the pump heads are not shown. (B) Percutaneous femoral cannulations.
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ventricle survival approaching 50% in the postcardiotomy
cardiogenic shock population using the BVS5000 and
AB5000 VADS (9,10). When used to support the circulation
following an AMI, the survival of patients is reported to be
42% with the AB5000 ventricle (mean number of days
supported ¼ 25.4) and 27% with the BVS5000 (mean
number of days supported ¼ 5.2) (11).

The importance of prompt intervention to restore
adequate systemic perfusion, and careful patient selection
for prolonged treatment cannot be understated, if expec-
tations are for successful bridge to recovery with a VAD.

Clearly, any patient who is unlikely to survive, regardless
of the re-establishment of effective systemic perfusion,
should not even be considered for VAD support. When the
myocardial injury is deemed to be of the variety that is
likely to recover and the clinical assessment is otherwise
favorable, VAD support may be considered. However, one
cannot wait until there is profound cardiogenic shock,
with significant injury to the lungs, kidneys, liver, brain,
and splanchnic beds, to initiate mechanical circulatory
assistance, because experience has shown that the patient
is unlikely to survive (12). Factors influencing outcome
with the Abiomed BVS5000 device are shown in Table 3. It
is likely, however, that such principles apply to virtually
every bridge-to-recovery support device. A variety of
important considerations and relative contraindications to
mechanical circulatory assistance that must be duly con-
sidered, prior to implantation of a VAD are provided in
Table 4.

If the myocardium does not recover after a period of

short-term support, then a decision must be made as to
whether the patient is an acceptable transplant candidate.
If so, their support may be maintained until a donor heart
becomes available (device permitting), or their VAD may
be switched to a device capable of providing long-term
support, as a bridge to transplantation. If the patient is not
transplant eligible, he must either be evaluated for perma-
nent implantation of an approved VAD as “destination
therapy” (discussed below), or the difficult decision must
be made to terminate support.

Recent Innovations in Short-TermVentricular
Assist Device Support
Approximately 7% to 10% of patients with AMI develop
cardiogenic shock, and this remains the leading cause of
mortality in this population (13–15). As discussed above
(Table 3), a key determinant of the overall success of
bridge-to-recovery is the rapidity with which the failing
ventricle can be decompressed, and resumption of adequate
systemic perfusion assured. One of the recognized limit-
ations of the currently available devices, which can serve
as a bridge-to-recovery following an AMI, is that they
must be implanted in a cardiac OR, often utilizing cardio-
pulmonary bypass (CPB). Even assuming the immediate
availability of the OR, the device, and the necessary surgical,
anesthesia, perfusion, and nursing personnel, delays are
inevitable. A likely factor contributing to the low success
rates of previous bridge-to-recovery studies was a delay in
treatment due to the need to coordinate these various
resources prior to transport and VAD implantation. During
this interval, the failing ventricle is likely to be pressure
and volume overloaded, while the renal, splanchnic, and
peripheral tissue beds are underperfused.

Table 4 Considerations Before Initiation of Rescue Mechanical

Circulatory Assistance with a Ventricular Assist Device

Patient is not a transplant candidate (though VAD use may allow

improvements in clinical status that may improve transplant

eligibility)

Presence of prosthetic valves (increased risk of thromboembolic

complications)

Significant aortic regurgitation (decreased effective forward flow

from an LVAD and failure of LV decompression that will

encourage myocardial recovery. Aortic valve must be repaired

or replaced before engaging LVAD support)

Congenital heart disease (certain forms may preclude conventional

VAD support. Ironically, extracorporeal membrane oxygenation

may be the only hope for some patients with CHD)

Patent foramen ovale (must be recognized and closed before

engaging VAD support with currently available LVADs)

Prior cardiac surgery (reoperative sternotomy may predispose to

significant perioperative bleeding. Femoral cannulations can

potentially be used to ensure rapid restoration of adequate

systemic perfusion, whereas careful mediastinal dissection

proceeds)

Small body surface area (outflow from the many currently avail-

able devices may be too high for patients with BSA , 1.5 m2.

Possibly can use the Thoratecw VAS for small adults or

centrifugal pumps for pediatric patients)

Presence of advanced systemic disease (comorbidities, such as

severe COPD, malignancy, end-stage renal or hepatic disease,

overwhelming sepsis, progressive neurological disorder, etc.,

may make meaningful recovery unlikely)

Note: This is a nonexhaustive list of anatomical issues and other patient

factors that either make urgent ventricular assist device placement or use

difficult, make the patient more likely to have major complications, or

make meaningful recovery unlikely. Some of the issues on this list are

easily resolved as long as they are recognized, but must be considered

nonetheless.

Abbreviations: CHD, congenital heart disease; COPD, chronic obstructive

pulmonary disease; LV, left ventricle, LVAD, left ventricular assist device.

Table 3 Factors Influencing Outcomes with the Abiomed

BVS5000w

Good outcomes occur when

Support is commenced to correct marginal hemodynamics

within 30–45 min of attempted pharmacologic treatment

(with or without an IABP)

The time between the first attempt to wean from CPB and BVS

implant is ,6 hr

The BVS implant occurs as part of the initial operation

Due consideration is given to whether the patient requires uni-

or biventricular support; and

Hemostasis is assured before leaving the operating room

Poor outcomes occur when

Signs of other end-organ failure are present

The patient is .75 yr old; and

The patient is brought back to the operating room for

implantation after a period of time

Abbreviations: BVS, ABIOMED BVS5000 left ventricle assist device;

CPB, cardiopulmonary bypass; IABP, intra-aortic balloon pump.
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The ability to deploy a rescue device rapidly, at the
first diagnosis of acute ventricular insufficiency in the emer-
gency department, the cardiac catheterization laboratory, or
the SICU, without the need for sternotomy and CPB would
potentially have great impact on not only immediate, but
ultimate patient survival. In addition, some complications
of CPB, such as perioperative bleeding and the sequelae of
the systemic inflammatory response, would be minimized.
Once immediate survival is assured, such a device can con-
ceivably be changed later, to another capable of providing a
longer term of support. It was considerations such as these
that drove the development of several new and innovative
short-term assist devices.

The TandemHeartw pVADTM

Extracorporeal centrifugal pumps have long been used to
provide mechanical circulatory assistance via both intrathor-
acic (Fig. 8A) and percutaneous femoral (Fig. 8B) cannulation
strategies (16). Although standard intrathoracic cannulations
require sternotomy in the OR, percutaneous femoral arterial
and venous cannulations can be performed in many locations
outside the OR setting. The downside of femoral venous
cannulation, however, is that ventricular decompression is
usually inadequate to substantially reduce MV̇O2.

The TandemHeart pVAD (percutaneous ventricular
assist device; Cardiac Assist, Inc., Pittsburgh, Pennsylvania,
U.S.A.; Fig. 9) utilizes a full-sized centrifugal pump and an
innovative cannulation strategy that does result in
significant decompression of the failing LV. In addition, a
percutaneous, Seldinger-type, cannula deployment system
enables rapid cannula placement to assure rapid resumption
of systemic perfusion.

With this device, a 21 French venous inflow cannula is
percutaneously advanced retrograde from the femoral vein,
through the RA, and across the interatrial septum into the
LA (Fig. 9). Continuous, nonpulsatile outflow from the cen-
trifugal device (strapped to the patient’s leg) is directed into
the FA. LA to FA flows of 2.5–5 L/min can be generated by
pump speeds in the range of 4500–7500 RPM, to encourage
resolution of cardiogenic shock. Heparinization to an ACT of
180–200 seconds is used during support.

Reportedly, the TandemHeart has been implanted in
more than 100 patients as a bridge-to-recovery, following
acute MI-induced cardiogenic shock. A review by Thiele
et al. (17), reports the results of TandemHeart use in 18
consecutive patients with cardiogenic shock following
AMI. Fifty-six percent of the patients in their series survived,
and were successfully weaned from support. The Tandem-
Heart has also been successfully employed as a bridge-to-
recovery following cardiotomy with failure to wean from
CPB (18), and as a margin of safety in high-risk patients
undergoing percutaneous coronary interventions with stent-
ing (19–21). Although a theoretical downside to cannulation
of the FA for device outflow is retrograde arterial perfusion
through the potentially diseased aorta of a patient with
atherosclerosis, cerebral embolism has not been reported as
a significant problem. The TandemHeart already holds a
CE mark (Conformité Européene) in Europe. FDA approval
of this device in the United States is pending.

Hemopumpw

Miniaturized continuous flow devices that employ a longi-
tudinal “Archimedes Screw”-like impeller have also been
used in the past as a “bridge-to-immediate survival.” In
the late 1980s and early 1990s, the Hemopump (Nimbus
Medical, Inc., Rancho Cordova, California, U.S.A.;
Fig. 10) was implanted in patients in cardiogenic shock, in

Figure 9 The TandemHeartw pVADTM. (A) As described in the

text, the femoral artery and vein are percutaneously cannulated.

The venous cannula is advanced across the interatrial septum into

the left atrium. Outflow from the device is directed into the femoral

artery. (B) A close-up of the centrifugal mechanism. Source:

Courtesy of Cardiac Assist, Inc.

Figure 10 The Hemopumpw. (A) As described in the text, the

Hemopump was inserted via surgical cut-down into the femoral

artery, and advanced retrograde up the aorta and across the aortic

valve into the left ventricle (LV). Blood was impelled from the LV

to the ascending aorta. (B) A close-up of the Hemopump. The

arrows indicate the direction of blood flow.
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FDA-approved clinical trials. This axial flow device was sur-
gically introduced into the FA and advanced retrograde
under fluoroscopic guidance, up the aorta and across the
aortic valve into the LV. A high-speed impeller inside the
device casing drew blood from the LV, and propelled it
into the ascending aorta at a maximum of approximately
3.5–4 L/min. Reportedly, decompression of the failing LV
was adequate to decrease myocardial oxygen demand (22),
and the observed improvements of cardiac output, mixed
venous oxygen saturation, pulmonary capillary wedge
pressure, and splanchnic blood flows were found to be
superior to that with IABP counterpulsation therapy
(23–25). However, actual clinical results were modest at
best with this device [survival around 32% at 30 days (26)],
and failure of device insertion occurred in nearly 25% of
patients (27). The high cost of conducting clinical trials
eventually forced the abandonment of the Hemopump, but
it did serve to show that an intraventricular axial flow
device could be successfully employed to provide mechan-
ical circulatory support.

Impella�

The Impella Pump System (Abiomed Inc., Danvers,
Massachusetts, U.S.A.) (28) is a new, catheter-based, axial
flow device that can be used to support the left, right, or
both ventricles (Fig. 11). Depending on the location and
status of the patient, the device can be deployed surgically
or percutaneously. The Impella system may also be of use
in high-risk patients undergoing off-pump coronary artery
bypass grafting (CABG) surgery or difficult percutaneous
coronary interventions. A mechanical or severely calcified
aortic valve contraindicates the use of the Impella for LV
support. Significant aortic insufficiency may also represent
a relative contraindication.

A recent review of an initial clinical experience with
the Impella in patients with cardiogenic shock reports sig-
nificantly increased cardiac outputs, decreased pulmonary
capillary wedge pressures, and decreased lactate levels by
six hours of support (29). Sixty-eight percent of the patients
were successfully weaned from support, though only 38%
survived. Among the observed complications were clinically
significant hemolysis in 38% of the patients and one instance
of pump displacement. The Impella system was recently
acquired by Abiomed, and clinical trials intended to estab-
lish its efficacy as a bridge-to-recovery are ongoing.

Long-Term Ventricular Assist Device Support
Bridge-to-Transplantation
Critically ill patients with chronic, progressive ventricular
failure due to cardiomyopathy can often be temporized
with medications, and occasionally with biventricular
pacing. But for those who progress to end-stage ventricular
failure, the HeartMatew LVAD (Thoratec Corporation,
Woburn, Massachusetts, U.S.A.; Fig. 12) and the Novacorw

LVAD (WorldHeart Corporation, Ottawa, Canada; Fig. 13)
are the devices most often used as a bridge-to-transplan-
tation in the United States. The original pneumatically
powered HeartMate device was FDA-approved in 1994,
and the Novacor in 1998. Both are used as LVADs only,
draining blood from the LV apex to a large pump head
implanted in the preperitoneal space of the abdomen, and
returning blood to the ascending aorta (Figs. 4, 12, and 13).
Both devices produce pulsatile flow by mechanical com-
pression of a blood chamber, and both devices require a

Figure 11 The Impellaw. (A) Biventricular support with the

Impella. The left ventricle (LV) is supported here by surgical

placement of the microaxial catheter into the LV retrograde from

the ascending aorta. The right ventricle is supported here by sur-

gical cannulation of the right atrium, with the output directed into

the main pulmonary artery. (B) A cutaway view reveals the

impeller design of the Impella device. Source: Courtesy of

ABIOMED.

Figure 12 The HeartMatew XVE LVAD. Blood is drained from the left ventricle apex to the pump and ejected into the ascending aorta.

The pump head is completely implanted in the preperitoneal space of the abdomen. The current model requires that a cable from the device be

tunneled through the abdominal wall to connect to the external system controller and power supply. Source: Courtesy of Thoratec

Corporation.
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percutaneous cable to connect the implanted device to an
external power source and system controller.

Since FDA approval in 1995, patients with biventricu-
lar failure are most often bridged to transplantation with the
Thoratec VAD (Fig. 7). Available statistics from their respect-
ive manufacturers indicate that more than 1300 patients have
been implanted with the Novacor, more than 4100
with the HeartMate, and more than 1700 with the
Thoratec worldwide. Recently reported rates of successful

bridging-to-transplantation with these devices are in the
range of 51–78% (30–33).

Thoratec has recently introduced a titanium-clad
implantable version of their Thoratec pump: the IVADw

(implantable ventricular assist device; Thoratec
Corporation, Woburn, Massachusetts, U.S.A.; Fig. 14). Cur-
rently, the IVAD is the only FDA-approved implantable
device that can provide biventricular assistance. According
to the manufacturer, as of September 2003, 30 patients with
advanced heart failure have been supported with the IVAD
as a bridge-to-transplantation or for postcardiotomy ventri-
cular failure, in Europe and the United States. Sixty-eight
percent were successfully treated through transplantation
or ventricular recovery, with many of these patients dis-
charged to their homes through the use of the TLC-II Porta-
ble VAD Driver. At the time of this writing, no published
reports of IVAD use in patients have appeared in the
peer-reviewed, indexed literature.

The CardioWestTM TAH (Total Artificial Heart;
SynCardia Systems, Tucson, Arizona, U.S.A.; Fig. 15) is
also currently available, in select centers in the United
States, Canada, and France, as a bridge-to-transplantation
for patients with biventricular failure. This device is a pneu-
matically powered biventricular pump that is implanted
orthotopically (the native heart is removed and replaced
by this device). Since 1993, approximately 225 of these
devices have been implanted clinically (34). The reported
rate of successful bridge-to-transplantation with this device
is in the order of 79% (35). When compared to devices like
the HeartMate and the Novacor, a major potential disadvan-
tage of the CardioWest device as a bridge-to-transplantation
is a lack of portability, significantly limiting potential for
physical rehabilitation and outpatient use, though a
smaller and more portable driver is reportedly in develop-
ment. Another potential disadvantage to a device of this
type is that the native heart must be excised, significantly
limiting therapeutic options if device failure occurs or
infection develops.

Permanent Support (Destination Therapy)
Only one out of every 2273 patients with end-stage heart

failure is likely to receive a heart transplant.

Figure 13 The Novacorw LVAD. Blood is drained from the left

ventricle apex to the pump and ejected into the ascending aorta.

The pump head is completely implanted in the preperitoneal space

of the abdomen. The current model requires that a cable from the

device be tunneled through the abdominal wall to connect to the

external system controller and power supply. Source: Courtesy of

WorldHeart, Inc.

Figure 15 The CardioWestTM TAH. As described in the text, the

failed native heart is removed and the CardioWest TAH is

implanted orthotopically, anastomosed to cuffs of native atria and

the great vessels. Source: Courtesy of SynCardia Systems.

Figure 14 The implantable ventricular assist device (IVAD).

Titanium clad pump IVAD. Source: Courtesy of Thoratec

Corporation.
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Permanent replacement of the failing heart has always been
the major driving force behind research and development in
the field of mechanical circulatory assistance. Of the esti-
mated 5,000,000 patients currently living with heart failure
in the United States (36), it is estimated that only between
40,000 (37) and 100,000 (38) could potentially meet trans-
plant criteria. Furthermore, transplantation may not be a
feasible option for the vast majority of heart failure patients,
because there are only around 2200 donor organs available
annually in the United States (Fig. 16) (39). In addition,
many heart failure patients are ineligible to receive a trans-
plant because of advanced age and comorbidities.

The REMATCH trial (Randomized Evaluation of
Mechanical Assistance for the Treatment of Congestive
Heart failure, completed June 2001) demonstrated that the
use of an LVAD (the HeartMate VE) was not only an
effective tool to treat patients with advanced heart failure,
but resulted in more than twice the survival rate and an
improved quality of life, in comparison to optimal medical
management (40–42). This was especially the case if the
patient was less than 60 years old (Table 5). Thus, for the
vast majority of patients with end-stage cardiac disease, it
would appear that intentionally permanent implantation of
a mechanical assist device may be the best option available,
if they are to survive. Based on the results of REMATCH,
the FDA approved the HeartMate in November 2002 for
transplant-ineligible patients as “destination therapy”;
in essence, permanent implantation of a VAD is their “final
destination.” By November 2002, improvements to the
HeartMate device resulted in the HeartMate XVE, and it is
this device that has been implanted for destination therapy
patients.

According to the manufacturer, as of May 2005, 260
patients have been implanted with the HeartMate XVE as
Destination therapy. The statistics presented in Figure 17
(41) indicate that patient accrual for destination therapy
started out slowly, but has steadily increased with time,
reflecting a growing acceptance of this management strategy
by cardiologists and patients with end-stage heart failure.

Thus far, destination therapy with the HeartMate XVE
has been associated with fewer observed adverse events and
a better survival rate than reported in the REMATCH trial
(42). The authors’ conclusion was that improved outcomes
likely reflect improvements in the HeartMate XVE device
(compared to the HeartMate VE used in REMATCH), and
increased experience with patient management.

The INTrEPID trial (Investigation of NonTransplant-
Eligible Patients who are Inotrope Dependent) was recently
conducted to establish the ability of the Novacor LVAS to
provide destination therapy, but the FDA failed to approve
the Novacor for this indication based on the INTrEPID
data. The RELIANT trial (Randomized Evaluation of the
Novacor LVAS In A NonTransplant Population) currently
randomizes patients to receive either the Novacor LVAS or
the HeartMate XVE LVAS as a bridge to transplantation.
The purpose of this trial is to demonstrate that use of the
Novacor LVAS is superior to optimal medical therapy, by
demonstrating equivalence to HeartMate XVE LVAS,
which has already been approved for destination therapy.

Complications Associated with Ventricular
Assist Device Support

Despite the impressive rates of successful short- and
long-term support with VADs, infection, thromboembolic

complications, and mechanical problems remain major
issues to be overcome.
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Figure 16 The number of adult cardiac transplants performed in

the United States, 1998–2004. Source: From Ref. 39.

Table 6 Summarized Rates of Infectious Complications from

a Large Series of Long-Term Support at a Single Center in Germany

Novacorw HeartMatew Thoratecw

Driveline infection 26% 18% 2%

Pocket infection 11% 24% NA

Systemic sepsis 24% 11% 26%

Abbreviation: NA, not applicable.

Source: From Ref. 30.
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Figure 17 Patient accrual for destination therapy with the

HeartMatew XVE by month and year. Source: From Ref. 41.

Table 5 Summarized Results of the REMATCH Trial

HeartMatew Medical therapy

1 yr survival (age ,60) 52% (74%) 25% (33%)

2 yr survival 23% 8%

Median survival 408 days 150 days

Note: REMATCH stands for Randomized Evaluation of Mechanical Assist-

ance for the Treatment of Congestive Heart failure.

Source: From Ref. 42.
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Infection
Infections associated with currently available devices tend to
be more common with long-term devices, and often occur
along the percutaneous components and in the device
pocket. Although infections within the devices themselves
are rare, sepsis is not uncommon. A recent large series,
reviewing bridge-to-transplantation with the HeartMate in
the United States, reported that 45% of patients developed
“infection,” with 72% of the observed infections at the exit
site of the percutaneous driveline (32). Table 6 summarizes
the rates of infectious complications from a recent large
series of long-term support in Germany (30). Thus, the
presence of percutaneous components appears to be an
important predisposing factor to infectious complications.

Thromboses
For short-term devices, heparin therapy is usually utilized to
maintain an ACT of 180 to 200 seconds. If the ACT is allowed
to drift lower for a significant time, thrombosis can form in
the rotor heads and/or circuits, requiring replacement.
Thromboembolic complications remain a major problem
with all of these devices. A recent review of 228 patients
on long-term support with the Thoratec, Novacor, and
HeartMate as a bridge to transplantation reported cerebral
embolism in 24%, 39%, and 16%, respectively, despite
adherence to recommended anticoagulation protocols (30).
The HeartMate has a blood chamber composed of sintered
titanium microspheres, to encourage the ingrowth of a
neointima. Once the neointima is developed, formal anticoa-
gulation with warfarin is generally considered to be
unnecessary, though some centers maintain their patients
on antiplatelet therapy during support. By comparison, the
Novacor has a blood chamber made of smooth polyurethane
which is thrombogenic, and mandates anticoagulation with
warfarin. The international normalized ratio (INR) is gener-
ally maintained at 2.5 to 3.5 times normal, during support
with a Novacor. Anticoagulation during long-term Thoratec
support is with warfarin (INR 2.5–3 times normal), though
antiplatelet agents are often prescribed as well.

Mechanical Problems and Device Durability
Short-term support devices rarely have problems of dura-
bility, however, the long-term devices do have a finite life
span. On July 26, 2005, WorldHeart (the manufacturer of
the Novacor LVAS) proudly announced that a Novacor reci-
pient from the INTrEPID trial has entered his fifth year of
support. However, despite such encouraging results, it is
not currently known for how long available “long-term”
devices like the HeartMate and the Novacor can function.
Destination therapy ideally refers to at least 10 to 15 years
of support, and experience has shown that the Novacor
and the HeartMate have a limited lifespan. Although they
may be able to sustain a patient for a few years, these
devices were intended as temporary bridges-to-transplan-
tation; they were neither designed nor engineered with
permanent use in mind.

Based on anecdotal and published worldwide in vivo
experience to date, a reasonable estimate of the average life-
span of a single Novacor device is in the order of three and a
half to four years, and that of a single HeartMate VE device
is around two years (though the HeartMate XVE that is cur-
rently available may have an increased longevity). Results of
in vitro testing of these devices (43–45) by their respective
manufacturers reveals that the “reliability” of the HeartMate
VE at two months and one year is reportedly 93.5% and

84.7%. In contrast, that of the Novacor is greater than
99.9% at both of these timepoints. Additionally, the reported
“reliability” of the Novacor at two years and three years is
98.3% and 85.9%, respectively. Unfortunately, information
about the reliability of the HeartMate at these later time-
points is not available.

In addition to issues of overall longevity, a recent large
series of LVAD support for bridge-to-transplantation
reported that 9% of patients supported by a HeartMate
experienced mechanical problems with their device (com-
pared to no mechanical problems observed with the
Novacor) (30). Although only 1% of HeartMate-supported
patients in a large multicenter series in the United States
experienced “mechanical failure,” there were 435
“confirmed device malfunctions” of one sort or another in
the 280 supported patients, and 9% of the supported patients
needed to use “backup components” because of “cable or
controller malfunction” or “pump stoppage” (32).

Importance of Pulsatility in Ventricular Assist Device Design
Pulsatility has always been considered a desirable character-
istic of VAD design, due to the ability of pulsatile flow
to maintain “normal” physiology. However, creating 5–
6 L/min of pulsatile flow creates several physical engineer-
ing conundrums: (i) The blood chamber must be of sufficient
size to allow a physiologically meaningful stroke volume.
Because there is an upper limit to the possible number of
pump strokes per minute, a fairly large device is required,
which tends to exclude small adults and pediatric patients.
(ii) To facilitate the requisite pumping action, artificial uni-
directional valves are required to prevent retrograde flow
during pump systole. The presence of these valves (as well
as the potentially thrombogenic blood contacting surfaces
and the potential for periods of stasis during the pulsatile
pump cycle) mandates anticoagulation. (iii) Although the
pump heads of the Novacor and the HeartMate are implan-
table, they currently require connection to an external con-
troller and power source. The presence of percutaneous
lines, connecting the external components to the implanted
pump, greatly increases the potential for infection. High
rates of infection, with requisite antibiotic treatment, and
repeated trips to the OR for incision and drainage of drive-
line abscesses certainly impair a patient’s quality of life,
and makes systems with percutaneous components less attrac-
tive as a long-term, permanent management strategy for
heart failure. (iv) Durable, reliable pumping action requires
some fairly complex engineering, which (by definition) is
always going to be less than maximally efficient (and unques-
tionably more intrinsically expensive) than some simpler
device. Current diaphragm type pumps like the Novacor
and HeartMate require pusher plates, with struts, springs,
bearings, and servo-mechanisms. All these moving parts are
subject to wear and tear, and ultimate mechanical failure
(usually, it’s the bearings that wear out first).

Biomechanical engineers have designed a variety of
continuous flow devices, with an eye toward providing sol-
utions to the above mentioned problems. (i) From a mechan-
ical standpoint, continuous flow devices are simple,
consume less power, and are generally more durable
because there is essentially only one moving part (the
impeller). (ii) Since the flow is continuous, artificial uni-
directional valves are not required and stasis is minimized,
decreasing the need for formal anticoagulation. (iii) There is
a potential for less hemolysis with the newly designed con-
tinuous flow devices, than with pulsatile flow (46). (iv) These
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devices can be miniaturized and produce a wide range of flow
rates, making them suitable for adult or pediatric use.

However, the physiologic consequences of long-term,
continuous, nonpulsatile flow continue to raise concern.

Pulsatile flow has long been felt to be superior to continu-
ous flow, in terms of its ability to maintain normal homeosta-

sis and physiology. It has been demonstrated that
nonpulsatile flow initially causes: (i) stagnation in capillary
beds, leading to tissue edema and increased arteriovenous
shunting, resulting in decreased oxygen extraction and
impaired lactate clearance (47); (ii) redistribution of intrare-
nal and intrahepatic blood flow, resulting in renal and
hepatic insufficiency (48,49); (iii) impairment of carotid bar-
oreceptor function, resulting in increased mean arterial
pressure (MAP) and systemic vascular resistance (50); (iv)
adverse alterations of catecholamines, prostaglandins, and
cytokine levels (49); (v) electrolyte imbalance, fluid overload,
and anemia (51,52).

More recent studies conducted over the last
decade have demonstrated that humans and animals can

adapt to nonpulsatile flow, so long as that flow is main-
tained at somewhat supranormal levels (46). If one main-
tains at least 20% or 30% higher flows than generally utilized
for pulsatile support, the abnormal physiology tends to
correct itself. Although pulsatile flow does appear to better
maintain physiologic homeostasis and allows more efficient
oxygen metabolism at lower flow rates (especially in elderly
patients with noncompliant blood vessels), many of the
differences appear to be attenuated as the rate of nonpulsa-
tile flow increases on a mL/kg/min basis, with no demon-
strable differences as nonpulsatile flow rates approach
100 mL/kg/min (7 L/min for a 70-kg person) (39). As a
conventional point of reference, the typical flow rates
employed during the routine conduct of nonpulsatile CPB
are in the range of 50–60 mL/kg/min. This information,
along with technological advances over the last two
decades in the areas of miniaturization technology, compu-
ter chips, and biocompatible materials, have allowed for
the design and development of the axial flow VADs
and miniaturized, implantable centrifugal pumps, now in
human clinical trials.

A final major desirable feature of the VAD of the future
is total implantability; there should be no percutaneous com-
ponents (cables, conduits, or wires) to encourage infection.
With the development of the so-called “TET coil” (TET
stands for transcutaneous energy transmission), one can
deliver power and programming across the skin without
skin puncture. One no longer needs cables, wires, or
conduits crossing the skin. Basically, two sophisticated
induction coils are aligned (one external, one internal), and
energy is transduced across the skin. In addition to energy
to power the device, programming information and
functional interrogation can be relayed via the TET coils.

EXTRACORPOREAL MEMBRANE OXYGENATION
AND CO2 REMOVAL

The use of ECLS in trauma and critical care is a relatively
recent event. Indeed, ECMO was first employed in a
trauma patient in 1972, when conventional therapeutic mod-
alities were exhausted in a patient with respiratory failure.
One of the major reasons why ECMO has not been widely
used for respiratory failure in trauma patients is the
common contraindication to systemic heparinization that

results in the presence of concomitant injuries to brain,
liver, and other organs. Another reason for the initial reluc-
tance to use ECMO in trauma and critical care resulted
from the initial prospective controlled trial, using ECMO in
patients with severe acute respiratory distress syndrome
(ARDS) by Zapol et al. (53), which demonstrated extremely
high mortalities in both the ECMO (91%) and control
(91%) groups. This experience resulted in minimal utiliz-
ation of ECMO, even in severe, refractory cases. However,
many criticized this study, because the ECMO was started
very late in the course, and because lung protection venti-
lation strategies were not employed.

In 1979, Gattinoni et al. (54) provided far better results
in patients who were started on veno-venous extracorporeal
oxygenation and CO2 removal (ECCO2R) early in the
progression of their disease. Because this strategy utilized
a veno-venous system to manage severe respiratory failure,
no arterial pressure support was provided to the patients.
This technique involved the extrathoracic cannulation of
both the internal jugular (IJ) vein and the femoral vein,
using cutdown. Blood was drained from the common
femoral vein (both proximally and distally) and the distal
IJ vein, and then was returned to the proximal IJ vein (54).
This cannulation system was later improved to a percuta-
neous system (55).

Later, Alan Morris (56) performed a prospective, con-
trolled, computer-randomized study, comparing standard
ventilation therapy (using pressure control) to ECCO2R,
and did not demonstrate any survival benefit from the
ECCO2R.

Despite the results from these early prospective
studies, there are more recent retrospective, uncontrolled,
prospective, and anecdotal reports of the successful use of
ECMO in severe, refractory ARDS, including those with
trauma. Lewandowski et al. (57), in a prospective, noncon-
trolled trial, demonstrated a 55% survival in patients
treated with ECMO utilizing a clinical algorithm. Kolla
et al. (58), retrospectively reviewed 100 patients that were
treated with ECMO between 1990 and 1996, and found a
54% survival rate in ARDS patients with severe hypoxia.

Michaels et al. (59) retrospectively reviewed the
results of ECMO in trauma patients, and found 50% mortality
and documented a 59% nonlethal bleeding complication
rate. Most publications in trauma patients have consisted
of case reports involving combined RV failure, LV hypokin-
esis, and respiratory failure (60,61). Despite significant
additional trauma including splenic and liver injuries (61),
and even a ruptured thoracic aorta (62), ECLS has been suc-
cessfully employed without significant bleeding compli-
cations, and with excellent clinical results (50–62).

The current ECLS technique recommended for iso-
lated respiratory failure is veno-veno cannulation, using a
percutaneously placed arterial CPB cannula (Bio-Medicus;
Eden Prairie, Minnesota, U.S.A.) placed in the right IJ vein
(advanced to the mid-RA) and either femoral vein
(advanced to the common iliac vein), as per the technique
used by Pranikoff et al. (63). Using the percutaneously
placed bio-medicus cannulas, Prannikoff et al., were able to
achieve flows ranging between 22.4 and 127.8 mL/kg/min,
with cannulas ranging from 19–23 F (Table 7). In these
patients, a jugulo-femoral bypass direction is used preferen-
tially over a femoro-jugular bypass, because the right IJ
access to the RA allows for use of a short, low-resistance
cannula, and drainage is better. In patients with respiratory
failure along with concomitant pump failure, a form of mech-
anical cardiopulmonary support is also required, and an
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oxygenator that returns blood to the arterial circulation (i.e.,
ECMO) is optimal.

In trauma patients, femoral vein to common FA cannu-
lation has been successfully used (61), as has the RA to
ascending aorta cannulation technique (60). Those with the
most experience in trauma patients all emphasize the
importance of aggressive resuscitation and early employ-
ment of ECLS technology (1,59,63,64). However, these
patients should be systematically evaluated for appropriate-
ness of utilizing all forms of extracorporeal support.

EYE TO THE FUTURE

Rotary continuous flow pumps represent the next gener-
ation of VAD technology, and can employ an axial or cen-

trifugal design. Although axial flow devices can be
smaller and often consume less power, they typically
require much higher rotational speeds to generate clinically
relevant blood flow, compared to centrifugal devices, which
(despite miniaturization) tend to be larger, heavier, and are
sensitive to changes in afterload. A potential advantage of
centrifugal devices, however, is that they can generate
higher pressures at lower flow rates, due to a typically
larger forward displacement volume.

As all of the new devices described below are still in
human clinical trials at the time of this writing, details of
patient outcomes and information about specific compli-
cations with the various devices are limited to a handful of
publications in the indexed literature. Moreover, the
majority of available publications report results of relatively
early clinical experiences with the new devices, some of
which have been modified/improved as a result of infor-
mation obtained in the course of their trials. Thus, one
must bear in mind that a given device may eventually
prove better suited to certain indications and clinical situ-
ations than another, and that the ultimate success (or
failure) of a given device will only be revealed with the
passage of time, and increased experience with that device.
It should also be noted that many more devices have been
designed and tested than are discussed below. Those

presented here are key devices, about which there is infor-
mation published in peer-reviewed, indexed literature.

The Axial Flow Pumps
MicroMed DeBakey VAD�

In the mid-1980s, a fortuitous collaboration between Drs.
DeBakey and Noon (65), and engineers from the NASA
Johnson Space Center in Houston, resulted in the develop-
ment of one of the first axial-flow LVADs. This device even-
tually became the LVAD we know today as the MicroMed
DeBakey VAD (MicroMed Technologies, Houston, Texas,
U.S.A.; Fig. 18), now in human clinical trials. As depicted
in Figure 18, the 75 mm long � 25 mm in diameter device
is used as an LVAD, positioned between the left ventricular
apex and the ascending aorta; 10,000 rpm will produce
5–6 L/min flow at a pressure of 100 mmHg, and consumes
less than 10 W of power.

According to the manufacturer, more than 330 patients
have already been implanted with the DeBakey VAD at 14
centers, in seven countries. European and U.S. clinical
trials of the device as a bridge to transplantation began in
November 1998 and June 2000, respectively. A CE mark in
Europe was awarded in May 2001. Also in 2001, the device
was modified with the addition of a Carmedaw heparin
coating of the blood-contacting surfaces (which has sub-
sequently been removed). A further miniaturized version
of the DeBakey VAD (the DeBakey VAD Child heart
pump) received FDA Humanitarian Device Exemption
(HDE) approval in March 2004, and successfully served as
a bridge to transplantation in a 14 year old with congenital
heart disease, from September to November 2004.

Though the device is still the subject of human clinical
trials, a few investigators have published the details of their
early experiences with the DeBakey VAD (66–68). Despite
overall survival of 50% or more in these trials, reported
impressions of the device have varied (based apparently
on complications encountered).

Table 7 Characteristics of Bio-Medicus Cannulas

Cannula size Length, cm M-number

Expected flow

at 100 cm H2O

gradient, L/min

17 F 25 3.05 2.4

50 3.4 1.8

19 F 25 2.8 3.8

50 3.15 2.3

21 F 25 2.6 5.0

50 2.9 3.5

23 F 25 2.4 6.5

50 2.65 4.8

25 F 50 2.55 5.5

27 F 50 2.4 6.5

29 F 50 2.3 7.0

Note: The “M-number” is an experimentally derived resistive factor that

describes this pressure/flow relationship, and it allows for the estimation

of flow for any specific cannula, given a defined pressure change across

the circuit.

Figure 18 The MicroMed DeBakey VADw. Top left: As

described in the text, the DeBakey VAD is used as a left ventricular

assist device, drawing blood from the left ventricle apex

and returning it to the ascending aorta. A percutaneous cable

providing power and system control exits the skin at the right

lower abdomen. Top right: As a size comparison, the device and

impeller can be seen with a standard AA battery. Bottom: A

cutaway view of the device. Source: Courtesy of Micromed

Technologies, Inc.
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The DELTATM trial (Destination Evaluation of Long
Term Assist) currently randomizes transplant-ineligible
patients with end-stage failure to receive either the
DeBakey VAD or the HeartMate XVE LVAS as destination
therapy. Up to 360 patients, at 30 clinical sites, will be
enrolled in a 2:1 randomization scheme (DeBakey VAD:-
HeartMate), under the supervision of the International
Center for Health Outcomes and Innovation Research
(InCHOIR). The first DELTA patient was implanted with a
DeBakey VAD at California Pacific Medical Center in
November 2004.

The Flowmaker� (the Device Formerly Known
as the Jarvik 2000 LVAD)
The Flowmaker (Jarvik Heart, Inc., New York, New York,
U.S.A.; Fig. 19) is an electrically powered, miniaturized
axial flow pump, now in human clinical trials in the
United States and Europe. The entire device weighs 85
grams and measures 2.5 cm in diameter � 5.5 cm long. It
has typically been described by the media as “the size of a
C-cell battery.” All blood-contacting surfaces are composed
of smooth titanium. A number of surgical approaches have
been used to implant the device, including midline sternot-
omy, left thoracotomy, and subcostal incision. As depicted
in Figure 19, the device is implanted in the left ventricular
apex, and outflow from the device can be directed into the
descending thoracic aorta or ascending aorta, depending
on the surgical approach. Anticoagulation is recommended
when the outflow is to the descending aorta, to prevent
stasis and potential thrombosis in the aortic root. The
current version of the Flowmaker uses a percutaneous
cable to provide power and system control (though a
totally implantable configuration with a TET coil is under
development). The cable exits the skin of the abdomen
with devices implanted as a bridge to transplantation, but
when the device is implanted for permanent use (destination
therapy), the cable is tunneled craniad (through the pleura
and across the neck), to exit the skin at the base of the
skull just behind the left mastoid process. Apparently, the
vascularity of the skin in this area permits a very low inci-
dence of infection in this site.

When physiologic conditions are optimal, impeller
rotation at 8000–12000 rpm can produce flows on the order
6–7 L/min (69) to assist native ventricular ejection. Increas-
ing pump speed has been demonstrated to have direct
effects on hemodynamic indices, in direct relation to the
level of ventricular unloading. Increasing impeller rotation
from 8000 to 12,000 rpm results in linear increases in MAP
and cardiac index, and linear decreases in pulmonary capil-
lary wedge pressure and the amount of time the aortic valve
stays open in systole. Impeller speeds greater than
12,000 rpm reportedly produce complete unloading of the
LV, with a resultant pulse pressure less than 20 mmHg (70).

As mentioned above, the various new devices will
undoubtedly declare themselves as best suited to specific
clinical scenarios and certain patient populations, once
experience has demonstrated their individual strengths
and weaknesses. This already appears to be the case with
the Flowmaker. According to a recent publication by
Dr. Frazier (71), the main goal of this device is to “partially
reduce the LV size and end-diastolic pressure,” as this may
allow reverse remodeling of the failing LV. Thus, patients
likely to benefit most from the Flowmaker are those who
require “true left ventricular assistance,” and not “total
capture of the LV output.” Further, that the use of the Flow-
maker “may be justified in severely impaired class III and IV
(but not preterminal) patients.”

Human clinical trials of this device as a bridge-to-
transplantation in the United States, began at the Texas
Heart Institute (THI) in April 2000. In 2002, the FDA gave
permission for patients to be discharged to home with an
implanted Flowmaker. A recent review (71) reports that, as
of 2004, 35 patients have received the device as a bridge-
to-transplantation, in four U.S. clinical centers (29 were
implanted at the THI). Three were discharged home to
await their new heart. Eighteen patients were successfully
bridged to transplantation, and 12 died during support.
The average duration of support was 67 days. One
patient had his Flowmaker explanted and exchanged for
an approved pulsatile device, and four patients remained
supported.

European clinical trials began shortly after the U.S.
trials, and are evaluating the Flowmaker for both destination
therapy and as a bridge to transplantation. As of 2004, 17
patients had been implanted (14 permanent implants and
three bridges) in five clinical centers. Ten patients have
reportedly been discharged home in the European trials
(71). There have, thus far, been no reported device failures
nor episodes of significant hemolysis. One European
patient has reportedly been supported by the Flowmaker
for longer than four and a half years (72).

RV failure is known to occur in up to 30% of LVAD
supported patients (73,74), due to alterations in RV geometry
resulting in increased RV compliance and decreased RV con-
tractility, in the presence of increased RV preload (75). Feasi-
bility studies using the Flowmaker for biventricular support
(in calves) yielded favorable results (76). Although the LVAD
was implanted in the LV, the RVAD was implanted in the RA
(through the same left thoracotomy incision). Further study
is required to assess the efficacy of biventricular support
with the Flowmaker in humans with biventricular heart
failure.

HeartMate II�

The HeartMate II LVAS (Thoratec Corporation, Pleasanton,
California, U.S.A.; Fig. 20) is an axial flow pump that

Figure 19 Jarvik 2000 Flowmakerw. This axial flow pump was

formerly known as the Jarvik 2000 LVAS. Left: the size of the

device can be seen compared to a surgeon’s hand. Right: The

Flowmaker is implanted in the left ventricle apex with outflow

directed into the descending thoracic aorta. The cable providing

power and system control can be seen emerging from the device,

and heading craniad to emerge from the skin at the base of the skull

(see text for details). Source: Courtesy of Texas Heart Institute,

2000.
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evolved from the original Hemopump. At 7 cm long, it
occupies approximately one-eighth the volume of the pulsa-
tile HeartMatew I, but can generate the same output. Using
the battery analogy mentioned earlier, this device is about
the size of a D-cell battery. Impeller speeds range from
6000–15,000 rpm with a 10 L/min maximum output. A
microprocessor-controlled algorithm adjusts pump speed
to meet the changing flow demands of the body. Like the
pulsatile HeartMate I, some of the blood-contacting surfaces
are lined with sintered titanium microspheres to encourage
neoendothelialization. The impeller is made of smooth tita-
nium. Inflow and outflow cannulations of the left ventricular
apex and the ascending aorta are similar to that of the Heart-
Mate (and most of the other devices). Although a totally
implanted configuration with a TET coil is under develop-
ment, the current system requires a percutaneous drive-
line that exits the skin of the right lower abdomen.

The first human implant was performed at the Sheba
Medical Center in Israel, in July 2001 (77), but the specific
results have not been made publicly available. It is known,
however, that the initial European clinical trial was termi-
nated early, due to thrombus formation at the inlet and
outlet of the device. Since that time, the device has been
redesigned (the positions of textured surfaces have been
altered), and is now being implanted in a U.S. clinical trial.
The redesigned HeartMatew II was recently implanted in
an 18-year-old male with severe heart failure (idiopathic car-
diomyopathy) and multisystem organ dysfunction, as a
bridge-to-transplantation (78). For this patient, 8600 rpm
produces approximately 4.4 L/min of flow, during which
he still has native ventricular ejection (echocardiographically
demonstrated by aortic valve opening). During exercise, his
pump speed adjusts up to 9000 rpm (approximately 5.3 L/min
of flow). There has been no significant hemolysis
observed, and he has been supported for longer than six
months with a New York Heart Association (NYHA) class
I status (maintained on warfarin anticoagulation).

The Berlin Heart INCOR� and the
MagneVad�çMagnetically Levitated,
Bearingless Axial Flow Pumps
All the axial flow pumps discussed above utilize bearings at
the two ends of their impeller. Thrombus formation at the
sites of these bearings has been a problem with several of

the new axial flow devices (67,68). As discussed above, the
HeartMate II had to be redesigned after thrombus formation
was detected at the inlet and outlet stators, in the initial
human implantation experience. The Berlin Heart INCORw

(Berlin Heart AG, Berlin, Germany; Fig. 21) and the Magne-
vad (Gold Medical Technologies, Inc, Valhalla, New York,
U.S.A.; Fig. 22) are innovative axial flow devices, with non-
contacting magnetic bearings. Theoretically, this should
eliminate the potential for thrombus formation at the
points of impeller-bearing contact. Additionally, without
points of contact, the durability of such a device is likely to
be very long, because there are no contacting moving parts
to wear out.

Figure 20 The HeartMate IIw. The HeartMate II is implanted in

a configuration similar to that shown for the DeBakey VAD (video

clip 1) and many other axial flow devices now in clinical trials.

Blood is drawn from the left ventricle apex to the device and

impelled into the ascending aorta. Source: Courtesy of Thoratec

Corporation.

Figure 21 The Berlin Heart INCORw. Like the majority of the

new axial flow VADs, the INCOR draws blood from the left ven-

tricle apex and returns it to the ascending aorta. However, unlike all

the other devices, the impeller is magnetically levitated. Without

bearings, the durability of the device is likely to be very long, and

the potential for thrombosis is markedly diminished. Source:

Courtesy of Berlin Heart.

Figure 22 The Magnevadw. Like the Berlin Heart INCOR, the

Magnevad is a bearingless, magnetically levitated axial flow

device, now under development in the United States. Source:

Courtesy of Gold Medical Technologies, Inc.
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The INCOR is a very successful axial flow device that
has been implanted in more than 200 patients in Europe
since June 2002. According to the manufacturer, 12,000 rpm
produces 7 L/min of flow against a pressure of 150 mmHg,
and consumes 8.5 W of power. The efficiency of the
magnetically levitated rotor is reportedly greater than 90%.
The INCOR received a European CE mark in 2003. Accord-
ing to press releases from Berlin Heart, as of July 2005, the
longest duration of support is more than 1000 days. The
average duration of support has been 167 days, with 24
patients supported for more than one year, and four for
longer than two years. Twenty-five patients have been suc-
cessfully discharged to home during support. As discussed
above, the advantage of magnetic levitation of the impeller
(without bearings) is a minimization of thrombotic risk. Pre-
sentations by Berlin Heart at the 2003 ASAIO conference in
Washington, DC, indicated that thrombus formation had
not been observed in patients (79). The Magnevad is still
under development in animal trials, and has not yet been
implanted in humans.

Centrifugal Continuous Flow Pumps
VentrAssistTM

The VentrAssist LVAS (Ventracor Ltd., Sydney, Australia;
Fig. 23) is a hydrodynamically suspended, electromagneti-
cally driven, miniaturized centrifugal blood pump that pro-
vides continuous flow of up to 10 L/min at 3000 rpm (80). It
weighs just 298 grams (10 oz) and measures 60 mm (2.5
inches) in diameter, making it suitable for both children
and adults. This new device was primarily designed for
destination therapy, but has been successfully used as a
bridge-to-transplantation, and has also shown promise as
a bridge-to-recovery.

According to the manufacturer, the VentrAssist has
now been implanted in more than 30 patients in Australia,
New Zealand, and Europe as part of a CE mark trial.
Although press releases have been extremely positive and
it is known that several VentrAssist patients have been suc-
cessfully discharged to home, no specific information about
the device recipients, complications, or durations of support,
has been published as of the time of this writing. The first
implant in the United States was performed on July 18,
2005, at the University of Maryland Medical Center in Balti-
more, as part of a feasibility study intended to establish an
application for FDA approval. This U.S. feasibility trial will
enroll 10 patients, in up to five hospitals across the
country, and is managed by the InCHOIR.

CorAideTM

The CorAide LVAS (Arrow International, Inc, Reading,
Pennsylvania, U.S.A.; Fig. 24) is a magnetically and hydro-
dynamically suspended miniaturized centrifugal blood
pump that provides continuous flow of 2–8 L/min. Weigh-
ing just 293 grams with a forward displacement of 84 mL,
flows of 3–5 L/min have been achieved with this device, at
pump speeds around 2700 rpm, consuming just 4 watts of
power (81). This new device was developed by Arrow
International and the Cleveland Clinic Foundation, and,
according to the manufacturer, can serve as a potential
bridge-to-recovery, a bridge-to-transplantation, or can
provide long-term cardiac support.

The CorAide is currently in a European clinical trial to
assess its safety and performance. According to the manu-
facturer, the first implant took place in Germany in May
2003, in a 65-year-old male, as a bridge-to-transplantation.
Though the implantation was reportedly uneventful, high
levels of hemolysis were noted by postoperative day 3. The
CorAide was explanted and replaced by a different
support device to bridge the patient to transplantation. As
a result, the clinical trial was temporarily put on hold.
There have now been five patients implanted with the
CorAide, since the trial was resumed in February 2005,
and “all patients are recovering as expected” (Carl
Botterbusch, personal communication). No specific infor-
mation about these patients is available in the peer-
reviewed, indexed literature at the time of this writing.

Figure 23 The VentrAssistTM LVAS. Source: Courtesy of

Ventracor, Ltd.

Figure 24 The CorAideTM Pump. Top: The device. The percu-

taneous cable which delivers power and system control can be seen

emerging from the bottom, and the outflow cannula can be seen

emerging from the side of the device. Bottom: The configuration of

the implanted CorAide is demonstrated. Source: Courtesy of

Arrow International.
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Duraheart�

The Terumo Duraheart (Terumo Cardiovascular Systems
Corporation, Ann Arbor, Michigan, U.S.A.; Fig. 25) is an
implantable centrifugal device with a magnetically levitated
impeller, but its inner surfaces are heparin bonded, eliminat-
ing the need for anticoagulation during support. Compared
to the VentrAssist and the CorAide, the Duraheart is larger
(72 mm diameter, 45 mm height), heavier (540 g), and has a
significantly bigger forward displacement volume
(180 mL). A pump speed of 2600 rpm can produce flows of
10 L/min (82).

A European clinical trial of the Duraheart began in
January 2004. According to a very recently published
review, as of August 2004, 10 patients have been implanted.
Reportedly, three patients “met the primary endpoint” of the
trial (evaluating the safety and performance of the Dura-
heart), four were able to be discharged, and one underwent
transplantation after 138 days of support. The outcome of the
remaining patients is unknown, but it is reported that “there
were no cerebrovascular accidents, deaths, or infections,”
and that the longest support duration was 170 days (82).

The NEDO Projects
From 1995 to 2004, the NEDO projects (New Energy and
Industrial Technology Development Organization) encom-
passed a number of mechanical circulatory support devices
(MCSD) in development at Japanese universities, hospitals,
national research institutes, and private companies. The
Terumo Duraheart described above was one such project.
Another of the NEDO projects focused on a pivot-bearing-
supported centrifugal flow pump that could be used for
uni- or biventricular support, and could be configured in
different ways, depending on the needs of the patient. Cur-
rently called the Miwatec/Baylorw biventricular MCSD
(Miwatec Co., Ltd., Hokkaido, Japan; Fig. 26), this multipur-
pose miniaturized centrifugal device produces 5 L/min of
flow at rotational pump speeds under 2000 rpm, and

consumes around 7 watts of power (82). Reportedly, clinical
trials are planned for the United States and Europe in the
near future.

The HeartMate III�

The HeartMate III (Thoratec Corporation, Woburn, Massa-
chusetts, U.S.A.; Fig. 27) is a miniaturized centrifugal flow
device with a magnetically levitated impeller. The device
occupies approximately one-third the volume of the Heart-
Mate I, but reportedly can produce flows of 7 L/min at a
pressure of 135 mmHg, at just under 5000 rpm. The device

Figure 25 The Terumo Duraheartw. Source: Courtesy of

Terumo Heart, Inc.

Figure 26 The Miwatec/Baylorw Device. As discussed in the

text, this miniaturized centrifugal pump is intended to be multi-

purpose, and can be configured to suit the needs of the individual

patient. Specifically, the miniaturized centrifugal devices can be

paracorporeal (like a Thoratec) for short-term assistance (bridge to

recovery), implanted in the preperitoneal space for long-term

assistance (bridge to transplantation), or permanent (destination

therapy). Abbreviations: LVAD, left ventricular assist device;

RVAD, right ventricular assist device; TET, transcutaneous energy

transmission. Source: From Ref. 82.

Figure 27 The HeartMate IIIw. The HeartMate III is implanted

in a manner similar to most of the other new continuous flow

devices, drawing blood from the left ventricle apex and returning

it to the ascending aorta.
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will use a totally implanted configuration, with power trans-
fer and system control via a TET coil. Sophisticated control
algorithms will allow device responsiveness to physiologic
demand, and alternating rotational speeds will allow for
some pulsatility. This device is not yet in human clinical
trials. A recent feasibility study using the HeartMate III for
biventricular support (in sheep) yielded favorable results
(72). Further study is required to assess the efficacy of biven-
tricular support with the HeartMate III, in humans with
biventricular heart failure.

New Innovations in Total Artificial Heart Technology
The AbioCorTM Implantable Replacement Heart (Abiomed,
Danvers, Massachusetts, U.S.A.; Fig. 28) represents a major
advance in artificial heart technology, because it is electri-
cally powered and truly, totally implantable. Unlike the
pneumatically driven TAHs of the past (83–85) and the Car-
dioWest device available today, the AbioCor is motor driven,
so a percutaneous source of compressed air is not required.
Additionally, TET is used to supply the motor-driven
hydraulic pumping of the artificial ventricles with power
and system control.

As depicted in Figure 28, the failed, native heart is
removed, and this device is implanted orthotopically,
directly anastomosed to cuffs of native atrial tissue and the
great vessels. The AbioCor weighs around two pounds,
and consists of two ventricular pumps, each with SV
60 mL. Instead of compressed air, ejection from the artificial
ventricles is hydraulically effected by a high-efficiency cen-
trifugal pump, which operates unidirectionally, whereas a
cylindrical rotary valve alternates the direction of hydraulic
fluid flow between right and left pumping chambers. A
microprocessor controller allows device output to be respon-
sive to physiologic demand. Overall, the AbioCor can
reportedly produce pulsatile flows in the range of 4–8 L/
min. Because the device produces pulsatile flow, there are
four artificial trileaflet valves to prevent retrograde flow

during pump systole, mandating formal anticoagulation
with Coumadin.

A clinical feasibility study for the AbioCor was
approved in January 2001, for up to 15 patients. The
purpose of this study was to assess the safety and probable
benefit of the AbioCor, as a potential therapy for those
patients with biventricular failure whose therapeutic
options had otherwise been exhausted, and had a high prob-
ability of dying within 30 days. Fourteen patients were
implanted with the AbioCor, at six clinical centers. Although
all 14 have now expired, device performance was truly
impressive, with one patient supported for more than a
year. Figure 29 shows the length of AbioCor support of the
initial 14 implantees. Of the 14 patients enrolled in the feasi-
bility study, two died in the OR, 10 did not leave the hospital
(except for day passes for four patients), one was discharged
to a nearby hotel, and one was discharged home (86).

As might be expected in any study population with
significant comorbidities, complications were frequently

Figure 28 The AbioCorTM Implantable Replacement Heart. Left: The device as it appeared at the beginning of the feasibility study. Note

the struts on the atrial inflow appendages. These struts were removed from subsequent implantations during the feasibility study, once they

were identified as a likely location of thrombus formation. Right: The appearance of an implanted AbioCor with components labeled.
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Figure 29 Length of support of the initial 14 implantees with the

AbioCorTM Implantable Replacement Heart. Source: From Ref. 86.
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encountered. Details of the AbioCor experience with the
first seven human implants was recently published (87).
Thromboembolic complications were a big problem
initially, but the ostensible source of the thrombi was ident-
ified fairly early as the struts on the atrial inflow appen-
dages (Fig. 28), and these were removed prior to
subsequent implants. Other encountered complications
were not so unusual for any cardiac surgical population
requiring mechanical circulatory assistance, and included
perioperative bleeding, respiratory failure, transient renal
and/or hepatic insufficiency, and multisystem organ
failure. One patient reportedly died of a severe aprotinin
reaction in the OR. Interestingly, one of the two patients
who were ultimately discharged to home, survived mul-
tiple episodes of aspiration requiring tracheostomy and
an episode of neuroleptic malignant syndrome.

Results from the initial implants were submitted to the
FDA in September 2004, for marketing approval under a
HDE. Under the HDE application, up to 4000 patients a
year who are not eligible for a heart transplant would have
the potential to be eligible for an AbioCor. On June 23,
2005, the FDA ultimately denied the application, citing
concerns about patient inclusion criteria and device labeling,
potential benefit versus risk of the device, anticoagulation
protocols, and quality-of-life versus quantity-of-life issues.
The complete transcript of the FDA Medical Devices
Advisory Committee Circulatory System Devices Panel
Meeting can be viewed online (88).

Abiomed has acquired the rights to the Penn State
TAH, and have now introduced the AbioCor II (Fig. 30).
This device incorporates the best technologies of both the
AbioCor and the Penn State heart. The AbioCor II is 35%
smaller than the original AbioCor (potentially implantable
in more of the adult population), and has been designed
with the goal of five-year reliability. This device is currently
being evaluated in preclinical animal studies. Abiomed
reportedly intends to submit for an Investigational Device
Exemption in 2006, in order to begin clinical trials, with a
goal of seeking premarket approval by 2008.

SUMMARY

Cardiopulmonary mechanical assist devices represent power-
ful assets in our armamentarium against acute and chronic
cardiopulmonary failure. In the case of pure cardiac failure,
LV support is most commonly required, and the initial
short-term assistance is generally provided with an IABP. An
LVAD is required when combined inotropic and IABP utiliz-
ation results in inadequate Q̇ and perfusion pressures. The
most common cause of RV failure is LV failure. However,
occasionally a temporary RVAD is employed for acute RV dys-
function, following ischemia related to coronary artery disease
or following a heart transplantation. When biventricular dys-
function is present, a BiVAD is employed.

Whether used as a bridge-to-recovery, a bridge-to-
transplantation, or as permanent “destination therapy,”
outcomes have been increasingly encouraging as experience
has grown, and the various components comprising these
devices continue to be improved.

In the case of respiratory failure not responding to con-
ventional mechanical ventilator therapy, utilization of ECLS
devices have resulted in improved outcomes. For those
without pump failure, veno-venous (ECCO2R) technologies
are adequate. Whereas, when both cardiac and
respiratory failure are present together, a veno-arterial
(ECMO) type of ECLS is required. Due to the recent improve-
ments in membrane technologies, and because of heparin
bonding to ECLS circuits, systemic heparinization is no
longer required. Rather, ACTs in the 180 to 200 seconds
rangeare adequate to prevent thromboembolic complications.
Thus, these devices are suitable for acute trauma patients, pro-
viding brain injuries are absent or of a nonhemorrhagic type.

Miniaturization and newer pump technologies are
being studied as the next generation of VAD. Innovative
new devices promise increased device longevity, with
fewer complications and an improved quality of life for
patients who would otherwise succumb to heart failure.

KEY POINTS

The IABP is a percutaneously inserted device, which
provides intra-aortic counterpulsation.
When maximal pharmacologic interventions and an
IABP fail to restore hemodynamic stability, extracor-
poreal support may be required to re-establish and
maintain systemic perfusion, and to prevent the cata-
strophic sequelae of cardiogenic shock.
The importance of prompt intervention to restore
adequate systemic perfusion, and careful patient selec-
tion for prolonged treatment cannot be understated, if
expectations are for successful bridge to recovery with a
VAD.
If the myocardium does not recover after a period of
short-term support, then a decision must be made as to
whetherthepatient isanacceptabletransplantcandidate.
Only one out of every 2273 patients with end-stage
heart failure is likely to receive a heart transplant.
Despite the impressive rates of successful short- and
long-term support with VADs, infection, thromboem-
bolic complications, and mechanical problems remain
major issues to be overcome.
Pulsatile flow has long been felt to be superior to con-
tinuous flow, in terms of its ability to maintain normal
homeostasis and physiology.

Figure 30 The AbioCorTM II. The AbioCor II combines the best

technologies of the AbioCor I and the Penn State total artificial

heart, in an implantable replacement heart that is 35% smaller than

the AbioCor I.
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More recent studies conducted over the last decade
have demonstrated that humans and animals can
adapt to nonpulsatile flow, so long as that flow is main-
tained at somewhat supranormal levels (46).
Michaels et al. (59), retrospectively reviewed the results
of ECMO in trauma patients, and found 50% mortality
and documented a 59% nonlethal bleeding compli-
cation rate.
Rotary continuous flow pumps represent the next
generation of VAD technology, and can employ an
axial or centrifugal design.
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INTRODUCTION

Respiratory failure is one of the most common reasons for
admission to the intensive care unit (ICU) following
trauma or critical illness, and remains a leading cause of
morbidity and mortality. This chapter reviews the pathophy-
siology of acute respiratory failure (ARF), and provides a
practical approach to diagnosis and therapeutic manage-
ment. This review is complementary to the material
covered in Volume 2, Chapter 24, which surveys the acute
respiratory distress syndrome (ARDS).

Apart from the application of life-support measures
during management of ARF, the initial emphasis involves
an intense search for the primary etiology of respiratory
failure. The important principles of early and accurate diag-
nosis are emphasized throughout this text. Early diagnosis
(in the first hours or days of disease) increases the likelihood
that appropriate specific therapy will be applied, and
decreases the likelihood that the patient will progress from
ARF to full-blown ARDS.

Pulmonary embolus (PE) is an important and common
source of ARF following trauma and critical illness. Because
the problem of deep venous thrombosis (DVT) and conse-
quent PE is so pervasive in patients suffering from trauma,
burns, and critical illness, an entire chapter has been dedi-
cated to the subject (Volume 2, Chapter 56). Accordingly,
PE is only briefly reviewed here.

This chapter does provide an important survey of infec-
tious causes of pneumonia, because almost all ICU patients
with ARF will either begin with an infectious etiology, or
become secondarily infected. In addition to reviewing the
organisms commonly associated with respiratory infections,
practical strategies to minimize nosocomial infections are pro-
vided. This chapter is also complementary to Volume 2,
Chapter 48, which reviews ventilator-associated pneumonia
(VAP), and focuses more closely on the organisms that cause
VAP. Therefore, this chapter surveys all of the clinically
relevant organisms causing respiratory failure.

Finally, this chapter provides only an abbreviated
summary of management principles for patients with ARF,
because Volume 2, Chapters 24 to 29 in this volume cover
these topics in exquisite detail.

DEFINITIONS AND EPIDEMIOLOGY
Consensus Definitions
The presence of persistent hypoxemia (with or without
hypercapnia) is clearly evidence of respiratory system
failure. However, a universally accepted definition of ARF
does not yet exist. In contrast, definitions for acute lung
injury (ALI) and ARDS have been agreed upon by the Amer-
ican-European Consensus Conference, and are summarized
in Table 1 (1). Additionally, the American College of Chest
Physician (ACCP)/Society of Critical Care Medicine (SCCM)
consensus statement on sepsis syndrome defines respiratory
failure as a respiratory rate .20 breaths/min or PaCO2

,32 mm Hg, or the need for mechanical ventilation to treat
an acute respiratory process (2). The ACCP/SCCM definition
of respiratory failure does not specifically account for hyper-
capneic respiratory failure. Because the most important con-
sideration in assessing the need for mechanical ventilatory
support is the overall clinical condition of the patient,
any complete definition of ARF should include criteria for
ALI, along with a measure of overall patient status.

Respiratory failure can be classified as oxygenation
failure (hypoxemic), ventilation failure (hypercapneic), or
both (combined). Differentiation between these conditions
can be made on the basis of the arterial blood gas (Table 2).

Arterial blood gas (ABG) analysis is the single
most important laboratory test for defining the severity of

ARF. In addition to quantifying the severity, ABG analysis
assists in differentiating the cause of ARF, and is useful in
decision making regarding intubation and mechanical
ventilation.

Age should be considered when quantifying the degree
of hypoxemia appropriate for patients, when breathing room
air. A physiologic increase in the alveolar to arterial (A-a)
oxygen gradient occurs during aging, with a gradient as
high as 30 mmHg at age 80 (3). This gradient will be exacer-
bated when higher inspired oxygen concentrations are used,
as there is a normal increase in A-a gradient of 5–7 mmHg
with every 10% increase in inspired oxygen concentration (4).

If the patient has not improved with the administration
of supplemental oxygen, or if the work of breathing (WOB) is
excessive, or the patient’s debilitated state does not allow
him to perform the required WOB, the patient should be
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transported to the ICU for more aggressive interventions and
closer monitoring. Most importantly, the clinician needs to
vigorously pursue the inciting cause of respiratory failure,
rather than merely provide supportive care in the form of
endotracheal intubation and mechanical ventilation. Impor-
tantly, the clues to the etiology are usually most apparent
during the initial hours of respiratory failure, and may
become lost after 24 to 48 hours of ventilatory support. Fur-
thermore, recent clinical trials suggest that early intervention
in the form of antibiotics and fluid resuscitation may decrease
mortality from respiratory failure, so identifying the precipi-
tating cause will suggest the most effective therapy (5,6).

Epidemiology
In a recent European study, the incidence of ARF was 78
patients per 100,000/yr, with an overall 90-day mortality of
41% (7). In addition, the lung is often the primary source
for sepsis syndrome in patients presenting with ARF (8).
The common need for mechanical ventilation, and the

costs and complications associated with this intervention,
make this patient population responsible for a significant
component of health care expenditures.

ARF is the leading cause of admission to the ICU in most
settings. Using the definition of a PaO2/FiO2 200 and the need
for mechanical ventilatory support, Vincent (9) estimated that
34% of all ICU admissions were for ARF that progressed to
ARDS, and that those patients had a mortality of 34% versus
a mortality of 16% for patients admitted for other diagnoses.
Arroliga et al. (10), identified the incidence of ARDS at 15
cases/100,000/yr in Ohio. As ARDS is only a subset of all
patients with ARF, the overall incidence of ARF would be
expected to be much higher. Clearly, ARF, along with sepsis
syndrome, are leading causes of both ICU admission and mor-
bidity and mortality. Volume 2, Chapter 24 discusses the patho-
physiology and progression from ALI to ARDS that results,
when any one of a multitude of disorders becomes severe
enough to disrupt the alveolar epithelial capillary barrier.

PATHOPHYSIOLOGYOFACUTE RESPIRATORY FAILURE
Acute Hypoxemic Respiratory Failure:
Gas Exchange Dysfunction
Hypoxemia is defined as inadequate blood oxygenation, and
should be conceptually differentiated from hypoxia, which
indicates deficient oxygen concentration anywhere (inside
or outside the body), but typically means low PO2 in the
tissues. Acute hypoxemic respiratory failure is present
when the partial pressure of oxygen in arterial blood
(PaO2) is less than 60 mmHg, in the setting of low or
normal arterial partial pressure of carbon dioxide (PaCO2).
The presence of tissue hypoxia leads to anaerobic cellular
metabolism, and if the tissue PO2 remains too low for too
long, cell death will occur. Hypoxemia in ARF can result
from a number of conditions, listed in Table 3. Each of
these pathologic processes leading to hypoxemia will be con-
sidered separately. However, the critically ill patient with
respiratory failure often presents with a combination of
these processes coexisting. Additionally, others begin after
the initial event, and all conditions may contribute to the
degree of hypoxemia experienced by the patient.

Table 1 American–European Consensus Conference Definitions

of Acute Lung Injury and Acute Respiratory Distress Syndrome

Acute lung injury

Acute respiratory distress

syndrome

Acute onset of respiratory

failure

Acute onset of respiratory failure

Bilateral infiltrates on chest

radiograph

Bilateral infiltrates on chest

radiograph

No evidence of left atrial

hypertension

(PAOPa , 18 mmHg)

No evidence of left atrial

hypertension

(PAOP , 18 mmHg)

PaO2/FiO2 , 300 mmHg PaO2/FiO2 , 200 mmHg

aAlthough classically, pulmonary artery occlusion pressure (PAOP) should

be ,18 to make the diagnosis of noncardiogenic pulmonary edema, occasion-

ally noncardiogenic etiologies will occur with PAOP � 18. Abbreviations:

PaO2/FiO2, ratio of partial pressure of oxygen in arterial blood to the

fraction of inhaled oxygen; PAOP, pulmonary artery occlusion pressure.

Source: From Ref. 1.

Table 2 Classification of Respiratory Failure by Arterial Blood Gas Analysis

Classification

Acute

hypoxemic

Hypercapneic

(ventilatory failure)

Combined

(periop, posttrauma)

P(A-a)O2 " ! "

PaO2 # #
a

#

PaCO2 Initially # Later, may " " Initially maybe ", !, or #

Later #

Examples Pulmonary edema

pneumonia

CNS depression

Neuromuscular weakness

Airflow obstruction

Postchest trauma or post-op with

pain and atelectesis

Comments Any condition causing mixed venous

blood to traverse nonventilated

lung units results in right-to-left

transpulmonary shunt. When

severe, acute hypoxemic

respiratory failure results

In ventilatory failure, gas exchange

abnormalities result from

decreased alveolar ventilation,

resulting in hypercapnea and

proportional hypoxia

Combined respiratory failure is

common following trauma and

postop. Lower lung volume due to

splinting from pain leads to atelectesis,

smoking history, fluid resuscitation,

and leaky capillaries (burns, SIRS,

sepsis, etc.) all contribute further

aPaO2 often becomes normal with " FIO2 in pure hypoventilatory (hypercapneic) respiratory failure.

Abbreviations: # , decreased; " , increased; ! , normal; CNS, central nervous system; PaCO2, partial pressure of carbon dioxide in the arterial blood; PaO2,

partial pressure of oxygen in the arterial blood; P(A-a)O2, alveolar-to-arterial oxygen gradient; SIRS, systemic inflammatory response syndrome.
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Oxygen Consumption and Delivery
In order to fully evaluate the adequacy of tissue oxygen-
ation, the concepts of oxygen delivery ( _DO2) and oxygen
consumption ( _VO2) will be briefly reviewed. The factors con-
tributing to the value of _DO2 are oxygen content (CaO2) and
cardiac output ( _Q), as shown in Equation 1:

_DO2 ¼ CaO2 �
_Q (1)

where CaO2 is the arterial oxygen content (expressed in
mLO2/dL blood) and _Q the cardiac output (expressed as L
blood/min). The CaO2 can be calculated by simultaneously
measuring an ABG and hemoglobin (Hb) concentration in
a patient, as shown in Equation 2.

CaO2 ¼ [Hb] � 1:34� Satarterial þ 0:003� PaO2 (2)

Using Equation 2, a patient with an Hb ¼ 15, and 100%
saturation of arterial Hb with O2 has a calculated
CaO2 ¼ 20 mL O2/dL blood ¼ 200 mL O2/L blood. Some
O2 is also dissolved in plasma (0.003 � PaO2), the amount
of which is generally negligible. However, in low O2

saturation conditions, where patients are supported with
high FIO2, and especially at higher barometric pressures
(i.e., at sea level or in a hyperbaric chamber), the dissolved
O2 component can become more significant.

The _Q is most often measured using the thermodilu-
tion method, via a pulmonary artery (PA) catheter. The
normal resting _Q for a 70-kg patient is approximately 5 L
blood/min. Thus, the normal _DO2 for a 70-kg patient is
1000 mL O2/min (5 L blood/min � 200 mL O2/L blood).

The _VO2 can be determined for various vascular beds
or organs. However, if not otherwise stated, the _VO2 rep-
resents the total amount of O2 consumed by all tissues in
the body and is expressed as mL/O2/min.

The _VO2 can be determined clinically in two ways,
either by indirect calorimetry, where actual oxygen uptake
is measured (subtraction of expired from inspired volume
of oxygen), or by use of the Fick mass balance equation
(Equation 3):

_VO2 ¼ _Q� (CaO2 � CvO2) (3)

where CaO2
is calculated using Equation 2 and using the

saturation of the arterial blood (obtained from the ABG),

and the CvO2
is also calculated by using Equation 2, but

uses the venous O2 saturation taken from the mixed
venous blood gas (obtained with a PA catheter). The Fick
method does not take into account oxygen consumed by
the lungs. Normally, lung tissue oxygen extraction is negli-
gible. However, in the setting of ALI, pulmonary oxygen
consumption may be significantly increased. Thus, the Fick
method may be prone to inaccuracy compared to indirect
calorimetry, in the setting of ALI (11). The normal value for
_VO2 is about 250 mL/min for a 70-kg patient, or about 3 to
4 mL/kg/min. The _VO2 varies in concert with the metabolic
needs of the body, and may be increased by fever or the
systemic inflammatory response syndrome (SIRS), as
described in Volume 2, Chapter 63.

Ventilation ^Perfusion Abnormalities
Ventilation and perfusion ( _V= _Q) are normally well matched
(see Volume 2, Chapter 2). However, when hypoxic pulmon-
ary vasoconstriction (HPV) is blunted, underventilated areas
of the lung are overperfused, resulting in hypoxemia. Con-
versely, when certain areas of the lung are underperfused
(as occurs in pulmonary embolism), areas of high _V= _Q
(and alveolar dead space) result. The oxygen content of
these high _V= _Q regions is elevated, and the CO2 content is
lower than normal. Following a PE, blood will also be
forced to increase flow to nonobstructed low _V= _Q regions.
Because the very low oxygen content of the now overper-
fused (low _V= _Q) lung units cannot be sufficiently compen-
sated by the higher oxygen content of the underperfused
(high _V= _Q) lung units, the aggregate mixing of the blood
results in hypoxemia. Furthermore, pulmonary emboli
release factors into the pulmonary circulation that increase
the right-to-left transpulmonary shunt (discussed sub-
sequently), further impairing oxygenation.

A number of factors influence alveolar dead space,
including age, posture, and body size (12). Significant
abnormalities in alveolar dead space result from a number
of pathologic conditions occurring in trauma and critical
care. The processes that increase the alveolar dead space
include all conditions that increase ventilation beyond the
concomitant pulmonary perfusion, as occurs when excessive
tidal volume or positive end expiratory pressure (PEEP) is
employed; as well as when impaired cardiac output occurs,

Table 3 Five Pathophysiologic Processes that Cause Acute Hypoxemic (Low PaO2) Respiratory Failure

Process P(A-a)O2 Response to 100% O2 PaCO2 Clinical examples

Low PIO2 Normal "" PaO2 Normal Elevation (e.g., Denver, Mexico City)

low FIO2 (e.g., plumbing or tank

hook-up error)

Hypoventilation Normal "" PaO2 "" Opiate overdose Myasthenia Gravis

Guillian-Barre syndrome

V̇A/Q̇ mismatch "" "" PaO2 Normal Segmental atelextasis (low V̇A/Q̇) or

sub segmental pulmonary emboli

(high V̇A/Q̇)

Shunt (Q̇s/Q̇t) "" No improvement Normal Noncardiogenic pulmonary edema

(28 aspiration, sepsis, SIRS, etc.)

Diffusion limit "" "" PaO2 Normal Pulmonary edema and associated

interstitial edema

Note: PIO2 ¼ FIO2 (PB – PH2
O).

Abbreviations: "" , increased; FIO2, fractional concentration of inspired oxygen; PB, barometric pressure; PH2
O, partial pressure of water; PaCO2, partial

pressure of carbon dioxide in the arterial blood; PaO2, partial pressure of oxygen in the arterial blood; P(A-a)O2, alveolar-to-arterial oxygen gradient; SIRS,

systemic inflammatory response syndrome (see Volume 2, Chapter 63); V̇A/Q̇, alveolar ventilation to perfusion ratio.
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due to hypovolemia (common in trauma), pump failure
(myocardial ischemia, tamponade), and so on. Alveolar
dead space is also increased by pulmonary embolism
(Volume 2, Chapter 56). Additionally, situations that impair
HPV (e.g., inhaled anesthetics and other pulmonary vasodila-
tors) will increase alveolar dead space. The anatomic dead
space is defined as the volume of gas in the conducting
airways. The alveolar dead space and anatomic dead space
combined yields the physiologic dead space. The physiologic
dead space can be measured by determining the dead space
to tidal volume ratio using the Bohr equation (Equation 4):

VD=VT ¼ Pa CO2 � PETCO2=PaCO2 (4)

where VD/VT represents the dead space to tidal volume ratio,
PaCO2 is the partial pressure of carbon dioxide in arterial
blood, and PETCO2 is the partial pressure of carbon dioxide
in a mixed-expired gas sample.

The most common clinical scenarios leading to venti-
lation-perfusion mismatching include blood loss following
trauma or during surgery, and in the nonoperative setting,
exacerbations of chronic obstructive pulmonary disease
(COPD), pneumonia, and atelectasis. Many drugs will blunt
the ability of the pulmonary circulation to respond appro-
priately to hypoxia by vasoconstriction. These drugs are
commonly used in the ICU, and include nitrates, inotropes,
inhaled anesthetics, and calcium-channel blockers (13).

Many of the drugs used in the ICU have vasodilator
properties and can worsen oxygenation by blunting HPV
and exacerbating V̇/Q̇mismatching.

Right-to-Left Transpulmonary Shunt
Right-to-left transpulmonary shunting, sometimes referred to
as venous admixture, refers to alveoli that are perfused but
not ventilated, resulting in the effluent of nonoxygenated
blood from these lung units, and ultimate mixing of oxyge-
nated and nonoxygenated blood, decreasing the Pao2. The
normal healthy person has less than 5% transpulmonary
shunt. This normal shunted blood results from two sources:
(i) the anatomic shunt of blood that empties directly to the
left atrium or left ventricle (LV); and (ii) a very small amount
of normal, transpulmonary shunting (blood that flows
through the lungs in the normal pathways, past alveolar
units that are not exposed to gas exchange). The anatomic
shunts that are present in all normal patients include the thebe-
sian veins and the bronchial circulation, both of which empty
their deoxygenated blood directly into the left side of the heart.
Intracardiac shunts are pathologic, and not considered part of
the normal right-to-left transpulmonary shunt. When patholo-
gic intracardiac shunts are present, they can contribute large
quantities of deoxygenated blood to the left side of the heart,
resulting in profound hypoxemia. The foramen ovale is
physiologically closed in most normal adults; however, it
remains probe patent in as many as 30% of adult patients.
The probe-patent foramen ovale may open in the setting of
elevated right atrial pressures, as can occur in secondary RV
failure (i.e., due to pulmonary artery hypertension—as
occurs in numerous disease states such as advanced ARDS).
Other pathologic anatomic shunts include pleural-based arter-
iovenous shunts seen in patients with hepatic cirrhosis—so-
called hepato-pulmonary syndrome—reviewed below (also
see Volume 2, Chapters 36 and 37). The most common
causes of right-to-left transpulmonary shunting in ICU patients
are direct pulmonary pathologic entities, such as pneumonia,
atelectasis, and noncardiogenic pulmonary edema. Each
of these entities causes blood flow to bypass gas-exchanging
portions of the lung.

The degree of shunt can be calculated using the shunt
equation (Equation 5):

_Qs
_Qt
¼

CCO2 � CaO2

CCO2
� CvO2

(5)

where _Qs= _Qt is the shunt blood flow expressed as a fraction
of total blood flow, CcO2

the calculated alveolar capillary
blood content, CaO2 the measured oxygen content of arterial
blood, and CvO2 the measured oxygen content of mixed
venous blood. Although some intensivists will calculate
the _Qs= _Qt using the above shunt equation, a clinically
useful estimate can be made using the shortcut suggested
by Pierson (14). Providing the patient is on an FIO2 of 1.0,
and the PaO2 is 150 mmHg or more, there is approximately
5% shunt for every 100 mmHg the PaO2 is below 700 (14).

The degree of right-to-left transpulmonary shunt is
also reflected in the PaO2/FIO2 (or “P/F”) ratio (normally
approximately 500) (15,16). Using the alveolar air equation
(Equation 6), one can calculate the expected PAO2 and, as
first proposed by Bendixen, calculate the alveolar-to-arterial
PO2 difference [P(A-a)O2] (17). In the absence of any signifi-
cant right-to-left transpulmonary shunt, the PaO2 (measured
with an ABG) will be essentially the same as the PAO2, calcu-
lated from the alveolar air equation (Equation 6).

PAO2 ¼ ½(PB � PH2 O) � FIO2� �
PaCO2

RQ

� �
(6)

The alveolar air equation predicts that the PAO2 will
be decreased when there is: (i) a decrease in either the baro-
metric pressure, or the FIO2, or (ii) an increase in the PaCO2.
The PaO2/FIO2 ratio can be used to roughly, and quickly,
determine the degree of right-left transpulmonary shunt.
When the PaO2/FIO2 is ,300, the threshold for ALI is
achieved, whereas a PaO2/FIO2 ,200 meets the criteria for
ARDS (Table 1).

Although shunt units will not be affected by the
administration of 100% oxygen, hypoxemia from _Qs= _Qt mis-
matching will be improved. In clinical practice, patients
often have a combination of both shunt and _V= _Q mismatch.
Thus, oxygen should always be administered to the hypoxe-
mic patient regardless of the putitive mechanism.

Diffusion Impairment
Impairment of oxygen diffusion into alveolar capillaries may
occur with infiltration of the alveolar airspaces. This occurs
most commonly with pulmonary edema, either cardiogenic
or noncardiogenic. The increased diffusion distance for
oxygen may result in incomplete oxygenation of venous
blood, especially when diffusion impairment exists in com-
bination with high _Q and/or anemia. It is unclear what the
clinical significance of diffusion impairment is, as other
mechanisms, such as ventilation-perfusion mismatching
and right-to-left transpulmonary shunting, are likely more
significant causes of hypoxemia.

Decreased Mixed Venous Oxygen Content
Decreased CVO2 rarely exists as an isolated entity, but com-
monly occurs in concert with other causes of hypoxemia
such as anemia, low cardiac output, and increased systemic
oxygen consumption (i.e., fever). If venous blood is not fully
oxygenated during passage through the lungs, then unsatu-
rated blood enters the arterial circulation. Treatment of low
mixed venous oxygen content is based upon the etiology.
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In the setting of anemia (Volume 2, Chapter 54), treatment
consists of transfusion, and in the setting of low _Q, inotropes
are used, whereas in the case of fever, antipyretic therapy
may be indicated. Sedatives may be administered to criti-
cally ill patients to decrease the _VO2. Paralytic agents by
themselves should not be employed for this purpose. Con-
siderable controversy exists regarding the precise goals of
_DO2 in critically ill patients (see Volume 2, Chapter 17).

Alveolar Hypoventilation
The alveolar air equation (Equation 6) predicts a decrease in
PAO2 if there is an increase in PaCO2 (as occurs with hypo-
ventilation). So, even if alveolar uptake of O2 is normal
and _DO2 is normal, the patient may ultimately become
hypoxic, because the increase in partial pressure of CO2 in
the alveoli leaves less space for O2.

The CO2 concentration in the alveoli increases during
alveolar hypoventilation. Accordingly, the alveolar partial
pressure of oxygen and other gases must fall. In the
absence of supplemental oxygenation, hypoxemia will
occur. The most common clinical scenario for alveolar hypo-
ventilation is decreased respiratory drive from opiate
administration, although patients with neuromuscular or
central nervous system (CNS) disorders can develop the
same complication. In trauma patients, drugs, CNS
disorders, and mechanical ventilatory problems (e.g.,
pneumothorax) can all occur simultaneously.

The oxygenation defect seen with alveolar hypoventi-
lation may be overcome by increasing the FIO2, thereby
increasing the diffusion gradient for oxygen into the alveolar
capillaries. The most common clinical entities associated
with acute hypoxemic respiratory failure are listed in
Table 4.

Acute Hypercapneic Respiratory Failure:
Ventilation Dysfunction
Failure of the ventilatory system results in hypercapnea and
respiratory acidosis, and in the absence of supplemental
oxygen, hypoxemia. Ventilatory failure can result from
CNS injury or dysfunction, with consequent alterations in
respiratory drive, as well as from respiratory musculature
weakness as in patients with Guillin-Barré syndrome, or
due to increased WOB, as occurs in severe bronchospasm
or decreased CL or increased VD (e.g., PE), or patients with
COPD. A review of the medical history, physical examin-
ation, chest radiograph (CXR), and blood gas analysis can
usually identify the etiology of the ventilatory failure. In
the case of neuromuscular disease, electromyography
(EMG) testing or consultation by a neurologist may be
required to differentiate between neuronal, muscular, or
neuromuscular junction (NMJ) dysfunction. Acute hyper-
capneic respiratory failure can be identified when the ABG
reveals a PaCO2 greater than 50 mmHg. Each of these
systems will be examined independently.

Carbon Dioxide Production and Clearance
Carbon dioxide is produced as an end product of cellular
metabolism, with a normal steady-state production of
approximately 200 mL/min in a 70-kg patient. If alveolar
ventilation is inadequate to eliminate the total CO2 pro-
duced, then hypercapnea and respiratory acidosis will
ensue. Therefore, in the steady state, _VCO2 can be defined
as the product of alveolar ventilation and arterial PaCO2,

as shown in Equation 7.

PACO2 � PaCO2 ¼
_VCO2

_VA

(7)

The alveolar PCO2 (PACO2) varies during the venti-
latory cycle. PACO2 falls at the commencement of inhalation,
and rises during exhalation. The end tidal PACO2 is nearly
equal to the PaCO2, whereas the exhaled PCO2 (measures
is PETCO2) is slightly lower; the greater the alveolar dead
space, the greater the difference between the PETCO2 and
the PaCO2.

An increase in PaCO2 must be due to either an increase
in production or a decrease in elimination, with decreased
elimination due to either a decreased minute ventilation or
increased dead space ventilation (or both). Increased CO2

production may result from fever or overfeeding, both of
which should be corrected in patients with severe ARF.
Diagnosis of increased CO2 production can be made with
indirect calorimetry. Adjustment of enteral or parenteral
nutrition, or treatment of fever, can be further monitored
with indirect calorimetry to follow the expected decrease
CO2 production.

Ventilatory Mechanics
A number of factors will contribute to abnormalities in ven-
tilatory mechanics, including decreased lung or chest wall
CL, increased intra-abdominal pressure, and neuromuscular
dysfunction. Pure ventilatory failure will manifest itself by
hypercapnea. Having an intubated patient perform a spon-
taneous breathing trial provides information regarding the
patient’s ability to do their WOB. However, a high RSBI
(i.e., RR/Vt .100) does not specifiy whether the WOB is
too high, or if the patient is too weak. Accordingly, the evalu-
ation of mechanical failure seeks pulmonary mechanic data
that isolate the variables of interest. The maximum inspira-
tory pressure (PIMAX) is another weaning parameter (pul-
monary mechanic) that reflects the patient’s strength. The
PIMAX is obtained by occluding the endotracheal tube
(ETT) with a negative pressure measuring device (see
Volume 2, Chapter 28). The PIMAX may vary with age and
gender, but normal healthy individuals can usually generate
negative pressures less negative than –80 to –100 cmH2O
(18). Having a patient perform a vital capacity (VC) breath
will also identify mechanical abnormalities related to
respiratory muscle weakness, but this measurement is also
dependent upon the lung and chest wall compliance. In
mechanically ventilated patients, measurement of peak
inspiratory pressure, plateau pressure, and dynamic hyper-
inflation or intrinsic positive end-expiratory pressure
(PEEP) further characterize the mechanical abnormalities
associated with ARF.

Work of Breathing
In normal circumstances, the WOB is very small, represent-
ing less than 2% of the basal metabolic rate. Under pathologic
conditions, however, when respiratory system compliance
decreases and/or airway resistance increases, the WOB can
be substantial, utilizing a larger portion of the oxygen
delivery. In patients with ARF, minute ventilation demands
are high because of increased dead-space fraction (e.g., PE),
or cause airflow obstruction (e.g., kinked ETT or copious
secretions). With further increases in airflow obstruction,
the WOB is markedly elevated because of active expiratory
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efforts. This increased demand will often lead to ventilatory
failure, as respiratory and accessory muscles fatigue. The
WOB can be measured with esophageal manometry, and
the workload partitioned between the patient and the mech-
anical ventilator. The precise WOB threshold that should be
done by the patient is not well understood. A more detailed
discussion of ventilatory mechanics and the WOB, in terms of
normal pulmonary physiology and weaning parameters are
found in Volume 2, Chapters 2 and 28, respectively.

Neural Control of Breathing
Respiratory drive originates in the medulla and triggers
inspiratory efforts. In rare cases, patients may have primary
alveolar hypoventilation, usually secondary to other disease
processes. The most common associated illnesses are
obesity, with obesity hypoventilation syndrome, and chronic
poliomyelitis. Far more common is respiratory depression
secondary to the use of opiates or benzodiazepines. Patients
in the ICU are particularly prone to disorders of the NMJ,

Table 4 Pathophysiology and Diagnostic Clues Associated with Common Clinical Conditions Causing Acute Respiratory Failure

Clinical condition Physiologic abnormality Diagnostic clues

Acute bacterial pneumonia *’d Q̇S/Q̇T, (+’d PaO2), fever (*’d V̇CO2),

+’d CL, and *’d RAW all cause * WOB

Fever, WBC (left shift), infiltrate on CXR,

purulent sputum

Viral and atypical (Mycoplasma,

Legionella) pneumonias

S/A WBC not very elevated, more monocytes,

diffuse alveolar pattern on CXR, sputum

normal

Fungal pneumonia S/A Immunosuppressed patient, cavitary lesions on

CXR

Asthma Broncho constriction and mucus plugging of

airways, *’d V̇/Q̇, *’d RAW all cause

*WOB

Wheezing, *’d expiratory phase, CXR: flat

diaphragms, and *’d A-P diameter; use of

accessory muscles

COPD S/A, plus bronchitis and or emphysema:

(+’d DLCO)

S/A, often *’d serum [HCO3
–] due to chronic

hypercarbia

Upper airway obstruction *’d RAW, *’d PaCO2 Stridor (heard in neck), snoring

Aspiration Epithelial injury: R! L shunting,

(+’d PaO2), *’d lung H2O: +’d CL,

bronchial injury: *’d RAW: * WOB

CXR infiltrate classically in superior

segments of lower lobes (especially

right side)

Pulmonary embolism *’d VD/VT, *’d V̇E, *’d V̇/Q̇, *’d Q̇S/Q̇T Hx DVT, Hx trauma, abrupt *’d dyspnea after

position change

Myocardial failure *’d Q̇S/Q̇T (cardiogenic pulmonary edema) +’d Q̇, *’d atrial pressures, ECG changes

Neuromuscular disorders +’d V̇E—due to +’d NMJ function +’d twitch and +’d muscle strength

Tensilon improves (if myasthenia G)

Chest wall trauma +’d V̇E—due to pain induced splinting Rib fractures, +’d VT, +’d MIF

Pulmonary contusion *’d Q̇S/Q̇T (noncardiogenic pulmonary

edema)

Lung contusion on CXR or CT

Hemo-pneumothorax *’d Q̇S/Q̇T (lung collapse 28 blood or air) Hemo-pneumothorax on CXR/CT

Fluid overload *’d Q̇S/Q̇T (hydrostatic pulmonary edema) * * Fluid resuscitation, *’d atrial pressures,

+’d Albumin u̇

Fat embolism *’d Q̇S/Q̇T (noncardiogenic pulmonary

edema)

Hx proximal long bone Fx

Near-drowning *’d Q̇S/Q̇T (noncardiogenic pulmonary

edema)

Trauma involving water

Burns *’d Q̇S/Q̇T (noncardiogenic pulmonary

edema)

* BSA Burn, or inhaled smoke

Head injury *’d Q̇S/Q̇T (neurogenic pulmonary edema) Especially with SAH

Renal failure *’d Q̇S/Q̇T (hydrostatic and noncardiogenic

pulmonary edema), +’d CL, * WOB

left atrial pressures, +’d albumin, + LV

dysfunction

Pancreatitis *’d Q̇S/Q̇T (noncardiogenic pulmonary

edema)

* amylase, * lipase, * inflammation

Liver failure *’d Q̇S/Q̇T (noncardiogenic pulmonary

edema)

* LFTs, +’d albumin, edema, + porto-

pulmonary syndrome

Sepsis/SIRS *’d Q̇S/Q̇T (noncardiogenic pulmonary

edema)

* inflammation (multiple etiologies)

Abbreviations: * , increase; + , decrease; BSA, body surface area; BUN, blood urea nitrogen, CL, compliance; CO2, CO2 production; Cr, creatinine; CT,

computed tomography; CXR, chest radiograph; DLCO, diffusion capacity; DVT, deep venous thrombosis; ECG, electrocardiogram; Fx, fracture;

Hx, history of; LV, left ventricle; MIF, maximum inspiratory force; NMJ, neuromuscular junction; PaCO2, partial pressure of CO2 in arterial blood; PaO2,

partial pressure of oxygen in arterial blood; Q̇, cardiac output; Q̇S/Q̇T, shunt flow/cardiac output (in this context same as right-to-left transpulmonary

shunt); RAW, airway resistance; S/A, same as above; SAH, subarachnoid hemorrhage; V̇E, minute ventilation; VT, tidal volume; V̇/Q̇, ventilation/perfusion

ratio; VD/VT, dead space to tidal volume ratio; WBC, white blood cell count; WOB, work of breathing.
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so-called “critical illness polyneuropathy” (Volume 2, Chapter
6). This is a syndrome that may be present 50% to 70% of the
time in mechanically ventilated patients with sepsis (19). Criti-
cal illness polyneuropathy is characterized by polyneuropa-
thy-induced muscular weakness and difficulty weaning from
mechanical ventilation. Diagnosis may be made by EMG.
Other myopathies may result from steroid use (20), and in par-
ticular, from the combination of steroids and neuromuscular
blocking drugs in acute asthmatics (21). Patients proving diffi-
cult to wean from mechanical ventilation should be evaluated
for myopathy or other neurologic dysfunction.

CLINICAL PRESENTATION OFACUTE RESPIRATORY FAILURE
Diagnostic Approach to Acute Respiratory Failure
The importance of determining the etiology of ARF cannot
be overstated. Often, the clues regarding the etiology are
fleeting, and may only be available at the bedside immedi-
ately prior to intubation. These clues (Table 4) must be
actively sought out, gathered, and chronicled by the phys-
ician called to intubate the patient, prior to transfer to
the ICU. Examples of clues that should be sought, and will
be missed if not reported by the intubating physician,
include the presence of: (i) vomit in a patient’s oropharynx
passing below cords, involving the trachea and bronchi;
(ii) ST segment depression during the ARF event, which
resolves following intubation and mechanical ventilation;
(iii) pulmonary edema fluid prior to intubation and the
administration of PEEP; 4) stridor; etc. Accordingly, the diag-
nostic approach to ARF starts with a focused medical history,
and physical examination at the bedside.

History
Because of critical illness, a patient’s complete medical
history cannot always be fully obtained. Clinical clues to
the history of present illness (relevant to ARF) are invalu-
able, as mentioned above. Regarding the past medical
history, it is useful to ascertain whether the patient has any
underlying lung pathology such as COPD or asthma,
whether the patient has a history of tobacco use, or
whether s/he has had any recurrent problems such as con-
gestive heart failure (CHF), pneumonia, or bronchitis.
Knowledge of underlying pulmonary or cardiac conditions
may influence the clinician’s decision to move directly to
endotracheal intubation, or to temporize with noninvasive
positive pressure ventilation (NIPPV). A patient who was
doing well prior to moving or getting out of bed, who
abruptly develops respiratory failure, shows no signs of
aspiration, and has clear lungs provides a good history and
physical for an acute PE. Historical factors may also influ-
ence the choice of induction agents for endotracheal intuba-
tion, and may further guide the selection of a particular
mode of mechanical ventilatory support, impact the level
of PEEP, tidal volume setting, or initial setting of I:E ratio.
Finally, knowledge of pulmonary function testing and base-
line oxygenation and ventilation (via ABG evaluation) can
help establish acceptable weaning parameters when respir-
atory status begins to improve.

Physical Examination
Physical examination of the patient with respiratory failure
begins with chest observation of respiratory rate and
pattern (including use of accessory muscles or pardoxic
breathing), auscultation of breath sounds and any evidence
of stridor, and blood pressure measurement. Although this

valuable diagnostic information is being obtained, it is essen-
tial that the “ABCs” of resuscitation are being employed, by
assuring a patent airway, and treating with supplemental
oxygen. Examination may reveal surgical scars, indicating
prior surgery, such as a thoracotomy or prior tracheotomy.
Barrel-chested patients, for instance, are more likely to
have COPD. The presence of subcutaneous emphysema is
highly suggestive of pneumomediastinum, and tracheal
deviation may indicate tension pneumothorax.

Ausculatation of breath sounds may reveal a variety of
diffuse or specific findings, which may help to diagnose an
underlying condition or the cause of ARF. Close observation
of the patient’s respiratory pattern can provide valuable
information: Is the chest moving paradoxically? Does the
patient appear to be breathing with diaphragmatic, or
more with accessory, musculature? Is there equal excursion
of both sides of the chest? Is there dullness (effusion, actele-
tasis, pneumonia), or hyperresonance (pneumothorax, blebs)
in any areas of the lungs? Heart rate and blood pressure
measurement are essential.

A patient with an acute exacerbation of COPD or reac-
tive airway disease may have low systolic blood pressure,
resulting from dynamic hyperinflation, increased intrathor-
acic pressure and consequent decreased venous return to
right atrium, increased afterload of the right ventricle (RV)
and consequent decreased LV filling and stroke volume.
Patients may be diaphoretic or confused, and patients
with hypercapnea may exhibit somnolence, seizures, or
myoclonic jerks.

Arterial Blood Gas Analysis
Initial assessment of a patient with ARF is facilitated by
obtaining focused laboratory data; especially pulse oximetry,
CXR, ECG, and ABG. Only with an ABG can quantitative
determinations about the severity of the ARF be made.
These determinations include calculation of shunt fraction
(Q̇s/Q̇t), PaO2/FIO2, and alveolar dead space ventilation.
Analysis of the ABG and serum electrolyte panel can
provide additional clues that may facilitate the diagnosis
and management of these patients. Elevated PaCO2 in the
presence of a high serum bicarbonate level suggests
chronic CO2 retention. The Henderson-Hasselbach equation
may be used to estimate the patient’s baseline degree of CO2

retention. The PaO2 will be essential in assessing those
patients who are receiving supplemental oxygen, and for
whom the institution of NIPPV or endotracheal intubation
may be imminent. Furthermore, the PaO2 may serve to
provide the only accurate measure of oxygenation for
those patients whose decreased peripheral perfusion limits
the use of pulse oximetry.

Oximetry and Capnometry
In patients with ARF, the decision to proceed to endotracheal
intubation may be made on the basis of physical examination
and oximetry, particularly if the patient is in distress and there
is no time to obtain an arterial blood gas. Most patients require
oxygen saturation greater than 90%, particularly in the setting
of critical illness. Oximetry provides a rapid, reliable assess-
ment of oxygenation in critically ill patients, and is the stan-
dard of care for continuous monitoring in both the ICU and
operating room (OR). However, oximetry is prone to errors;
for example, carbon monoxide poisoning may show falsely
high oxygen saturation, whereas patients with methemoglo-
binemia will present with a pulse oximeter saturation of
85%, regardless of the true oxygen saturation as determined
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by co-oximetry (see Volume 2, Chapter 8). The reason for these
errors with pulse oximetry is that only the two species oxy-Hb
and Hb are measured by these devices. Accordingly, the
initial blood gas assessment of the patient with ARF should
include co-oximetry, which will characterize the various
hemoglobin species present (including oxy-Hb, Hb, met-
Hb, and carboxy-Hb).

Many commonly used drugs can cause methemo-
globinemia, which will worsen hypoxemia and acidosis.
These drugs include dapsone, local anesthetics (benzo-
caine and prilocaine), commonly used nitrates (nitroprus-

side, nitroglycerin), and sulfonamides. Diagnosis may be
made with co-oximetry that measures various hemoglobin
species. Treatment is with methylene blue.

Capnometry allows measurement of end-tidal CO2

(PetCO2). In normal subjects, the PetCO2 is usually 3–
5 mmHg less than the arterial PCO2. Patients with COPD,
and those with respiratory failure, have an increased dead
space fraction, and the PetCO2-PaCO2 gradient will be
much larger. However, capnometry is extremely useful in a
number of settings; for continuous respiratory monitoring,
and importantly, for documenting intratracheal placement
of the ETT during intubation. Capnometry also allows detec-
tion of expiratory flow obstruction, as the expiratory curve
will fail to reach a plateau, suggesting delayed release
from alveoli with long exhalation time constants.

Radiographic Evaluation
Chest radiography is an essential component in the diagnos-
tic work up of ARF; it can substantially narrow the differen-
tial and sharpen the focus in developing a treatment plan. A
clinical diagnosis of pneumonia, for example, is supported
by the presence of an infiltrative process on the radiograph.
Chest radiography will also help to diagnose underlying
pathology that may be linked directly or indirectly to the
ARF, such as an enlarged cardiac silhouette or the presence
of apical scarring in a patient with a history of mycobacterial
disease. The presence of an increased anterior-posterior
diameter, flattened diaphragms, and hyperinflation are
common findings associated with COPD. The presence of
pulmonary interstitial emphysema can alert the clinician to
a potential imminent pneumothorax. Pulmonary interstitial
emphysema can appear as perivascular halos, pneumato-
celes, intraseptal air collections, and linear streaks of air
radiating from the hila, parenchymal cysts, and subpleural
air collections. However, most pneumothoraces are not diag-
nosed until an apicolateral visceral pleural line is detected.
Reliance on this presentation will result in the underdiagno-
sis of pneumothorax in critically ill patients. Subpulmonic
pneumothorax can be detected by visualizing a “deep
sulcus” sign, as well as by hyperlucency of the superior
abdominal area. Anteromedial pneumothorax may be diag-
nosed by the presence of a mediastinal border outlined by
pleural air or by a linear air density along that border. Many
patients with ARF are unable to be positioned upright,
thereby making the detection of pneumothorax more difficult
with chest radiography. Tracheal deviation with contralateral
displacement of the heart and mediastinal structures, as well
as ipsilateral lung collapse, may provide essential clues of a
potentially life-threatening tension pneumothorax.

Differentiation of cardiogenic versus noncardiogenic
pulmonary edema can be difficult. The presence of Kerley-
B lines represent interstitial edema, and their presence,
along with evidence of vascular cephalization, suggests the
presence of cardiogenic pulmonary edema. However, even

experienced clinicians may be unable to determine the
cause of edema in the supine ICU patient (22). Likewise,
the severity of pulmonary infiltration does not always
correlate with the severity of respiratory failure.

An entirely normal appearing CXR (other than slight
decreased pulmonary arterial markings), in a patient with
acute onset respiratory failure, is suggestive of an acute
PE. Chest radiography will not always provide the clinician
with specific clues that will lead to a clear diagnosis, but it
can rule out many of the common etiologies of ARF, allowing
the clinician to narrow the likely list of causes.

Sputum Evaluation
Sputum evaluation is an essential component of the diagno-
sis of both community-acquired and nosocomial pneumo-
nias. Both culture and Gram stain can provide important
diagnostic therapeutic information. The Gram stain can be
more reliable than sputum culture for diagnosing pneumo-
nia, whereas the culture helps define antimicrobial resist-
ance. Indeed, if an organism is cultured from sputum, but
not shown as a predominant species in the Gram stain, it
often represents colonization of the tracheo-bronchial tree.
The Gram stain is an excellent tool for determining the
focus of early antibiotic therapy. The sensitivity and speci-
ficity of sputum culture depends on criteria used for a defi-
nition of positivity and negativity. There is a very hazy
evidence base defining the efficacy of sputum culturing,
and is often most useful in the identification of unusual
infectious causes of respiratory failure, and in identifying
antibiotic resistance of certain organisms. It should be kept
in mind that even in the setting of bacterial pneumonia,
sputum culture is positive less than 50% of the time (23).

Clinical Entities Associated with Acute Respiratory Failure
Airway and Airflow Disorders
Airflow disorders are frequently life-threatening, with the
most common processes being asthma and exacerbations
of COPD (Table 4). Both disease entities are common, with
more than 17 million individuals having asthma in the
United States (24). Physical examination may demonstrate
expiratory wheezing, which may decrease in intensity as
the patient fatigues. Other physical examination findings
associated with both asthma and COPD include a pro-
longed expiratory phase and accessory muscle use. ARF
with airflow limitation is usually hypercapneic, so ABG
sampling is essential. The use of oximetry may be mislead-
ing, as these patients usually oxygenate well, even with
impending ARF.

Asthma
Asthma is an inflammatory process characterized by both
bronchoconstriction and mucus plugging of small airways.
A number of precipitating factors may trigger an asthma
exacerbation, including upper respiratory infections, pneu-
monia, inhaled irritants, and allergens (25,26). Patients
with acute asthma exacerbations are normally hypertensive
because of catechol release. Those that are normotensive or
hypotensive and tachycardic may have elevated intrathor-

acic pressure impeding venous return, and are at increased
risk for cardiopulmonary arrest during endotracheal intuba-
tion. Although an asthma attack is usually easy to ident-
ify on physical examination, measurement of fraction of
exhaled volume in the first second (FEV1) and forced vital
capacity (FVC) can be used to track the severity of illness.
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Patients develop ARF from asthma exacerbations when
expiratory flow obstruction progresses to the point where
accessory muscles fail, resulting in hypercapnea and acidosis.
Wheezing may be inspiratory and/or expiratory. Other phys-
ical examination findings can include pulsus paradoxus. A
rising PaCO2 in the setting of maximal noninvasive therapy
is a worrisome sign, and is suggestive that the patient may
require intubation and mechanical ventilation. Particularly
worrisome is the presence of hypotension, which suggests
high intrathoracic pressure and decreased venous return;
these patients are at particularly high risk for hypotension
and/or cardiac arrest during endotracheal intubation and
with positive pressure ventilation (27,28). Mechanical venti-
lation management includes a prolonged exhalation phase,
slow respiratory rate, low tidal volume, and intravascular
bolus of fluid, while waiting for medical therapy (e.g.,
inhaled b-agonists, etc.) to work.

Radiographic findings in asthma may be unimpressive,
but a CXR should be obtained to rule out pneumothorax, to
identify a pneumonic process, and to evaluate the degree of
pulmonary hyperinflation or diaphragmatic flattening. Lab-
oratory testing should be done, as intensive bronchodilator
therapy may result in life-threatening hypokalemia. Creatine
phosphokinase levels may be elevated from respiratory
muscle fatigue (29). Arterial blood gases should be obtained
to assess the severity of acidosis and hypoxemia, and to help
decide the need for intubation and/or ICU admission.
Acidosis is often multifactorial, with a major respiratory com-
ponent and a variable metabolic contribution (depending
upon the systemic perfusion) (30).

Initial therapy begins with inhaled b-agonists, and
consideration given to the addition of inhaled anticholiner-
gic therapy with ipratroprium bromide (31). However, in
pure asthma, ipatroprium bromide provides minimal
additional benefit beyond that caused by the inhaled b-
agonist. Additionally, because asthma is an inflammatory
disorder, early, aggressive treatment with corticosteroids is
essential. The recommended dosing is intravenous methyl-
prednisolone, 120–180 mg/day, divided in three or four
doses, for at least 48 hours (25). Theophylline, a phosphodi-
esterase inhibitor, is preferable to placebo, but has more toxi-
city than b-agonist and steroid therapy, and does not
provide additional benefit to those drugs once they have
been instituted (32).

Acute COPD Exacerbations
Patients with COPD often develop respiratory failure, as a
result of exacerbation of their chronic bronchitis and/or
emphysema. It can be particularly difficult to define ARF
in this patient population, as the severity of their baseline
pulmonary function is highly variable. Many patients are
on chronic oxygen therapy, and others have varying
degress of carbon dioxide retention. COPD is a common
disease, affecting as many as 16 million Americans (33).
Clinical presentation usually includes dyspnea, cough, and
sputum production. Wheezing may be variably present,
and accessory muscle use is common. Patients may have a
history of upper respiratory infection, and sputum should
be obtained for Gram stain and culture. The precipitating
factors for COPD exacerbation include infection, medication
noncompliance, and environmental exposures (34). Admis-
sion labs revealing an elevated [HCO3

–] may provide clues
that the patient is a chronic CO2 retainer (Table 4).

Like asthmatics, patients with COPD are also faced
with impaired expiratory flow of gases. However, these
patients may also experience these limitations at baseline.

It is useful to follow these patients with periodic evaluations
of their PaCO2, FEV1, and FEV1/FVC. If a significant com-
ponent of emphysema is present, diffusing capacity
(DLCO) should be measured in order to assess diffusing
capacity. The COPD patient not only exhales against a mark-
edly elevated resistance, but also breathes with a higher
residual volume, making the WOB more difficult to accom-
plish, with increased reliance on accessory muscles.
Dynamic hyperinflation results in increased intrinsic PEEP,
which further limits alveolar ventilation. Areas of hyperin-
flation impair blood flow and give rise to an increasing
dead space fraction, making the elimination of a given
quantity of carbon dioxide dependent on a larger minute
ventilation. Although exacerbations are characterized pri-
marily by hypercapnea, hypoxemia is often present in
those breathing room air, because of alveolar hypoventila-
tion and poor ventilation/perfusion matching (35). With
exacerbations, the patient can no longer maintain the
required WOB, and endotracheal intubation with mechan-
ical ventilatory support may become necessary.

Management of COPD exacerbations starts with sup-
plemental oxygen. Many of the clinical signs and symptoms
may be treated with oxygen alone, as ventilation/perfusion
matching and pulmonary hypertension will both respond
favorably (36). Oxygen therapy should not be withheld
because of concern about blunting the hypoxic drive to
breathe, rather it should be titrated to keep oxygen saturation
at least 90% (37,38). As with acute asthmatics, corticosteroid
therapy is essential, and should be supplemented with
inhaled b-agonists. However, these patients (in contrast to
younger asthmatics) will further benefit from inhaled
ipatroprium bromide (Atroventw) therapy. Ipatroprium
bromide is an anticholinergic drug, which does not cause
tachycardia. Ipatroprium bromide is administered as an
inhaler, by itself, or along with albuteral as combination
therapy (Combi-ventw). Severely bronchospastic patients
should receive 125 mg methylprednisolone intravenously,
every six hours, for three days, followed by an oral predni-
sone taper (39). Inhaled corticosteroids are useful for
chronic therapy, but may not be efficacious without intrave-
nous methylpredinisolone for acute exacerbations.

COPD and Upper Airway Obstruction
Upper airway obstruction may result in ARF, either directly
through interference with oxygenation and ventilation, or
indirectly by causing negative pressure pulmonary edema.
Patients usually present with stridor, and careful auscultation
may help identify the anatomic site of obstruction: inspiratory
stridor is generally associated with an extrathoracic obstruct-
ion, whereas expiratory stridor is associated with intrathor-
acic obstruction (Table 4). High-pitched stridor is usually
glottic in origin. There are numerous causes of airway obst-
ruction, including trauma, infection, tumor, angioedema,
foreign body aspiration, and vocal cord dysfunction.

Inspiratory stridor is usually due to an extrathor-

acic obstruction (supraglottic or perioglottic) and expiratory
stridor is usually due to an intrathoracic process. Phys-
ical examination can help determine the cause of stridor.

After initial resuscitation, radiographic evaluation
is essential, and may be done with chest and lateral neck
radiography, but may require computerized tomography
or magnetic resonance imaging (40). Arterial blood gases
should be obtained to assess the severity of hypercapnea
and oxygenation deficit. Patients with trauma-induced
neck injuries and stridor should go directly to the OR for
airway evaluation and management. The key principles
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of airway management for stridor are: (i) maintain spon-

taneous ventilation, (ii) avoid blind intubation techniques
(may convert partial obstruction into complete obstruction),
(iii>) awake fiberoptic intubation is often the best diagnostic
tool and method of airway intubation, and (iv>) equipment
and personnel capable of performing a surgical airway

must be present until the airway is secured. All patients
presenting with airway obstruction should be admitted to
the ICU for observation, if surgical intervention is not
planned. A carefully designed plan for emergent airway
access needs to be in place, with appropriate equipment
and personnel immediately available.

Aspiration of Gastric Contents
Aspiration pneumonia occurs when gastric contents enter the
lung. Injury can result from three major factors: (i) epithelial
burn from the low pH of gastric juice, (ii) obstruction from
particulate matter, and (iii) infection from oropharyngeal
bacteria. The aspiration injury that occurs also predisposes
the lung to secondary infection. Patients at risk for aspiration
pneumonia include those with diminished pharyngeal
reflexes, and those with a decreased level of consciousness.
Critically ill patients are at risk because of the presence of
gastroparesis, resulting in high gastric volume. Early
enteral nutrition, when tolerated (defined as residuals , 400
cc), does not increase the risk of this complication.

Diagnosis may be difficult, as CXR may initially appear
grossly normal. Diagnostic testing is controversial, as transtra-
cheal aspiration may primarily identify colonizing flora,
rather than organisms causing pneumonia. Sputum culture
or blood culture will identify organisms in only a small per-
centage of patients, whereas protected brush specimens also
have low sensitivity (41). CXR may eventually show infiltrate
in the superior segment of the right lower lobe (Table 4).
However, diffuse bilateral infiltrates may develop as the
lung injury progresses. Care is primarily supportive, with
empiric antibiotic therapy used only in immunocompromised
patients, or in those having rapid deterioration. Focused
therapy can be started when specific organisms are identified
by bronchoalveolar lavage (BAL) Gram stain, or a pre-
dominant organism is cultured from BAL, sputum, or blood.

Thromboembolism
Venous thromboembolism is a ubiquitous and difficult
problem in all trauma and critically ill patients, and is
covered in greater detail in Volume 2, Chapter 56. Prophylaxis
is essential, but still imperfect. The most worrisome compli-
cation is PE. The occurrence of PE in a spontaneously ventilat-
ing patient is usually associated with significant tachypnea
and moderate hypoxemia, associated with an acute increase
in alveolar dead space and shunting without a concomitant
new lung infiltration (Table 4). Patients who are weak and
debilitated may not be able to do the requisite increased
WOB to overcome the increased alveolar dead space, and
may become hypercapnic. Similarly, patients entirely depen-
dent upon the mechanical ventilator for breathing will have
an acute decrease in PETCO2, and a consequent increase in
PaCO2 due to the increased alveolar dead space following
PE (providing the minute ventilation is maintained stable).
Hypoxia also occurs in all of these scenarios; partly due to
the redistribution of pulmonary blood flow to low V/Q and
shunt regions, and partly due to the vasogenic factors
released from the embolus increasing alveolar capillary leak
(e.g., histamine, bradykinin, etc). This hypoxemia can be

further exacerbated in the settling of alveolar hypoventila-
tion, in the absence of supplemental oxygen therapy.

All trauma and ICU patients require thromboprophy-
laxis, guidelines for which have recently been published by
the American College of Chest Physicians (Volume 2,
Chapter 56) (42). The source of emboli are multiple and gen-
erally involve the lower extremities and pelvic veins, but
also include the upper extremity venous system, particularly
in patients with central venous catheterization. Diagnosis of
pulmonary embolism relies on a high index of suspicion,
and is confirmed with objective testing including spiral com-
puted tomography or angiography. Respiratory failure from
thromboembolism is usually hypoxemic, with ventilation-
perfusion mismatching and increased alveolar dead space
as a result of vascular obstruction.

Immediate treatment with heparinization (unless con-
traindicated) will prevent further clot formation, and although
it has no intrinsic fibrinolytic effect, will provide clot dissol-
ution results at the end of one week, similar to that provided
by thrombolytic therapy, with far less side effects. When
heparin is contraindicated, high-risk patients should receive
inferior vena caval filters (Volume 2, Chapter 56).

Collagen-Vascular Pulmonary (Autoimmune) Disease
Patients may develop ARF from parenchymal abnormalities,
due to aspiration (discussed earlier), infectious pneumonias
(discussed subsequently), neoplasm (not reviewed here),
and collagen-vascular disease-related conditions described
in this section. Patients with pulmonary fibrosis are particu-
larly susceptible to these conditions. It is increasingly recog-
nized that collagen vascular diseases result from
autoimmune disorders (see Volume 2, Chapter 52).

These patients most commonly present with dyspnea
and cough. Chest radiography may be normal, or may
demonstrate reticular densities. These abnormalities may
make it difficult to document a pulmonary infection.
Indeed, infection may be the precipitating factor for ARF
in patients with underlying pulmonary fibrosis. Many of
these patients are on chronic steroid therapy, and may
require stress-dose supplementation if they develop ARF.

Goodpasture’s syndrome and Wegner’s glomeruloto-
sis are common causes of patients presenting with alveolar
hemorrhage (43). These are both pulmonary-renal auto-
immune syndromes associated with substantial morbidity
and mortality. The pathophysiology includes antibodies
against basement membrane proteins in the lung and
kidney, resulting in both respiratory and renal failure.
Patients will require immunosuppressive therapy, usually
with both corticosteroids and an antiproliferative agent
like cyclophosphamide (44). Hemodialysis is commonly
required, and may be combined with plasma exchange. Pres-
entation of ARF secondary to systemic lupus erytematosus
(SLE) may be similar to that seen in Goodpasture’s, but
alveolar hemorrhage is less common (45). As in Goodpas-
ture’s disease, infection should be vigorously pursued and
treated in patients with SLE.

Cardiovascular Failure
Effective management of ARF requires knowledge of the
underlying processes. Unraveling these processes can be
complicated, as when trying to differentiate between cardio-
genic and noncardiogenic pulmonary edema (Table 4). Both,
ventricular systolic and diastolic dysfunction can give rise to
ARF, as can valvular abnormalities such as severe mitral
valve insufficiency (46). Clinical differentiation can be
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made on the basis of history and physical examination, but
most patients will require echocardiography or PA catheter-
ization to make a definitive diagnosis. Supplemental oxygen
therapy should be implemented initially before any other
intervention. Not only will this help with hypoxemia, it
may directly treat ischemic cardiac dysfunction that is
giving rise to the ARF. If pulmonary edema fluid can be
obtained, then measurement of the edema fluid protein/
plasma protein ratio can identify an exudative (sepsis or
ALI) versus transudative (left atrial hypertension or CHF)
cause for the pulmonary edema (47). Diastolic dysfunction,
whether in combination with myocardial ischemia or
secondary to systemic hypertension, may also cause ARF
secondary to pulmonary edema.

Noninvasive positive pressure ventilation should only
be considered if the underlying process causing the respirat-
ory failure has resolved, and if there is no evidence of active
cardiac ischemia. In patients with ongoing ischemia, endo-
tracheal intubation and mechanical ventilation should be
used. Many of the patients who present with ARF in this
setting respond well to pharmacologic therapy, such as
diuretics and afterload reducing agents. Although several
studies have shown a benefit with NIPPV in the setting of
ARF, few have indicated a clear benefit when the etiology
of the ARF is clearly cardiac. The use of NIPPV may be com-
forting for the patient with pulmonary edema secondary to
CHF, and may help to unload the LV while improving oxy-
genation. But the clinician should consider endotracheal
intubation if there is no improvement after several hours
of pharmacologic interventions, if there is any evidence of
cardiac ischemia, or if the patient’s WOB becomes too
great (see Volume 2, Chapter 27).

Neuromuscular Disorders
Although there are multiple neurologic disease processes
that cause ARF, several occur much more commonly in the
ICU setting. The end result for most of these processes,
such as myasthenia gravis or the Guillain-Barré syndrome,
is respiratory muscle weakness (48).

Myasthenia gravis is a disorder of the NMJ, which can
present as ARF. The disease is caused by circulating anti-
bodies that target the junctional acetylcholine receptors.
The result can be marked inhibition of muscle contraction.
Although the extraocular muscles, eyelid levators, and
other head and neck musculature are most typically affected,
respiratory muscles can fatigue, whereas sensation and
reflexes are normal. Weakness and fatigability of the dia-
phragm and chest wall musculature is most commonly
invoked as the etiology of ARF, but bulbar symptoms can
be responsible as well. The PIMAX and VC can both be uti-
lized to assess respiratory muscle strength (48). Given the
fluctuating weakness and fatigability characterized by this
disease, it can be difficult to interpret the PIMAX and VC.

Once the diagnosis of mysthemia gravis is suggested,
confirmation should be sought with a “Tension test.”
Edrophonium hydrochloride (Tensilonw) is a rapid-onset,
short-acting cholinesterase inhibitor (Table 4). Myasthenic
weakness typically resolves dramatically within one
minute of intravenous administration, and improved
strength (including PIMAX and VC) will persist for at least
10 minutes after the administration of 5–10 mg.
Cholinergic side effects (gastrointestinal hyperactivity, bra-
dycardia, cardiac dysrhythmias, diaphoresis, etc.) can
occur. Accordingly, patients should be monitored with
ECG, and intubation and resuscitation equipment must be

available. Once the diagnosis of myasthenia gravis is made,
a neurological consultation should be obtained, and the
patient may be started on pyridostigmine, a longer-acting
oral anticholinesterase. Definitive therapy may include plas-
mapharesis, corticosteroids, and a thymectomy. Failure to
inspire with normal tidal volume breaths leads to increased
areas of atelectasis and _V= _Q mismatch, which then results
in hypoxemia. If tidal volume breaths are excessively low,
then hypercapnea ensues, and the patient will become dis-
tressed. In the minority of patients, myasthenic exacerbations
will require mechanical ventilatory support. Given that the
time course of the exacerbation is uncertain, most patients
require intubation. This intervention also provides airway
protection for more generalized weakness that may involve
upper airway muscles. Intubation, if required, is best accom-
plished without the use of neuromuscular blocker drugs.
These severe exacerbations that require mechanical ventilatory
support are most commonly caused by infection. The adminis-
tration of neuromuscular blockers in the surgical setting
cholinergic crisis, and poor compliance with medications
represent other situations that further inhibit NMJ function.

Other diseases of the NMJ that can result in ARF are
the Eaton-Lambert syndrome and botulism. Both of these
entities are rarely seen, compared to myasthenia gravis. As
opposed to myasthenia, which usually presents in females
in the third decade of life, the Eaton-Lambert syndrome is
more commonly seen in elderly men with small cell
bronchogenic carcinoma (49). Botulism occurs when the neu-
rotoxin produced by the anaerobic, gram-positive, sporulat-
ing bacterium, Clostridium botulinum, binds irreversibly to
the presynaptic terminal, resulting in inhibition of acetyl-
choline release. Because the bulbar musculature is affected
first, most patients present with diplopia and dysphagia.
Most patients’ symptoms will progress to descending weak-
ness or frank paralysis of the skeletal musculature that can
cause profound respiratory failure. As with myasthenia,
patients will often require urgent endotracheal intubation,
both for the ability to provide adequate positive pressure
ventilation, as well as to provide airway protection in the
setting of bulbar muscle weakness. Again, following
the MIF and VC will be helpful for the clinician in assessing
the progression of disease.

The Guillain-Barré syndrome is a disease of the per-
ipheral neurons, and results from a nonspecific infectious
etiology. The disease, which is also referred to as acute post-
infectious polyneuropathy, is commonly encountered in the
critical care setting. The pathophysiology of the disease
involves demyelination of the peripheral and autonomic
nervous systems, which is believed to be caused by a hyper-
sensitivity reaction within several weeks of an upper respir-
atory tract or gastrointestinal tract infection. The disease is
characterized by progressive weakness that is most com-
monly symmetric. Despite the fact that not all patients
with the Guillain-Barré develop ARF, patients should be
monitored closely. Should there be evidence of declining res-
piratory (VC) or bulbar muscle strength (poor handling of
secretions or a weak cough or gag), patients should be
admitted to the ICU for closer monitoring.

Trauma-Related Etiologies of Acute Respiratory Failure
Chest Trauma
Chest Wall Injury
Patients presenting with chest trauma may have multiple
etiologies of ARF (also see Volume 2, Chapter 25). Initial
failure may be due to hypoventilation, such as that seen
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with multiple rib fractures. Flail chest is defined as multiple
fractures occurring in two or more places, in three or more
adjacent ribs, which results in paradoxical chest wall move-
ment. The flail segment results in pendelluft, where venti-
lation passes between the normal and abnormal thoraces.
Disarticulation and fractures of ribs cause low tidal
volume breathing and splinting, with resulting hypercapnea
(Table 4). Diagnosis may be made by CXR or chest computed
tomography (CT) scan. Thoracic epidural anesthesia can
improve respiratory function in patients with rib injuries.
Management of chest wall injuries is primarily suppor-
tive, with pain management paramount. Epidural anesthesia
has been demonstrated to improve respiratory function, and
should be considered for patients with flail chest (50). Pain
management should be instituted prior to the institution of
mechanical ventilation, as this intervention alone may be
adequate for treatment. Patients with chest trauma are
at risk for other thoracic injuries, including diaphragmatic
disruption. A high index of suspicion is required to
identify diaphragmatic rupture, which may be hidden by
herniation of the liver through the right side of the
diaphragm.

Pulmonary Contusion
Pulmonary contusion commonly results from chest trauma.
This injury is characterized by hypoxemia, and may result in
a clinical picture indistinguishable from ARDS. The patho-
physiology of this injury is from alveolar-capillary disrup-
tion. Contusion may also occur as a result of intraoperative
injury, particularly with lung retraction during thoracic
aortic surgery. Diagnosis is made by a constellation of clini-
cal findings, including hypoxemia and the presence of
diffuse infiltrates on CXR. The injury may be exacerbated
by excessive fluid resuscitation, as the normal safety
factors for the prevention of pulmonary edema have been
disrupted (51).

Pneumothorax and Hemothorax
Chest trauma may cause disruption of small or large airways
or blood vessels, resulting in pnemothorax or hemothorax.
Although more common with penetrating trauma,
pneumothorax may result from blunt trauma and airway
disruption. Both of these conditions may be immediately
life-threatening. Mechanical ventilation may also cause
barotrauma-induced pneumothorax. Whatever the cause of
pneumo or hemothorax, the result is the same: increased
pleural pressure that impedes venous return and decreases
ventricular filling and ejection fraction. If the injury leads
to tension pneumothorax or hemothorax, then cardiovascu-
lar collapse will result. To diagnose pneumothorax, CXR
and physical examination with auscultation of the chest
are essential, and should be components of initial evaluation
of the trauma patient. A high index of suspicion is required,
especially for unsuspected hypotension, in the setting of
mechanical ventilation. CXR of the supine patient may
show a deep sulcus sign, representing air in the costophrenic
sulcus. In hemothorax, partial or complete opacification of
the thorax will be seen. Treatment should not be delayed,
and tube thoracostomy should be performed. For small
pneumothoraces, observation or catheter aspiration may be
sufficient, however, in larger pneumothoraces, hydro-
thoraces, and particularly hemothoraces, placement of a
larger tube is required to assure drainage. These procedures
are particularly urgent in a patient receiving mechanical
ventilation. For example, Steier et al. (52) showed that
delay of treatment for more than 30 minutes, of patients

with pneumothorax from mechanical ventilation, was
associated with a mortality rate of greater than 30%. When
thoracostomy was done sooner, mortality rate was 7%.

Fluid Overload
Trauma patients are particularly prone to volume overload
during resuscitation. One of the most important conse-
quences of fluid overload is hydrostatic pulmonary edema
(Table 4). Early placement of a central venous catheter may
help guide fluid resuscitation and minimize this compli-
cation. PA catheters do not appear to be superior in prevent-
ing this complication in normal, young, previously healthy
trauma patients (53). Other conditions that predispose
trauma patients to pulmonary edema include inflammatory
mediator release from shock, and tissue injury from transfu-
sion of blood and blood products. Diagnosis of fluid over-
load pulmonary edema must be differentiated from ARDS.
This will be determined by identifying the presence of left
atrial hypertension, usually associated with right atrial
hypertension, recognized on the central venous pressure
(46). Many patients may have a combination of syndromes,
with increased vascular permeability, followed by increased
hydrostatic pressure from overresuscitation. Chest radio-
graphy usually shows bilateral pulmonary edema, but is
not specific for the etiology of the edema (22). Treatment con-
sists of supportive care with oxygen, diuretic administration
(only after intravascular volume adequacy is established)
and, if necessary, mechanical ventilation. In the setting of
renal failure, emergent hemodialysis may be required.

Fat Embolism
Fat embolism syndrome may cause respiratory failure in
trauma and orthopedic patients. It is clinically indistinguish-
able from ARDS. This syndrome is most commonly associ-
ated with long bone and pelvic fractures, where fat from
the bone marrow enters the circulation, causing inflamma-
tory injury to the lung and a noncardiogenic pulmonary
edema picture (Table 4). The reaction may be triggered by
thromboplastin with complement and coagulation system
activation, and activation of leukocytes. The embolization
is microscopic and difficult to diagnose; essentially a diag-
nosis of exclusion. Clinical manifestations include neuro-
logic changes, hypoxemia and, rarely, right heart failure.
Skin manifestations include petechiae, found in 50% to
60% of patients. Treatment includes routine care of patients
with ARDS, with the caveat that the long bone fractures
must be stabilized surgically. Steroids after the onset of the
syndrome are controversial, with at least one study
showing efficacy of methylprednisolone 7.5 mg/kg/6 hrs
for 12 doses for prevention, but not treatment (54).

Near-Drowning
Near-drowning (Volume 1, Chapter 35) is often a catastrophic
event that is associated with high morbidity (i.e., anoxic
encephalopathy) and mortality. Most victims do not aspirate
large quantities of water, and aspirated water is usually
reabsorbed rapidly. Most complications occur as a result of
hypoxia and delayed-onset pulmonary edema. Associated
pathology includes spinal cord injury, myocardial infarction,
and seizures. Patients may develop late-onset cerebral
edema as well. Seawater drowning results in the introduc-
tion of hypertonic water into the alveolar space, where it
draws additional liquid across the alveolar epithelium
from the capillaries. Cardiac output may be impeded from
the increase in pulmonary vascular resistance caused by
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alveolar compression. Fresh water does not draw additional
water into the alveolar space, but the hypotonic liquid
denatures surfactant and other alveolar proteins, causing
atelectasis, shunting, and hypoxemia. The ultimate clinical
syndrome that results is similar, whether the drowning is
in fresh or seawater.

Initial resuscitation is no different than that of any
trauma patient, with establishment of an airway and sup-
plemental oxygen administration paramount. In awake,
cooperative patients, NIPPV may be effective. Prognostica-
tion of outcome is reflected by the Orlowski score (Table 5)
(55). An Orlowski score �3 is associated with a 90%
chance of recovery (55).

Burns
Burn injury is a complex form of trauma that may result in
ARF due to inhalation injury or due to tissue destruction
and fluid third space from the thermal injury itself
(Table 4). Burn injury is covered in great detail in Volume 1,
Chapter 34. The severity of inhalation injury depends on
both the type and concentration of inhaled material, and
where they are deposited in the lungs. Exposure to smoke
in an enclosed space may result in lung injury, with severity
ranging from mild to fatal. Thermal injury is usually limited
to the upper airway, as the alveolar liquid layer and high
blood flow rapidly dissipate high temperatures. Both
thermal injury and particles may initiate an inflammatory
process that results in ARDS. Full manifestation of the sever-
ity of injury may not be evident for hours, so these patients
require close observation and ICU admission. Clinical pres-
entation includes wheezing, stridor, dyspnea, and tachyp-
nea. Physical examination of the oropharynx and nares
may reveal burns or soot. Whenever there is suspicion of
an inhalational injury, patients should have their airways
evaluated with fiberoptic bronchoscopy, and endotracheal
intubation should be undertaken immediately, before swel-
ling causes asphyxiation. Carboxyhemoglobin levels can be
measured, but are not necessarily prognostic. Treatment is
supportive, with the same considerations as for those
patients with ARDS. Steroids should be avoided initially,
as no clinical trials have demonstrated clear efficacy, and
they may increase infectious complications. Similarly,
empiric antibiotic therapy has no demonstrated efficacy.

Other Injuries Promoting or Worsening Acute
Respiratory Failure
Head Injury
Patients with traumatic head injury are at high risk for respirat-
ory failure (Volume 1, Chapter 23 and Volume 2, Chapter 12).
These patients may develop respiratory failure as a result of
multiple factors, including aspiration pneumonitis, neurogenic
pulmonaryedema, or increased vascular permeability, from the

release of vasoactive substances from the injured brain; this is
more common in the setting of subarachnoid hemorrhage
(Table4).Patientswithheadinjurymayalsodeveloprespiratory
failure from altered mental status, with resulting hypercapnea.
Neurogenic pulmonary edema is a complex phenomenon,
which results from specific brainstem injuries, and likely is
caused by a combination of increased vascular permeability
and elevated pulmonary hydrostatic pressures (56). Patients
with head injury often require endotracheal intubation for
airway protection, and initially have no primary cause of res-
piratory failure, but are at particularly high risk of ventilator-
associated pneumonia (57).

Renal Failure
Renal failure may contribute to ARF through multiple routes
(Volume 2, Chapter 41). Most commonly, acute renal failure
leads to fluid overload that causes hydrostatic pulmonary
edema (Table 4). Additionally, failure to clear acid results
in acidemia, creating a large minute ventilation burden,
and retained products of metabolism lead to leaky capillaries
(noncardiogenic pulmonary edema). Critically ill patients
may not be able to sustain the elevated minute ventilation
required to compensate for the metabolic acidosis, and respir-
atory failure results. Alkalinization of the blood may be
appropriate in the setting of a renal tubular acidosis, where
there is bicarbonate loss into the urine. Other metabolic func-
tions of the kidney, including failure of toxin clearance, may
contribute to altered mental status and subsequent ARF. Elec-
trolyte abnormalities may contribute to respiratory muscle
weakness, and should be corrected to optimize respiratory
function. A recent study of critically ill patients with acute
renal failure suggests that intensive hemodialysis can
decrease multiple organ failure and mortality (58).

Pancreatitis
Pancreatic injury and pancreatitis create a systemic inflam-
matory response similar to sepsis syndrome, which often
results in ALI (Volume 2, Chapter 39). Release of cytokines
and proteases into the circulation injures endothelial cells,
causing increased pulmonary vascular permeability and
pulmonary edema. The consequences of these abnormalities
are not significantly different from the consequences of
severe sepsis syndrome. ARDS appears commonly in
patients with pancreatitis, and usually requires mechanical
ventilation (59). Electrolyte abnormalities and hyperglyce-
mia may contribute to the ARF seen with acute pancreatitis.

Hepatic Injury
Traumatic liver injury shock and drug intoxications may
result in fulminant hepatic failure, leading to multiple organ
dysfunction and ARF (Volume 2, Chapter 36). Release of vaso-
active substances into the circulation creates a syndrome
similar to that seen with sepsis, but with higher mortality.
Hypoxemia may be seen due to intrahepatic and intrapul-
monary shunting, and can be refractory (Table 4).

The hepatopulmonary syndrome is characterized by
the clinical triad of advanced chronic liver disease, pulmon-
ary vascular dilatations, and reduced arterial oxygenation
(i.e., increased A-a gradient) in the absence of intrinsic cardi-
opulmonary disease. This syndrome is common in patients
with liver cirrhosis or portal hypertension (60). The patho-
physiology includes arteriovenous shunting in the lung, pre-
dominantly in the bases, and are equivalent to “spider
angiomata” in the lung. Echocardiography will reveal a
positive bubble study with intravenous agitated saline (61).

Table 5 Orlowski Score

Points Factor

1 Age 3 or older

1 Submersion time greater than 5 min

1 No resuscitation attempts for at least 10 min after rescue

1 Coma on admission to emergency department

1 Arterial blood pH � 7.10

Note: One point is given for each category, and score �3 is associated with

90% intact recovery; if .3, then 5% intact recovery.
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Increasing the FIO2 improves oxygenation, but because
shunting is not the only problem, there is also a combination
of V̇/Q̇ mismatching and diffusion abnormalities.

Although permanent cure has only been achieved fol-
lowing liver transplantation, the role of nitric oxide (NO)
was suggested in 2002, when methylene blue was found to
transiently improve oxygenation in patients with hepatopul-
monary syndrome (62). Recently, the role of TNF-a has
been implicated, with the demonstration that pentoxifillin
improves oxygenation (63). The interactions of NO, endo-
thelin, and TNF-a have been summarized in a recent edit-
orial by Dinh-Xuan and Naeije (64). ARDS develops in
approximately 30% of these patients, and the hepatopulmon-
ary syndrome is associated with sepsis.

COMMUNITY-ACQUIRED PNEUMONIAS CAUSING ACUTE
RESPIRATORY FAILURE

Patients admitted to the ICU frequently have pre-existing
respiratory infections (65). Because community-acquired
pneumonia (CAP) may progress to ARF, recognition and
appropriate treatment of this entity is essential. Many
trauma patients will have signs and symptoms of CAP
prior to their traumatic injuries, so CAP must be included
in the differential diagnosis of ARF in the trauma patient.
The emergence of antibiotic resistance makes careful analy-
sis and antibiotic selection more important than ever. The
recommendations in this chapter are consistent with those
recommended by the American Thoracic Society for both
community-acquired pneumonias (66) and hospital-
acquired pneumonias (67).

Chronic illness is the largest single risk factor for CAP.
Diseases of the respiratory tract, especially COPD, predis-
pose patients to pneumonia. Other coexisting illnesses,
which should raise the index of suspicion for CAP, include
diabetes, renal failure, malignancy, AIDS, and chronic
cardiac disease. Use of either alcohol or tobacco similarly
inhibits defense mechanisms and predisposes to CAP.

Diagnosis of CAP relies on the physical examination,
CXR, Gram stain sputum culture, and blood count. Patients
requiring ICU admission should also have an arterial blood
gas and two sets of blood cultures obtained. The presence of
a number of factors predict those patients with increased risk
of death: coexisting illness, shock, WBC ,4 � 109/L or
.30 � 109/L, coexisting acute renal failure, anemia, pH
,7.35. These factors should be taken into consideration
when determining if the patient requires ICU admission.
Therapy should initially be empiric and broad, with anti-
biotic coverage narrowed once the organism and sensi-
tivities are known. As in nosocomial infections, current
knowledge of the community antibiogram should guide
antibiotic selection (Table 6).

Bacterial Pneumonias (Community Acquired)
Streptococcus pneumoniae (Pneumococcus)
Pneumococcus (Streptococcus pneumoniae) is the most commonly
identified pathogen, comprising 30% to 60% of isolates in
patients requiring hospitalization. The Centers for Disease
Control (CDC) estimates that S. pneumoniae causes 40,000
deaths and 500,000 cases of pneumonia annually in the
United States (68). Pneumococcal pneumonia is characterized
by high fever, rigors, productive cough, dyspnea, tachypnea,
pleural pain, and meningitis. S. pneumoniae causes approxi-

mately 20% of all bacterial meningitis, and bacteremia occurs
in 25% to 30% of patients with pneumococcal pneumonia.
When bacteremia occurs, it is associated with higher mortality.
Diagnosis is made by Gram stain, where the organisms
appear as gram-positive, lancet-shaped diplococci. Definitive
identification must be made either by bacterial culture or
counter immunoelectropheresis. Antibiotic sensitivities
should be obtained, as resistance is common. Treatment of sen-
sitive S. pneumoniae is with penicillin, ampicillin, or amoxicillin.
However, the increasing prevalence of resistant organisms (up
to 40% of isolates are resistant) mandates that empiric therapy
for high-risk patients admitted to the ICU include an intrave-
nous b-lactam plus an intravenous macrolide (e.g., azithromy-
cin), or an antipneumococcal fluoroquinolone alone. Lower
risk patients can be treated with either azithromycin or an anti-
pneumococcal fluoroquinolone. Patients who have undergone
splenectomy are at particularly high risk of infection with this
organism, and must be immunized prior to discharge.

Hemophilus influenzae
Hemophilus influenzae is most commonly present as the type b
serotype (Hib). Hib is responsible for 3% to 10% of all CAP.
Children and infants are at particulary high risk for infection
with Hib, which usually presents with coryza and pleural
effusions; and most adults present with bronchopneumonia.
Presumptive diagnosis is made with Gram stain, which
shows small, gram-negative coccobacilli, and definitive diag-
nosis by culture. About 30% of H. influenzae strains produce
b-lactamase, and are resistant to ampicillin. Thus, pre-
ferred treatment is trimethoprim-sulfamethoxazole. Fluoro-
quinolones and azithromycin are also active.

Staphylococcus aureus
Staphylococcus aureus accounts for about 2% of CAP. High-
risk groups include the elderly, intravenous drug users,
and those with preceding viral infections. S. aureus pneu-
monia is characterized by signs and symptoms similar to
those already described for pneumococcal pneumonia. S.
aureus is particularly prone to causing abscesses and infec-
tions on prosthetic devices. Diagnosis is made by examin-
ation of sputum, blood cultures, or empyema fluid, which
reveals gram-positive cocci. Differentiation from S. epidermi-
dis and S. saprophyticus is made by the coagulase test. S.
aureus produces a number of toxins, including toxic shock
syndrome toxin, epidermolysin, and enterotoxin, all of
which may cause clinically important, and often lethal,
clinical syndromes. The clinical course of patients with S.
aureus is also characterized by empyema formation, which
requires tube thoracostomy. This organism is particularly
adept at developing antibiotic resistance, with methicillin-
resistant S. aureus increasingly present in the community.
Treatment of S. aureus pneumonia in patients requiring
ICU admission consists of an intravenous b-lactam (cefotax-
ime or ceftriaxone), plus either an intravenous macrolide
(azithromycin) or intravenous fluoroquinolone. If methicil-
lin resistance is present, the organism should be considered
resistant to all b-lactam antibiotics, and should be treated
with vancomycin. Linezolid, although only bacteriostatic,
is effective against methacillin-resistant S. aureus, and in
two double-blind studies, showed lower mortality than
vancomycin for VAP (69). The 2005 American Thoracic
Society/Infectious Disease Society of America guidelines
for hospital-acquired pneumonias suggest it may be pre-
ferred, due to its higher penetration of epithelial lining
fluid (67). In the case of vancomycin-resistant S. aureus
(VRSA) pneumonia, Linazolid is clearly the drug of
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Table 6 Organisms that Cause Acute Respiratory Failure Requiring Ventilatory Support

Type Organism (Gram stain)

Presentation, diagnostic factors, other

comments Drug treatment

CAP Streptococcus pneumoniae, aka:

Pneumoccus (Gm Pos

diplococcus—lancet shaped)

S&S: Fever, rigors, coughs, dyspnea, (menin-

gitis may occur): increased risk following

splenectomy. Causes 30–60% of CAP

Ampicillin (if sensitive), resist-

ant organisms require

azithromycin, or

fluoroquinolone

CAP Staphylococcus aureus (Gm Pos

cocci—grapelike clusters)

S&S: Similar to pneumococcus, propensity to

form abscesses and infect prosthetic

devices. Common in IVDA.

Ancef or ceftriaxone (if

sensitive). For MRSA, van-

comycin is requireda

CAP Hemophilus influenzae (Gm Neg

coccobacilli)

Presenting S&S: (adults) bronchopneumonia,

(kids) coryza and pleural effusions

TMP-SMX or ciprofloxacin

CAP Klebsiella penumoniae (Gm Neg

bacilli)

Presenting S&S: Bronchopneumonia, " risk in

alcoholics and elderly. “Current jelly”

sputum with Gm Neg bacilli

Ceftriaxone, extended spectrum

penicillinb, ciprofloxacin

CAP/NOS Acinetobacter (Gm Neg bacilli) S&S similar to Klebsiella, common nosoco

mial pneumonia source. Increasingly

resistant organisms (i.e., ESBLs)

Ceftriaxone, extended spectrum

penicillinb, ciprofloxacinc

NOS Pseudomonas aeruginosa (Gm

Neg rods)

Fever, chills dyspnea, productive cough,

purulent sputum, CXR diffuse patchy

infiltrates, common in burn patients. Also,

increasing ESBLs

Ceftazidimed and ciprofloxacin

or ceftriaxone,

antipseudomonal penicillinb,

and aminoglycosidec

NOS Enterobacter spp. (Gm Neg rods) Can present like Pseudomonas, or have

primarily tracheo-bronchitis. Increasingly

resistant organism (i.e., ESBLs)

Ceftriaxone and ciprofloxacinc

NOS Serratia marcasens (Gm Neg

bacilli)

Increased risk in immunocompromised, and

following prolonged IV catheterization.

Increasing ESBLs

Ceftriaxone or ciprofloxacinc

ASP All above organisms plus mouth

anaerobes

Fever, cough, and purulent sputum. Classic

CXR: infiltrate superior segments of lower

lobes (particularly right)

Acute aspiration may not need

Rx. However, fever and

purulent sputum, rx:

ciprofloxacin and

clindamycin

ATYP Mycoplasma pneumoniae (scant

bacteria on Gram stain)

Interstitial pneumonia, bronchitis, culture

takes 10 days. Diagnosis by culture.

Treatment only necessary if severe

Erythromycin, tetracycline, or

azithromycin

ATYP Legionella penumophylia (scant

bacteria on Gram stain)

Headache, fevers, malaise, patchy alveolar

infiltrates. Diagnosis by serology or urine

antigen, or DFA

Erythromycin " dose 2–3 wk,

or azithromycin for 2–3 wk

ATYP Chlamydia pneumoniae (scant

bacteria on Gram stain)

Fever, malaise, pharyngitis, pneumonia

Diagnosis requires embryonic cell culture or

DFA

Erythromycin or tetracycline

3–4 wk

ATYP Q-fever Coxiella burnettii (scant

bacteria on Gram stain)

Exposure to farm animals (especially sheep).

Fever, chills, HA, myalgias. Diagnosis is by

blood culture or serology

Tetracycline, doxycycline

ATYP Pneumocystis Carinii (scant

bacteria on Gram stain)

Fever, nonproductive cough, interstitial

diffuse infiltrates on CXR immunocompro-

mised host (especially cell mediated).

Diagnosis by sputum silver stain

TMP-sulfa, pentamidine

VIRAL Influenza A and B, RSV, CMV,

VZV (scant bacteria on Gram

stain)

Low WBC, few bacteria on sputum, need viral

cultures or serology for diagnosis—herpetic

tracheobronchitis may be suggested by

bronchoscopic appearance—confirmed with

viral culture

Acyclovir for—herpes tracheo-

bronchitis or varicella,

Ganciclovir for CMV, intra

venous IgG and Interferon

may help in some

FUNGI Cryptococcus (massive, round,

Gm Pos)

Almost never causes ARF in immunocompe-

tent individuals. AIDS patients may

develop ARF. Dx BAL or serology: cryp-

tococcal polysaccharide capsular antigen

Fluconazole (mild disease), For

advanced disease: ampho B

or voriconazole

(Continued )
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choice. Daptomycin is contraindicated in the treatment of
pneumonia. Although daptomycin has excellent cidal
effects against VRSA, in other tissues, it is inactivated by
surfactant. In addition to Linazolid, Tigecycline (a deriva-
tive of tetracycline) has activity against VRSA. Tigecycline
has no activity against Pseudomonas, but has recently (June
2005) been approved by the FDA for skin structure infec-
tions, and will likely become useful in the treatment of
resistant nonpseudamonal pneumonia.

Klebsiella pneumoniae
Klebsiella pneumonia is the most important community-
acquired gram-negative pathogen. Mortality can be as
high as 50%, even with antibiotic treatment. Patients with
CAP due to Klebsiella pneumoniae typically present with
bronchopneumonia. This organism is more frequently
associated with the elderly, alcohol use, nosocomial pneu-
monia, and neutropenic patients. Diagnosis is made by the
presence of “currant jelly” sputum, which on Gram stain
shows numerous gram-negative bacilli. False-positive cul-
tures due to other organisms that colonize the airways are
common. For definitive diagnosis, culture from other
sources, such as blood or pleural fluid, should be obtained.

Treatment consists of a cephalosporin (e.g., ceftriaxone),
antipseudomonal penicillin, or fluoroquinolone. Each of
these drugs can be given alone, or in combination with an
aminoglycoside. Aminoglycosides should not be used
alone. Another class of antibiotics that can be combined
with an aminoglycoside to combat K. pneumoniae is the
monobactams (e.g., aztreonam).

Acinetobacter
Acinetobacter is a gram-negative bacillus, which tends to
cause respiratory disease in patients with diminished host
defense. Although more commonly associated with nosoco-
mial pneumonias, it is also a significant community-
acquired pathogen, and thus listed here. The clinical pres-
entation is similar to that described for K. pneumoniae. Diag-
nosis is, similarly, difficult because of the presence of
colonizing organisms. Attempts should be made to isolate
the organism from the blood or other fluids. Treatment of
Acinetobacter pneumonia consists of a cephalosporin (e.g.,
ceftriaxone), antipseudomonal penicillin, or fluoroquino-
lone. Each of these drugs can be given alone, or in combi-
nation with an aminoglycoside. Aminoglycosides should
not be used alone. Other drugs that can be combined

Table 6 Organisms that Cause Acute Respiratory Failure Requiring Ventilatory Support (Continued)

Type Organism (Gram stain)

Presentation, diagnostic factors, other

comments Drug treatment

FUNGI Coccidioidiomycosis (scant

bacteria on Gram stain)

Fever, cough (productive, sometimes blood)

pleuritis—CXR may show cavitary lesion.

Hx—contact with fossils or digging in San

JoaquinValley. Diagnosis by serology

Fluconazole (mild disease), For

advanced disease: ampho B or

voriconazole

FUNGI Histoplasmosis (scant bacteria on

Gram stain)

S&S S/A Cocci, but Hx exposure to

Mississippi River Valley. Diagnosis by

serology and by urine antigens (may have

retinal involvement)

Fluconazole (mild disease), For

advanced disease: ampho B or

voriconazole

FUNGI Blastomycosis (scant bacteria on

Gram stain)

S&S S/A Cocci, but Hx exposure to

Mississippi or Ohio River Valleys

Fluconazole (mild disease), For

advanced disease: ampho B or

voriconazole

FUNGI Aspergillosis (scant bacteria on

Gram stain)

Fever, cough, usually fatal respiratory

failure, " risk in immunocompromised

(s/p BMTxP)

Ampho B or voriconazole or

caspofungin

TB Mycobacterium (acid-fast

bacilli)

Ziel Neilson Stain (MTD)

auramine

" risk with foreign birth on travel, immuno-

compromised heatlth (epidemic in HIV

infected patients). Recent PCR (MTD) test

allows more rapid diagnosis

Multiple drug resistance increas-

ing (see Volume 2, Chapter 53

and consult ID)

WMD Anthrax aka Bacillis anthracis

(very large Gm Pos Rods)

Large cells with square ends

Inhalational anthrax almost entirely due to

weaponized preparation, or occupational

exposure, fever, chills, sweats, dyspnea,

"WBC, " liver transaminases

Ciprofloxacin or doxycycline

Note: Candida is a cause of disseminated disease, but very rarely causes acute respiratory failure.

Also note: Daptomycin is contraindicated in pneumonia. It is inactivated by surfactant. Linezolid should be used for vancomycin resistant organisms causing

pneumonia.
aLinezolid, though only bactereostatic, is effective against MRSA, and has greater epithelial lining penetration than vancomycin.
bExtended spectrum (antipseudomaonal) penicillins include pipercillin and mezlocillin.
cExtended spectrum beta lactamases (ESBLs) are increasingly prevelant, and require one of the two following carbapenems: imipenem or meropenem

(ertapenem lacks activity against Pseudomonas or Acinetobacter).
dAlthough ceftazidime is effective against all of the gram-negative organisms, we recommending reserving it for known pseudomonal infections.

Abbreviations: Ampho B, Amphotericin B; ATYP, atypical pneumonia; CAP, community-acquired pneumonia; DFA, direct fluorescent antibody; ESBLs,

extended spectrum beta lactamases; FUNGAL, fungal pneumonia; Gm Neg, gram-negative organism; Gm Pos, gram-positive organism; IVDA, intravenous

drug abuse; NOS, nosocomial pneumonia; MRSA, methacillin resistant staph aureus; TB, tuberculosis; WMD, weapons of mass destruction; S&S, signs and

symptoms.
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with an aminoglycoside are a monobactam. b-lactams are
frequently associated with treatment failure, or relapse,
when used against Acinetobacter. Additionally, a marked
increase in drug resistance due to extended spectrum beta
lactamases (ESBLs), produced by gram-negative pathogens,
has begun to plague many hospitals and ICUs, and are
particularly expressed in Acinetobacter, Enterobacter spp.,
Serratia marcasens, and Pseudomonas spp. When ESBLs
are causative of pneumonia, one of the two following
carbapenems should be used: imipenem or meropenem
(ertapenem lacks activity against Pseudomonas and
Acinetobacter).

Aspiration Pneumonitis Coinciding with
Hospital Admission
Patients with aspiration pneumonitis from community-
acquired organisms present with a bacterial infection of
the lower airways. The most common pathogens are anaero-
bic bacteria that normally colonize the oropharynx. Unlike
aspiration pneumonia from chemical pneumonitis, bacterial
infection is more insidious. Clinical presentation is with
fever, cough, and purulent sputum. CXR most commonly
shows infiltration in the superior segments of lower lobes,
which drain dependently (posterior) in supine patients.
This is particularly common on the right, possibly due to
the straighter right mainstem bronchus. Posterior segments
of upper lobes may also be involved, depending on the
patient’s position at the time of aspiration. Anaerobic infec-
tion may lead to abscess formation or empyema, which may
be visible on the CXR. Diagnosis may be difficult, as expec-
torated sputum will be contaminated with upper airway
flora. The preferred specimen source is a transtracheal aspi-
rate (in nonintubated patients), and BAL or protected
bronchoscopic specimen in intubated patients. Additionally,
pleural fluid (in presence of effusion/empyema) infections
frequently include multiple organisms, particularly S.
aureus, in addition to mouth anaerobes. For the anaerobic
infection, clindamycin is usually effective. For sicker
patients, an aminoglycoside or fluoroquinolone, combined
with a third-generation cephalosporin or extended-spectrum
penicillin is effective.

Atypical Pneumonias (Community Acquired)
Mycoplasma pneumoniae
Mycoplasma infection is the most common cause of CAP in
the younger age group from 5 to 35, and is often spread in
epidemic form. This organism has the ability to adhere to,
and destroy, ciliated epithelial cells. This characteristic
results in a clinical syndrome of interstitial pneumonitis,
bronchitis, and bronchiolitis. Patients initially present with
symptoms of influenza, with pharyngitis, cough, and
malaise. Sputum may be mucopurulent or blood-tinged.
Disease progresses gradually, and most patients recover
uneventfully; however, some may progress to respiratory
failure. Diagnosis is difficult, as isolation from sputum
culture may take up to 10 days. Gram stain shows few bac-
teria. Chest X ray is characterized by a patchy, infiltrative
pattern, rather than dense consolidation. Treatment is often
not required, and if deemed necessary, should be with ery-
thromycin, tetracycline, or azithromycin.

Legionella pneumophila
Pneumonia from Legionella pneumophila is normally a limited
flu-like illness. Legionnaires’ disease is the more commonly
recognized form, and is characterized by a more severe

pneumonia, and occasionally, soft-tissue infections. Legion-
naires’ disease accounts for approximately 5% of CAPs
that lead to hospitalization. Patients at risk for this disorder
include those that smoke, use alcohol, and are immunosup-
pressed, especially with steroids. There is a greater preva-
lence in males than females. Signs and symptoms of
Legionnaires’disease include headache, fever, and myalgias
initially, which then progress to a nonproductive cough
and high fever. CXR is notable for patchy lobar or alveolar
infiltrates. Pleural effusions and abscesses may be seen.
Diagnosis may be obtained by serology, urine antigen
measurement, or direct fluorescent antibody (DFA) staining.
Treatment consists of high-dose erythromycin (1 g IV every
6 hours). Alternatives include a fluoroquinolone or azithro-
mycin. Treatment should be continued for two to three
weeks because of the risk of relapse. In spite of treatment,
mortality may be as high as 15%, especially in immunosup-
pressed patients (80).

Chlamydia pneumoniae
Chlamydia pneumoniae can be isolated in 5% to 10% of
patients with CAP. Clinical presentation of C. pneumoniae
pneumonia is similar to other atypical pneumonias, particu-
larly that of M. pneumoniae. Patients present with fever,
malaise, pharyngitis, bronchitis, and variably productive
sputum. Risk factors are not known, except for advanced
age. Diagnosis of C. pneumoniae pneumonia is difficult, as it
requires embryonic cell culture or DFA. More often, diagno-
sis is made clinically in a patient who has not responded to
b-lactam antibiotics. Treatment should be with tetracycline
or erythromycin, and continued for two to three weeks.

Q-Fever
Q-fever is the acute illness caused by Coxiella burnettii. This
organism is normally associated with farm animals, particu-
larly sheep, and an exposure history is essential. Almost all
cases are those of occupational exposure, which occurs by
inhalation. Signs and symptoms include high fever, chills,
headache, and myalgias. Nonproductive cough is variably
present. Many patients also develop hepatitis. Lobar pneu-
monia may occur, and the chest radiographic pattern is
similar to other atypical pneumonias. Diagnosis must be
made by clinical history of exposure, and may also be docu-
mented by blood culture or serology. Treatment is with tetra-
cycline, doxycycline, or chloramphenicol (third tier due to
toxicity).

Pneumocystis carinii
Pneumonia due to P. carinii is most frequently associated
with immunocompromised patients, especially those with
defects in cell-mediated immunity, including AIDS. Suscep-
tibility to P. carinii pneumonia in AIDS patients is dependent
on their T-cell function, which becomes inadequate when
CD4 cells are below 150–200/mL. Symptoms of P. carinii
pneumonia include dyspnea, fever, and nonproductive
cough. CXR may show diffuse infiltrates, but is not reliable.
Patients may be profoundly hypoxemic, causing dyspnea.
Diagnosis is made with sputum silver staining, which may
be induced or obtained bronchoscopically. Bronchoscopy is
much more reliable for diagnosis, and bronchoalveolar
lavage specimens should be obtained in intubated patients
and considered in others that can tolerate the procedure.
Treatment consists of trimethoprim-sulfamethoxazole
at 20 mg/kg/day, IV for 21 days. In patients with severe
hypoxemia, corticosteroids have been demonstrated to
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decrease hypoxemia and duration of mechanical ventilation
(70). Noninfected AIDS patients with CD4 counts ,200/
mm3 should receive prophylaxis with trimethoprim-sulfa-
methoxazole.

Common Viral Pneumonias
Influenza A and B: In adults, the most common viral pneu-
monias result from influenza infection. In elderly or debili-
tated patients, parainfluenza, respiratory syncitial virus,
cytomegalovirus (CMV), and varicella-zoster may be patho-
gens. The vast majority of these infections are self-limited,
but patients with inadequate immune responses may
develop a full-blown pneumonia. Most of these infections
start as bronchitis or bronchiolitis, and then progress to
pneumonia. Herpes tracheo bronchititis is commonly seen
in critically ill trauma patients. Clinical diagnosis is
suggested by hemorrhagic bronchial lesions seen during
bronchoscopy. Viral cultures confirm the diagnosis, but acy-
clovir therapy can be started immediately after seeing the
lesions, and continued (or stopped) on the basis of cultures.

Identification of viral pneumonia is important, as many
patients will progress to a bacterial pneumonia, and present
with constitutive symptoms including headache, malaise,
and myalgias. CXR usually shows an interstitial pattern,
rather than focal infiltrates. Laboratory findings often
include a low WBC count. Diagnosis may be difficult, with
sputum examination showing few bacteria. Demonstration
of a rash, in conjuction with the respiratory illness, may be
helpful. Only serologies or viral culture can establish a defi-
nite diagnosis. Treatment is usually supportive, but acyclovir
for herpes or varicella infections, ganciclovir for CMV
infections, or intravenous immune globulin have been used.

Severe Acute Respiratory Syndrome
Severe acute respiratory syndrome (SARS) is an acute form of
viral respiratory illness that became recognized as a global
infectious disease threat in March 2003, when the World
Health Organization was called in to help evaluate and
contain the epidemic. First appearing in Foshan, in
the Guangdong province of southern China in November
2002, SARS became the first new serious contagious illness
to emerge in the 21st century, with almost 800 people killed,
and nearly 8100 suffering serious illness in 2003 alone.
Outbreaks in 30 countries threw public health systems into
chaos and disrupted international travel (71).

The spread of SARS illustrates how quickly infection
can proliferate in the modern, mobile, global economy.
Conversely, the rapid discovery of the infectious agent, as
well as the containment of the epidemic and elucidation of
the pathophysiologic patterns associated with SARS, illus-
trates the sophistication of modern epidemiological and
infectious disease research capabilities (72). Indeed, in
April 2003 (approximately one month after the epidemic
was identified), Peiris et al. (73) had isolated the SARS-
associated coronavirus (SARS-CoV). In less than one
month after that, Marra et al. (74) had already sequenced
the SARS-CoV genome. In November 2003, one year after
the initial outbreak, Li et al. (75) had discovered the critical
role of the angiotensin-converting enzyme 2 (ACE2) as a
functional receptor for the SARS-CoV. The subsequent
research into the role of the ACE2 receptor (and its possible
role in ARF of other etiologies) is discussed in the “Eye to the
Future” section (76,77). Here, the clinical characteristics of
SARS will be briefly reviewed.

Etiology
SARS is caused by a previously unrecognized coronavirus,
called (SARS-CoV) (72). It is believed that the SARS-CoV
jumped species from a palm civet to humans and exploited
opportunities provided by crowded living conditions and
the warm, humid climate in southern China, evolving into
a virus that is now readily transmissible between humans
via respiratory secretion droplets. Hospitals and inter-
national travel provided the “amplifiers” that facilitated
the initially local outbreak to rapidly achieve global dimen-
sions (72).

Epidemiology
The primary method of SARS infection is by close person-
to-person contact. SARS-CoV is transmitted most readily
by respiratory droplets. When respiratory secretions from
the cough or sneeze of an infected person are propelled a
short distance (generally up to three feet) through the air,
droplets are deposited on the mucous membranes of the
mouth, nose, or eyes of nearby persons. The virus can also
spread when a person touches a surface or object contami-
nated with infectious droplets, and then touches his or her
mouth, nose, or eye(s). In addition, it is possible that
SARS-CoV might be spread more broadly through the air
(airborne spread) (72).

Signs and Symptoms
The illness usually begins with a high fever (.38.08C). The
fever is sometimes associated with chills or other symptoms,
including headache, malaise, and body aches. Some people
also experience mild respiratory symptoms at the outset.
However, in contrast to most respiratory viruses, minimal
upper respiratory symptoms are initially present following
SARS-CoV infection. Diarrhea is seen in 10% to 20% of
patients. After two to seven days, SARS patients may
develop a dry, nonproductive cough that usually progresses
to a viral pneumonia, with variable degrees of right-to-left
transpulmonary shunt. In 10% to 20% of patients, mechan-
ical ventilation is required.

Incubation Period and Contagious Duration
The SARS-CoV has a long incubation period for a respirat-
ory virus: typically four to seven days and, occasionally, as
long as 14 days. The illness has a relatively insidious onset,
upper respiratory tract symptoms are uncommon, and
lower respiratory tract symptoms worsen slowly, but stea-
dily, during the first 10 to 15 days (78). Persons with
SARS are most likely to be contagious only when they
have symptoms, such as fever or cough. Patients are most
contagious during the second week of illness, when their
viral loads and respiratory symptoms are most severe.
However, as a precaution against spreading the disease,
the CDC recommends that persons with SARS limit their
interactions outside of the home for an additional 10 days
after the fever has dissipated and their respiratory symp-
toms have resolved.

Pathology and Laboratory Testing
On gross examination, the typical lung infected with SARS
virus will demonstrate diffuse hemorrhage on the lung
surface (79). Several laboratory tests can now be used to
detect SARS-CoV. A reverse-transcription polymerase
chain reaction test can detect SARS-CoV in clinical
specimens such as blood, stool, and nasal secretions. Serolo-
gic testing also can be performed to detect SARS-CoV
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antibodies, produced after infection. Finally, viral culture has
been used to detect SARS-CoV.

Prognosis and Treatment
The prognosis of this infection is fair, provided that the
patient is in good health and within the younger age
group. But death occurs in 3% to 12% of cases. A poorer
prognosis is found in those with coexisting conditions such
as diabetes mellitus, renal failure, and other chronic
medical conditions.

Treatment remains mainly supportive. All patients sus-
pected of SARS infection should be admitted to the hospital,
and isolated to prevent further spread of disease. The CDC
recommends that patients with SARS receive the same treat-
ment that would be used for a patient with any serious com-
munity-acquired atypical pneumonia (e.g., macrolide
antibiotic), as this condition is commonly confused with
SARS infection. SARS-CoV is being tested against various
antiviral drugs; so far no specific antiviral remedy has
been identified. Riboviron has specifically been found to be
noneffective (72). Monoclonal antibodies from memory B-
cells have recently been shown to neutralize SARS-CoV,
but research is ongoing (72).

Fungal Pneumonias
Fungal pneumonia may be primary, or may result from
superinfection of a pre-existing bacterial or viral infection.
These pneumonias are seen primarily in immunocompro-
mised hosts, but patients on suppressive antibacterial
therapy are at risk as well. These infections may be compli-
cated by hypersensitivity pneumonitis and the formation of
cavitary lesions. There are geographic considerations in
fungal pneumonias; Coccidioides immitis causes coccidiomy-
cosis, primarily in the Southwest of the United States and
the central valley of California.

Coccidioidiomycosis
Infection with C. immitis is endemic to the western United
States. Infection occurs with inhalation of spores, which
transform into spherules at body temperature. Although
usually self-limited, impaired hosts may develop invasive
pneumonia. Patients develop a granulomatous pneumonia
characterized by fever, pleuritis, cough, and production of
sputum, which may be bloody. Cavitary lesions may form,
which can be life-threatening if they erode into the pulmon-
ary vasculature. Diagnosis of coccidiomycosis is made by
culture of sputum or pleural fluid. Occasionally, the spher-
ules can be seen with staining. Complement fixation or
immunoassay testing may also demonstrate elevated titers.
Treatment choice depends on the severity of infection. For
milder infections, fluconazole or itraconazole are adequate,
but in invasive infections, amphotericin, posiconazole, vori-
conazole, or caspofungin should be administered (81). In
patients with concomitant meningitis, intrathecal therapy
may be required.

Histoplasmosis
Infection with Histoplasma capsulatum occurs globally, and in
the United States, most frequently is seen in the Mississippi
River Valley. H. capsulatum occurs naturally as a mold, but
when inhaled and warmed to body temperature, transforms
into yeast cells. Patients with chronic exposure, and immu-
nocompromised hosts are those at highest risk of infection.
Acute primary histoplasmosis is characterized by fever,
cough, and malaise, and may cause acute pneumonia.

Progression of infection may result in disseminated infec-
tion, and in the lung may cause cavitary lesions. Diagnosis
may be made by culture of sputum or biopsy samples, and
occasionally, staining of the blood buffy coat will demon-
strate organisms. Acute primary infection is usually self-
limited, but invasive infection should be treated with
amphotericin or voriconazole (82).

Aspergillosis
Aspergillus sp. are ubiquitous molds that become pathogenic
in immunocompromised hosts. Exposure occurs by inhala-
tion of conidia, and invasion may occur in the setting of
immunosuppression. Bone marrow transplant patients, in
particular, are susceptible to invasive infections, which
may be life-threatening. Symptoms range from mild fever
and cough, to fatal, progressive respiratory failure. Diagno-
sis is complicated by the fact that these organisms are ubi-
quitous, so the presence of Aspergillus sp. in sputum or
other cultures may merely represent environmental contami-
nation. Bronchial washings are preferred over sputum, and
tissue diagnosis may be required. Because of the risk of
biopsy in mechanically ventilated patients, empiric therapy
may be required in patients with suspected infection. Treat-
ment is with amphotericin B, and pulmonary infection may
be more effectively treated using liposome-encapsulated
amphotericin. Voriconazole has recently been approved for
invasive fungal infections, and may eventually replace
amphotericin due to less renal toxicity.

Mycobacterial Pneumonia
Chronic infection with mycobacteria may develop into
mycobacterial pneumonia. The commonly identified organ-
isms causing tuberculosis (TB) include M. tuberculosis, M.
bovis, and M. afrocanum. Most patients at risk include the
elderly, immunocompromised patients, and recently have
appeared as an epidemic in those with HIV infection. More
worrisome has been the emergence of multiple, drug-
resistant organisms. Active TB may occur as a new infection,
or reactivation of a chronic pulmonary infection. Awareness
of the possibility of TB is essential, both for optimal patient
care and to prevent exposure of health care workers and
others, via inhalation of aerosol. Primary infection may
result in a dormant phase, where organisms may persist a
lifetime. Reactivation usually occurs as a result of an immu-
nosuppressive insult.

Symptoms of pulmonary TB include cough, fever, and
variably productive sputum. There may be associated lym-
phadenopathy. Diagnosis is often suspected by CXR,
which may show apical scarring. If the patient is immuno-
competent, skin testing may be done. Pulmonary TB is
usually diagnosed by the demonstration of acid-fast bacilli
on a sputum smear, and then confirmed by culture. This
process may take many days, however. More recently, poly-
merase chain reaction testing has allowed much more rapid
diagnosis. Treatment requires a full course of therapy, with
at least two drugs, to prevent the emergence of resistance
(see Volume 2, Chapter 53). Additional drugs may be
required, depending on the risk group and degree of immu-
nosuppression; an infectious disease consultation should be
obtained by those who do not routinely treat this disease.

Anthrax
Bacillis anthracis is the causative agent of anthrax, a weapo-
nized version of which has recently been used as a biological
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agent of terror (83). Early recognition of anthrax infection by
health care workers is essential for early intervention, to
prevent widespread exposure. Anthrax is normally patho-
genic for herd animals, including cattle and deer, and vege-
tative bacteria have poor survival outside their hosts. Spores
are hardier, and they may survive for decades. Weaponiza-
tion occurs when the spores are treated, so they become
more readily dispersed and inhaled. Inhalational anthrax
occurs following inhalation of the spores, which then germi-
nate. Symptoms include fever, chills, sweats, nausea,
dyspnea, and chest discomfort. Physical findings include
fever, tachycardia and, rarely, hypotension. Laboratory find-
ings are largely nonspecific, with elevated WBC count and
transaminases most common. CXR is usually abnormal,
with mediastinal widening a fairly specific finding.
Infiltrates and hemorrhagic pleural effusions are common.
Chest CT may show mediastinal lymphadenopathy (respon-
sible for the mediastinal widening seen on CXR) and pleural
effusions which, when sampled, are usually bloody. The pre-
sence of a markedly widened mediastinum, in a formerly
healthy patient with severe respiratory illness, should be
suspicious for inhalational anthrax. Because of the rarity of
this disease, diagnosis may be difficult, but therapy should
be initiated while the diagnosis is pursued. B. anthracis is
a gram-positive, encapsulated, nonhemolytic, penicillin-
sensitive, spore-forming bacillus, which may be visible on
peripheral blood smear. Most public health facilities now
have reference laboratories in place to assist with rapid
identification.

Therapy should be initiated with doxycycline or cipro-
floxacin, although penicillin is usually effective and is
approved by the FDA. The recommended initial dosing for
adults, with clinically evident inhalational anthrax, is cipro-
floxacin 400 mg administered intravenously every 12 hours
(84). The use of dual initial therapy (ciprofloxacin plus
penicillin) may be considered, in view of the frequent and
rapid development of complicating meningitis, and the
clinical experience of cerebrospinal-fluid penetration with
high-dose intravenous penicillin (84). More complete rec-
ommendations for special groups, such as pregnant
women, immunosuppressed patients, and children, are
available elsewhere (84).

Prompt notification of public health authorities is
essential, as infection control, postexposure prophylaxis,
and decontamination are required to prevent widespread
loss of life.

NOSOCOMIAL PNEUMONIAS CAUSING ACUTE
RESPIRATORY FAILURE

The ICU is associated with a greatly increased risk of noso-
comial infection, with rates three to five times greater than
that seen for patients who are not admitted to the ICU
(85). These infections are associated with substantial morbid-
ity and mortality, in addition to cost. Prevention of these
infections is clearly the most effective therapy, and a strong
evidence base exists that demonstrates the cost-effectiveness
of such measures. Nosocomial pneumonia is most often
associated with intubated patients who develop VAP. This
subject is covered in detail in Volume 2, Chapter 48. Anti-
biotic resistance develops in the ICU as a result of exposure
of organisms to broad-spectrum antibiotics. One strategy
that may limit this selection pressure is the use of antibiotic
rotation (86,87). In addition to Acinetobacter (discussed

above), the following microorganisms are commonly associ-
ated with nosocomial pneumonia.

Nosocomial Organisms
Pseudomonas aeruginosa
P. aeruginosa respiratory infections occur almost entirely in
patients who are immunocompromised. Patients with
chronic lung disease and CHF are particularly susceptible.
Along with S. aureus, it is the most common cause of VAP.
Pneumonia occurs as a result of aspiration of P. aeruginosa
from the oropharynx, which becomes colonized during the
course of hospitalization. P. aeruginosa pneumonia is associ-
ated with high morbidity and mortality, in part because of
the propensity of P. aeruginosa to cross the alveolar
epithelium and cause bacteremia (88). The clinical presen-
tation of P. aeruginosa pneumonia includes chills, fever,
severe dyspnea, productive cough with purulent sputum,
and cyanosis. CXR may reveal focal or diffuse infiltrates.
Bacteremia is common, so blood cultures should be obtained
in addition to sputum culture or bronchoalveolar lavage.
Because of the increasing prevalence of resistant organisms,
double coverage (e.g., ciprofloxacin and ceftazidime com-
bined) is recommended in critically ill patients. Because
combined, the critically ill patients are at risk for renal insuf-
ficiency, aminoglycosides are reserved for second-line
therapy, in combination with a fluoroquinolone or an
antipseudomonal penicillin.

Enterobacter spp.
Enterobacter spp. is a common cause of nosocomial pneumo-
nia, and like P. aeruginosa, causes lung infection via aspira-
tion of colonizing oropharyngeal organisms. The lung may
also be infected by the intravenous route, as a result of
central venous catheter infections, which are frequently
caused by Enterobacter spp. These organisms tend to colonize
patients who have been treated with antibiotics, and there-
fore are abundant in the ICU. Most are resistant to first-,
second-, and frequently third-generation cephalosporins.
Blood cultures are rarely positive, so surveillance sputum
cultures should be obtained, when possible. More aggressive
pursuit of VAP is discussed in Volume 2, Chapter 48.
Treatment of Enterobacter pneumonia consists of a second-
generation cephalosporin, a nonpseudomonal third-
generation cephalosporin (e.g., ceftriaxone), or ciprofloxacin.
When ESBLs are produced by resistant Enterobacter-causing
pneumonia, imipenem or meropenem should be used.

Serratia marcasens
Serratia is a frequent cause of nosocomial infections, of both
the urinary and respiratory tract. These infections are rare
outside the ICU, as they are commonly associated with cath-
eters and other foreign bodies. Antibiotic resistance is
common, especially with monotherapy using cephalospor-
ins. The combination of ceftriaxone and an aminoglycoside
is recommended for serious infections requiring prolonged
therapy. When ESBLs are produced by resistant S. marcasens
causing pneumonia, imipenem or meropenem should be
used.

Factors Predisposing to Nosocomial Pneumonias
Nosocomial pneumonia is the second most common hospi-
tal-acquired infection after urinary tract infection (85).
Although the majority of nosocomial pneumonias occur in
nonintubated patients, the risk of pneumonia is up to 20
times greater in intubated patients (87). Other common

448 Yanakakis et al.



risk factors include age, decreased level of consciousness, the
presence of a nasogastric tube, postsurgical patients, and
recent bronchoscopy (89).

A number of strategies have been examined, in an
effort to decrease risk of nosocomial pneumonia. Clearly,
the most effective is prevention or prophylaxis. The
implementation of ventilator weaning protocols that
decrease the duration of mechanical ventilation, will decrease
risk. VAP is discussed in detail in Volume 2, Chapter 48. Other
preventive measures include aggressive infection control pol-
icies, such as hand washing, postpyloric nasogastric feeding,
and appropriate antibiotic usage. Inadequate treatment of
VAP may also contribute to increased prevalence of nosoco-
mial pneumonia; if initial broad-spectrum therapy is ineffec-
tive, then treatment should be de-escalated (90). More
innovative concepts like zinc-coated ETTs show promise,
but await definitive clinical trials.

Decreasing duration of mechanical ventilation,
through the use of weaning protocols, can reduce the inci-
dence of VAP.

SUMMARYOF CARE FOR THE PATIENT WITH ACUTE
RESPIRATORY FAILURE
Respiratory Insufficiency Criteria for Intensive
Care Unit Admission
Triage of patients with ARF to the ICU focuses initially upon
severity of the ARF. However, in patients with moderate
disease, not in itself requiring ICU admission, additional
factors that must be evaluated include coexisting illness in
the patient, anticipated difficulty of intubation, clinical

course, and availability of monitoring and nursing. Patients
requiring high-flow supplemental oxygen for hypoxemia, or
those requiring noninvasive ventilatory support, require
close monitoring if they are not physically admitted to
the ICU.

Patients with progressive pneumonia or sepsis syn-
drome should be evaluated for admission to the ICU
earlier rather than later, as hypoxemia, hypercapnea, and
acidosis may develop rapidly in patients who do not have
intact compensatory mechanisms. The Society of Critical
Care Medicine has established guidelines for ICU admission,
discharge, and triage (65). Table 7 describes the two major
respiratory criteria (oxygenation and ventilation abnormal-
ities) that should be considered for ICU admission. Other
considerations include the availability of qualified nursing
or respiratory care personnel (e.g., patient in need of
frequent suctioning, encouragement to cough, deep
breath, etc.).

Intubation and Mechanical Ventilation Criteria
The decision to intubate the trachea and implement mechan-
ical ventilation is multifactorial, and may be determined by
the degree of hypoxemia, hypercapnea, respiratory distress,
stridor, or altered mental status. NIPPV has been demon-
strated to be efficacious in a number of settings, particularly
in exacerbations of COPD. However, noninvasive ventilation
should only be employed in situations where the respiratory
insufficiency is expected to be transient. This is seldom the
case in trauma. The various modes of mechanical ventilation
are fully described in Volume 2, Chapter 27.

Table 7 Criteria for Intensive Care Unit Admission: Emphasis on ARF, Postoperative, Post-Trauma Conditions

Priority ICU admission criteria Respiratory related examples

1A Critically ill, unstable patients in need of intensive Rx or

monitoring that cannot be provided outside of the ICU.

ARF requiring MV. Shock requiring MV and continuous

vasoactive drug infusions, etc.

1B Postoperative or post-trauma patients requiring MV, and

monitoring or Rx for shock or HD instability.

S/P polytrauma, S/P TBI, S/P thoracic or major vascular

surgery, S/P liver transplant, S/P major abdominal

surgery, S/P surgery in critically ill patient.

2 Patients requiring intensive monitoring and may potentially

need immediate intervention.

S/P neck or thoracic injuries, who are initially oxygenating

and ventilating adequately. New onset pneumonia in

patient with chronic comorbid condition(s).

3A Unstable critically ill patients with a reduced likelihood of

recovery because of underlying disease or nature of their

acute illness.

End stage liver disease with acute severe TBI, disseminated

malignancy or AIDS with major (.30% BSA) burn.

3B Patients that might benefit from ICU to relieve acute illness,

however, have set forth limits on therapeutic efforts (e.g.,

no intubation or CPR).

Metastatic malignancy complicated by infection, or

pneumonia in patient with living will, or advanced

directive that prohibits aggressive life-saving therapy.

4A Patients not ill enough to significantly benefit from ICU

care.

S/P uncomplicated peripheral vascular surgery;

hemodynamically stable DKA, mild CHF, etc.

4B Patients with terminal and irreversible illness facing immi-

nent death (i.e., ICU therapy is considered futile). Patients

with decision-making capacity (or a living will or

advanced directive) that prohibits intensive care who

receive comfort care only.

Brain death or severe irreversible brain injury (however,

these patients may be suitable organ donors; if so they

advance to priority 1 or 2). Irreversible multiorgan system

failure. Patients with decision-making capacity (or a

living will/advanced directive) that prohibits ICU and/or

invasive monitoring or ETT.

Abbreviations: AIDS, acquired immunodeficiency syndrome; ARF, acute respiratory failure; BSA, body surface area; CHF, congestive heart failure; CPR,

cardiopulmonary bypass; DKA, diabetic ketoacidosis; ETT, endotracheal tube; HD, hemodynamic; ICU, intensive care unit; MV, mechanical ventilation;

Rx, treatment; S/P, status post; TBI, traumatic brain injury.

Source: From Ref. 65.
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Patients who continue to be hypercapneic, acidotic, or
hypoxemic despite noninvasive measures should have their
trachea intubated and be started on mechanical ventilation.
This decision may be influenced by both the rate of
disease progression, as well as the need for interventional
and/or diagnostic procedures. For example, if it is deemed
necessary to place a central venous catheter, many patients
with tenuous respiratory status are unable to tolerate lying
supine (much less in the Trendellenberg position), due to
decreased functional residual capacity, and may require
intubation to facilitate line placement or more complex pro-
cedures. Likewise, patients who must undergo diagnostic
procedures like magnetic resonance imaging or CT scanning
(where monitoring of respiratory status is compromised), or
in need of cerebral angiography (where sedation and
absence of movement is critical) should be intubated to
protect against respiratory failure, gastric aspiration, or
complications of the procedure.

Finally, patients with stridor, or airway exams that
indicate intubation is likely to be difficult, should have
their tracheas intubated earlier, under controlled, semi-
elective conditions, rather than later, under less controlled
emergent conditions. In many cases, maintaining spon-
taneous ventilation, and intubating the trachea using an
awake-intubation technique (e.g., fiberoptic bronchoscopy)
represents the optimum approach when stridor is present,
or difficult intubation is anticipated (see Volume 1, Chapter 9).

EYE TO THE FUTURE

The management of patients with respiratory failure has
improved exponentially over the last decade. The future
holds promising therapies, which include improved diag-
nostic equipment, which will allow real-time measurement
of arterial blood gases, which in concert with therapist-
driven weaning protocols may allow faster weaning from
mechanical ventilation. As respiratory failure is often a by-
product of other disease processes, such as sepsis (Volume 2,
Chapter 47) and pancreatitis (Volume 2, Chapter 39), specific
therapies for those diseases, currently evolving, will have a
positive impact on ARF as well. Exciting new work into
the molecular mechanisms of cellular regulation, immu-
nology (Volume 2, Chapter 52), and microbial-host inter-
actions is beginning to elucidate the fundamental
mechanisms underlying the sources of some etiologies of
respiratory failure. These research pursuits will yield new
therapeutic tools, some of which may become available soon.

Researchers now believe that the ACE2 receptor
involved in SARS has broad applicability in the pathogenesis
and treatment of numerous etiologies of pulmonary edema,
beyond infection with SARS-CoV. The SARS-CoV requires
ACE2 to gain entry into cells (75). However, once the virus
enters the cell, the expression of ACE2 is downregulated,
and the subsequent paucity of ACE2 expression appears to
be the mechanism that promotes respiratory failure.
Insight garnered from this research has suggested methods
for treating humans infected with SARS-CoV, by adminis-
trating ACE2 to reverse the often deadly condition (77,91).
ACE2 administration may also help alleviate pulmonary
edema from other sources.

The ACE2 receptor is required for the SARS-CoV to
infect cells and replicate itself. Using tissue culture,
researchers have demonstrated that, in the presence of
cells expressing ACE2, SARS-CoV replicate to levels
100,000 times greater than when incubated with cells not

expressing ACE2. Furthermore, compounds that inhibit
ACE2 in humans decrease SARS-CoV viral replication.

The “Spike,” or S proteins on SARS-CoV, are used like
a hook to grab onto ACE2; this binding enables cell mem-
branes to fuse together, a process that is critical for a virus
to enter a cell (92). The unexpected secondary relationship
of SARS-CoV infection and ACE2 receptors was discovered
by Kuba et al. (77), who found that infections with SARS-
CoV result in ACE2 downregulation, also through binding
of SARS-CoV Spike protein to ACE2.

The role of ACE2 as a protector against pulmonary
edema was first demonstrated when lab mice were infected
with the SARS corona virus, and it was noticed that the
resulting drop in ACE2 was associated with the mice lungs
filling with fluid, triggering acute pulmonary edema-
mediated respiratory failure. Armed with their new knowl-
edge, the researchers theorized that if a lack of ACE2
causes respiratory failure, then restoring it should halt the
process. They injected the mice with bioengineered ACE2,
which, as they predicted, shut down the SARS-induced pul-
monary edema (77).

Recent data in a small cohort of individuals with SARS
suggested that an insertion/deletion ACE polymorphism that
affects ACE function correlates with disease severity, under-
scoring the relevance of these findings in humans (93).
Indeed, Marshal et al. demonstrated that ACE plays a likely
role in the pathogenesis of ARDS (perhaps via effects on pul-
monary vascular tone/permeability, epithelial cell survival,
and fibroblast activation). They noted that 47% of the variance
in plasma ACE activity is accounted for by the ACE insertion/
deletion polymorphism, and that the D allele is associated
with higher activity. Accordingly, they hypothesized that the
D allele might be associated with ARDS. In their study, they
demonstrated that the DD genotype was markedly increased
in the patients with ARDS, compared to other ICU patients ( p
= 0.00008), coronary artery bypass graft patients ( p = 0.0009),
and general population ( p = 0.00004) control groups, and was
significantly associated with mortality in the ARDS group
( p , 0.02), suggesting a potential role for renin-angiotensin
systems in the pathogenesis of ARDS and, for the first
time, implicating genetic factors in the development and
progression of ARDS (94).

The aggregate analysis of this exciting aforementioned
new research, regarding the molecular mechanisms of SARS-
mediated infection and pulmonary edema (involving the
renin-angiotensin system), has now suggested a broader
role of ACE2 in lung failure and ARDS of multiple etiologies.
Recombinant ACE2 protein might, therefore, not only
serve as a treatment to block spreading of SARS-CoV, modu-
lation of the renin-angiotensin system could also be used to
protect individuals infected with other viruses (such as
strains of avian influenza A), and other disease processes
(such as pancreatitis-mediated noncardiogenic pulmonary
edema), from developing acute severe lung failure and
ARDS (77). Numerous additional examples of ongoing
research into the molecular mechanisms of disease, and
also the genetic predisposition (relating to the expression,
or nonexpression of permissive or protective proteins) will
continue to provide bright new avenues for treatment of
respiratory failure in the future.

SUMMARY

ARF continues to be the most common reason for admission
to the ICU for both nontrauma and trauma patients.
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The specific diagnosis can often be categorized as primarily
a problem of oxygenation or ventilation (Table 8). The
precise etiology of the respiratory failure should be aggres-
sively sought after, beginning when patients are first evalu-
ated in the ICU, or immediately prior to transfer. Although
culture data will generally take at least 48 hours, often the
clues explaining the cause of respiratory failure become irre-
trievable 12 to 24 hours after presentation, forcing treatment
to remain empirical and suboptimal for much longer dur-
ations. Even though oxygenation and ventilation problems
are often coinvolved, one form is often predominant
initially, and reflects the inciting insult. It is extremely
important to search for the initial trigger of respiratory
failure, because it has both prognostic and therapeutic
implications.

ARF can result from problems directly related to the
lungs, aspiration, pulmonary emboli pneumonia, and blunt
chest trauma (e.g., pulmonary contusion). However, many
critically ill patients develop ARF after primary pathology
in another organ system (e.g., renal failure, liver failure) or
a generalized condition causing systemic inflammation
(sepsis, pancreatitis, trauma, burn). Because their etiologies
are covered in other chapters, this chapter has focused upon
primary problems affecting the lungs and causing ARF.

The SARS-CoV Spike protein-mediated ACE2 down-
regulation contributes to the severity of pulmonary edema,
and explains how this family member of the normally rela-
tively harmless coronaviruses has evolved into a lethal
virus. Furthermore, the significance of the discovery of the
molecular nature behind the pulmonary edema component
of SARS-CoV extends beyond SARS itself. Indeed, under-
standing the role of ACE2 in pulmonary edema has
suggested a possible means of preventing lung failure
from numerous other forms of ARF and ARDS, including
sepsis, anthrax, and avian flu (the agent that, many infec-
tious disease experts believe, will launch the next flu pan-
demic) (95).

Finally, a more sobering thought is the continuing
emergence of antibiotic resistance in the ICU. Aggressive
infection control, limitation of excessive antibiotic usage
and, possibly, devices like antimicrobial-coated ETTs may
help stem the tide.

KEY POINTS

Arterial blood gas (ABG) analysis is the single most
important laboratory test for defining the severity of
ARF. In addition to quantifying the severity, ABG
analysis assists in differentiating the cause of ARF,
and is useful in decision making regarding intubation
and mechanical ventilation.
Many of the drugs used in the ICU have vasodilator
properties and can worsen oxygenation by blunting
HPV and exacerbating _V= _Q mismatching.
The most common causes of right-to-left transpulmon-
ary shunting in ICU patients are direct pulmonary
pathologic entities, such as pneumonia, atelectasis,
and noncardiogenic pulmonary edema.
Many commonly used drugs can cause methemoglobi-
nemia, which will worsen hypoxemia and acidosis.
These drugs include dapsone, local anesthetics
(benzocaine and prilocaine), commonly used nitrates
(nitroprusside, nitroglycerin), and sulfonamides. Diag-
nosis may be made with co-oximetry that measures
various hemoglobin species. Treatment is with methyl-
ene blue.
Patients with acute asthma exacerbations are normally
hypertensive because of catechol release. Those that
are normotensive or hypotensive and tachycardic may
have elevated intrathoracic pressure impeding venous
return, and are at increased risk for cardiopulmonary
arrest during endotracheal intubation.
Inspiratory stridor is usually due to an extrathoracic
obstruction (supraglottic or perioglottic), and expiratory
stridor is usually due to an intrathoracic process.
The key principles of airway management for stridor
are: (i) maintain spontaneous ventilation, (ii) avoid
blind intubation techniques (may convert partial
obstruction into complete obstruction), (iii) awake fiber-
optic intubation is often the best diagnostic tool and
method of airway intubation, and (iv) equipment and
personnel capable of performing a surgical airway
must be present until the airway is secured.
Thoracic epidural anesthesia can improve respiratory
function in patients with rib injuries.
Decreasing duration of mechanical ventilation, through
the use of weaning protocols, can reduce the incidence
of VAP.

Table 8 Categorization of Common Sources of Respiratory

Failure Based upon the Primary Physiologic Abnormality

(Oxygenation or Ventilation)

Oxygenation problem Ventilation problem

Direct pulmonary dysfunction Airway obstruction

Pneumonia Stridor

Atelectasis Excessive snoring

Pulmonary contusion

Noncardiogenic

pulmonary edema

(ALI/ARDS)

Sepsis, SIRS

** Nonthoracic trauma

Fat emboli

Burns

Pancreatitis

+ ] d albumina

Cirrhosis

Acute renal failure

Excessive WOB

Low compliance

* * Airway resistance

*’d VD/VT

CO2 production

Inability to do the WOB

Generalized weakness

Critical illness

polyneuropathy

Steroid myopathy

Cardiogenic pulmonary

edema

Left heart failure

Lung mechanical problem

(+’d ventilatory drive

or strength)

Ischemia Opiate overdose

Mitral valve disease Brainstem injury

Viral cardiomyopathy Spinal cord injury

Hydrostatic pulmonary edema (+’d NMJ function)

Neurogenic pulmonary edema Myasthenia gravis

NPPE Botulism

aHypoalbuminemia can result from massive blood loss and resuscitation with

crystalloid, nephrosis, cirrhosis, malnutrition, excessive catabolism, etc.

Abbreviations: +, decrease; *, increase; ALI, acute lung injury; ARDS,

acute respiratory distress syndrome; NMJ, neuromuscular junction;

NPPE, negative pressure pulmonary edema; SIRS, systemic inflammatory

distress syndrome; VD/VT, dead space to tidal volume ratio; WOB, work

of breathing.

Chapter 23: Acute Respiratory Failure: Initial Diagnosis and Management 451



REFERENCES

1. Bernard GR, Artigas A, Brigham KL, et al. The American-Euro-
pean Consensus Conference on ARDS. Definitions, mechan-
isms, relevant outcomes, and clinical trial coordination. Am J
Respir Crit Care Med 1994; 149:818–824.

2. Bone RC, Balk RA, Cerra FB, et al. Definitions for sepsis and
organ failure and guidelines for the use of innovative therapies
in sepsis. The ACCP/SCCM Consensus Conference Commit-
tee. American College of Chest Physicians/Society of Critical
Care Medicine. Chest 1992; 101:1644–1655.

3. Marshall BE, Wyche MQ, Jr. Hypoxemia during and after
anesthesia. Anesthesiology 1972; 37:178–209.

4. Lumb A. Nunn’s Applied Respiratory Physiology. Oxford, UK:
Butterworth, 2000.

5. Rivers E, Nguyen B, Havstad S, et al. Early goal-directed
therapy in the treatment of severe sepsis and septic shock. N
Engl J Med 2001; 345:1368–1377.

6. Kollef MH. Optimizing antibiotic therapy in the intensive care
unit setting. Crit Care 2001; 5:189–195.

7. Luhr OR, Antonsen K, Karlsson M, et al. Incidence and mor-
tality after acute respiratory failure and acute respiratory dis-
tress syndrome in Sweden, Denmark, and Iceland. The ARF
Study Group. Am J Respir Crit Care Med 1999; 159:1849–1861.

8. Bochud PY, Glauser MP, Calandra T. Antibiotics in sepsis.
Intensive Care Med 2001; 27:S33–48.

9. Vincent JL, Akca S, De Mendonca A, et al. The epidemiology of
acute respiratory failure in critically ill patients. Chest 2002;
121:1602–1609.

10. Arroliga AC, Ghamra ZW, Perez Trepichio A, et al. Incidence of
ARDS in an adult population of northeast Ohio. Chest 2002;
121:1972–1976.

11. Nunn JF. Pulmonary oxygen consumption. Intensive Care Med
1996; 22:275–276.

12. Harris EA, Hunter ME, Seelye ER, Vedder M, Whitlock RM.
Prediction of the physiological dead-space in resting normal
subjects. Clin Sci Mol Med 1973; 45:375–386.

13. Eisenkraft JB. Effects of anaesthetics on the pulmonary circula-
tion. Br J Anaesth 1990; 65:63–78.

14. Pierson DJ. Weaning from mechanical ventilation in acute
repsiratory failure: concepts, indications, and techniques.
Respir Care 1983; 28(5):646–662.

15. Lecky JM, Ominsky AJ. Postoperative respiratory manage-
ment. Chest 1972; 62:505–575.

16. Gilbert R, Keighley JF. The arterial/alveolar oxygen tension
ratio. An index of gas exchange applicable to varying inspired
oxygen concentrations. Am Rev Respir Dis 1974; 109:142–145.

17. Bendixen HH, Egbert LD, Hedley-Whyte J, Laver MB, Pontop-
pidan H. Respiratory Care. St. Louis: CV Mosby, 1965:149–150.

18. Bruschi C, Cerveri I, Zoia MC, et al. Reference values of
maximal respiratory mouth pressures: a population-based
study. Am Rev Respir Dis 1992; 146:790–793.

19. Witt NJ, Zochodne DW, Bolton CF, et al. Peripheral nerve func-
tion in sepsis and multiple organ failure. Chest 1991; 99:176–184.

20. Decramer M, de Bock V, Dom R. Functional and histologic
picture of steroid-induced myopathy in chronic obstructive
pulmonary disease. Am J Respir Crit Care Med 1996;
153:1958–1964.

21. Segredo V, Caldwell JE, Matthay MA, Sharma ML, Gruenke
LD, Miller RD. Persistent paralysis in critically ill patients
after long-term administration of vecuronium. N Engl J Med
1992; 327:524–528.

22. Aberle DR, Wiener-Kronish JP, Webb WR, Matthay MA. Hydro-
static versus increased permeability pulmonary edema: diag-
nosis based on radiographic criteria in critically ill patients.
Radiology 1988; 168:73–79.

23. Levy M, Dromer F, Brion N, Leturdu F, Carbon C. Community-
acquired pneumonia. Importance of initial noninvasive
bacteriologic and radiographic investigations. Chest 1988; 93:
43–48.

24. Hartert TV, Peebles RS Jr. Epidemiology of asthma: the year in
review. Curr Opin Pulm Med 2000; 6:4–9.

25. Georgitis JW. The 1997 Asthma Management Guidelines and
therapeutic issues relating to the treatment of asthma. National
Heart, Lung, and Blood Institute. Chest 1999; 115:210–217.

26. Lee TH. Precipitating factors of asthma. Br Med Bull 1992;
48:169–178.

27. Zimmerman JL, Dellinger RP, Shah AN, Taylor RW. Endotra-
cheal intubation and mechanical ventilation in severe asthma.
Crit Care Med 1993; 21:1727–1730.

28. Papiris S, Kotanidou A, Malagari K, Roussos C. Clinical review:
severe asthma. Crit Care 2002; 6:30–44.

29. Burki NK, Diamond L. Serum creatine phosphokinase activity
in asthma. Am Rev Respir Dis 1977; 116:327–331.

30. Appel D, Rubenstein R, Schrager K, Williams MH Jr. Lactic
acidosis in severe asthma. Am J Med 1983; 75:580–584.

31. Karpel JP, Schacter EN, Fanta C, et al. A comparison of ipratro-
pium and albuterol vs albuterol alone for the treatment of acute
asthma. Chest 1996; 110:611–616.

32. Littenberg B. Aminophylline treatment in severe, acute asthma.
A meta-analysis. JAMA 1988; 259:1678–1684.

33. NHLBI. Strategies in preserving lung health and preventing
COPD and associated diseases. The National Lung Health
Education Program (NLHEP). Chest 1998; 113:123S–163S.

34. McHardy VU, Inglis JM, Calder MA, et al. A study of infective
and other factors in exacerbations of chronic bronchitis. Br J Dis
Chest 1980; 74:228–238.

35. Barbera JA, Roca J, Ferrer A, et al. Mechanisms of worsening
gas exchange during acute exacerbations of chronic obstructive
pulmonary disease. Eur Respir J 1997; 10:1285–1291.

36. Hunt JM, Copland J, McDonald CF, et al. Cardiopulmonary
response to oxygen therapy in hypoxaemic chronic airflow
obstruction. Thorax 1989; 44:930–936.

37. Aubier M, Murciano D, Fournier M, et al. Central respiratory
drive in acute respiratory failure of patients with chronic
obstructive pulmonary disease. Am Rev Respir Dis 1980;
122:191–199.

38. Agusti AG, Carrera M, Barbe F, Munoz A, Togores B. Oxygen
therapy during exacerbations of chronic obstructive pulmon-
ary disease. Eur Respir J 1999; 14:934–939.

39. Niewoehner DE, Erbland ML, Deupree RH, et al. Effect of sys-
temic glucocorticoids on exacerbations of chronic obstructive
pulmonary disease. Department of Veterans Affairs Coopera-
tive Study Group. N Engl J Med 1999; 340:1941–1947.

40. Loevner LA. Anatomic and functional lesions resulting
in partial or complete upper airway obstruction. Semin
Roentgenol 2001; 36:12–20.

41. Marik PE. Aspiration pneumonitis and aspiration pneumonia.
N Engl J Med 2001; 344:665–671.

42. Hirsh J, Dalen J, Guyatt G. The sixth (2000) ACCP guidelines
for antithrombotic therapy for prevention and treatment of
thrombosis. American College of Chest Physicians. Chest
2001; 119:1S–2S.

43. Young KR Jr. Pulmonary-renal syndromes. Clin Chest Med
1989; 10:655–675.

44. Salama AD, Levy JB, Lightstone L, Pusey CD. Goodpasture’s
disease. Lancet 2001; 358:917–920.

45. Prakash UB. Respiratory complications in mixed connective
tissue disease. Clin Chest Med 1998; 19:733–746.

46. Gropper MA, Wiener-Kronish JP, Hashimoto S. Acute cardio-
genic pulmonary edema. Clin Chest Med 1994; 15:501–515.

47. Matthay MA, Folkesson HG, Clerici C. Lung epithelial fluid
transport and the resolution of pulmonary edema. Physiol
Rev 2002; 82:569–600.

48. Bella I, Chad DA. Neuromuscular disorders and acute respirat-
ory failure. Neurol Clin 1998; 16:391–417.

49. Oh SJ, Dwyer DS, Bradley RJ. Overlap myasthenic syndrome:
combined myasthenia gravis and Eaton-Lambert syndrome.
Neurology 1987; 37:1411–1414.

50. Cicala RS, Voeller GR, Fox T, et al. Epidural analgesia in thor-
acic trauma: effects of lumbar morphine and thoracic bupiva-
caine on pulmonary function. Crit Care Med 1990; 18:229–231.

51. Fulton RL, Peter ET. Physiologic effects of fluid therapy after
pulmonary contusion. Am J Surg 1973; 126:773–777.

452 Yanakakis et al.



52. Steier M, Ching N, Roberts EB, Nealon TF Jr. Pneumothorax
complicating continuous ventilatory support. J Thorac Cardio-
vasc Surg 1974; 67:17–23.

53. Polanczyk CA, Rohde LE, Goldman L, et al. Right heart cathe-
terization and cardiac complications in patients undergoing
noncardiac surgery: an observational study. JAMA 2001;
286:309–314.

54. Byrick RJ, Mullen JB, Wong PY, Wigglesworth D, Kay JC.
Corticosteroids do not inhibit acute pulmonary response to
fat embolism. Can J Anaesth 1990; 37:S130.

55. Orlowski JP, Szpilman D. Drowning. Rescue, resuscitation, and
reanimation. Pediatr Clin North Am 2001; 48:627–646.

56. Simon RP. Neurogenic pulmonary edema. Neurol Clin 1993;
11:309–323.

57. Ewig S, Torres A, El-Ebiary M, et al. Bacterial colonization pat-
terns in mechanically ventilated patients with traumatic and
medical head injury. Incidence, risk factors, and association
with ventilator-associated pneumonia. Am J Respir Crit Care
Med 1999; 159:188–198.

58. Schiffl H, Lang SM, Fischer R. Daily hemodialysis and the
outcome of acute renal failure. N Engl J Med 2002; 346:305–310.

59. Banerjee AK, Haggie SJ, Jones RB, Basran GS. Respiratory
failure in acute pancreatitis. Postgrad Med J 1995; 71:327–330.

60. Naeije R. Hepatopulmonary syndrome and portopulmonary
hypertension. Swiss Med Wkly 2003; 133:163–169.

61. Krowka MJ, Tajik JA, Dickenson RE, et al. Intrapulmonary
vascular dilations in Liver transplant candidates. Screening
by two-dimensional contrast enhanced echocardiography.
Chest 1990; 97:1165–1170.

62. Rolla G, Bucca C, Brussino L. Methylene Blue in the Hepatopul-
monary Syndrome. N Engl J Med 1994; 331:1098.

63. Sztrymf B, Rabiller A, Nunes H, et al. Prevention of hepatopul-
monary syndrome and hyperdynamic state by pentoxifylline in
cirrhotic rats. Eur Respir J 2004; 23:752–758.

64. Dinh-Xuan AT, Naeije R. The hepatopulmonary syndrome: NO
way out? Eur Respir J 2004; 23:661–662.

65. Guidelines for intensive care unit admission, discharge, and
triage. Task Force of the American College of Critical Care
Medicine, Society of Critical Care Medicine. Crit Care Med
1999; 27:633–638.

66. Niederman MS, Bass JB Jr, Campbell GD, et al. Guidelines for
the initial management of adults with community-acquired
pneumonia: diagnosis, assessment of severity, and initial anti-
microbial therapy. American Thoracic Society. Medical
Section of the American Lung Association. Am Rev Respir
Dis 1993; 148:1418–1426.

67. ATS/IDSA. Guidelines for the management of adults with hos-
pital-acquired, ventilator-associated, and healthcare-associated
pneumonia. Am J Resp Crit Care Med 2005; 171:388–416.

68. Robinson KA, Baughman W, Rothrock G, et al. Epidemiology
of invasive Streptococcus pneumoniae infections in the
United States, 1995–1998: Opportunities for prevention in
the conjugate vaccine era. JAMA 2001; 285:1729–1735.

69. Wunderink RG, Rello J, Cammarata SK, et al. Linezolid vs
Vancomycin: analysis of two double-blind studies of patients
with methicillin-resistant Staphylococcus aureus nosocomial
pneumonia. Chest 2003; 124:1789–1797.

70. Gagnon S, Boota AM, Fischl MA, et al. Corticosteroids as
adjunctive therapy for severe Pneumocystis carinii pneumonia
in the acquired immunodeficiency syndrome. A double-blind,
placebo-controlled trial. N Engl J Med 1990; 323:1444–1450.

71. Drazen JM. SARS-looking back over the first 100 days. N Engl J
Med 2003; 349:319–320.

72. Peiris JSM, Guan Y, Yuen KY. Severe acute respiratory
syndrome. Nat Med 2004; 10:S88–S97.

73. Peiris JSM, Lai ST, Poon LLM, et al. Coronavirus as a possible
cause of severe acute respiratory syndrome. Lancet 2003;
361:1319–1325.

74. Marra MA, Jones SJ, Astell CR, et al. The genome sequence of the
SARS-associated coronavirus. Science 2003; 300:1399–1404.

75. Li W, Moore MJ, Vasilieva N, et al. Angiotensin-converting
enzyme 2 is a functional receptor for the SARS coronavirus.
Nature 2003; 426:450–454.

76. Nicholls J, Peiris M. Good ACE, bad ACE do battle in lung
injury, SARS. Nat Med 2005; 11:821–822.

77. Kuba K, Imai Y, Rao S, et al. A crucial role of angiotensin con-
verting enzyme 2 (ACE2) in SARS coronavirus-induced lung
injury. Nature Medicine 2005; 11:875–879.

78. Low DE, McGeer A. SARS-One Year Later. N Engl J Med 2003;
349:2381–2382.

79. Lang ZW, Zhang LJ, Zhang SJ, et al. A clinicopathological study
of three cases of severe acute respiratory syndrome (SARS).
Pathology 2003; 35(6):526–531.

80. Traggiai E, Becker S, Subbarao K, et al. An efficient method to
make human monoclonal antibodies from memory B cells:
potent neutralization of SARS coronavirus. Nat Med 2004;
10:871–875 .

81. Galgiani JN, Catanzaro A, Cloud GA, et al. Comparison of oral
fluconazole and itraconazole for progressive, nonmeningeal
coccidioidomycosis. A randomized, double-blind trial.
Mycoses Study Group. Ann Intern Med 2000; 133:676–686.

82. Goldman M, Johnson PC, Sarosi GA. Fungal pneumonias: The
endemic mycoses. Clin Chest Med 1999; 20(3):507–519.

83. Inglesby TV, O’Toole T, Henderson DA, et al. Anthrax as a
biological weapon, 2002: updated recommendations for man-
agement. JAMA 2002; 287:2236–2252.

84. Swartz MN: Recognition and management of anthrax—an
update. N Engl J Med 2001; 345:1621–1626.

85. Craven DE, De Rosa FG, Thornton D. Nosocomial pneumonia:
emerging concepts in diagnosis, management, and prophy-
laxis. Curr Opin Crit Care 2002; 8:421–429.

86. Raymond DP, Pelletier SJ, Crabtree TD, et al. Impact of a rotat-
ing empiric antibiotic schedule on infectious mortality in an
intensive care unit. Crit Care Med 2001; 29:1101–1108.

87. Chastre J, Fagon JY. Ventilator-associated pneumonia. Am J
Respir Crit Care Med 2002; 165:867–903.

88. Savel RH, Yao EC, Gropper MA. Protective effects of low tidal
volume ventilation in a rabbit model of Pseudomonas
aeruginosa-induced acute lung injury. Crit Care Med 2001;
29:392–398.

89. Joshi N, Localio AR, Hamory BH. A predictive risk index for
nosocomial pneumonia in the intensive care unit. Am J Med
1992; 93:135–142.

90. Hoffken G, Niederman MS. Nosocomial pneumonia: the
importance of a de-escalating strategy for antibiotic treatment
of pneumonia in the ICU. Chest 2002; 122:2183–2196.

91. Li W, Zhang C, Sui J, et al. Receptor and viral determinants of
SARS-coronavirus adaptation to human ACE2. The EMBO J
2005; 24:1634–1643.

92. Holmes KV. SARS-associated coronavirus. N Engl J Med 2003;
348:1948–1951.

93. Itoyama S, Keidio N, Quy T, et al. ACE1 polymorphism and
progression of SARS. Biochem. Biophys. Res. Commun. 2004;
323:1124–1129.

94. Marshall RP, Webb S, Bellingan GJ, et al. Angiotensin converting
enzyme insertion/deletion polymorphism is associated with sus-
ceptibility and outcome in acute respiratory distress syndrome.
Am J Respir Crit Care Med 2002; 166: 646–650.

95. Monto AS. The threat of an avian influenza pandemic. N Engl J
Med 2005; 352:323–325.

Chapter 23: Acute Respiratory Failure: Initial Diagnosis and Management 453





24

The Acute Respiratory Distress Syndrome

Paul A. Campbell and Benoit Misset
Department of Medicine and Anesthesiology, UC San Francisco Medical Center, San Francisco, California, U.S.A.

Jeanine P. Wiener-Kronish and Michael A. Matthay
Departments of Medicine, Anesthesia, and Critical Care Medicine, UC San Francisco Medical Center, and the

UCSF Cardiovascular Research Institute, San Francisco, California, U.S.A.

DEFINITIONS AND EPIDEMIOLOGY
Definitions
Formally recognized over four decades ago (1), acute lung
injury and the acute respiratory distress syndrome (ALI/
ARDS), are defined by descriptive physiologic and clinical cri-
teria set forth by the American-European Consensus Confer-
ence (AECC) of 1994 (Table 1) (2). Three primary features
define ALI/ARDS; a profound oxygenation defect (right-to-
left transpulmonary shunt), impaired carbon dioxide
excretion, and the presence of noncardiogenic pulmonary
edema. The oxygenation defect is characterized by the partial
pressure of oxygen in the arterial blood (PaO2)/fraction of
inspired oxygen (FiO2) ratio (P/F ratio). When the P/F ratio
is ,300, the criteria for ALI is met, whereas if ,200, the
ARDS threshold is achieved. The AECC definitions for ALI
and ARDS build upon the experience of the lung injury sever-
ity score introduced by Murray et al. (3). That scoring system
combines the magnitude of physiologic impairment (severity
of oxygenation defect, required level of positive end-expiratory
pressure, and decreased respiratory compliance) along with
the degree of alveolar consolidation on the chest radiograph
(3). Several studies have compared the diagnostic accuracy
between these criteria concluding statistical agreement (4).
The intent of the simplified definition is to characterize a syn-
drome without reference to a specific etiology (5).

Epidemiology
An accurate incidence of ALI/ARDS has been difficult to
determine. Several epidemiological studies using the
AECC definition suggest an incidence of 12.6 to 18.9 cases
per 100,000 population per year (6). However, new data
recently generated in King’s County, Washington, demon-
strated the incidence may be as high as 75 cases per
100,000, or approximately 200,000 cases per year in the
United States (7). Previous studies that did not apply the
AECC criteria described lower estimates, ranging from 1.5
to 17.9 cases per 100,000 population per year (8).

Associated Clinical Disorders, Risk Factors, and Mortality
Both ALI and ARDS, can result from a multitude of dis-

orders (Table 2) with the common thread being injury to
the epithelial capillary barrier of lung alveoli. This

injury can result from direct injury, or indirectly through
local or systemic inflammation. The most common associ-
ations from prospective studies are sepsis syndrome
accounting for 40%, aspiration and pneumonia combining
for 40%, as well as trauma, and multiple transfusions (9).

Because of the frequency of associated septic
conditions, infectious foci must be actively pursued and

treated in ARDS patients (10).
Several independent predictors of mortality have been

reported including comorbid states and age .65 (Table 3)
(8). The patient’s immunological status (particularly neutro-
phil function) is an important determinant of ALI/ARDS
severity. Patients suffering from chronic alcoholism are
more susceptible to lung injury, likely a result of deranged
neutrophil activation (11). Conversely, diabetics with
impaired neutrophil function from hyperglycemia may be
protected from lung injury, but are more likely to succumb
to sepsis syndrome (12).

Interestingly, the only pulmonary-specific physiologic
predictor of mortality appears to be a bedside measure of pul-
monary dead-space fraction (13). Patients with diminished
alveolar fluid clearance, determined by sequential samples
of pulmonary edema fluid, also have a higher mortality (14).

Estimates over the past several decades for the overall
mortality rate of ALI/ARDS patients range from 30% to 60%
(10). Most deaths seem to be a consequence of multiorgan
dysfunction rather than primary pulmonary failure. Fortu-
nately, more recent calculations suggest a decreasing mor-
tality trend, approximately 35% to 40% (7).

PATHOPHYSIOLOGY

Regardless of the etiology of ALI/ARDS, the extravasation of
protein-rich fluid into the alveolar space leads to pathologic,
radiographic, and clinical changes that can be delineated
into acute, subacute, and chronic phases (Table 4).

Acute Exudative Phase
The acute exudative phase is a consequence of wide-

spread protein-rich alveolar edema. In the initial hours,
the permeability edema has a high alveolar to plasma
protein ratio (16). Findings on bronchoalveolar lavage and
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lung biopsy include diffuse alveolar damage with cellular
infiltration by neutrophils, macrophages and erythrocytes,
alveolar-epithelial disruption, and hyaline membrane depo-
sition (17).

Radiographically, nonspecific findings predominate
with bilateral infiltrates that may not be symmetrical and
may be associated with pleural effusions (Fig. 1) (18). Com-
puted tomography may further reveal a bilateral hetero-
geneous alveolar filling without enlargement of pulmonary
vessels. It tends to occur in dependent lung zones with
associated consolidation and atelectasis (19).

Alveolar flooding results in significant trans-

pulmonary shunting and ventilation-perfusion (V̇/Q̇) imbal-
ance causing profound hypoxemia that is refractory to
supplemental oxygen. A reduction in static lung compli-
ance, the tidal volume divided by the plateau pressure
minus the level of positive end-expiratory pressure (PEEP),
leads to an increase in the work of breathing. Hypoxemia
may worsen with increasing metabolic demand (e.g., fever,
and high work of breathing) decreased oxygen delivery
(e.g., anemia, impaired cardiac output), or derangement in
acid-base status (20). The initiation of mechanical ventilation
attempts to reverse the hypoxemia due to alveolar flooding
and increased work of breathing by providing assisted venti-
lation with PEEP and supplemental oxygen. However, the
oxygen delivery can be further decreased with positive
pressure ventilation due to impairment of cardiac output.
Accordingly, ARDS patients with impaired cardiac output
often require some degree of inotropic support.

Table 1 Criteria for Acute Lung Injury and Acute Respiratory

Distress Syndrome

Acute onset

PaO2/FiO2 � 300 mmHg (ALI)

PaO2/FiO2 � 200 mmHg (ARDS)

Bilateral pulmonary infiltrates on anterior-posterior chest

radiograph

Absence of left arterial hypertension (PCWP , 18 mmHg when

measured)

Abbreviations: ALI, acute lung injury; ARDS, acute respiratory distress

syndrome; FiO2, fraction of inspired oxygen; PaO2, partial pressure of

oxygen in the arterial blood; PCWP, pulmonary artery capillary wedge

pressure.

Table 3 Predictors of Increased Mortality in Acute Lung Injury

and Acute Respiratory Distress Syndrome (Based on

Epidemiologic Studies)

Risk factor Examples

Severe, nonpulmonary

systemic disease

Liver dysfunction/cirrhosis

Sepsis

Nonpulmonary organ dysfunction

HIV infection

Active malignancy

Chronic alcoholism

Renal failure

Pulmonary factors Increased alveolar dead space

Prolonged, decreased

pulmonary compliance

Age-related factors .65

Miscellaneous

poor predictors

Organ transplantation

APACHE II .25

Table 2 Clinical Disorders Associated with the Development

of Acute Lung Injury and Acute Respiratory Distress Syndrome

Direct lung injury Indirect lung injury

Pneumonia Sepsis

Aspiration of

gastric contents

Severe trauma with shock

and multiple transfusions

Pulmonary contusion Cardiopulmonary bypass

Fat emboli Drug overdose

Near-drowning Acute pancreatitis

Inhalational injury Transfusions of blood products

Reperfusion pulmonary

edema after

lung transplantation or

pulmonary embolectomy

Reperfusion of ischemic

gut and extremities

Table 4 Stages of Acute Lung Injury and Acute Respiratory

Distress Syndrome

Stage

Pathophysiology/clinical

presentation Pathogenesis

Acute

exudative

Onset—hours to days

Hypoxemia—intra-

pulmonary shunting and

ventilation perfusion

imbalance

Static lung compliance

worsening

Increasing dead space

Bilateral pulmonary

edema on the chest

radiograph

Disruption of alveolar-

capillary unit from:

Primary injury

Secondary injury

such as inflammatory

and procoagulant

mechanism

Protein-rich alveolar

edema accumulating

secondary to inflam-

matory and procoa-

gulant mechanism

Subacute

fibrosing

alveolitis

Onset—hours to weeks

Hypoxemia—as above

plus diffusion defect

Pulmonary hypertension

with right ventricular

failure

Susceptibility to ventilator-

associated pneumonia

Reticulation and distortion

of bronchovascular

markings and baro-

trauma on the chest

radiograph

Interstitial and air space

fibrosis from:

Mesenchymal cellu-

lar infiltrate

Disorganized

collagen deposition

Chronic

resolution

Onset—hours to months

Hypoxemia improved

Lung compliance

improved

Persistent restrictive

defects and diffusion

abnormalities by pul-

monary function testing

Long-term neuro-muscu-

lar deficits and dimin-

ished quality of life

Resolution of alveolar

edema through:

Regenerated

alveolar-capillary

integrity Apoptosis

of inflammatory cells
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Concomitant abnormalities in pulmonary blood flow
lead to mismatched ventilation–perfusion. This physiologic
dead space is the component of wasted ventilation that
impairs the excretion of carbon dioxide and may cause hyper-
capnia. As mentioned previously, increased dead-space venti-
lation early in the disease course is predictive of mortality (13).
Interestingly, the recent therapeutic shift towards permissive
hypercapnia is not associated with worse outcome (21).

Subacute Fibrosing Alveolitis Phase
Some patients recover from the acute insult without

sequelae, however, some progress to a subacute fibrosing
alveolitis phase. This phase is characterized by fibrotic
alteration of the interstitium and air spaces of the lung and
chronic inflammatory cell infiltrate (14). The evolving fibrosis
is evident on the chest radiograph as linear opacities (18).
Likewise, computed tomography demonstrates inter-
stitial reticulation and distortion of bronchovascular mark-
ings (19). Dependent lung zone barotrauma, in the form of
pneumothorax and other air leaks, is anticipated in approxi-
mately 5% to 10% of patients. Surprisingly, there is not an
increase in mortality associated with barotraumas (22).

Gas exchange abnormalities persist; hypoxemia, from
the ongoing transpulmonary shunt and ventilation-
perfusion imbalance as well as hypercapnia, from increased
alveolar dead-space ventilation (20). In severe cases, the
obliteration of the pulmonary capillary bed can lead to wor-
sening pulmonary compliance, pulmonary hypertension,
and ultimately right ventricular failure (23).

The clinical course of ALI/ARDS is frequently compli-
cated by nosocomial infections, particularly ventilator- associ-
ated pneumonia (VAP). Estimates of ALI/ARDS patients
suffering VAP have been as high as 60% (24). The increased
risk is partly due to the consequences of endotracheal intuba-
tion and mechanical ventilation. These include the microbial
colonization of the lungs and changes in alveolar epithelial
integrity (25). Endotracheal tubes facilitate bacterial entry
and limit physical clearance of organisms. Once established,
these flora alter the innate response to infection by reducing
surfactant protein secretion that is critical in the process of

clearance, and by increasing the quantity of proinflammatory
cytokines (26). In the setting of VAP, specific attributable mor-
tality increases, particularly with the presence of Pseudomonas
and Acinetobacter species (27).

Chronic Resolution Phase
Gradual resolution, typically weeks after the insult, is her-
alded with improving oxygenation and lung compliance, as
slow radiographic resolution occurs. Postextubation
pulmonary function testing among ALI/ARDS survivors
shows restrictive impairments and diffusion abnormalities.

At 6 to 12 months, lung volume and spirometric measure-
ments normalize, however, diffusion derangements persist
(28). This is accompanied by a low health-related quality
of life not entirely explained by changes in pulmonary
function. Some of the postrecovery sequalae of ARDS
(including prolonged or chronic weakness and fatigue),
result from critical illness neuromuscular disease (see
Volume 2, Chapter 6) (29). Neuro-psychological deficits,
another consequence of critical illness, are an additional
burden to survivors (6).

PATHOGENESIS
Mechanisms of Lung Injury
The alveolar-capillary unit is composed of the alveolar epi-
thelium, lined with type I and II pneumocytes, and the
microvascular endothelium. The acute exudative phase of
ALI/ARDS is a result of a compromised vascular and epi-
thelial barrier allowing an influx of protein-rich edema
fluid into the air space.

The pathogenesis of the alveolar edema depends on
both inflammatory and coagulation-dependent mechanisms.
Inflammatory mediators may be generated focally or sys-
temically depending on the initial insult (Table 2). The
release of inflammatory mediators into the systemic circula-
tion amplifies the injury to both nonpulmonary organs as
well as the lung itself, a process referred to as innate immu-
nity (30). Severe alveolar epithelial injury results in disor-
ganized collagen deposition and imbalanced apoptosis,
subacute fibrosing alveolitis. Ultimately, resolution and
removal of alveolar edema and cellular debris requires the
restoration of the alveolar-capillary unit that actively trans-
ports fluid, electrolytes, and proteins.

Direct Lung Injury
A large number of direct or indirect injuries to the alveolar
capillary-epithelial barrier can lead to ALI/ARDS (Table 2).
The most important direct exposure injuries include bac-
teria, aspiration, and trauma (mechanical at smoke inhala-
tion). These more common etiologies are described in
greater length here.

Bacterial Pneumonia
Direct exposure of the epithelial–endothelial barrier to bac-
teria increases permeability influx while decreasing active
fluid transport across the alveolar epithelial membrane.

The bacteria-causing pneumonia (particularly those
associated with ALI/ARDS) possess a variety of virulence

factors disruptive to alveolar epithelial cells. The
capsule surrounding Streptococcus pneumoniae, Haemophilus
influenzae, and Klebsiella pneumoniae is designed to protect bac-
teria against phagocytosis (31). Staphylococcus aureus produces
extracellular and cell wall–associated proteases (32). Gram-
positive bacteria have a surface-associated adhesion molecule,

Figure 1 The anterior–posterior chest radiograph shows bilat-

eral patchy alveolar infiltrates consistent with noncardiogenic

pulmonary edema. This patient has acute respiratory distress

syndrome from gram-negative sepsis due to a perforated

duodenal ulcer. Note: There is an endotracheal tube in place to

deliver positive pressure ventilation.
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lipoteichoic acid, whereas the gram-negative bacteria express
lipopolysaccharides, both potent stimuli of the host defense
(33). Further, animal models with Pseudomonas aeruginosa
demonstrate some bacterial products, including phospho-
lipase C and exoenzyme S, which injure the epithelial
barrier and impair the resolution of alveolar edema. Similarly,
influenza virus alters epithelial ion transport with the enzy-
matic activity of phospholipase C and protein kinase C, also
known to disrupt these sodium channels (34).

Aspiration
Similar disruption of the lung barrier is noted with aspira-
tion of gastric contents. The severity of alveolar epithelial

injury following gastric aspiration is a consequ-ence of
both the volume and acidity of the aspirate. Quantities
as small as 30 mL in an adult with a pH less than 2.5 are
adequate to induce ALI (35). ALI/ARDS animal studies
routinely use a standard protocol with hydrochloric acid
solutions. There is a biphasic lung injury. First, the direct
caustic effect injures the barrier integrity, becoming evident
in minutes. Hours later, a systemic response may develop
(36). The sterility of gastric contents under normal con-
ditions likely explains the findings that only one-third of
those aspirating develop clinical symptoms. Even fewer
patients progress to ALI/ARDS (37).

Trauma and Burns
Patients exposed to direct thoracic trauma will develop
variable degrees of pulmonary contusions (disruptions of
alveolar-capillary barrier in all areas of contusion), lacerations,
etc. This direct injury may occur concomitantly with other
direct lung insults (e.g., aspiration, smoke inhalation, etc.).
Later, in the course of their illness, these patients may be
exposed to additional direct injuries (e.g., bacterial coloniza-
tion and ventilator-associated pneumonia) as well as a multi-
tude of indirect insults (e.g., sepsis, hemorrhagic shock, and
fluid overload) discussed below. The magnitude of the direct
lung injury is related to the impact of the trauma, but also to
the condition of the lung prior to the injury. Patients with
low serum albumin, liver disease, coagulopathy, or sepsis,
prior to the direct injury, suffer more severe ALI/ARDS for
similar degrees of trauma. In the case of burn trauma, patients
may suffer direct lung injury from smoke inhalation, as well as
secondary lung injury from the systemic manifestations of
thermal injury (see Volume 1, Chapter 34). The special pul-
monary considerations related to lung trauma are discussed
in far greater detail in Volume 2, Chapter 25.

Indirect Lung Injury
Sepsis
In both pulmonary and extrapulmonary infections, the initial
response to a localized infection is a systemic release of endo-
toxins or exotoxins, inducing macrophages to generate
inflammatory cytokines, termed innate immunity. The occur-
rence of ARDS in sepsis is a marker of an exaggerated inflam-
matory response that overwhelms the capacity of the immune
system to balance between pro- and anti-inflammatory factors
(also see Volume 2, Chapter 47 on Sepsis and Volume 2,
Chapter 63 on SIRS).

Early on, alveolar macrophages, the first line of cellular
defense, generate inflammatory cytokines [tissue necrosis
factor-alpha (TNF-a), interleukin 1-beta (IL-1b), interleukin-
6 (IL-6), and chemokines similar to interleukin-8 (IL-8)] as
well as consuming, processing, and presenting foreign
elements (38). This initial response activates and attracts poly-
morphonuclear neutrophils (PMNs) to the site of infection or

injury. Additionally, there is a systemic response through the
stimulation of blood monocytes (releasing and transcribing
more cytokines, growth factors, and chemokines) and endo-
thelial cells (activating the coagulation cascade). Growth
factors, such as granulocyte colony-stimulating factor,
augment the production of neutrophils, whereas chemokines
attract them to the peripheral organs (39).

Once activated, the PMNs, the second cellular line,
express integrins that act as mediators for sequestration on
small capillaries, for adhesion to endothelial cells and for
migration across barriers (39). At the same time, the endo-
thelium is stimulated to express surface receptors for
adhesion of PMNs that will cross the alveolar-capillary
membrane. These PMNs can release toxic products includ-
ing reactive oxygen species and proteolytic enzymes that
can increase endothelial permeability and alveolar epithelial
damage (40). In the presence of bacteria or other foreign
organisms, the PMNs assist macrophages in the process of
phagocytosis and antigen presentation.

The third cell line of immunity involved in the acute
response is the type II pneumocyte. These cells produce
cytokines, complement growth factors, plus they express
adhesion molecules and secrete several surfactant proteins
(41). Some of the surfactant proteins participate in the recog-
nition of nonself patterns, such as the gram-positive lipotei-
choic acid molecule and opsonize for antigen presentation
(42). Injury to the pneumocytes may be the result of PMNs
producing proteolytic enzymes and reactive oxygen
species in the alveoli, resulting in worse alveolar-capillary
permeability and impairing edema fluid removal (43).

Endothelial cells stimulated by TNF-a and IL-1b, acti-
vate coagulation. The trigger is the expression of tissue factor
(TF), a transmembrane cell surface receptor similar to a cyto-
kine receptor. Concurrently, the endothelial cell-bound pool
of TF pathway inhibitor is depleted. This leads to the for-
mation of thrombin and fibrin clot. The procoagulant throm-
bin is also capable of stimulating inflammatory pathways
and further suppressing the endogenous fibrinolytic
system (43). These same activated endothelial cells release
platelet-activating factor leading to platelet aggregation
(44). The combination of systemic inflammatory cytokines
and thrombin can impair the endogenous fibrinolytic
pathway resulting in obstruction, injury to small capillaries,
tissue hypoxia, and alveolar injury. The compromised epi-
thelial barrier facilitates alveolar flooding.

Hemorrhagic Shock
Massive hemorrhage impacts distal alveolar fluid clearance.
With acute blood loss of greater than 30% blood volume,
there is a sharp rise in plasma epinephrine leading to a dou-
bling of alveolar fluid clearance. Similar to early sepsis, elev-
ated epinephrine levels upregulate the epithelial fluid
transport capacity. However, prolongation of either the
hemorrhagic or septic shock state results in the inability to
up-regulate alveolar fluid clearance, despite an intact epi-
thelial barrier. This process probably requires both neutrophils
and macrophages that trigger a systemic cascade that alters
adrenergic activity and increases the release of oxidant rad-
icals. Expression of nitric oxide synthase leads to the release
of nitric oxide, further impairing the function of sodium chan-
nels and alveolar fluid transport. The mechanisms may
explain part of the susceptibility to alveolar flooding after
major trauma (34). Additionally, circulatory inflammatory
cytokines (either released from the trauma that caused the
blood loss or from blood and blood products during transfu-
sion) can cause pulmonary capillaries to begin leaking fluid.
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Massive alveolar and interstitial edema may also result
from the administration of large quantities of resuscitation
fluids. Also, patients who start out with low serum
albumen or liver disease are more prone to ALI. Finally,
patients may manifest secondary injury following massive
trauma or burns due to the circulating inflammatory cytokins
(see Volume 1, Chapter 34 and Volume 2, Chapter 63).

Resolution Phase
Fluid Clearance
For alveolar edema to be actively reabsorbed several factors
must be overcome. Reversal of hypoxia is required. There
appears to be a hypoxia-induced decrease in alveolar fluid
clearance caused in part by fewer sodium transport proteins
being inserted into the alveolar epithelial membranes (45).
Also, mechanical ventilation–induced stretch injury in
type I epithelial cells must be minimized. Lower tidal
volumes are protective to both epithelial and endothelial
cells and allow faster alveolar fluid clearance (46).

Another significant factor in the resolution of alveolar
edema is the active ion transport of sodium and chloride from
the alveoli to the interstitium. This is both catecholamine-
dependent and independent. Water fluxes passively via aqua-
porins, epithelial water channels (47). Fluid clearance may be
apparent within hours of the acute phase onset and directly
correlates with improved survival and shorter duration of
mechanical ventilation. Impairment of alveolar fluid clearance
defined as rates of less than 14% per hour, correlate with worse
outcome in ALI/ARDS patients (Fig. 2) (14).

Protein Clearance
In severe alveolar epithelial injury, repair of the barrier does
not occur normally. The alveoli are filled with mesenchymal
cells and their by-products, collagen precursors, as well as
hyaline membranes and cellular debris. Within the first
week, a fibrotic process stimulated in part by IL-1b is well
under way (48).

Effective removal of these insoluble proteins by the
epithelial cells occurs by endocytosis and transcytosis (49).
This process limits the extent of hyaline membrane compo-
sition and fibrous tissue networking. Soluble proteins
diffuse between epithelial cells. Meanwhile, previously

activated PMNs and other inflammatory cells appear to
undergo programmed cell death, apoptosis (50). Over-
activation of the apoptotic cascade may contribute to on-
going leakage of proteins, whereas inadequate apoptosis
may impair removal of activated cells (51).

Remodeling
The type II pneumocyte is the progenitor for re-
epithelialization of denuded alveoli. Proliferation and differ-
entiation into type I cells restores the epithelial integrity, a
process that is controlled, in part, by keratinocyte and
other growth factors (52).

EVIDENCE-BASED TREATMENT

The mainstay of treatment is to stabilize the respiratory
failure using mechanical ventilation, search aggressively
for and treat reversible etiologies, and administer supportive
care (41). Approaches to therapies have followed the theories
regarding the pathogenesis of lung injury.

Mechanical Ventilation and Gas Exchange Mechanisms
Mechanical ventilation in patients suffering from ALI/ARDS
has evolved over the past decade. Since the early 1990s,
consensus statements began recommending lower tidal
volume ventilation and airway pressures allowing for per-
missive hypercapnia and hypoxemia (53). The strategy
was based on growing awareness of ventilator-induced
lung injury, probably a consequence of cyclic opening and
closing of atelectatic lung zones that trigger an inflammatory
cascade (54). This therapeutic approach was definitively
supported by the publication of the National Institutes of
Health (NIH)/National Heart Lung and Blood Institute
(NHLBI) ARDS Network Ventilation Protocol (Table 5)
(21). The study compared ventilation with lower tidal
volumes (6 mL/kg predicted body weight and plateau press-
ures ,30 cm H2O) to traditional tidal volumes (12 mL/kg
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Figure 2 Percent hospital mortality versus alveolar fluid

clearance in patients with acute lung injury and acute respiratory

distress syndrome. Maximal clearance .14%/hr; impaired/
submaximal ,14%/hr.

Table 5 National Institutes of Health/National Heart Lung

and Blood Institute Acute Respiratory Distress Syndrome

(ARDS) Network Lower Tidal Volume Ventilation for Acute

Lung Injury/ARDS Protocol Summary

Variables Protocol

Ventilator mode Volume assist-control

Tidal volume ,6 mL/kg predicted body weight

Plateau pressure ,30 cm H2O

Ventilation set

rate/pH goal

6–35/min, adjusted to achieve arterial

pH . 7.30 if possible

Inspiratory flow, I:E Adjust flow to achieve I:E ratio of

1.1–1.3

Oxygenation goal 55 mm Hg , PaO2 or 88% , SpO2

FIO2/PEEP (mmHg)

combinations

0.3/5, 0.4/5, 0.4/8, 0.5/8, 0.5/10, 0.6/
10, 0.7/10, 0.7/12, 0.7/14, 0.8/14,

0.9/14, 0.9/16, 0.9/18, 1.0/18, 1.0/
22, 1.0/24

Discontinuation Attempts to wean by pressure support

required when FIO2/PEEP , 0.4/8

Abbreviations: FIO2, fraction of inspired oxygen; I:E, inhalation to exhala-

tion ratio; PaO2, partial pressure of oxygen in the arterial blood; PEEP,

positive end-expiratory pressure.

Chapter 24: The Acute Respiratory Distress Syndrome 459



and pressures ,50 cm H2O). The critical finding of

the NIH/NHLBI study was a 22% reduction in mortality
using the lung protective strategy, regardless of the clinical
etiology (55). The number of patients needed to be treated
with this strategy, to prevent one death from ARDS, was 12.5
patients (21). The strategy was effective in patients with
different clinical risk factors for ALI/ARDS (55).

The relationship of FIO2 to oxygen-induced lung injury
is not clearly understood. A FIO2 ,0.6 has been considered
safe (56). PEEP may allow for lower FIO2 levels by increasing
functional residual capacity and reducing trans-pulmonary
shunt (57). However, excessive PEEP may worsen cardiac
output, increase pulmonary hypertension, and increase alveo-
lar dead space. Correction of oxygenation deficits usually
require a balance of FIO2 and PEEP. The protocol above,
adjusts the FIO2 and PEEP by using a sliding scale (Table 5)
(58). A follow-up trial by the ARDS Network reported that
higher levels of PEEP did not have an additional value in
reducing mortality, although this subsequent trial reported a
further decrease in mortality to 27% with the 6 mL/kg low
tidal volume strategy (Table 5) (59).

Despite maximal FIO2 and PEEP, patients may suffer
refractory hypoxemia. Definitive trials have explored both
extracorporeal membrane oxygenation (ECMO) and extra-
corporeal carbon dioxide removal (ECCO2

R) to counter the
seemingly irreversible gas exchange (60,61). ECMO opti-
mizes oxygenation through extrinsic circulation, whereas
ECCO2

R normalizes PaCO2 via filtration, thereby decreasing
the amount of ventilator support and subsequent associated
lung injury. Neither technique has demonstrated improve-
ments, beyond standard mechanical ventilation and suppor-
tive care, in the adult trauma population.

Reversal of Underlying Etiology
Infectious Foci
Identifying and reversing an underlying cause may reduce
mortality. Particular attention should focus on infection
that is responsive to antibiotics and/or surgical intervention
as well as the prevention of nosocomial infection (41).
Empiric antibiotics should be based on hospital antimicro-
bial sensitivities.

Activated Protein C
Patients suffering from severe sepsis and ALI/ARDS

should be considered for the administration of recombinant

human activated protein C. Activated Protein C is an
inhibitor of both the procoagulant and the inflammatory cas-
cades that reduces absolute mortality by 6.1% in severe
sepsis (62). The Food and Drug Administration (FDA) per-
formed a subgroup analysis of the original trial. It indicates
that the greatest benefit is observed in patients with Acute
Physiology and Chronic Health Evaluation II scores .25
(63). Recommended activated protein C dosing is a 24
mcg/kg/hr infusion for 96 hours.

Insulin Therapy
Intensive insulin therapy (blood glucose kept between 80–
110 mg/dL by exogenous insulin infusion) has been shown
to improve outcomes in critically ill surgical patients and
in some medical patients when admitted to the ICU
beyond three days (64). Optimal blood glucose levels and
most at risk patient populations are still being determined
(64). Also see Volume 2, Chapter 60 for an expanded discus-
sion of this topic.

Supportive Care
Hemodynamics
Hemodynamic management remains a controversial issue.
Current recommendations are to restore intravascular
volume to achieve euvolemia and reverse hypotension.
This can be approximated by a central venous pressure
of 6–12 mmHg or pulmonary capillary wedge pressure of
6–14 mmHg in patients with normal hearts and relatively
mild ALI. However, patients with severe ARDS and/or pul-
monary hypertension may require higher filling pressures to
achieve appropriate cardiac outputs and systemic pressures
[especially if higher levels of PEEP or inversed inhalation to
exhalation (I:E) ratios are employed]. Accordingly, titrating
filling pressures to a more physiologic endpoint, for example,
stroke volume of at least 1 mL/kg, is pursued. Vasopressors
are added to maintain a mean arterial pressure greater than
60 mmHg or higher. The attainment of supranormal oxygen
delivery does not provide an outcome benefit (65). Instead,
the clinician is guided by clinical indexes of organ perfusion
(65). Currently, the NIH ARDS Clinical Trials Network is
completing a large multicenter trial of 1000 patients, to
evaluate a conservative versus a liberal fluid strategy
guided by either a central venous or pulmonary artery cath-
eter measurements in ALI/ARDS patients.

Nutrition
An additional important supportive measure is early enteral
nutrition using standard nutritional formulations. Using the
patient’s own gastrointestinal system for caloric and nutrient
administration serves the dual purpose of preserving the gut
barrier (an implicated source of ARDS when impaired) and
allowing for nutrition to be delivered without the infection
risks of total parental nutrition (see Volume 2, Chapters 47
and 49). When enteral feeding is contraindicated (e.g.,
small bowel obstruction), critically ill patients should
receive nutrition parenterally. Nutritional goals should
balance the metabolic demand and the prevention of nutri-
ent deficiencies with complications of delivery mode and
overfeeding (66). Metabolic charts can be used to measure
oxygen consumption and CO2 production and can help
guide caloric needs (see Volume 2, Chapter 31).

Pharmaceutical Interventions
Inhaled Nitric Oxide
Nitric oxide, a potent, short-acting pulmonary vasodilator,
can be delivered directly to the pulmonary vasculature by
inhalation with resultant reduction in pulmonary vascular
resistance and improved oxygenation. Improved oxygen-
ation occurs when the blood vessels associated with well-
ventilated alveolar are vasoditated by the inhaled nitric
oxide (INO). However, the pulmonary vasoditation dose of
INO (20–60 ppm) is much higher than the dose rec-
ommended for improving V̇/Q̇ mismatch (,1 ppm). When
higher concentrations of INO are employed, not only the
vessels associated with the well-ventilated alveoli are
dilated, but so too are the adjacent blood vessels (some of
which are poorly ventilated), causing V̇/Q̇ mismatch and
oxygenation impairment. Furthermore, INO has no clinical
mortality benefit nor does it seem to reduce the duration of
mechanical ventilation (67). Thus, INO is no longer widely
used for ARDS but, rather, is used in rare individual cases.

Surfactant
Supplemental treatment with surfactant for ALI/ARDS has
been driven by the successful application in neonatal
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pulmonary failure. Surfactant reduces wall stress across the
alveoli, thereby reducing potential stretch injury. To date,
however, replacement strategies with aerosolized exogenous
surfactant have only resulted in transient clinical benefits in
ALI/ARDS (68,69). However, as part of a multimodal
therapeutic regimen, surfactant may have some merit, but
these studies are yet to be performed.

Glucocorticoids
Recognition of the inflammatory nature of ALI/ARDS has
prompted interest in glucocorticoid therapy. There has
been no convincing outcome benefit in early nor late
course ALI/ARDS (70). A recently completed NHLBI,
ARDS Network randomized clinical trial showed no mor-
tality benefit in patients treated with glucocorticoid (71).

Antioxidants
Intrinsic antioxidants or oxygen free-radical scavengers play
a role in mediating endothelial injury caused by reactive
oxygen species. Scavengers interrupt parts of the neutrophil-
mediated inflammatory cascade. Encouraging results in
phase II clinical trials utilizing procysteine, one such scaven-
ger, have been tempered by a placebo-controlled trial failing
to show significant benefit (41).

Conservative Fluid Management
A recent randomized clinical trial demonstrated a significant
increase in ventilator-free days with a fluid conservative
versus a fluid liberal strategy for patients with acute lung
injury. After patients had been treated so that they were no
longer in shock (did not require vasopressors for 12 hours),
they were randomized to a fluid liberal or fluid conservative
strategy. The fluid conservative strategy, which included
fluid restriction and diuretic therapy to reduce pulmonary
vascular pressures, was successful in improving oxygen-
ation, reducing airway pressures, and decreasing the dur-
ation of positive pressure ventilation (72).

b2-Adrenergic Agonists
More recently, there is interest in pharmaceutical strategies
that accelerate removal of pulmonary edema (73). In the
intact epithelial barrier, b2-agonists can stimulate the resol-
ution of edema and surfactant secretion. When given pro-
phylactically, salmeterol, a long-acting b2-agonist, reduces
high-altitude pulmonary edema (74). Clinical trial will be
done to test the value of this therapy in ALI/ARDS by The
ARDS Network.

EYE TO THE FUTURE
Targeting Epithelial Growth Factors
Ultimately, effective lung function depends on the recon-
struction of the alveolar unit. Growth factors modulate
alveolar epithelial function and enhance its repair; in par-
ticular, keratinocyte and hepatocyte growth factors. These
growth factors serve as mitogens of type II alveolar epithelial
cells. Coupled with this cellular proliferation is improved
alveolar fluid clearance (75). Intratracheally administered,
these growth factors decrease the severity of injury in
animal models challenged with caustic agents. Clinical
trials are anticipated.

b2-Adrenergic Agonist
As already discussed, b2-adrenergic agonist therapy may be
effective as a treatment to enhance the resolution of alveolar
edema and to decrease lung endothelial injury (37,73,76).
Clinical trials are needed to test this possibility.

Applied Genomics in Screening and Therapeutics
Predicting an individual patient’s susceptibility to certain
microorganisms or their clinical response to medications,
particularly antibiotics, is now a major research focus. The
completion of the Human Genome Project has modified
the fundamental paradigm of a “reaction” to illness, to
“screening, predicting, and preventing” illness. This para-
digm includes the critically ill. The future intensivist may
have the ability to identify patients who have an unchecked
inflammatory cascade in response to an infectious organism
like Pseudomonas and host DNA-sequence variations to
choose the most efficacious anti-Pseudomonal therapy
(77,78). A recent NHLBI conference summarized several
future directions that are needed to advance basic and clini-
cal research in ALI/ARDS (79).

SUMMARY

The simplified definition of ALI/ARDS (Table 1), has
allowed for considerable progress in understanding the epi-
demiology of ALI/ARDS as well as conducting clinical trials.
Advances in delineating the pathogenesis have revealed
new leads into the potential role of targeted therapies that
interrupt or redirect the procoagulant and inflammatory cas-
cades, such as activated protein C, insulin, and glucocorti-
coids. However, reversal of the underlying infectious
process and institution of supportive care measures remain
paramount.

Finally and most importantly, there is now a lung-
protective ventilator strategy using low tidal volumes,
which reduces mortality (Table 5). These combined efforts
are a direct result of the creation of and support from, the
NIH ARDS Network (21). Forthcoming trials hope to
clarify optimal volume status, the role of invasive monitor-
ing, and therapies that target the repair of the alveolar unit
and the resolution of pulmonary edema in lung injury.

KEY POINTS

Both ALI and ARDS can result from a multitude of dis-
orders (Table 2) with the common thread being injury to
the epithelial capillary barrier of lung alveoli.
Because of the frequency of associated septic con-
ditions, infectious foci must be actively pursued and
treated in ARDS patients.
The acute exudative phase is a consequence of wide-
spread protein-rich alveolar edema.
Alveolar flooding results in significant transpulmonary
shunting and ventilation-perfusion (V̇/Q̇) imbalance
causing profound hypoxemia that is refractory to sup-
plemental oxygen.
Some patients recover from the acute insult without
sequelae; however, most progress to a subacute fibros-
ing alveolitis phase.
Postextubation pulmonary function testing among
ALI/ARDS survivors shows restrictive impairments
and diffusion abnormalities.
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The release of inflammatory mediators into the sys-
temic circulation amplifies the injury to both nonpul-
monary organs as well as the lung itself, a process
referred to as innate immunity.
The bacteria-causing pneumonia (particularly those
associated with ALI/ARDS) possess a variety of viru-
lence factors disruptive to alveolar epithelial cells.
The severity of alveolar epithelial injury following
gastric aspiration is a consequence of both the volume
and acidity of the aspirate.
Since the early 1990s, consensus statements began recom-
mending lower tidal volume ventilation and airway press-
ures allowing for permissive hypercapnia and hypoxemia.
The critical finding of the NIH/NHLBI study was a 22%
reduction in mortality using the lung protective strat-
egy, regardless of the clinical etiology.
Patients suffering from severe sepsis and ALI/ARDS
should be considered for the administration of recombi-
nant human activated protein C.
There does appear to be a survival benefit of one in
seven when steroids are used as an adjuvant in hypo-
tensive septic patients suffering from “relative”
adrenal insufficiency.
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INTRODUCTION

Injuries to the chest are often serious, resulting in significant
morbidity and prolonged stays in the intensive care unit
(ICU). Several reasons account for the serious and debilitat-
ing nature of these injuries. First, trauma significant enough
to injure internal organs, protected by the semirigid bony
thorax, is typically quite severe. Second, the organs con-
tained within the thoracic cavity (i.e., heart and lungs) are
required for survival, and when these vital structures are
injured, the flow of oxygenated blood to the systemic
tissues is impaired. Third, although small, solitary stab
wounds may damage only a single organ or structure
within the thoracic cavity (e.g., intercostal artery, lobe of
lung, etc.), blunt trauma and high-velocity missile injuries
may destroy or injure large quantities of intrathoracic
tissue and adjacent organ systems.

The acute resuscitative management and intraopera-
tive care of thoracic wounds is discussed in Volume 1,
Chapter 25, whereas this chapter provides an overview of
the special ICU management considerations related to
chest injuries. This review begins with a survey of the
common mechanisms of lung and thoracic trauma, includ-
ing both direct injury (see the section on direct trauma to
the thorax) as well as indirect lung injury (see the section
on, lung injury resulting from trauma-associated con-
ditions). The acute lung injury and adult respiratory distress
syndrome section briefly reviews the pathophysiology of
acute lung injury (ALI) and the adult respiratory distress
syndrome (ARDS) as these entities relate to trauma and
trauma-associated pulmonary conditions. The mechanical
ventilation considerations section provides a brief
summary of mechanical ventilation considerations for thor-
acic trauma, and special analgesic techniques for thoracic
trauma are surveyed in the acute lung injury and adult res-
piratory distress syndrome section. The chapter concludes
with an eye to the future section that previews methods of
pulmonary diagnosis, monitoring, and support.

DIRECT TRAUMATOTHE THORAX

Direct injuries to the lungs or thoracic structures may result
from penetrating or blunt trauma. Major life-threatening
injuries should be diagnosed and treated during the
primary survey (Table 1). Although other critical injuries
that are not immediately life-threatening are evaluated and

treated during the secondary survey, there are multiple
mechanisms for chest injury yielding pathophysiology
unique to the particular injury, and requiring injury-specific
interventions. The etiology of chest injury also bears upon
the prognosis for successful resuscitation, intensive care
management, and eventual recovery. For example, cardio-
pulmonary arrest in the field after blunt chest trauma has a
much worse prognosis for recovery than transient arrest fol-
lowing a penetrating injury (1).

Penetrating Trauma
Penetrating chest trauma is increasingly common as urban
unrest and regional conflicts escalate. These injuries may be
temporized in the field and must be definitively managed in
a trauma facility (Volume 1, Chapter 25). Penetrating chest
trauma should always be considered a potentially lethal
injury. However, if appropriately managed, even some
victims arriving in profound shock can be rescued. The
most common etiologies of shock from penetrating chest
injury include tension pneumothorax, massive hemothorax,
cardiac wounds, and cardiac tamponade.

Stab wounds to the chest may present anywhere in the
continuum between solitary peripheral injury to the chest
wall, or lung injury requiring only a chest tube, versus
severe hemorrhagic shock and death from injury to a great
vessel, or one of the abovementioned common etiologies.
These individual injuries are briefly discussed later in this
chapter and more fully covered in Volume 1, Chapter 25.
Stab wounds and other low-velocity penetrating chest inju-
ries may injure only the internal mammary artery, or intercos-
tal artery, and classically present with a slightly delayed onset
of hemorrhagic shock. Resuscitative thoracotomy (Volume 1,
Chapter 13) is indicated for patients presenting in extremis,
or arrest following penetrating trauma.

Gunshot wounds (GSWs) and shrapnel injuries have a
combination of blunt and penetrating trauma components,
with a wide area of adjacent tissue at risk. The magnitude
of destruction resulting from the secondary shock wave
occurring with high-velocity GSWs and shrapnel injuries
may not be initially apparent. Accordingly, GSWs and
shrapnel injuries require sequential monitoring for pro-
gression of injury, and complete evaluation of all organs
and tissues in proximity of the GSW or shrapnel injury.
These injuries often require prolonged periods of mechanical
ventilation and supportive care in the ICU. Specific injuries
are discussed below.
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Blunt Trauma
Pulmonary Contusion
Pulmonary contusion accompanies deceleration injuries,
blast wounds, crush injuries, and blows to the chest. It is
often associated with bony trauma to the chest involving
rib, scapula, thoracic spine and/or clavicle fracture. Contu-
sion-induced lung dysfunction can be accompanied by bron-
chial or vascular disruption in the chest. Hemothorax due to
chest wall or lung bleeding can compound the pulmonary
dysfunction and also contribute to hemodynamic compro-
mise in the chest trauma patient.

Lobar collapse and atelectasis frequently accompany
pulmonary contusion. Atelectasis and collapse occur when
aspirated secretions become inspissated in the airway.
Aspiration is more common, following a lapse in conscious-
ness. Additionally, secretions become increasingly difficult
to clear from the airway in patients with an impaired
ability to take deep breaths and cough (due to pain or flail
chest). Impaired ventilation after lung contusion, particu-
larly in those with chest wall fracture, can ultimately lead
to respiratory failure. The respiratory failure results from
decreased lung and chest wall compliance to increased
right-to-left transpulmonary shunt (see below).

Compliance (C) is defined as volume/pressure, and is
usually expressed in liters (or milliliters) per centimeter of
water, that is, the volume of air moved by each centimeter
of water pressure applied. The total respiratory compliance
(CT) may be diminished either via alterations in the chest
wall compliance (CCW), for example, in the patient with
massive chest wall edema or eschar due to burn, or due to
alterations in compliance of the lung (CL) itself. However,
the values are not merely additive. Rather, compliance is
analogous to electrical capacitance. Accordingly, total com-
pliance is calculated in a similar fashion to total capacitance
for capacitors in series (the individual reciprocals are added
to obtain the reciprocal of the total value), thus:

1

CT
¼

1

CL
þ

1

CCW

Gastric distention associated with thoracoabdominal trauma
may further impair pulmonary compliance, if severe and

untreated. Gastroparesis can be treated with gastropropul-
sive drugs (i.e., erythromycin or metoclopromide) and by
minimizing systemic opiates. Gastric distension is
managed by nasogastric (NG) tube placement and intermit-
tent gastric suction.

Hypoxemia and frank respiratory failure require
airway instrumentation and mechanical ventilation.
Bronchoscopy may be required to alleviate airway obstruc-
tion from inspissated secretions and blood. Additionally,
bronchoscopy is required to assess for evidence of tracheal
or bronchial disruption. After thoracic injury, an increase
in right-to-left transpulmonary shunt occurs due to abnorm-
alities of lung parenchyma from pulmonary contusion,
atelectasis, pulmonary edema, or ARDS. This is reflected
by a widening of the alveolar-arterial oxygen gradient. The
factors affecting shunt fraction are reviewed in Volume 2,
Chapter 2.

Dead-space ventilation may be markedly increased as
well after thoracic injury, such as when pain after chest wall
injury yields a state of rapid and shallow respiration, or
when hypotension results in an increase in the extent to
which alveoli are ventilated but not perfused. The factors
increasing dead-space ventilation are further reviewed in
Volume 2, Chapter 2.

Thoracostomy tube drainage is commonly required to
eliminate collections of air, fluid, or blood from the chest
cavity. Ideally, these procedures are done under strict
sterile precautions; however, because of the emergency
nature of such interventions, bacteria may enter the chest
cavity resulting in the later development of empyema
(Figs. 1 and 2). In our experience, empyema is rare following
emergency thoracostomy. However, rarely, when infection
and true empyema do develop, or the viscous fluids and coa-
gulated blood in the chest do not drain well via thoracost-
omy tubes, open or thoracoscopic removal of these
contents may be required.

Primary blast injury is a common mechanism of injury
in urban warfare. Naturally, these patients are at high risk for

Table 1 Thoracic Injuries that Should Be Detected During the

Primary and Secondary Surveys

Injury category Specific injury

Immediate threat to life—

should be detected in

primary survey

Airway obstruction

Tension pneumothorax

Open pneumothorax

Flail chest

Massive hemothorax

Cardiac tamponade

Critical injuries—

generally identified

during secondary

survey

Simple pneumothorax

Hemothorax

Pulmonary contusion

Tracheobronchial disruption

Myocardial contusion

Aortic laceration

Diaphragmatic rupture

Wounds transversing

the mediastinum

Source: Adapted from Ref. 201.

Figure 1 Radiographic appearance of empyema of the

right chest.

466 Hwang et al.



pulmonary contusion. Blast lung injury occurs under
circumstances of contained explosions, for example, those
occurring on civilian buses, when explosive materials are
detonated in an enclosed space.

Thoracoabdominal injuries and common associated
injuries, especially ear drum perforation, are the result of
high amplitude air pressure waves as great as 5 atm
exerted for several seconds (2). In addition, abdominal
blast wounds can be associated with bowel perforation.

Rib Fractures/Flail Chest
Rib fractures are problematic for several reasons. First, rib
fractures are painful, particularly with movement. This
leads to “splinting,” the process whereby the patient (both
voluntarily and involuntarily) limits movement of the frac-
ture site during position changes and respiratory effort.

Atelectasis will develop as a result of splinting of the
chest and will compound the shunt attributable to lung con-
tusion itself. Lobar collapse may also occur, resulting in
severe hypoxia and a radiographic picture of unilateral or
bilateral volume loss in the area of the lobar collapse.

Pain is stressful and leads to sleep deprivation if
untreated. Hypoxemia will become exacerbated when confu-
sional states develop, particularly in patients who are not
receiving adequate analgesia (becoming increasingly fatigued
and sleep deprived). Therefore, it is imperative that the pain
cycle be interrupted by intervention. Such intervention may
be simply the administration of oral or intravenous analgesics
in the most minor of injuries. However, parenterally adminis-
tered sedatives and analgesics may occasionally contribute to
confusional states. Accordingly, thoracic epidural analgesia
(or another form of regional analgesia) is recommended for
solitary chest wall injuries in hemodynamically stable
patients with a normal coagulation system. When regional
analgesia is initiated the first few hours following admission
to the trauma center, the cascade of splinting, atelectasis,
hypoxemia, and respiratory failure can be markedly dimin-
ished (see later discussion on analgesia, in the analgesia for
thoracic trauma section, as well as Volume 2, Chapter 5).

A “flail segment” is generally defined as three or more
ribs broken in two or more places. Some clinicians consider a
“flail chest,” as any mechanical chest dysfunction resulting
from thoracic trauma where the patient is unable to ventilate
adequately due to that injury, even in the absence of a
true flail segment. Additionally, a flail segment can be

missed upon admission to the trauma center, as a weak or
“splinting” patient may not be capable of generating sufficient
inspiratory forces to cause an inward and paradoxical move-
ment of the chest in the area of the contiguous rib fractures.
The extent of the underlying lung contusion in flail injury is
probably the most import aspect of the lung dysfunction
under these circumstances. It must therefore be understood
that even with perfect analgesia, patients with flail chest
will almost invariably progress to respiratory failure. Further-
more, when the pulmonary contusion itself is severe, the
consequent right-to-left transpulmonary shunt worsens and
respiratory failure will ensue (see Volume 2, Chapter 24).

When respiratory insufficiency due to flail chest and/
or significant pulmonary contusion is present, intubation
and mechanical ventilation are warranted. Indeed, an older
study by Sankaran and Wilson (3) found that early intuba-
tion in these patients resulted in only 6% mortality,
whereas delayed intubation (waiting until the patient devel-
oped clinical evidence of hypoxia or hypercapnea) led to
.50% mortality. Although modern techniques may
provide lower mortalities today, early intubation and mech-
anical ventilation remain as a cornerstone of therapy.

Analgesia is another critical element in the manage-
ment of these patients. Mechanically ventilated patients do
not benefit from regional anesthesia to the same degree as
nonintubated patients. Accordingly, intravenous analgesia
and sedation is initially more appropriate in these mechani-
cally ventilated patients.

Hemothorax and Pneumothorax
Pneumothorax can result from blunt trauma due to com-
pression of the air-filled alveoli and airways, as well as
from puncture following rib fractures. Hemothorax due to
chest wall or lung bleeding can compound pulmonary dys-
function and contribute to hemodynamic compromise in the
chest trauma patient. Both hemothorax and pneumothorax
can be diagnosed by clinical and radiological methods
(Volume 1, Chapters 8 and 25). Typically, these injuries are
diagnosed and treated during the primary survey (Volume
1, Chapter 8). However, they may have a delayed presentation
in the operating room (OR) or ICU, with abrupt hypotension
or by a sudden increase in peak inspiratory pressures and
concomitant decreased breath sounds in the affected hemi-
thorax. These clinical findings are often associated with sub-
cutaneous emphysema (pneumothorax) and/or decreased
hematocrit (hemothorax). However, they also present
occultly, with subtle changes in vital signs, and the only clini-
cal clue being decreased breath sounds on the affected side.

Specific Intrathoracic Injuries
Airway Injury (Trachea and Bronchi)
Airway injury may result from blunt trauma or penetration
from a knife, GSW, or a piece of shrapnel, causing injury to
the larynx, trachea, bronchi, or more distal airway.

Bronchoscopy is an essential part of the evaluation of
the victim of thoracic or neck trauma whenever there is a
suspicion of airway disruption. The author, Hanowell,
has diagnosed airway injury or disruption by fiberoptic
bronchoscopy on numerous occasions, and has even had to
remove a bullet from the mainstem bronchus of a GSW
victim via the use of bronchoscopy. Airway disruption
may be heralded by finding of subcutaneous emphysema
and/or an unusual or persistent pneumothorax accom-
panied by an obvious air leak after placement of a thoracost-
omy tube (so-called broncho-pleural fistula). The majority of

Figure 2 Computed tomograph demonstrating empyema in the

right chest.
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tracheo-bronchial lesions associated with blunt trauma occur
in the intrathoracic portion of the major airways within a few
centimeters of the carina (4). Surgical correction is required,
and failure to promptly diagnose such injuries can lead to
grave pulmonary complications or death.

Blunt thoracic trauma may also be associated with dis-
ruption of the smaller airways and pulmonary veins, leading
to an alveolar-pulmonary venous communication that is
associated with air embolism to the left heart. At the time
of thoracotomy for major trauma, the first sign of this may
be the surgeons’ observation of air in the coronary arteries.

When left heart air embolism is recognized, the team
must prevent further entry of air into the left heart. The
first maneuver is isolation of the injured lung via one-lung
ventilation (1LV). Placement of a double lumen tube
(DLT) is one way to accomplish 1LV, but should be done
by a skilled anesthesiologist, with precision and speed, aug-
mented by bronchoscopic positioning. Alternatively, intu-
bated patients in respiratory failure may not tolerate
changing to a DLT (presence of airway swelling, cardiopul-
monary instability). In these cases, advancing a bronchial
blocker through an existing endotracheal tube and into the
injured bronchus with fiberoptic bronchoscopy is the
method of choice (5). Use of the Arndt bronchial blocker
has made this procedure far less cumbersome (5). For a com-
plete review of lung separation techniques, including the use
of DLTs and various bronchial blockers, the reader is referred
to the review by Wilson et al. (5). When a bronchial blocker is
not available, a lifesaving maneuver may entail simply
directing the existing single lumen tube into the mainstem
bronchus of the uninvolved lung with the aid of broncho-
scopy. In the case of the need for left lung isolation, the
anesthesiologist can even attempt at blindly advancing the
single lumen tube into the right mainstem. However, posi-
tioning and verification with a fiberoptic bronchoscopic tech-
nique is always recommended. Definitive treatment is
surgical with bronchial repair or exclusion of the injured
lung. Initial surgical, control may involve cross-clamping
the involved bronchus to prevent further ingress of air
from the alveoli into the pulmonary venous system (Table 2).

Esophageal Injuries
Esophageal injuries are extremely lethal, particularly those
resulting from high-velocity missiles and those associated
with any delay in diagnosis. Understanding esophageal
anatomy explains much of the morbidity associated with
these injuries. Early evaluation and prompt management
are the most critical factors in optimum outcomes following

esophageal injury. Because of the high morbidity and
relative rarity of injuries, some debate continues regarding
the best techniques and algorithms for evaluation and man-
agement. However, none debate the need for early, prompt
diagnosis and treatment.

Anatomy
The adult esophagus is approximately 25 cm in length,
extending from the cricopharyngeus muscle in the neck to
the fundus of the stomach. The esophagus descends in the
midline of the neck, behind the membranous portion of the
trachea, continues downward through the esophageal
hiatus of the diaphragm, and enters the stomach. Three ana-
tomic areas of narrowing occur in the esophagus: (i) at the
level of the cricoid cartilage (pharyngoesophageal sphinc-
ter), (ii) in the mid-thorax, from compression of the aortic
knob and the left mainstem bronchus, and (iii) at the
esophageal hiatus of the diaphragm (gastroesophageal
junction).

The musculature of the pharynx and upper third of the
esophagus is the skeletal type, the remainder being smooth
muscle. The muscular alignment is similar to the rest of
the gastrointestinal tract (inner circular and outer longitudi-
nal). The entire esophagus lies in a loose areolar tissue bed,
which communicates with the entire mediastinum. Accord-
ingly, any contaminated spillage is highly likely to develop
into mediastinitis.

The arterial supply to the esophagus is consistent, but
quite segmental, with little collateralization. The upper
portion is supplied by branches of the inferior thyroid
arteries. The thoracic portion is supplied by both branches
of the bronchial arteries and esophageal segmental arteries
(emanating directly from the aorta). Occasionally, intercostal
arteries contribute. The diaphragmatic and abdominal por-
tions of the esophagus are nourished by branches of the
left gastric artery. The venous drainage is quite variable
and complex. The most important veins are those draining
the inferior portion. These empty into the coronary vein, a
tributary of the portal vein. This connection results as
esophageal varices in cirrhotic patients.

Clinical Presentation
The vast majority of esophageal injuries result from pene-
trating trauma and caustic ingestion. When blunt traumatic
esophageal injuries occur, they are located almost exclu-
sively in the neck. Classical signs of esophageal injury
include pain, fever, and crepitus, but these become increas-
ingly predominant when diagnosis is delayed. Hamman’s
sign, mediastinal crunching, may be present in thoracic eso-
phageal injuries. Some signs are more prominent in particu-
lar regions of the esophagus (e.g., dyspnea and vomiting are
common in thoracic esophageal injuries, but rare in cervical
esophageal injuries). Additionally, the mechanism of trauma
affects the prevalence of clinical signs (present in only 50% of
patients following stab wounds, and nearly 100% of patients
following GSWs) (6). Because these signs and symptoms are
nonspecific, a high degree of suspicion must accompany any
injury with proximity to the esophagus.

Table 2 Clinical Features of Air Embolism in Thoracic Trauma

Clinical feature Description/comments

Predisposing conditions

and presentation

Lung laceration, airway disruption

Hypotension (R/O tamponade,

pneumothorax, hemorrhage)

Onset of hypotension during

mechanical ventilation

Diagnosis Air visualized in coronary arteries/
fundi

Air bubble seen in heart on TEE

Treatment Close the fistula connecting lung

bronchi to vasculature

Avoid nitrous oxide when air

embolism suspected

Administer pure oxygen: favors

elimination of nitrogen

Sequelae of

air embolism

Cerebrovascular air embolism and

stroke

Coronary air embolism and coronary

insufficiency

Abbreviations: R/O, rule out; TEE, transesophageal echocardiogram.
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Radiographic and Endoscopic Evaluation
Plain films of the neck or chest are abnormal in 80% of perfor-
ations, but are nonspecific. Contrast studies are needed with
specificities ranging between 94% and 100% (6). Endoscopy
does pose a risk of worsening injury (e.g., converting a
trivial perforation into a frank perforation with contami-
nation). However, combining esophagoscopy (in experienced
hands) with contrast esophography, improves diagnostic
accuracy, with some series reporting no missed injuries (7).

Operative Management
Care of the commonly associated injuries to the major
airways and vasculature naturally take, precedence.
However, because delayed treatment results in far worse
outcomes, diagnosis and treatment of esophageal injuries
must occur as soon as the patient’s condition allows.
Indeed, the rate of esophageal anastomotic leak and esopha-
gocutaneous fistula rose from 20%, when treatment occurred
within 12 hours of injury, to 100% when treatment was
delayed beyond 24 hours (8).

A complete review of operative techniques for esopha-
geal repair is beyond the scope of this chapter. However, the
following general considerations should be reviewed. For
stab wounds, primary repair may follow irrigation and deb-
ridement, whereas following high-velocity GSWs or shrap-
nel injuries, a portion of the esophagus may need to be
resected. A closed suction (i.e., Jackson Pratt) drainage
device is usually employed, and perioperative antibiotics
with efficacy against mouth and skin flora should be
initiated immediately following diagnosis. In the presence
of combined esophageal and tracheal injuries, it is advisable
to interpose one of the strap muscles to decrease the delayed
fistula rate.

Postoperative Management and Nutrition
Some advocate placing a NG tube to decompress the esopha-
gus, relying on total parental nutrition (TPN). Others advo-
cate early enteral feeding through the NG tube. The
duration of NG tube insertion (for those advocating TPN)
is as variable as the number of surgeons performing the pro-
cedure. Analgesia is often problematic, especially for thor-
acic esophageal repairs, and pain should be aggressively
treated. However, excessive postoperative pain in the face
of fever and leukocytosis should warn of an esophageal leak.

Cardiac Injuries
Thoracic trauma victims must be evaluated for cardiac inju-
ries whenever wounds have proximity to the heart. Discovery
may require echocardiographic and electrocardiographic,
radiographic and/or biochemical findings depending upon
the mechanism of injury.

In the case of suspected cardiac contusion, guidelines
that define the extent to which victims are appropriately
evaluated and monitored, are based upon the overall sever-
ity and likelihood of injury. In minor trauma, a normal elec-
trocardiogram and transthoracic echocardiogram will
generally be adequate to screen for significant injury.
When these tests are negative, no further specific measures
are indicated. In the patient with more severe injuries and
high suspicion of myocardial contusion, the use of electro-
cardiography (ECG), troponin I measurements, and trans-
esophageal echocardiography (TEE) are indicated (9).
Patients with positive findings on these tests are at increased
risk of serious dysrhythmias, and deserve a higher level of
monitoring to include at least ECG telemetry. Perioperative

evidence of myocardial contusion is also important in plan-
ning anesthesia and surgery for the multiple trauma victim.

Assessment of structural abnormalities of the
heart and pericardial effusion (blood) and possible early or
frank cardiac tamponade, can be quickly evaluated with
transthoracic echocardiography (TTE) as part of the FAST

exam (Volume 1, Chapters 14, 16, and 25). However, TEE is
preferable to TTE whenever structural lesions or valve
abnormalities are to be evaluated.

Great Vessel Injuries
Chest trauma may entail injury to any vessel in the thorax
or contiguous areas including the neck or abdomen. Tears
of the thoracic aorta occur after sudden deceleration
injury and constitutes one of the most common and import-
ant injuries following blunt thoracic trauma. The most
common site of aortic injury is adjacent to the ligamentum
arteriosum, where the thoracic aorta is fixed and most
subject to the shearing forces of sudden deceleration.
However, thoracic aortic rupture or dissection may occur
at other sites as well.

Diagnosis should be considered in the presence of
shoulder harness marks on the patient, or a steering wheel
imprint in unrestrained drivers. Pulses in the left upper or
lower extremities may be diminished compared to the
right upper extremity, but this is not universally present.
The diagnosis of thoracic aortic rupture should also be con-
sidered when any of the following findings are noted on
chest radiography: first or second rib fractures, a wide med-
iastinum, blurring of the aortic knob, left hemothorax, down-
ward deflection of the left mainstem bronchus, or a
rightward-shifted trachea or NG tube.

Evaluation of the aorta and arch structures should
proceed following suspicion of injury with computerized
tomography or aortogram. The TEE can also demonstrate
aortic defects, and given that TEE is extremely useful in
diagnosing multiple cardiac lesions associated with blunt
thoracic trauma, the concomitant evaluation of the aorta is
warranted in all of these patients. However, certain areas
in the aorta are poorly visualized via TEE; thus it is an imper-
fect screening tool. Cinnella et al. (10) believe the TEE should
be considered as a first-line evaluation tool to evaluate aortic
injury following blunt trauma, but they acknowledge that
randomized trials are lacking.

The current standard is spiral computed tomographic
(CT) imaging for aortic injury, and some still prefer arterio-
graphy for aortic branch lesions (11). The rapid development
in CT scanning technology has resulted in dramatic
improvement in anatomic clarity in recent years. When one
includes three-dimensional reconstructions for aortic
lesions and injuries to the great vessels, it is difficult to
beat CT angiography, though this continues to be a rapidly
changing area.

Due to the propensity of aortic tears to progress to
rupture in a large percentage of nonoperated patients, treat-
ment of thoracic aortic rupture has traditionally involved
urgent replacement with a synthetic aortic conduit.
However, endovascular approaches are increasingly being
utilized with success (especially in patients with concomi-
tant injuries) (12). Some patients require delayed operative
management due to contraindications to blood pressure per-
turbations and/or systemic heparinization (e.g., intracranial
hemorrhage/hematoma), or the need to manage other
higher-priority lesions (e.g., exploratory laparatomy for
hemorrhage, or evacuation of intracerebral hematoma). For
patients requiring delayed management, beta blockade
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associated with significant opioid analgesia, sedation, and
judicious vasodilator therapy should be a main pillar of criti-
cal care management.

Patients without contraindications to immediate treat-
ment generally go to the OR as soon as the surgical and anes-
thetic teams are assembled, and the patient has been
resuscitated and fully worked up for intercurrent injuries.
Aortic tears at or distal to the left subclavian artery may be
treated by short-term clamping and resection of the damaged
aortic tissue, with repair utilizing a short segment of Dacron
tube graft with or without heparin or shunts (Fig. 3A–C).
When clamp time is �30 minutes, paraplegia rates are
,7% (comparable to bypass rates). For these patients, a left
lateral thoracotomy and DLT are utilized, and require close
communication and cooperation between the surgeon and
anesthesiologist to optimally manage these cases (see
below—anesthetic management). Several commonly
employed adjuncts for descending thoracic tear repair
include atriofemoral bypass (Fig. 3B), and passive proximal
to distal aortic shunts (Fig. 3C). More proximal aortic tears
involving the ascending aorta or arch will require full hepar-
inization and cardiopulmonary bypass. The anesthetic

management for these cases is similar to that utilized for
repair of aortic aneurysms or dissections in these areas
(and is beyond the scope of this chapter). The interested
reader is referred to standard cardiothoracic anesthesia text-
books for further information.

Anesthetic management for repair of distal aortic
tear includes the attainment of adequate intravenous
access, volume infusion for associated hemorrhage, and
placement of central venous access. Optimally, two arterial
lines are placed, one in the right radial artery to reflect
proximal aortic and cerebral blood flow pressures, and
one in either femoral artery to reflect distal pressures and
spinal cord perfusion pressures. The other femoral arterial
area is prepped into the field in case needed during the
operation (e.g., atrial femoral bypass). In the absence of
an associated esophageal or cervical spine injury, TEE is
an extremely useful monitor, reflecting ventricular
preload and contractility, and can often be used to help
determine the extent of aortic tear.

Blood pressure control with beta-blockers, opioids,
and vasodilators can be employed preoperatively in hyper-
tensive patients to decrease the incidence of further injury
or frank rupture. Induction of anesthesia without triggering
hypertension and tachycardia is essential to avoid further
shearing of the aorta. However, many of these patients
present in hemorrhagic shock from their other injuries and
require massive volume resuscitation. Accordingly, avoiding
myocardial depressants and or vasodilators in the hemor-
rhagic shock patient is equally mandatory.

A DLT or bronchial-blocking device is used to isolate
the lungs and to facilitate surgical exposure to the left
chest. A lumbar cerebral spinal fluid (CSF) drain can
occasionally be placed even in the trauma setting if the
patient is sufficiently stable. The goal of CSF drainage is to
decrease retrograde pressure on the spinal cord and limit
neurological sequela resulting from the sacrifice of any
aortic branches to the spinal cord. This measure may be pre-
cluded by the emergency nature of these surgeries and
instability of the severely injured patient. Mannitol infusion
may be utilized for suprarenal clamping to promote urinary
flow and as an antioxidant so as to avert acute tubular necro-
sis. Prior to aortic cross-clamping, vasodilators and beta-
blocker infusion can be utilized to attenuate the rise in
blood pressure associated with this surgical manipulation.

Prior to aortic unclamping, appropriate volume
loading by monitoring central venous pressure, pulmonary
artery occlusion pressure, and/or left ventricular cavity
dimension by TEE is essential to avoid hypotension.
Additionally, vasodilation therapy should be weaned off.
Heparinization and various circulatory bypass techniques
may be utilized to assure continued perfusion to the vital
organs and spinal cord during vascular repair. As patients
undergoing surgical repair of the thoracic aorta require left
thoracotomy, appropriate measures to postoperatively
manage pain are necessary (see later discussion).

After exsanguinations, paraplegia is the most dreaded
and significant complication. Paraplegia results from insuffi-
cient perfusion of the anterior spinal cord. In a large meta-
analysis of 1742 patients, Von Oppell (13) found that 2.9%
of patients with thoracic aortic injuries had already devel-
oped paraplegia preoperatively. Postoperative paraplegia
was found in 19.3% of clamp/repair patients, 6.1% of
bypassed patients, 11.1% of passive shunt patients, and in
2.3% of active shunted patients (13). He also reported that
full heparinization in patients with multiple injuries
yielded a higher mortality compared to no heparin.

Figure 3 Techniques used for repair of blunt injuries to the

descending thoracic aorta. (A) Clamp and sew technique

(sometimes accomplished without heparinization or shunting).

(B) Atriofemoral (partial) bypass, provides perfusion to the

spinal cord and structures below the level of the aortic clamp,

and diverts some blood away from the native heart, thus decreasing

the stress on the left ventricle and possibility of very elevated

ascending aortic blood pressure (requires heparinization). (C)

Passive shunt bypass (Gott shunt), requires a small amount of

heparinization. Source: Courtesy of Baylor College of Medicine.
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Renal failure and/or mesenteric ischemia may also compli-
cate the postoperative course of these patients.

Traumatic Asphyxia
Traumatic asphyxia is a rare condition which results from
massive increased intrathoracic and venacaval pressure
due to a thoracic crush injury in the presence of a closed
glottis. The syndrome was first described by D’Angers in
1837 (14). Retrograde flow of blood through valveless veins
of the head and neck results in swelling and petechiae or
cyanotic discoloration of the face and neck. Neurological
manifestations frequently include transient loss of con-
sciousness, but rarely involve focal neurological deficits or
cord syndromes, unless additional injuries are present (15).

No specific lung injuries may occur from traumatic
asphyxia, rather, neurological impairment is the concern.
Although the patient may appear moribund upon initial
presentation, emergent airway management and supportive
care can result in remarkable improvement in patient status
in the first 48 hours, providing the duration of asphyxia is
brief and the associated injuries are not severe.

Initial Management of the Patient in Extremis
The primary survey, reviewed in Volume 1, Chapter 8,
should identify most life-threatening injuries (Table 1), and
these must all be promptly treated. Immediate recognition
and treatment of the thoracic trauma patient in extremis
(impending death) provides the best chance for survival.
Some thoracic trauma patients, particularly those following
penetrating trauma, will require an emergency department
resuscitative thoracotomy for survival. However, most are
initially managed with a thoracostomy tube, and later (if
bleeding persists) may require urgent thoracotomy.

Resuscitative Thoracotomy
The term “resuscitative thoracotomy” is used to mean a thor-
acotomy performed on a patient in extremis, typically
outside the OR (in the emergency department or resuscita-
tion bay). However, many of these patients are sent directly
to a prepared trauma OR (Volume 1, Chapter 5 ). Thus, from
a nomenclature perspective, the physical location of the thor-
acotomy is not as important as the reason and timing. The
concept underlying a resuscitative thoracotomy (Volume 1,
Chapter 13) is to improve perfusion to both cerebral and cor-
onary circulation by performing open cardiac massage and
cross-clamping of the descending aorta. Additional benefits
of resuscitative thoracotomy include control of intrathoracic
bleeding, release of pericardial tamponade, control of the
pulmonary hilum to minimize bleeding, and air leaks.

Rhee et al. (16) have recently reviewed the combined
data from 24 previously published series. This study con-
firmed the importance of mechanisms of injury, location of
injury, and signs of life during transport (and upon
arrival), on predicting survival (Table 3). Although the
overall survival rate was only 7.4%, normal neurological
function at discharge was observed in 92.4% of these surviv-
ing patients (16). An important factor that correlated with
survival was successful tracheal intubation in the field. A
complete review of resuscitative thoracotomy is provided
in Volume 1, Chapter 13, and interested readers are referred
there for additional information.

ThoracostomyTube Alone vs. Urgent Thoracotomy
The decision to place a thoracostomy tube for hemothorax
versus urgent operative thoracotomy is a fundamental

determination that needs to be made in every thoracic
trauma patient who presents with hemodynamically
unstable hemothorax. The current Advanced Trauma Life
Supportw (ATLSw) guidelines call for urgent operative thor-
acotomy to control bleeding and allow full lung expansion
when the initial chest tube output exceeds 1500 mL of
blood, or when the hourly output exceeds 250 mL for three
consecutive hours (though we do not believe anyone
should wait this long). Other indications for urgent and non-
urgent thoracotomy following trauma are provided in
Table 4. The surgical approach for urgent thoracotomy is
beyond the scope of this chapter, and is found in standard
surgical texts.

LUNG INJURY RESULTING FROM TRAUMA-ASSOCIATED
CONDITIONS

In addition to direct wounding of the heart, lung, and chest
wall, secondary injuries can afflict the trauma patient due to
multiple associated conditions including aspiration, burns,
inhalation injury, near-drowning, fat embolization, pulmon-
ary embolization, and acute respiratory distress syndrome
(ARDS). Each of these injuries increase morbidity and have
their own special considerations for managing the thoracic
trauma patient, and will be discussed below.

Aspiration of Gastric Contents
Trauma patients may aspirate blood or gastric contents
before, during, or immediately after their injury. Aspiration
during airway management is also common and proble-
matic. The rate of aspiration after urgent intubation ranges
from less than 1% in the OR under controlled circumstances,
to almost 40% in other circumstances (17–21). Patients at risk
for aspiration include those with a full stomach, a history of
reflux, a decreased level of consciousness, depressed laryn-
geal reflexes, morbid obesity, emergency abdominal
surgery following alcohol consumption, or in the presence
of pain or stress (18). Trauma victims often have one or
more of these risk factors.

Prevention
The proper use of cricoid pressure (Sellick’s maneuver)

may help prevent regurgitation of gastric contents into the

trachea during intubation (22). However, no studies

Table 3 Survival Factors for Patients Following Resuscitative

Thoracotomy

Survival factor Specific category and survival (%)

Mechanism of injury Blunt trauma (1.4)

Gunshot wound (4.3)

Stab wound (16.8)

Location of major injury Multiple major injuries (0.7)

Abdominal (4.5)

Thoracic (10.7)

Cardiac (19.4)

Signs of life Absent in the field (1.2)

Present during transport (8.9)

Absent on arrival (2.6)

Present on arrival (11.5)

Source: Adapted From Ref. 16.
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have confirmed the effectiveness of cricoid pressure in redu-
cing aspiration and its associated morbidity and mortality.
Another strategy to minimize the risk of aspiration is insert-
ing a nasogastric tube (NGT) into the patient, prior to induc-
tion, to reduce the volume of gastric contents (orogastric
tubes are placed in patients with maxillofacial trauma).
Many of these same practitioners will remove the NGT,
after emptying the stomach, to decrease the incidence of gas-
troesophageal reflux (23,24). However, others prefer leaving
the NGT in place, using the rationale that it may help drain
residual gastric contents (25). If the NGT is left in place,
Salem et al. (26) have shown that the NGT does not impair
the efficacy of cricoid pressure. However, the effect of the
NGT on laryngoscopic view and ease of intubation has not
been studied. Accordingly, patients with anticipated difficult
intubation (see Volume 1, Chapter 9) should be intubated
without the NGT in place. The use of histamine-2 receptor
antagonists has been shown to decrease gastric volume
and acidity; this option may rarely be implemented effec-
tively in the trauma patient who is presented for urgent or
emergent surgery (27). Additionally, metoclopromide may
be administered to promote gastric emptying (as long as
there is no bowel obstruction).

Diagnosis and Management
Up to 40% of patients who aspirate during intubation may
subsequently developed a clinical pneumonitis (16,19).
When aspiration-induced pneumonitis does occur, it is more
often associated with greater than 0.4 mL/kg of gastric con-
tents and a gastric content pH of 2.5 or less (16,19). Of those
patients who do develop aspiration pneumonitis, about half
may require mechanical ventilation (16,19). The patients
who develop aspiration pneumonitis often have symptoms
of wheezing or coughing, decreased oxygen saturation, or
abnormalities on chest roentograms, within two hours of
aspiration (19). Patients who suffer an aspiration should
have bronchial suctioning performed, especially if the aspi-
rate contains particulate matter. Corticosteroids do not
appear to be beneficial when given prophylactically. Similarly,
antibiotics should not be given unless the aspirate is grossly
contaminated (e.g., patient with upper gastrointestinal
obstruction), or the patient has been institutionalized for
more than 72 hours, or after a sputum culture returns positive
with specific organisms (28,29).

However, aspiration of gastric contents can account for
up to 20% of ARDS patients (30,31). Aspiration is one of the
most common conditions associated with the development
of ARDS. Therefore, patients symptomatic after aspiration
should be carefully monitored for progressive respiratory
failure, because the mortality rate increases up to 50% (16,19).

Burns and Inhalation Injury
Incidence and Etiology
Although it is less common for a trauma patient to also have
sustained a thermal injury (32), up to 7% of patients who
suffer burns have concomitant nonthermal injuries (32–34).
Burn victims suffer concomitant inhalation injury up to
35% of the time (35,36). Inhalation injury should be sus-
pected in patients who have a history of smoke or flame
exposure in a closed space, a history of loss of consciousness,
facial burns, carbonaceous particles in their nares, carbon-
aceous sputum, or a carboxyhemoglobin level greater than
10% (36). However, even when the burn patient does not
have an inhalation injury, respiratory complications occur
in 18% to 33% of all burn patients (36). When a burn
patient has an inhalation injury, there is a significant increase
in respiratory complications and mortality can be as high as
77% (35–39). Interestingly, Hollingsed (36) found that burn
patients with an inhalation injury but no additional respirat-
ory complications (e.g., pneumonia) had no higher mortality
than those without an inhalation injury. Instead, Hollingsed
noted that burn patients who develop respiratory failure
have a higher mortality rate (27–50%) than those without
pulmonary failure (0–3%), regardless of the history of inha-
lation injury. There is, nonetheless, a propensity for respirat-
ory failure to develop in those who have suffered inhalation
injury (see Volume 1, Chapter 34).

Pathophysiology and Treatment
Inhalation injury can occur in several forms and affect differ-
ent portions of the airway. The most obvious consequence of
inhalation injury is hypoxemia and its attendant compli-
cation of ischemia. Hypoxemia should be immediately
treated with a high-inspired concentration of oxygen.
Patients may also develop severe tissue edema of the oro-
pharyngeal and laryngeal areas, secondary to direct
thermal injury (40,41). Since the edema may take over
12 hours to develop, patients suspected of having an inhala-
tion injury should be closely monitored (42). These patients

Table 4 Indications for Urgent and Nonurgent Thoracotomy

Indications for

urgent thoracotomy

Cardiac tamponade

Acute hemodynamic deterioration

Initial chest tube output .1500 mL

Ongoing chest tube output

. 250 mL/hr for .3 hr

Vascular injury at the thoracic outlet

Traumatic thoracotomy (loss of

chest-wall substance)

Massive air leak from the chest tube

Known or suspected tracheal or

bronchial injury

Esophageal injury

Great vessel injury

Mediastinal traverse with a

penetrating object

Significant missile embolism to the

heart or pulmonary artery

Transcardiac placement of inferior

venal caval shunt for hepatic

vascular wounds

Indications for

nonurgent thoracotomy

Nonevacuated clotted hemothorax

Chronic traumatic diaphragmatic

hernia

Traumatic cardiac septal or valvular

lesions

Chronic traumatic thoracic aortic

pseudoaneurysms

Nonclosing thoracic duct fistula

Chronic (or neglected) post-

traumatic empyema

Traumatic lung abscess

Missed tracheal or bronchial injury

Tracheoesophageal fistula

Innominate artery/tracheal fistula

(often urgent)

Traumatic arterial venous fistula

(often urgent)
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often benefit from early intubation and mechanical support
until the edema resolves.

The various components found in smoke may cause
carbon monoxide or cyanide toxicity, as well as a chemical
pneumonitis marked by sloughing of the mucosa and plug-
ging of the airways (41). Patients suffering from carbon mon-
oxide or cyanide poisoning may present with metabolic
acidosis and neurological symptoms progressing from head-
ache and confusion to hallucinations and coma (42,43).

The treatment of carbon monoxide toxicity involves the
use of a high-inspired concentration of oxygen. Depend-
ing on the severity of the carbon monoxide poisoning, the
patient may require intubation or, if available, hyperbaric
oxygen treatment (also see Volume 1 Chapter 34 and
Chapter 73 in this Volume). In addition to mechanical venti-
lation and circulatory support, the patient with cyanide tox-
icity may benefit from the intravenous administration of
sodium thiosulfate or sodium nitrite to bind the cyanide
molecules. Patients with a chemical pneumonitis require
ventilatory support with vigorous pulmonary toilet to mini-
mize the risk of secondary complications such as pneumo-
nia. Prophylactic antibiotics and corticosteroids should be
avoided (44). However, appropriate antibiotics should be
initiated when an infection is identified by Gram stain and
culture data.

Trauma patients who sustain a thermal injury may
also have pulmonary complications aside from inhalation
injury. The burn itself may result in the formation of a
thick eschar circumferentially around the thorax, which
may impede chest wall excursion until the patient under-
goes escharotomy. The fluid resuscitation needed for burns
with inhalation injury are about twice those needed for
thermal injury without inhalation injury, but this additional
fluid requirement has rarely been associated with the devel-
opment of pulmonary edema (45). Inhalation injury itself is
not associated with a large accumulation of extravascular
lung water, though this too varies (45,46). Finally, the devel-
opment of sepsis in a burn patient may also be accompanied
by the development of increasing lung water (47,48).

Fat Embolism Syndrome
Fat embolism is defined as the presence of fat droplets in the
circulation, usually after a major trauma or long-bone
fracture (49,50). The fat embolism syndrome results in a
constellation of clinical signs and symptoms, including
tachypnea, hypoxemia, tachycardia, petechial rash, throm-
bocytopenia, fever, and deteriorating neurological status,
associated with fat globules in the circulation (49–51). Diag-
nosis of fat embolism syndrome is made by exclusion of
other etiologies, given the nonspecific nature of many of
the signs and symptoms. Although fat embolism is very
common, with over 90% of patients suffering from a long-
bone fracture found to have some degree of fat embolism,
the fat embolism syndrome is much less common with an
incidence ranging from 0.5% to 19% (49–55).

Pathophysiology
The clinical course of fat embolism syndrome proceeds in
one of two variants: a fulminant form and a progressive
form. The severe form begins within 12 hours of injury is
associated with significant neurological deficits and cardio-
vascular compromise, and has a higher mortality rate com-
pared to the progressive form that presents 24 to 72 hours
after injury, and has a wide range in severity of signs and
symptoms (54–57).

The precise mechanism by which the fat enters the
systemic circulation remains unclear. There is evidence that
fractures as well as repair of fractures with reamed intrame-
dullary nails, increase the intramedullary pressure with resul-
tant fat embolization (58,59). The fat may enter the systemic
circulation either through the venous drainage of the femur,
via a shunt between the arterial and venous systems in
bone, or through the pulmonary capillaries (50,58).

Once in the circulation, fat may cause hypoxia and res-
piratory compromise by either mechanically occluding pul-
monary capillaries or by participation in a biochemical
chain of events related to the presence of fat in the pulmon-
ary vasculature. The latter includes the possibilities that
lipase converts the fat into free fatty acids that subsequently
cause vasculitis and alveolar damage; fat provides a surface
for the activated platelets to adhere and coagulation to occur;
and fat enhances the inflammatory process triggered by
trauma (50,58–61).

Fat embolism syndrome can occur without respiratory
effects, however, it is more commonly associated with
hypoxemia (49). Fat embolism syndrome may also be associ-
ated with severe respiratory failure accompanied by chest
radiographs demonstrating bilateral diffuse infiltrates indis-
tinguishable from ARDS. In these patients with ARDS, the
mortality of fat embolism syndrome is about 10% (49,62).

Treatment
Randomized studies treating fat embolism syndrome with
corticosteroids have had limited success with improving
the respiratory effects (62–66). In one study, up to 45% of
patients suffering from fat embolism syndrome required
ventilatory support either due to severe hypoxemia or sig-
nificant central nervous system depression (49). The same
study documented 96% of patients as having some degree
of hypoxia. Given the prevalence of respiratory involvement,
patients with fat embolism syndrome should be closely
monitored for hypoxemia and supported with mechanical
ventilation as medically indicated.

Thromboembolism and Pulmonary Embolism
Incidence and Etiology
Deep venous thrombosis (DVT) and pulmonary embolism
(PE) are major factors of morbidity and mortality in
trauma patients (see Volume 2, Chapter 56). DVT occurs in
6% to 80% of trauma patients (67–71), whereas PE occurs
in 0.3% to 2.3% of trauma patients (69,72–76). DVTs may
result in morbidity, due either to recurrent DVTs or to the
development of post-thrombotic syndrome. Although
DVTs may recur in trauma patients, the risk of recurrence
is significantly less than in patients who develop DVTs sec-
ondary to inherited coagulation disorders and malignancy
(77). Post-thrombotic syndrome occurs in approximately
30% of patients with DVT and is characterized by leg pain,
pretibial edema, induration of the skin, hyperpigmentation,
venous ectasia, and ulceration that occur within the first two
years after acute DVT (77,78). Although fatal PE occurs
rarely in trauma patients, PEs (fatal and subclinical) occur
in up to 50% of patients with DVTs (79,80). Equally concern-
ing is the fact that despite a PE mortality rate between 20%
and 50% (72,80,81), up to 70% of patients who die of PE
are not clinically suspected of having suffered a PE (82–
84). For patients who survive the first 24 hours after trau-
matic injury, PE is the third leading cause of death (76).

Patients at risk for DVT and for PE include those who
have sustained direct venous trauma, a spinal cord injury,
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severe head injury, pelvic fracture, fracture of the lower
extremities, or severe trauma with subsequent shock or mul-
tiple transfusions (67,70,72,74). These conditions result in
varying combinations of prolonged immobilization, stasis,
endothelial damage, and hypercoagulability. Consequently,
these patients may develop DVTs that can then embolize.

Diagnosis
Patients with DVTs are frequently asymptomatic until they
suffer a fatal PE. Consequently, clinical findings, such as a
swollen and painful leg, palpable cord, and erythema, are
unreliable for the diagnosis of DVT (70,75,80). Similarly, PE
can be difficult to diagnose clinically because the symptoms
and signs of pleuritic chest pain, dyspnea, tachypnea, and
hemoptysis are nonspecific (80,85). A high index of suspi-
cion for PE should be maintained in any trauma patient
who subsequently develops dyspnea, hypoxemia, and res-
piratory failure without obvious pulmonary pathology. PEs
can occur in trauma victims as early as within the first
24 hours after injury or as late as two weeks after trauma
(75,86).

The most common methods used to detect the devel-
opment of DVTs include contrast venography, impedance
plethysmography, and duplex ultrasound (80,85). Although
venography is considered the gold standard for diagnosing
DVT, its use is limited by its invasiveness and cost. Impe-
dance plethysmography and duplex ultrasound have the
advantage of being noninvasive in nature, however, they
require trained personnel to perform and can be limited by
technical difficulties (67). Of these two methods, duplex
ultrasound is considered to be superior to impedance
plethysmography in detecting DVT (80,85). Knudson et al.
(67) found that serial duplex ultrasound venous examin-
ations of trauma patients serve as an ideal noninvasive sur-
veillance method for patients deemed to be at risk for
developing DVTs. However, routine surveillance has not
been proven to reduce the incidence of PE and is more
costly than DVT prophylaxis (76,87). Techniques used to
diagnose PE include pulmonary angiography, ventilation-
perfusion (V̇/Q̇) lung scan, and spiral CT angiography (85).

Pulmonary angiography had been the gold stan-
dard for diagnosing PE. As with contrast venography, pul-
monary angiography is limited by its invasiveness and
cost. Spiral CT is emerging as the new gold standard.
However, some patterns of PEs such as distal small

vessel disease are better seen by angiography, whereas
others are better seen by CT (85).

The V̇/Q̇ lung scan was evaluated in the landmark
Prospective Investigation of Pulmonary Embolism Diagno-
sis (PIOPED) study, and determined to be useful in diagnos-
ing PE primarily when the V̇/Q̇ scan was considered to be of
high probability and correlated with a high clinical suspicion
of PE (88). At the same time, the V̇/Q̇ scan was also noted to
be useful in excluding the diagnosis of PE when the V̇/Q̇
scan was of low probability and associated with a low clini-
cal suspicion of PE (88). Overall, the V̇/Q̇ scan is diagnostic
in 30% to 50% of the patients (88). Consequently, spiral
CT angiography is increasingly viewed as the best technique
to diagnose PE. Early studies suggest that spiral CT
angiography is more accurate than V̇/Q̇ scan and less inva-
sive and expensive than pulmonary angiography (85,89).
However, spiral CT angiography is limited when evaluating
for PE in the subsegmental arteries (85). Hopefully, an on-
going PIOPED II study to evaluate spiral CT angiography
will provide more definitive answers (90).

Treatment
The primary treatment for thromboembolism and PE
remains prophylactic anticoagulation in patients identified
as being at risk for developing DVT. Numerous studies
have demonstrated the effectiveness of early prophylactic
anticoagulation in decreasing the incidence of DVT
(69,91,92). According to the American College of Chest
Physicians recommendations, trauma patients should be
started on prophylactic low-molecular-weight heparin
(LMWH) if they have no contraindications, such as active
hemorrhage, intracranial hematoma, partial spinal cord
injury, uncorrected coagulopathy, and development of
major complications related to heparin (76,93). Prophylactic
treatments in order of decreasing efficacy are LMWH, such
as dalteparin and Lovenox, fixed low-dose unfractionated
heparin, and low-dose warfarin at fixed dose or titrated
to increase the prothrombin time by 1.5 to 3 seconds (94).
If LMWH is contraindicated, the patient should be placed
on a mechanical treatment such as sequential pneumatic
compression devices (SCD) (76). Potential problems with
SCD include limited use in patients with lower
extremity trauma requiring dressings, casts, or traction
(67,68,95). In these patients, an SCD can be placed on an
upper extremity.

Prophylactic inferior vena cava (IVC) filters are often
employed in trauma patients who meet the following three
conditions: (i) are at high risk for DVT and PE, (ii) are not
candidates for anticoagulation, and (iii) for whom SCDs
are either not feasible or considered insufficient prophylaxis.
Conflicting studies exist regarding the efficacy of prophylac-
tic IVC filters in preventing PE in high-risk trauma patients
(72,73,87,93,96–98). However, most authors agree that when
IVC filters are placed prophylactically, it should occur early
in the patient’s hospital course (72,93,97). Less controversial
is the use of IVC filters in trauma patients who have already
developed DVTs and who also have contraindications to
anticoagulation, or who have suffered a PE despite standard
DVT prophylaxis (76,93). IVC filters, however, do not guar-
antee the prevention of future PEs (76,93). Therefore, the effi-
cacy of prophylactic IVC filters must be weighed against
potential complications associated with IVC filters including
migration of the filter, IVC occlusion, new DVT or propa-
gation of previous DVT, venous insufficiency, and erosion
of filter into adjacent viscera (93,96,98,99). The interested
reader is referred to Volume 2, Chapter 56 for further
review of DVT management.

Neurogenic Pulmonary Edema
Incidence and Etiology
Neurogenic pulmonary edema (NPE) may develop in
patients following traumatic brain injury (TBI), or a subar-
achnoid hemorrhage (100,101). The true incidence of NPE
is unknown (102–105), although one study suggests it may
be as high as 50% of patients with severe TBI (106). Similarly,
the overall mortality rate of NPE is difficult to define, with
rates from 9.5% to over 90% found in the literature
(103,105,107).

The pathophysiology of NPE remains unclear. One
animal study suggests that the brainstem may be the
neuroeffector site responsible for a massive sympathetic dis-
charge (108). However, several other specific areas in the
medulla, including the area postrema, Area A1 (a cluster
of adrenergic receptors) of the ventrolateral medulla, the
medial reticular nucleus, and the nucleus tractus solitarius
are also possible sites (109–111). As a result of the massive
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outflow of sympathetic activity, the patient undergoes sys-
temic and pulmonary vasoconstriction, hypertension, ventri-
cular wall stress, and damage to endothelial cells
(101,104,109,110,112).

Diagnosis
The patient with NPE presents with tachypnea, hypoxemia,
tachycardia, hypertension, and frothy sputum. The signs
and symptoms may appear within minutes to hours of the
central nervous system injury, or develop gradually over
the course of several days (112,113). Although the patient
has pulmonary edema, the pulmonary capillary wedge
pressure is usually low (112). Accordingly, NPE is a subset
of noncardiogenic pulmonary edema. The chest X ray
demonstrates diffuse patchy alveolar infiltrates, similar
to those seen in patients with ARDS in the majority of
patients (105).

Treatment
Fortunately, NPE is frequently a self-limited process
(105,109,113). The patients require ventilatory support with
positive end-expiratory pressure (PEEP) to prevent hypoxe-
mia until the NPE resolves, which can be as quickly as
within several hours of instituting mechanical ventilation
(112). Some recent studies suggest that the use of dobuta-
mine may be useful in resolving NPE in those patients
with left ventricular dysfunction (114,115).

Fluid Overload
Incidence and Etiology
The true incidence of fluid overload in trauma patients is dif-
ficult to determine. One retrospective review of patients sus-
taining thoracic trauma had 2.6% rate of pulmonary edema
in 187 patients (116), whereas a prospective review of pul-
monary complications in trauma patients showed a 0.2%
incidence of pulmonary edema in the 3289 patients analyzed
(117). Pulmonary edema can be defined as the presence of
clinical or radiographic findings that responds to fluid
restriction or diuresis (117).

The etiology of fluid overload is related to the trauma
patients receiving significant crystalloid resuscitation as well
as massive transfusion to treat hemorrhagic shock. At the
same time, respiratory failure due to fluid overload may be
partially attributed to pulmonary contusions sustained at
the time of injury, new onset or exacerbation of pre-existing
cardiac failure, and the development of sepsis (118).

Pathophysiology
The pathophysiology of fluid overload remains controver-
sial. Pulmonary edema may be the result of increased pul-
monary capillary permeability, which can occur due to
trauma itself (118,119), due to hemorrhagic shock (118), or
due to the development of sepsis (118,120). However,
several studies show that despite an increase in pulmonary
microvascular permeability, pulmonary edema has not con-
sistently occurred (121,122). Fluid overload may occur in
some trauma patients, because they have a decreased com-
pliance in the interstitial compartment that is exacerbated
by decreased renal perfusion (123). The third and most
popular theory is that pulmonary edema develops because
massive fluid resuscitation, particularly with crystalloid sol-
utions, results in a decrease in the plasma colloid oncotic
pressure, with subsequent movement of fluid from the intra-
vascular space to the interstitial compartment (124–126).

Once again, several studies dispute this idea (118,127–
131). However, this theory has been critical to the still unre-
solved issue of whether colloid solutions are better than
crystalloid solutions when massive fluid resuscitation is
required in patients. Multiple studies suggest that colloids
do not significantly improve pulmonary function or decrease
the incidence of pulmonary edema when compared to crys-
talloids (128,132,133). In fact, several studies and reviews
suggest that colloids may actually worsen pulmonary func-
tion and survival in trauma patients (129,132,134,135).
More rigorous, randomized clinical trials, however, are still
needed to better understand the phenomenon of fluid over-
load, and the role played by crystalloids and colloids.

Near-Drowning
Definition, Incidence, and Etiology
Near-drowning is reviewed in detail in Volume 1, Chapter
35, and has been defined by Modell (136) as “survival, at
least temporarily, after suffocation by submersion in
water.” The exact incidence of near-drowning can only be
estimated from data regarding drownings, but is at least
double the incidence of drowning (137,138). According to
the World Health Organization, at least 450,000 people
drown annually world wide (139). However, since not all
drownings are reported, this figure is undoubtedly an
underestimation (140,141). Less than 10% of drowning acci-
dents occur in salt water (141).

Drownings, and thus also near-drownings, are associ-
ated with a variety of causes including swimming, cramps
while swimming, the consumption of alcohol and drugs
near bodies of water, epilepsy or cardiac attacks while in
the water, lapse of supervision around bodies of water, the
use of hyperventilation to increase the duration of under-
water swimming, and the immersion syndrome (141–145).
The immersion syndrome occurs when a person is suddenly
exposed to water 58C less than body temperature and devel-
ops arrhythmias and syncope (144). Drownings can also be
associated with boating accidents, car-in-water accidents,
diving accidents, and suicide.

Pathophysiology
When drowning, victims may or may not have initially aspi-
rated water (145). Regardless, the person experiences laryn-
gospasm severe enough to cause not only panic but also
hypoxemia. As hypoxia eases the laryngospasm, the victim
swallows as well as aspirates water (144). Contrary to pre-
vious theories, the impact of the aspirated water on the res-
piratory system is more a function of the volume rather than
the composition of fluid (144). The aspirated fluid, whether
salt or fresh water, destroys surfactant resulting in decreased
pulmonary compliance and the development of alveolitis
and noncardiogenic pulmonary edema (141,144). All of
these developments interfere with normal alveolar-capillary
gas exchange, increase intrapulmonary shunting, and sub-
sequently worsen the near-drowning victim’s hypoxemia
(146). Increasing hypoxia leads to high pulmonary vascular
resistance, compromised cardiac function, and systemic
hypotension despite severe peripheral vasoconstriction
(144). Eventually, the near-drowning victim develops both
metabolic and respiratory acidosis. Although rare, the aspi-
rated water may cause electrolyte disturbances, hemolysis,
and subsequent arrhythmias (144,147–149).
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Management
Immediately upon rescuing a drowning victim, pulmonary
resuscitation should be promptly begun without first
attempting to drain the aspirated water from the lungs
(e.g., using the Heimlich maneuver) (150). Restoration of
oxygenation and ventilation is the key to convert a drowning
victim to a near-drowning survivor (142). If the water is fresh
water, it will rapidly be absorbed into the vascular system
(151,152). If the water is seawater, pulmonary edema fluid
will be exuded into the alveolar spaces (143,144,149). The
priority should be to re-establish oxygenation and ventilation,
with or without mechanical support. The near-drowning
victim’s pulmonary status may be further complicated by
emesis and aspiration of gastric contents (153). Treatment
for aspiration should be judiciously begun only when infec-
tion is suspected and cultures are pending, unless the near-
drowning victim is known to have aspirated grossly
contaminated water (142,154).

Although the near-drowning victim’s initial chest
X ray on admission to the hospital may be normal, it does
not necessarily correlate with the patient’s arterial oxygen
concentration or pulmonary artery to inspired oxygen con-
centration ratio (147). More importantly, a later radiograph
may reflect the pulmonary edema that can develop up to
12 hours after the drowning accident (144,155). The pulmon-
ary edema that occurs may be the result of the process
described above or the onset of either NPE or ARDS (156).
Regardless, the patient often requires mechanical ventilatory
support to ensure adequate oxygenation and that ventilation
is maintained. (For greater specifics regarding the respirat-
ory management of the patient with NPE or ARDS, please
see the corresponding sections.) The use of steroids has not
been shown to be of benefit (147).

The near-drowning patient’s pulmonary status may be
further compromised by the development of cardiac failure.
Cardiac dysfunction occurs as the severe hypoxemia experi-
enced during drowning produces increased pulmonary vas-
cular resistance that decreases the cardiac output and
increases central venous pressure (157,158). Subsequently,
the patient develops cardiogenic pulmonary edema in
addition to the ongoing pulmonary edema secondary to
drowning (159). These patients may benefit from either
increased intravascular volume or dobutamine to improve
cardiac function and oxygen delivery (160). The use of furo-
semide, however, is strongly discouraged (144).

Although not addressed in detail here, there are other
potential medical concerns to be considered when treating a
near-drowning victim. These include hypothermia due to
exposure in the water and cerebral edema secondary to cer-
ebral hypoxia; both should be individually addressed
(141,142,144). For additional study on near-drowning, the
reader is referred to Volume 1, Chapter 35.

ACUTE LUNG INJURYAND ARDS

ALI can result from all of the lesions that progress to the
ARDS (also see Volume 2, Chapters 23 and 24).

Indeed, ALI, by recent definition, merely means that
the PaO2/FIO2 is ,300, whereas ARDS has a PaO2/FIO2

,200 (161). Typically, ALI begins with an injury to both
components of the alveolar-capillary barrier: the alveolar
epithelium and the pulmonary capillary. The loss of
alveolar epithelium has multiple effects (162). First, the
increased permeability of the alveolar epithelium permits

the development of alveolar edema. Next, the impaired
fluid and ion transport inhibits the normal reabsorption of
fluid and, further, enhances the development of alveolar
edema. Finally, decreased surfactant production and turn-
over further compromises the gas exchange function of the
alveoli. Surfactant diminution results in increased surface
tension of alveoli that are still open, causing them to collapse
and develop atelectasis.

Simultaneously, an increase in pulmonary vascular
permeability leads to an influx of protein-rich edema into
the alveoli (163–166). Hence, this phase of the injury
process is known as the exudative phase. Besides proteins,
the alveolar edema fluid also contains a high concentration
of neutrophils (167). Studies of neutrophils show that their
activation causes lung injury and their depletion can
prevent or reduce injury (168,169). However, ARDS can
develop in neutropenic patients (170). Recent work has
focused on preventing adhesion of neutrophils to endo-
thelial and epithelial cells, in an effort to decrease their
migration from the vascular lumen and slow their injurious
interaction with epithelium (171). The exact role of neutro-
phils remains unclear, however, they do participate in the
pulmonary inflammatory process (162,172).

The combination of alveolar edema and surfactant
dysfunction increases intrapulmonary shunting, increases
dead-space ventilation, and decreases lung compliance.
Shunting can increase to 25% to 50% of cardiac output and
present as severe refractory hypoxemia (173). Increased
dead-space ventilation results from the rapid shallow
breathing, even when the alveoli are relatively normal. The
decrease in lung compliance is due to increased lung water
edema and a reduction in the aeratable lung volume to
20% to 30% of normal (174). CT studies of the lungs of
patients diagnosed with ARDS show localization of densities
to dependent areas, correlating with loss of gas volume
rather than edema (174). As ARDS progresses from the exu-
dative to the proliferative and, finally, the fibrotic phase, the
decrease in lung compliance begins to result from a change
in the intrinsic elastic properties of lung tissue.

For many of these complications, ARDS is the final
common pathway. ARDS-inciting events may be associ-
ated with primary injuries to the lung, such as aspiration,
pneumonia, pulmonary contusions, near-drowning, and
toxic inhalation (160,161). On the other hand, the initiating

event may be an extrapulmonary illness that injures the
lungs through activation of systemic inflammation
response syndrome. Examples of indirect causes of
ARDS include sepsis, shock, multiple emergency transfu-
sions, major multiple fractures, pancreatitis, burns, cardio-
pulmonary bypass, and disseminated intravascular
coagulation (161,162). Seventy to eighty percent of ARDS is
accounted for by sepsis, aspiration, and trauma (163,164).
The onset of ARDS varies with approximately 80% of
patients developing ARDS within 48 hours after an inciting
event, 90% of patients developing ARDS in the first 72 hours,
and the remaining patients developing ARDS over the next
several days (164,165). Mortality ranges from 10% to 90%,
with average mortality slightly greater than 50%. Death is
primarily due to multiorgan dysfunction syndrome and
sepsis, rather than pulmonary failure or hypoxia.

Ashbaugh (166), first described ARDS in 1967 as an
acute onset of severe respiratory distress with cyanosis
refractory to oxygen therapy, decreased lung compliance,
and diffuse infiltrates on chest radiograph. In 1994, the
American-European Consensus Conference on ARDS
simplified the definition to improve the determination of
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incidence and mortality and their response to interventional
strategies. ALI is defined as “a syndrome of inflammation
and increased permeability that is associated with a constel-
lation of clinical, radiologic, and physiologic abnormalities
that cannot be explained by, but may coexist with, left
atrial or pulmonary capillary hypertension” (161). ARDS is
reserved for the most severe form of ALI. The defining cri-
teria for both include acute onset, chest X rays consistent
with bilateral infiltrates, pulmonary artery occlusion
pressure of less than 19 mm Hg or no clinical evidence of
congestive heart failure, and a low PaO2/FiO2 ratio. The
cut-off for ALI is a PaO2/FiO2 ratio of less than 300,
whereas that for ARDS is less than 200 (161).

MECHANICALVENTILATION CONSIDERATIONS

Mechanical ventilation for trauma and critical care is reviewed
extensively in Volume 2, Chapter 27. ARDS-affected lungs can
be further traumatized by mechanical ventilation when a high
fraction of inspired oxygen (FiO2) is used, plateau pressures
exceed 30–40 cm H2O causing barotrauma, and high tidal
volumes are used resulting in volutrauma (175). Current
ventilation management for ARDS involves an open lung

technique with tidal volumes in the 6 cc/kg range and
enough PEEP to keep alveoli open at end exhalation.

Maintaining the PEEP at a level that keeps alveoli open
allows ventilation to occur above the lower inflection point on
the P/V curve (see Volume 2, Chapter 27). Similarly, by
keeping the tidal volume less than 7 cc/kg, the ventilation
is typically occurring below the upper inflection point on
the P/V curve. This is the so-called “lung protective strategy.”

Best PEEP
Best PEEP decreases or abolishes the lower inflection point
to prevent cyclic alveolar collapse and recruitment,
whereas minimizing overdistension of alveoli already open
(176). At the same time, best PEEP permits decreases in the
FiO2 and minimally affects the cardiac performance of a
patient with adequate intravascular volume. Gattinoni
(177) demonstrated on computed tomography that PEEP
has an immediate effect on lung densities by acting as a
counterforce to hydrostatic pressure. The effect of PEEP,
therefore, reopens dependent alveoli and reduces the
amount of nonaerated tissue. His studies show that the
maximal amount of PEEP should not exceed ventral to
dorsal height of lung in centimeters when applied in the
supine patient (178).

Small Tidal Volumes
Amato (179) defines the open lung approach as the use of
(i) PEEP above the lower inflection point of the pressure-
volume curve, (ii) tidal volumes ,6 mL/kg, (iii)) static
peak pressures ,40 cm H2O, (iv) permissive hypercapnia,
and (v) stepwise use of pressure-limited modes. Their
study shows that using the open lung approach improved
lung compliance, increased PaO2/FiO2 and decreased
shunt, decreased periods of high FiO2 use and resulted in
faster weaning from the ventilator. Unfortunately, Amato
was unable to demonstrate any significant difference in
mortality. A study by the National Institutes of Health
(NIH) ARDS Network also supports the use of small tidal
volumes, which were associated with a decreased plasma
concentration of IL-6, an increased number of early extuba-

tions, an increase in ventilator-free days, and decreased mor-
tality (180). This study reinforces earlier research
demonstrating ventilator-associated lung injury (181–183).
A more recent trial by the NIH ARDS Network corroborates
the results of the earlier work and suggests that small tidal
volumes should be used in patients with ALI or ARDS,
regardless of its etiology (184).

Prone Position
Having the patient in prone position can improve oxygen-
ation and decrease shunt without deleterious effects on
hemodynamics. The beneficial effects of prone position
include: changes of chest wall compliance, changes in grav-
itational ventilation/perfusion distribution, changes in
regional diaphragmatic motion, improvement of postural
drainage of bronchial secretions, and compliance of thora-
coabdominal cage decreased. Prone position may cause gas
to be distributed toward the ventral, dependent portion of
the lung resulting in a more homogeneous regional inflation
and improved oxygenation.

Perfusion of the lung continues to be greater in the
dorsal area than the ventral area, even after the patient has
been in the prone position for a prolonged period of time
(185). The beneficial effect of the prone position does not
immediately disappear on return to the supine position.

Partial Liquid Ventilation
Partial liquid ventilation involves filling the functional
residual capacity volume with perfluorocarbons (PFC) in
combination with conventional mechanical ventilation
(186). The PFC acts as the carrier for oxygen and carbon
dioxide. PFC improves gas exchange by decreasing surface
tension and thus increasing compliance, promoting recruit-
ment of previously collapsed dependent lung regions, facil-
itating the use of lower ventilator pressures to achieve
desired tidal volumes, and facilitating removal of airway
secretions (185,187). Recruitment also occurs by physical
distension by a noncompressible fluid. PFC preferentially
re-expands gravity-dependent dorsal alveoli and simul-
taneously redirects blood flow toward the nondependent
lung. Recruitment of alveoli improves ventilation/perfusion
matching and, thus, decreases intrapulmonary shunting.
Studies are under way to evaluate the efficacy of this
treatment modality. The reader is referred to Volume 2,
Chapter 27 for further study.

ANALGESIA FOR THORACIC TRAUMA

Patients with thoracic trauma are at significant risk of respir-
atory morbidity and mortality (188). Respiratory failure
and/or pneumonia can be prevented with aggressive respir-
atory care; however, this is limited by the adequacy of pain
control (188,189). Pain from rib fractures due to blunt thor-
acic trauma can severely limit patient mobilization, deep
breathing, and cough. First-line pain management predomi-
nantly consists of a patient-controlled analgesia (PCA) deli-
verance of parenteral opioids, with or without other
adjuncts such as nonsteroidal anti-inflammatory drugs
(NSAIDS). Unfortunately, systemic analgesics may be
ineffective, or result in oversedation and a decrease in the
cough reflex (190). Patients who are failing first-line (sys-
temic analgesic) therapy or who are at high risk for respirat-
ory failure can derive benefit from several different regional
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anesthetic techniques (Fig. 4) available for the treatment of
thoracic pain.

Although invasive, regional blocks tend to be more
effective than systemic opioids and produce less systemic
side effects. However, the current literature does not
support the application of any particular method of
analgesia for all circumstances, for patients with multiple
fractured ribs (191). Rather, the data supports having
superbly trained trauma anesthesiologists and surgeons
that understand the strengths and weaknesses of the
various analgesic techniques (191). In this setting, the clin-
ician can weigh the risks and benefits and individualize
the pain management based on the clinical setting and
the extent of trauma.

The following regional analgesic options should be
considered along with systemic opioids: epidural analgesia,
thoracic paravertebral block, intercostal nerve block, and
interpleural analgesia. These have all been used effectively,
and will be reviewed sequentially next.

Epidural
Thoracic epidural analgesia is a commonly employed mode
of pain management for thoracic trauma. The use of a thor-
acic epidural analgesia has been shown to decrease the
amount of opiate utilized, increase tidal volumes, and
improve negative inspiratory force (191–193). When
started within 24 hours of admission, thoracic epidural

analgesia with bupivacaine and fentanyl have been shown
to provide superior analgesia than intravenous PCA mor-
phine (188).

Several forms of epidural analgesia have been used
and are acceptable for the treatment of thoracic trauma.
Debate continues concerning the level of placement
(lumbar vs thoracic) and the ideal epidural solution (opiate
vs local anesthetic or combination). However, the general
consensus is that a combined (opiate and local anesthesia)
technique tends to be optimal by providing superior analge-
sia with fewer side effects (188). Although technically more
difficult, a thoracic epidural with a local anesthetic/opiate
mixture is superior, especially if using a local anesthetic-
based technique. If a lumbar epidural catheter is placed, an
opiate without local anesthetic should be used for pain man-
agement. The addition of patient-controlled epidural analge-
sia, along with continuous epidural drug infusions, has
further increased the effectiveness of this technique. Thor-
acic epidural is considered by many to be the most effective
of the regional techniques available to treat thoracic trauma
(194). However, several known complications of thoracic
epidural need to be considered (188). Epidural analgesia is
contraindicated in patients with significant ongoing hemor-
rhage, abnormalities in coagulation factors, thrombocytop-
nia, or hypotension for any reason, systemic infection, and
neurological trauma (i.e., spinal cord damage). The most
common side effect of epidural analgesia is hypotension

Figure 4 Regional analgesic techniques available for patients with thoracic trauma (including rib fractures). The figure shows the basic

anatomy including the intercostal nerve, pleura, muscle, and fascial layers, as well as the anatomic target location for each of the regional

techniques. Source: From Ref. 191.
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that usually responds to volume infusion. There is also
always the rare risk of epidural hematoma or abscess.

Placement of an epidural catheter in the trauma
victim, especially at the thoracic level, takes significant
expertise and should only be performed by an appropriately
trained anesthesiologist. Furthermore, management
should be conducted by an established and dedicated pain
management team.

Trauma patients who have suffered unilateral chest
trauma, with or without neurological compromise, are
good candidates for pain management with thoracic para-
vertebral block. This regional technique should be per-
formed by an appropriately trained anesthesiologist.
Several variations of this technique can be utilized in the
thoracic trauma patient. A continuous catheter can be
placed or a “single-shot” can be performed. Advantages
over an epidural technique include not interfering with
neurological examinations, a decreased incidence of hypo-
tension, and coagulopathy is only a relative contraindication
(195). Risks of this technique include pneumothorax, vascu-
lar puncture, hypotension and, occasionally, epidural spread
resulting in pulmonary compromise.

Intercostal Block
Easy to perform and not requiring an anesthesiologist, the
intercostal nerve block is a popular technique for manage-
ment of trauma localized to the seventh rib and below. Per-
formance of this block on higher ribs is problematic due to
interference from the scapula. Due to the dual innervation
of ribs, the inner space above and below each rib must be
injected. The block can be repeated as often as needed but
one study found that 89% of patients required only two
interventions and subsequently did well with systemic
opiates (196). The predominant risk of this technique is
pneumothorax, which is roughly 1.5% per block. This tech-
nique is most appropriate for patients with isolated lower
rib fractures who do not suffer from other injuries. Catheter
placement has been described and is successful, especially if
the catheters are actually intentionally placed extrapleural as
described by Haenel et al. (190). Increased spread is achieved
and additional levels can be covered by a single catheter
placed in this manner.

Intrapleural Block
Extremely easy to perform and only limited by local anes-
thetic toxicity secondary to absorption, interpleural analge-
sia can be utilized if the previously described regional
techniques cannot be performed. Unfortunately, the efficacy
of this technique is suspect, and certainly is not as effective
as the aforementioned ones (197,198).

EYE TO THE FUTURE

The future management of thoracic trauma will integrate
methods to enhance delivery of care via use of mobile
systems, incorporate newer technology and pharmacological
agents, and strive for less invasive surgical and monitoring
techniques. There continues to be a need for solutions
for common trauma-related complications. For example,
there is a need for enhanced methods for protection of the
spinal cord in circumstances of direct cord injury, as well
as prevention of anterior spinal cord injury occurring
during surgical repair of thoracic aortic rupture and/or

dissection. Additionally, newer methods of airway manage-
ment, with the utilization of bronchial-blocking devices and
enhanced bronchoscopic imaging, will be welcome advances
in perioperative management of thoracic trauma. Echocar-
diographic assessment of hemodynamics can permit a less
invasive alternative to pulmonary artery catheterization.
More effective technology and miniaturization of TEE
devices could enhance diagnosis of injury and perioperative
hemodynamic monitoring of the thoracic trauma victim. The
development of safe and effective blood substitutes will be
important as the risk of blood-borne pathogens lingers.
Recombinant blood factors may enhance the treatment of
coagulopathy and provide solutions for trauma-related coa-
gulopathies. For example, recombinant factor VIIa has
treated bleeding refractory to other interventions, and
there is now experimental and early clinical evidence that
these recombinant factors can be effective in the treatment
of trauma-related hemorrhage (199). Thoracoscopic diagno-
sis and repair of injury is more prevalent in trauma care.
Analgesic methods, though good, are not yet optimal. New
strategies of mechanical ventilation and sedation during
ICU care are necessary. Triage and field management of
casualties may save more lives as more prompt care requires
training of individuals in immediate proximity to the trauma
scene, to utilize portable systems of resuscitation and trauma
care. Endovascular management of thoracic aortic injury is
now becoming available clinically (200).

SUMMARY

Thoracic trauma is a common problem in both urban trauma
and military conflicts. Optimal management requires early
diagnosis and prompt treatment of life-threatening injury
(hemothorax, pneumothorax, pericardial tamponade, etc.).
Besides treatment of the primary injury, outcome is improved
when secondary injury (e.g., aspiration, fluid overload, etc.) is
prevented or minimized. When feasible, the use of thoraco-
scopic technology speeds recovery, because additional
trauma and pain is minimized. Lung-protective ventilation
strategies allow for oxygenation and ventilation without
causing exacerbation of the existing lung injury.

Analgesia must be optimized to facilitate early return
to spontaneous ventilation and minimize splinting-related
atelectasis and pneumonia. Patients capable of breathing
on their own, despite extensive rib or chest-wall trauma,
are optionally managed with thoracic epidural analgesia.
Those requiring prolonged mechanical ventilation can
receive intravenous opiates during the most painful period
(first two to four days following injury).

Optimum care of the thoracic trauma patient requires a
unifying management approach which includes the above
concepts. By so doing, the significant morbidity and pro-
longed ICU stays common so those injuries can be minimized.

KEY POINTS

The most common etiologies of shock penetrating chest
injury include tension pneumothorax, massive
hemothorax, cardiac wounds, and cardiac tamponade.
The magnitude of destruction resulting from the second-
ary shock wave occurring with high-velocity GSWs and
shrapnel injuries may not be initially apparent.
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Atelectasis will develop as a result of splinting of the
chest and will compound the shunt attributable to
lung contusion itself.
Bronchoscopy is an essential part of the evaluation of
the victim of thoracic or neck trauma whenever there
is a suspicion of airway disruption.
When left heart air embolism is recognized, the team
must prevent further entry of air into the left heart.
The first maneuver is isolation of the injured lung via
one-lung ventilation (1LV).
Early evaluation and prompt management are the most
critical factors in optimum outcomes following esopha-
geal injury.
Assessment of structural abnormalities of the heart and
pericardial effusion (blood) and possible early or frank
cardiac tamponade, can be quickly evaluated with TTE
as part of the FAST exam (Volume 1, Chapters 14, 16, and
25). However, TEE is preferable to TTE whenever struc-
tural lesions or valve abnormalities are to be evaluated.
The proper use of cricoid pressure (Sellick’s maneuver)
may help prevent regurgitation of gastric contents into
the trachea during intubation (22).
The treatment of carbon monoxide toxicity involves the
use of a high-inspired concentration of oxygen.
For patients who survive the first 24 hours after trau-
matic injury, PE is the third leading cause of death (76).
Pulmonary angiography had been the gold standard for
diagnosing PE. As with contrast venography, pulmon-
ary angiography is limited by its invasiveness and
cost. Spiral CT is emerging as the new gold standard.
However, some patterns of PEs, such as distal small
vessel disease, are better seen by angiography,
whereas others are better seen by CT (85).
Acute lung injury (ALI) can result from all of the lesions
that progress to the ARDS (also see Volume 2, Chapters
23 and 24).
ARDS-inciting events may be associated with primary
injuries to the lung, such as aspiration, pneumonia, pul-
monary contusions, near-drowning, and toxic inhalation
(160,161). On the other hand, the initiating event may be
an extrapulmonary illness that injures the lungs through
activation of systemic inflammation response syndrome.
Current ventilation management for ARDS involves an
open lung technique with tidal volumes in the 6 cc/kg
range and enough PEEP to keep alveoli open at end
exhalation.
Placement of an epidural catheter in the trauma victim,
especially at the thoracic level, takes significant exper-
tise and should only be performed by an appropriately
trained anesthesiologist.
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INTRODUCTION

Trauma and critically ill patients routinely require respi-
ratory care ranging from supplemental oxygen adminis-
tration to lung separation and unilateral or independent
lung ventilation. Respiratory support encompasses a wide
range of prophylactic, therapeutic, and diagnostic interven-
tions, including airway mucus clearance, increasing lung
volumes, improving oxygenation, and recruiting collateral
airway units. Expectorants, mucolytics, mucokinetics, and
modifiers of airway water transport may each have a role
in the management of these patients. Anti-inflammatory
agents, anticholinergics, and some macrolide antibiotics
may prove to be mainstays in the care and treatment of
certain cases.

Airway management is one of the foundations of
resuscitation from trauma of all types, and may pose a for-
midable challenge for the caregiver called upon to urgently
stabilize such patients. A variety of complications may
develop following the securing of the airway and the
implementation of respiratory care, necessitating prolonged
vigilance and a high degree of skill to minimize the poten-
tially severe morbidity associated with these scenarios.
One of the goals of respiratory care is to maximize the
quantity of oxygen (O2) arriving at the sites of intracellular
utilization.

This chapter concerns itself with the optimization
of O2 delivery ( _DO2) and carbon dioxide (CO2) elimination,
as therapeutic goals in the management of trauma patients.
The application of the correct respiratory care modality at
the appropriate time will often result in a favorable
outcome with minimization of the inherent risks. Inap-
propriate or delayed application of the necessary respiratory
care modality may result in serious clinical morbidity and
the need for more extensive supportive measures at a later
time.

DISORDERS OF OXYGENATION

By definition, hypoxemia is an abnormally low PO2 in arter-
ial blood (PaO2). Hypoxia exists when oxygen tension at the
cellular level is inadequate for cellular function (tissue
oxygen deprivation). Distinguishing the terms is important
because each may exist without the other. Pulmonary
conditions associated with hypoxemia may be routinely
associated with trauma and include hypoventilation,
diffusion impairment, shunt, and ventilation-perfusion
inequalities. Blood-related conditions including anemia
and carbon monoxide (CO) intoxication, among others can

be seen in trauma patients. Tissue factors associated with
hypoxemia, notably cyanide toxicity, are rarely associated
with general trauma, yet can occur in structural fires, and
must be considered in any presentation of hypoxemia that
is unresponsive to supplemental oxygen administration—
because all the previously mentioned factors do, indeed,
respond in some measure to supplemental oxygen.

The alveolar oxygen tension (PAO2) is determined by a
balance between the rate of removal of O2 by the blood and
the rate of replenishment of O2 from alveolar ventilation. The
O2 removal is a function of the metabolic demands of tissues,
which may be quite high as a result of endogenously or
exogenously administered catecholamines in the trauma
patient. Hypoventilation is said to occur when abnormally
low alveolar ventilation causes a rise in PCO2 and a fall in
PO2. Trauma patients intoxicated with opioids, barbiturates,
or ethanol are at risk for developing hypoxemia from hypo-
ventilation. Similarly, victims of trauma to the chest wall, or
those in whom the respiratory muscles are paralyzed as a
result of a central nervous system injury, can also suffer
hypoventilation. As PO2 falls, PCO2 rises in hypoventila-
tion, and this relationship is expressed by the alveolar gas
equation:

PAO2 ¼ PIO2 � PACO2 þ F
RQ

where PAO2 is the alveolar oxygen tension, PIO2 the partial
pressure of humidified oxygen, PIO2 ¼ FIO2 ([PB – PH2O]),
FIO2 the inspired oxygen concentration, PACO2 the alveolar
CO2 tension, RQ the respiratory quotient (CO2 production/
O2 consumption) (typically 200/250 mL/min, or 0.8), and F
is a small correction factor (typically ¼ 2 mmHg).

Similarly, the relationship between alveolar ventilation
and PCO2 demonstrates why hypoventilation increases
alveolar (and arterial) PCO2:

PCO2 ¼
_VCO2 � K

_VA

where PCO2 is the arterial CO2, _VCO2 the CO2 production,
_VA the alveolar ventilation, and K is a constant.

Diffusion impairment is another factor potentially
associated with hypoxemia in trauma. Under ideal con-
ditions, the PO2 difference between alveolar gas and end-
capillary blood resulting from incomplete diffusion is
exceedingly small, yet this difference may become larger
during stressful states such as trauma, or if the blood-gas
barrier becomes thickened, or if an oxygen-poor admixture
is administered to a patient. Although this mechanism of
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hypoxemia may not be routinely present in the trauma
patient, it remains a practical concern in respiratory care,
because it may be one presentation of the patient who mani-
fests low oxygen tension in the face of normal PCO2. This
type of insult is typically responsive to the administration
of supplemental oxygen.

The PAO2 results from a dynamic equilibrium between
oxygen delivery to the alveolus and oxygen extraction from
the alveolus. Oxygen delivery to the alveolus is a function of
the minute ventilation ( _VE) and the inspired oxygen fraction
(FIO2), whereas oxygen extraction from the alveolus is a
function of the de-oxygenation status of blood presented to
the alveolus (SVO2 � Hgb ¼ CVO2) and the capillary blood
flow (QC). If the factors governing oxygen extraction
remain static, a decrease in alveolar ventilation or FIO2 will
result in less oxygen delivery to the alveolus. Since the alveo-
lar contents of nitrogen and water vapor remain essentially
unchanged, the PAO2 must decrease; therefore, the capillary
blood will equilibrate with a lower PAO2.

If factors determining alveolar oxygen delivery
remain constant, a decrease in pulmonary artery oxygen
content (CVO2) or an increase in capillary blood flow, will
result in more oxygen extraction from the alveolus. There
are three major reasons for mixed venous blood to have
decreased oxygen content. First, an increase in metabolic
rate increases oxygen consumption ( _VO2). If there is no
increase in perfusion, the tissues will extract more oxygen
from each deciliter of blood and thereby decrease the
venous blood oxygen content. Second, decreased oxygen
delivery at a constant _VO2 requires that the tissues extract
more oxygen from each deciliter of blood, thereby decreas-
ing the venous blood oxygen content. Third, a decreased
arterial oxygen content will result in a lower venous
oxygen content after the normal extraction of oxygen by
the tissues. A compensatory mechanism for all three scen-
arios is an increase in cardiac output ( _Q). The above presen-
tation expresses the gas-exchange factors that are
traditionally referred to as the ventilation-perfusion ( _V= _Q)
relationship. Low _V= _Q refers to perfusion in excess of ven-
tilation, leading to a decreased alveolar oxygen tension
and hypoxemia. It is important to recognize that changes
in FIO2 and SVO2 can change the alveolar PO2 without chan-
ging the _V= _Q relationship. Therefore, arterial oxygenation
deficits must be considered beyond the scope of _V= _Q
relationships.

Anatomic right-to-left shunting is defined as blood
that goes from the right side to the left side of the heart
without traversing pulmonary capillaries. Capillary shunt-
ing is defined as blood that goes from the right side to the
left side of the heart by traversing pulmonary capillaries
that are adjacent to unventilated alveoli. In both circum-
stances, right heart blood enters the left heart without an
increase in O2 content. This phenomenon is traditionally
referred to as zero _V= _Q, or true shunting, because the
blood does not interact with alveolar gas.

Shunting and hypoxemia are not synonymous terms,
nor do they have linear relationships. The hypoxemic effect
of any shunt will depend both on the size of the shunt and
on the oxygenation status of the blood that is shunted. A
small shunt in a patient with a low SvO2 may have profound
hypoxemic effects, whereas a large shunt in patients with a
high SvO2 may cause only mild hypoxemia.

Oxygen diffusion defects, due to edema fluid or
fibrous tissue between the alveolar epithelium and the capil-
lary epithelium, can impose a significant impediment to O2

diffusion and inhibit equilibration between pulmonary

capillary and alveolar O2 tensions. This impaired O2

exchange is worsened as blood transit time decreases
(blood traverses the lung more rapidly). Arterial hypoxemia
secondary to diffusion defects is not common in trauma but
is responsive to an increase in PAO2.

_V= _Q mismatch, not infrequently, occurs in trauma and
can result from retained bronchial secretions, bronchospasm,
obstructive endobronchial lesions, chronic obstructive pul-
monary disease, pulmonary edema, or other pulmonary path-
ology. The hallmark of hypoxemia due to _V= _Q mismatch is
that it is responsive to oxygen therapy. In order to determine
O2 responsiveness, an appropriate oxygen challenge must be
given (1). If, at sea level, the FIO2 is increased by 0.2 (i.e., from
0.2 to 0.4, or 0.3 to 0.5), the PAO2 of all ventilated alveoli
should increase by 90–100 mmHg. Subsequently, the PAO2

will increase by significantly more than 10 mmHg if less
than 15% true right-to-left shunt is present; however, it will
increase by significantly less than 10 mm Hg if greater than
30% true shunt exists.

True right-to-left shunt can result from several differ-
ent pathological conditions—intracardiac shunt; alveolar
collapse, as occurs in acute lung injury (ALI); pulmonary
consolidation associated with lung infections; segmental or
lobar lung collapse due to retained secretions or other lung
pathology; pulmonary arterial-venous malformations or
pulmonary-capillary dilatation, as is sometimes seen in
liver disease; and large vascular lung tumors. Oxygen
therapy has limited effect on blood traversing true shunt
units. The reason for this is that, regardless of the FIO2 or
PAO2, O2 transfer cannot occur when blood does not come
into contact with functional alveolar units. Therefore, true
shunt pathology is refractory to O2 therapy. Functional
alveolar units may be impaired or destroyed by penetrating
chest wall trauma, among other causes. For several types of
pathology resulting in true shunt, there is little or no avail-
able therapy; antibiotics or surgical interventions may help
other types of true shunt–producing disease. The type of
lung pathology that is the most responsive to therapy is
that involving diffuse or focal lung collapse. Segmental or
lobar lung collapse can often be reversed with appropriate
bronchial hygiene or removal of the source of obstruction.

Diffuse alveolar collapse often results from destabili-
zation of the alveolar architecture due to disruption of the
surfactant layer and alveolar epithelial damage associated
with ALI (2,3). This type of pathology is responsive to posi-
tive end expiratory pressure (PEEP) (4). PEEP levels of 5 to
10 cm H2O will increase alveolar size and redistribute inter-
stitial lung water from the interstitial regions between the
alveolar epithelium and pulmonary-capillary endothelium
to the peribronchial and hilar regions of the lung (5,6).
PEEP levels .15 cm H2O no longer increase alveolar size;
rather, these levels of PEEP “recruit” nonfunctional and col-
lapsed alveoli to expanded and functional alveolar units (7).

The three major reasons for mixed venous blood to

have low O2 content include: (i) metabolic rate; (ii) # O2

delivery; and (iii) # arterial O2 content.

OXYGEN ADMINISTRATION

In order to understand the indications for O2 therapy, the
physiologic responses to hypoxemia and hypoxia must be
appreciated. First, there is an increase in minute ventilation
that increases alveolar ventilation and the work of breathing.
Second, there is an increase in _Q, which maintains _DO2 in the

486 Peruzzi and Candido



face of a decreased arterial O2 content, but increases the
stress placed on the cardiovascular system. Therefore,
the goals of oxygen therapy are to improve arterial O2

content and subsequently decrease the work of breathing
and myocardial stress.

Oxygen Content
The primary determinants of oxygen content are the Hgb

concentration and the degree of Hgb saturation.
Oxygen content is determined by the concentration of

Hgb in the blood, the percentage of the Hgb that is saturated
with oxygen, the maximal amount of oxygen that can be
bound to Hgb (constant of 1.34 mL O2g Hgb), and the
amount of O2 dissolved in the plasma (0.003 mL O2mm
Hg). Thus,

CaO2 ¼ ½Hgb� � ½SaO2� � ½1:34� þ ½PaO2� � ½0:003�

Obviously, the primary determinants of O2 content are
the Hgb concentration (g/dL) and the degree of Hgb satur-
ation (expressed as a decimal). At atmospheric pressure,
the amount of O2 dissolved in the plasma ([PaO2][0.003]) is
usually negligible. The value of 1.34 mL/g Hgb represents
the amount of O2 that can be bound to Hgb contained
within the red blood cell membrane; a value of 1.39 mL/g
Hgb is sometimes used and represents the amount of O2

that can be bound by stroma-free Hgb, which occurs when
cells are lysed during co-oximetry measurements (8).

Oxygen Delivery Systems
There are three basic types of gas delivery systems: rebreath-
ing systems, nonrebreathing systems, and partial rebreath-
ing systems. Rebreathing systems collect exhaled gases
into a reservoir on the expiratory limb of the system,
which contains a CO2 absorber (permitting the re-entry of
expiratory gases into the inspiratory gas flow without
rebreathing of CO2). This system is used primarily for the
delivery of anesthetic gases in order to conserve expensive
volatile anesthetics. Such systems have little or no use in
current critical care settings.

A partial rebreathing system is one in which the initial
portion of the expired gases, consisting mainly of gas from
the anatomical dead space, is expired into a reservoir,
whereas the latter portions of the expiratory gases are
vented in the atmosphere through one-way valves. The
expiratory gases from the anatomic dead space contain
very little CO2 and, therefore, can be rebreathed without
significant consequences. The reservoir also receives fresh
inspiratory gas flow; thus, the patient breathes both expira-
tory gas containing little CO2 and fresh inspiratory gas.

Most oxygen-delivery systems are nonrebreathing
systems in that all expiratory gases are vented in such a
fashion that exhaled CO2 is not rebreathed during sub-
sequent breaths. This is often accomplished with one-way
valves to prevent mixing of inspired and expired gases.

Nonrebreathing systems are divided into high-flow
(fixed performance) and low-flow (variable performance)
systems. A high-flow system means that the inspiratory
gas flow rate delivered to the system is sufficient to meet the
peak inspiratory-flow demands of the patient. Thus, all
inspiratory gas is supplied by the O2-delivery system and
the FIO2 is both known and stable. In order to accomplish
this, the inspiratory gas flows must be three to four times
the measured minute ventilation (9). The use of high-flow
O2-delivery systems is indicated whenever there is a need

for a consistent and predictable FIO2, especially in patients
with unstable ventilatory patterns.

Conversely, a low-flow system delivers a fixed amount
of O2 to the patient, and entrainment of room air is necessary
in order to meet the patient’s peak inspiratory-flow rates.
In this setting, the FIO2 is variable and unpredictable if
the patient has an abnormal or changing pattern of venti-
lation. If the patient has a stable, normal pattern of venti-
lation, however, low-flow O2-delivery systems can deliver
a relatively predictable and consistent FIO2 (Table 1).

It must be understood that use of a low-flow O2-
delivery system does not imply delivery of low O2 concen-
trations. For example, it is possible to calculate the FIO2 for
a low-flow system, such as a nasal cannula, if certain
assumptions are made as follows: (i) the anatomic reservoir
(nose, nasopharynx, and oropharynx) is approximately
50 mL or one-third of the anatomic dead space (150 mL);
(ii) the O2 flow rate is 6 L/min (100 mL/sec) via the nasal
cannula; (iii) the patient’s respiratory rate of 20 breaths/
min results in a one-second inspiratory phase and a two-
second expiratory phase; and (iv) there is negligible gas
flow during the terminal 0.5 seconds of the expiratory
phase, thus allowing the anatomic reservoir to completely
fill with O2. Using the above assumptions, the FIO2 can be
calculated for variable tidal volumes (VT) (Table 2). This
variability in FIO2 at 6 L/min of O2 flow clearly demonstrates
the effects of a changing ventilatory pattern on FIO2. In
general, the larger the VT or the faster the respiratory rate,
the lower the FIO2; the smaller the VT or lower the respir-
atory rate, the higher the FIO2. With a stable, unchanging
ventilatory pattern and O2 flow rate, low-flow systems can
deliver a relatively consistent FIO2.

Low-Flow Systems
Low-flow O2 devices are the most commonly employed O2-
delivery systems because of their simplicity, ease of use,
familiarity, low cost, and patient acceptance. In most
clinical situations, low-flow systems are acceptable and
even preferable.

Table 1 Low-Flow Oxygen-Delivery Devices, Flow Rates,

and FIO2

Low flow system Oxygen flow rates (L) FIO2

Nasal cannula 1 0.24

2 0.28

3 0.32

4 0.36

5 0.40

6 0.44

Simple facemask 5–6 0.40

6–7 0.50

7–8 0.60

Partial rebreathing mask 6 0.60

7 0.70

8 0.80

9 0.80þ

10 0.80þ

Nonrebreathing mask 10 0.80þ

215 0.90þ

Note: Predicted FIO2 values for low-flow systems assume a normal and

stable pattern of ventilation.

Source: From Ref. 95.
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Nasal Cannula
The nasal cannula is the most frequently used O2-delivery
device because of its simplicity and comfort. To be effective,
the patient’s nasal passages must be patent in order to allow
filling of the anatomic reservoir; however, the patient does
not need to breathe through the nose. Oxygen will be
entrained from the anatomic reservoir even in the presence
of mouth breathing. If the O2 flow rate exceeds 4 L/min,
the gases should be humidified to prevent drying of the
nasal mucosa. Flow rates greater than 6 L/min will not
increase the FIO2 significantly above 0.44, and are often
poorly tolerated by the patient.

Simple Facemask
A simple facemask consists of a mask with two side ports.
The mask provides an additional 100–200 mL oxygen reser-
voir and will provide a higher FIO2 than will a nasal cannula.
The open ports in the sides of the mask allow entrainment of
room air and venting of exhaled gases. A minimum flow of
at least 5 L/min is necessary to prevent CO2 accumulation

and rebreathing during facemask-assisted breathing.
Flow rates greater than 8 L/min will not increase the FIO2

significantly above 0.6.

Partial Rebreathing Mask
A partial rebreathing mask (Fig. 1) is similar in construction
to the simple facemask, but it also incorporates a 600–
1000 mL reservoir bag into which fresh gas flows. The first
one-third of the patient’s exhaled gas fills the reservoir
bag. Because this gas is primarily from the anatomic dead
space, it contains very little CO2. With the next breath, the
patient inhales a mixture of the exhaled gas and fresh gas.
If the fresh gas flows are equal to or greater than 8 L/min
and the reservoir bag remains inflated throughout the
entire respiratory cycle, adequate CO2 evacuation and the
highest possible FIO2 should occur. The rebreathing capacity
of this system allows some degree of O2 conservation that
may be useful while transporting patients with portable O2

supplies.

Tracheostomy Collars
Tracheostomy collars are primarily used to deliver humidity
to patients with artificial airways. Oxygen may be delivered
with these devices, but, similar to other low-flow systems,
the FIO2 is unpredictable, inconsistent, and depends upon
the ventilatory pattern.

High-Flow Systems
Although high-flow systems are more complex, more
labor intensive to initiate and maintain, and more expensive,

clinical situations in which it is important to deliver a precise
FIO2 require their use.

Venturi Masks
These masks entrain air using the Bernoulli principle and
constant pressure-jet mixing (10). This physical phenomenon
is based on a rapid velocity of gas (e.g., O2) moving through
a restricted orifice (Fig. 2). This movement produces viscous
shearing forces, which create a subatmospheric pressure gra-
dient downstream relative to the surrounding gases. This
pressure gradient causes room air to be entrained until the
pressures are equalized. In this manner, flows high enough
to meet the patient’s peak-inspiratory demands can be gen-
erated. As the desired FIO2 increases, the air-to-O2-entrain-
ment ratio decreases with a net reduction in total gas flow.
Therefore, the probability of the patient’s needs exceeding
the total flow capabilities of the device increases with
higher FIO2 settings. Occlusion of or impingement on the
exhalation ports of the mask can cause backpressure and
can alter gas flow (“Venturi stall”). In addition, the O2-injec-
tor port can become clogged, especially with water droplets.
Therefore, aerosol devices should not be used with Venturi
masks; if humidity is necessary, a vapor-type humidifier
should be used. There are two basic types of Venturi
systems: (i) a fixed-FIO2 model, which requires specific
color-coded inspiratory attachments with labeled jets
that produce a known FIO2 with a given flow, and (ii) a
variable-FIO2 model, which has graded adjustments of the
air-entrainment port that can be set to allow variation in
delivered FIO2.

Nonrebreathing Masks
A nonrebreathing mask (Fig. 3) is similar to a partial
rebreathing mask, but with the addition of three uni-
directional valves. Two of the valves are located on opposite
sides of the mask. They permit venting of exhaled gas
and prevent entrainment of room air. The remaining

Table 2 Variability in FIO2 with Low-Flow O2-Delivery

Systems and Variable Patterns of Ventilation

VT ¼ 500 cc VT ¼ 250 cc

Anatomic reservoir 50 cc O2 50 cc O2

Inspiratory phase (1 sec) 100 cc O2 100 cc O2

Entrained room air 350 cc 100 cc

O2 from entrained room

air (21% oxygen)

70 cc O2 20 cc O2

Total volume O2/Vt 220 cc/500 cc 170 cc/250 cc

FIO2 0.44 0.68

Source: From Ref. 96.

Figure 1 Air flow during inspiration and expiration

through a partial rebreathing mask. Note the first part of the

exhaled gas from the anatomic dead space enters the respiratory

bag to be inspired with the next breath. Source: From Ref. 93.
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unidirectional valve is located between the mask and the
reservoir bag, and prevents exhaled gases from entering
the fresh-gas reservoir. As with the partial rebreathing
mask, the reservoir bag should be inflated throughout the
entire ventilatory cycle in order to ensure adequate CO2

clearance from the system and the highest possible FIO2.

To avoid air entrainment around the mask and
dilution of the delivered FIO2, masks should fit snugly on
the face, but excessive pressure should be avoided. If the
mask is fitted properly, the reservoir bag should respond
to the patient’s inspiratory efforts. Unfortunately, if fresh-
gas flows and the volume of the reservoir bag are insufficient
to meet inspiratory demands, the patient could be compro-
mised. Therefore, masks may be fitted with a spring-
loaded tension valve that will open and allow entrainment
of room air as needed, to meet inspiratory demands. If
such a valve is not present, another option is to remove
one of the unidirectional valves that prevent room air
entrainment. If the total ventilatory needs of the patient are
met by the nonrebreathing system, the system then functions
as a high-flow system. If room air entrainment occurs, then a
low-flow system is operating.

Aerosol Mask and T-Piece
An FIO2 greater than 0.40 with a high-flow system is best
provided with a large-volume nebulizer and wide-bore
tubing. Aerosol masks, in conjunction with air-entrainment
nebulizers or air/O2 blenders, can deliver a consistent and
predictable FIO2 regardless of the patient’s ventilatory
pattern. A T-piece is used in place of an aerosol mask for
patients with an endotracheal or tracheostomy tube. An air-
entrainment nebulizer can deliver an FIO2 of 0.35 to 1.0,
produce an aerosol, and generate flow rates of 14–16 L/min.
As with Venturi masks, a higher FIO2 results in less room
air entrainment and lower flow rates. Should a greater
total flow be required, two nebulizers can feed a single
mask and increase total flow. In addition, large diameter cor-
rugated tubing can be placed on one or both exhalation holes
on a standard facemask to serve as O2 reservoirs, and further
decrease the chance of entraining room air. Air/oxygen blen-
ders can deliver a consistent FIO2 in the range of 0.21 to 1.0,
with flows up to 100 L/min. These devices are usually used
in conjunction with humidifiers Oxygen therapy should
never be withheld from a patient with respiratory failure
for fear of respiratory drive suppression.

COMPLICATIONS OF OXYGEN THERAPY
Suppression of Respiratory Drive
When patients who retain CO2 receive O2 therapy, they may
exhibit a depression in their respiratory drive. The resultant
decrease in minute ventilation produces an increase in the
PaCO2, CO2 narcosis, and further depression of the respiratory
drive. Oxygen should be administered with caution to patients
who retain CO2. More recent studies indicate that the increase
in PaCO2 is often due to an increase in VD/VT with O2 therapy,
rather than a decrease in respiratory drive. Oxygen therapy
should never be withheld from a patient with respiratory
failure for fear of respiratory drive suppression.

Oxygen Absorption Atelectasis
Absorption atelectasis occurs when high alveolar O2 concen-
trations cause alveolar collapse. Normally, nitrogen, which is
at equilibrium with the blood, remains within the alveoli and
“splints” alveoli open. When a high FIO2 is administered,
nitrogen is “washed out” of the alveoli, and the alveoli are
filled primarily with oxygen. In areas of the lung with
reduced _V= _Q ratios, O2 will be absorbed into the blood
faster than ventilation can replace it. The alveoli then
become progressively smaller until they reach the critical
volume at which surface-tension forces cause alveolar col-
lapse. This phenomenon is precipitated primarily by the

Figure 3 Air flow during inspiration and expiration through

a nonrebreathing mask. Note that all expired gas exits

through one-way valves on the sides of the mask and is

precluded from entering the reservoir bag by an additional

one-way valve. Source: From Ref. 93.

Figure 2 Principle of an air-entrainment device. Pressurized

O2 is forced through a constricted orifice; the increased gas

velocity distal to the orifice creates a shearing effect that causes

room air to be entrained through the entrainment ports. The

high flow of gas fills the mask; holes allow both exhaled and

delivered gases to escape. Insets (A) and (B) illustrate that the

size of the entrainment ports (EP) determines the amount of

room air to be entrained; OS is the O2 source. Large ports

(A) result in relatively low FIO2; small ports (B) result in

relatively higher FIO2. For any size EP, the FIO2 is stable;

however, the total gas flow will vary with the pressurized O2

flow (see text). Source: From Ref. 94.

Chapter 26: Respiratory Care 489



administration of an FIO2 greater than 0.5 and is illustrated
in Figure 4.

OxygenToxicity
A high FIO2 can be injurious to the lungs. The mechanism of
O2 toxicity is related to production of O2 free radicals such as
superoxide anions (O2-), hydroxyl radicals (OH), hydrogen
peroxide (H2O2), and singlet oxygen (1O2). These radicals
affect cell functions by inactivating sulfhydryl enzymes,
interfering with DNA synthesis, and disrupting the integrity
of cell membranes. During periods of lung-tissue hyperoxia,
the normal oxygen-radical-scavenging mechanisms are
overwhelmed, and toxicity results (11). The FIO2 at which
oxygen toxicity becomes important is controversial and vari-
able depending upon animal species, degree of underlying
lung injury, ambient barometric pressure, and duration of
exposure. In general, it is best to avoid exposure to an
FIO2 of 0.5 or greater for more than 24 hours.

AIRWAYCLEARANCE TECHNIQUES

Bronchial hygiene is useful and effective when the patient is
carefully evaluated, the goals of therapy are clearly defined,
and the appropriate modalities are applied. Normal respirat-
ory secretions include mucus, surfactant, and periciliary
fluid. Airway mucus is a secretory product of goblet cells
and submucosal glands. It is a nonhomogeneous, adhesive,
viscoelastic gel composed of water, carbohydrates, proteins,
and lipids. In health, the mucus gel is primarily composed of
a three-dimensional tangled polymer network of mucus
glycoproteins or mucin.

Airway mucus is moved by three basic mechanisms:
slug flow, which describes how airflow may push forward
a mucus plug obstructing an airway; annular flow, describ-
ing mucus moving along the walls of an airway by expira-
tory air flow or cilia; and mist flow, describing aerosolized
mucus that is exhaled as suspended droplets (12). Mucus
transportation can be affected by traumatic lung injury

or damage to the oropharynx or nasopharynx. Disruption

of normal secretion or mucociliary clearance impairs pul-
monary function and lung defenses, and predisposes the
individual to infection.

Extensive ciliary damage and mucus hypersecretion
render the individual dependent upon airflow-assisted
mucus clearance mechanisms such as cough, to maintain
airway hygiene (13). Likewise, acute and chronic airway
inflammation may lead to ciliary dysfunction and sloughing
of the ciliary epithelium, effectively disrupting the “mucocili-
ary elevator” system of mucus clearance. Because the trauma
patient may have an impaired cough mechanism due to
central or peripheral abnormalities, they may need assistance
in mobilizing and expelling retained airway secretions.

Prophylactic vs. Therapeutic
Prophylactic bronchial hygiene therapy is administered to
trauma patients who are essentially free of acute pulmonary
pathology, with the intent of preventing inadequate bron-
chial hygiene. Therapeutic bronchial hygiene therapy is
aimed at the reversal of pre-existing inadequate bronchial
hygiene, specifically, the mobilization of retained mucus
and secretions, and the reinflation of atelectatic lung regions.

Humidification
Humidification of inhaled gases is required to maintain

normal respiratory epithelial function. Air inspired
through the nose is warmed and nearly 90% humidified by
the time it passes through the pharynx. The administration
of dry O2 lowers the water content of the inspired air, and
the use of artificial airways bypasses the nasopharynx and
oropharynx where the humidification of gases primarily
takes place. If adequate humidification of inspired gases is
not provided before the gas enters the trachea, the deficit
of humidity is provided by moisture from the mucus
blanket of the tracheobronchial tree. Thus, both O2 adminis-
tration and the use of artificial airways can increase the
demands on the lung to humidify inspired gases. If humidi-
fication of inspired gases is not appropriately addressed,
drying of the tracheobronchial tree, ciliary dysfunction,
impairment of mucus transport, inflammation and necrosis
of the ciliated pulmonary epithelium, retention of dried
secretions, atelectasis, bacterial infiltration of the pulmonary
mucosa, and pneumonia may occur. To prevent these com-
plications, a humidifier or nebulizer should be used to
increase the water content of inspired gases. Humidification
can be accomplished by passing gas over heated water
(heated pass-over humidifier); by fractionating gas into
tiny bubbles as gas passes through water (bubble humidi-
fiers); by allowing gas to pass through a chamber that
contains a heated, water-saturated wick (heated-wick
humidifier); or by vaporizing water and selectively allowing
the vapor to mix with the inspired gases (vapor-phase
humidifier).

A nebulizer increases the water content of the inspired
gas by generating aerosols (small droplets of particulate
water) of uniform size, which become incorporated into
the delivered gas stream and then evaporate into the
inspired gas as it is warmed in the respiratory tract. There
are two basic types of nebulizers. Pneumatic nebulizers
operate from a pressurized-gas source and are either jet or
hydronomic; electric nebulizers are powered by an electrical
source and are referred to as “ultrasonic.” There are several
varieties of the above nebulizers, which are more dependent
on design differences than on the power source.

Figure 4 The general relationship between intrapulmonary

shunt fractions ( _QSP= _QT) and increasing inspired O2

concentration (FIO2). The shunt fraction diminishes as the

FIO2 is increased from 0.21 (room air) towards 0.50. This

diminution is readily attributed to the decreasing hypoxemic

effect of low ventilation perfusion ( _V= _Q) as the alveolar PO2

increases. As the FIO2 is increased from 0.50 toward 1.0, the

shunt fraction increases. Broken line depicts what would be

anticipated if all low _V= _Q alveoli remained open as the FIO2

increased. The observed increase in shunt fraction must be

attributed to increased zero _V= _Q. Source: From Ref. 95.
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Incentive Spirometry
The incentive spirometer is an effective and inexpen-

sive prophylactic and therapeutic bronchial hygiene
tool. This device provides a visual goal or “incentive”
for the patient to achieve and sustain a maximal inspiratory
effort. When performed on an hourly basis, this modality
provides optimal lung inflation, distribution of ventilation,
and improved cough. Thus, atelectasis and the retention of
bronchial secretions are minimized. Incentive spirometry
can also be helpful in the diagnosis of acute pulmonary path-
ology, in which a sudden decrease in a patient’s ability to
perform at a previously established level may herald the
onset of severe atelectasis, pneumonia, or other pulmonary
pathology. For incentive spirometry to be effective, the
patient must be cooperative, motivated, and well instructed
in the technique (by the respiratory therapist, nurse, or phys-
ician); the patient should be able to obtain a vital capacity
greater than 15 mL/kg or an inspiratory capacity greater
than 12 mL/kg; and the patient should not be tachypneic
or receiving a high FIO2.

Chest Physical Therapy
Chest physical therapy (CPT) techniques can be classified
into those that promote bronchial hygiene, improve breath-
ing efficiency, or promote physical reconditioning. The
CPT techniques considered here will be those concerned
with bronchial hygiene. Chronic mucus hypersecretion is
associated with a high mortality and a rapid decline in pul-
monary function (14,15). In asthma, secretions may worsen
_V= _Q mismatch, and result in more severe or life-threatening
exacerbations (16,17). For these reasons, CPT is a valuable
tool in combating pulmonary morbidity in trauma patients.

Postural Drainage
Postural drainage is a technique that uses different body
positions to facilitate gravitational drainage of mucus from
various lung segments (Fig. 5). Although gravity is not a
primary mechanism for normal secretion clearance, it plays
a major role in depth and pattern of ventilation, perfusion,
and lymphatic drainage (18). Postural drainage improves
mobilization of secretions, but requires a considerable
investment of time. The key elements of postural drai-
nage are posture, time, breathing, and cough. Although
postural drainage may be the gold standard to which all
other bronchial hygiene techniques are compared, it has
limited applicability in victims of trauma except for those
who have excessive sputum production, and in spinal cord
injured, and/or spine/thoracic trauma where both mobiliz-
ation and cough are diminished. This is because the viscosity
of the normal mucus blanket is such that it does not typically
flow into gravity-dependent terminal airways (18). On the
other hand, diseases that are amenable to postural drainage
therapy include cystic fibrosis, bronchiectasis, COPD, acute
atelectasis, and lung abscess, among others.

In hospitalized trauma patients, the basilar lung
regions can often benefit from postural drainage, because
most hospital bed positions do not permit adequate drainage
of these segments. The patient should be positioned so that
the affected lung segments are superior to the carina, with
each position maintained for 3 to 15 minutes (18). Simply
turning the patient may be a primary technique for lung
expansion and for matching ventilation with perfusion.
When performing postural drainage in unilateral lung
disease, the healthier lung should be initially placed
down to improve oxygenation and to follow with drainage
of the contralateral lung. The reason for this is that

crosscontamination of the nondiseased lung is always a
possibility.

It is also important to avoid inappropriate positioning
during postural drainage. Patients with increased intracranial
pressure (ICP) or congestive heart failure (CHF) may not
tolerate head-down positioning to facilitate drainage of the
basilar lung segments. Shifting of abdominal and thoracic
contents with gravity in the Trendelenburg position may be
deleterious for patients at risk for aspiration with uncon-
trolled airways, distended abdomens, or recent esophageal
injury. Also, it is important to avoid direct pressure on sites

Figure 5 Common postural drainage positions for

(A) posterior basilar segments; (B) middle lobe and lingual;

(C) apical segments of upper lobes. Source: From Ref. 93.
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of injury, operations, or burns. The technique has been associ-
ated with hypoxemia, bronchospasm, acute hypotension,
increased ICP, pulmonary hemorrhage, pain, vomiting, and
aspiration (18).

Percussion and Vibration
Percussion assists secretion mobilization by loosening

adherent secretions and centralizing them for more effective
expectoration or easier suctioning. External manipu-
lation of the thorax, in the form of percussion and vibration,
is used to facilitate the process of postural drainage. Theor-
etically, percussion assists secretion mobilization by
shaking secretions loose, like “shaking ketchup from a
bottle” (18). The goal of therapy is to intermittently apply
kinetic energy to the chest wall and lung, to loosen and
mobilize secretions that adhere to bronchial walls and
improve airflow-dependent clearance by moving secretions
from the periphery of the lung to more proximal airways,
where greater secretion depth and higher expiratory air
flow can improve expectoration. Mucus transport by expira-
tory air flow (including cough) is the primary transport
mechanism in patients with pulmonary diseases when
mucociliary transport is damaged (19).

Chest percussion is accomplished by rhythmically
striking the thorax with cupped hands or a mechanical
device placed directly over the lung segment to be
drained. Percussion and vibration should be cautiously con-
sidered for trauma patients suffering burns, open wounds,
skin infections, recent skin grafts, subcutaneous emphy-
sema, recently placed pacemakers, or recent injection of
local anesthetic through continuous-infusion epidural cath-
eters. Mechanical percussion devices are available and
have some theoretic advantages in that they apply vibratory
or percussive forces in a more consistent, uniform fashion,
and they are not subject to fatigue. Clinically, however,
there is no demonstrable advantage between the two
approaches (20).

Vibration normally follows percussion and involves
the application of a fine tremorous action that is manually
performed by pressing in the direction of the ribs and soft
tissue of the chest. Chest vibration is accomplished by
placing the hands on the chest wall and generating a rapid
vibratory motion in the arms (from the shoulders), and
gently compressing the chest wall in the direction that the
ribs normally move during exhalation (21–23). Vibrations
should be delivered over the draining area during the
patient’s expiration for optimal effect.

Overall, percussion and vibration appear to be rela-
tively ineffective, and do not seem to add to the effectiveness
of the combination of coughing, breathing exercises, and
postural drainage—whereas forced expiratory technique,
even without postural drainage, enhances tracheobronchial
clearance (18).

Indications and Contraindications
Indications for the use of CPT are the inability or reluctance
of a patient to change body position (i.e., during mechanical
ventilation or in paralyzed patients); the presence of seg-
mental atelectasis; physical evidence of retained secretions;
and the presence of diseases, such as cystic fibrosis, bronch-
iectasis, or cavitating lung disease, that result in increased
mucus production.

Contraindications to the use of CPT include situations
in which proper positioning cannot be safely accomplished,
when a patient’s injuries would preclude appropriate

percussion or vibratory maneuvers, or when pre-existing
disease processes could be exacerbated during the
procedure (23). Specifically, contraindications to the
Trendelenburg position include increased ICP; recent neuro-
surgical procedures; unclipped cerebral-artery aneurysms;
uncontrolled hypertension; pulmonary edema associated
with CHF; abdominal distension; increased risk for gastroe-
sophageal reflux or aspiration (e.g., esophageal operations,
altered airway-protective reflexes, or decreased mental
status); ongoing epidural opioid or anesthetic infusions;
and recent eye surgery. The reverse-Trendelenburg position
is contraindicated for use in patients with hypotension or
other hemodynamic instability.

External manipulation of the thorax, such as percus-
sion and vibration, is contraindicated in patients with subcu-
taneous emphysema; a recent skin graft or myocutaneous
flap procedures on the thorax; thermal injuries, open
wounds or skin infections of the thorax; flail chest or frac-
tures, osteomyelitis, or osteoporosis of the ribs; soft-tissue
injuries to the thorax or complaints of chest-wall pain due
to other causes; temporary transvenous pacemakers or
recently inserted permanent pacemakers; suspected pul-
monary tuberculosis, pulmonary embolism, pulmonary con-
tusions, or a bronchopleural fistula; large pleural effusions or
an undrained empyema; increased ICP or other unstable
intracranial pathology; unstable spine injuries or recent
spine operation; active hemorrhage with hemodynamic
instability; severe or uncontrolled coagulopathies; and con-
fused or combative patients who do not tolerate physical
manipulation.

Another hazard associated with CPT is the develop-
ment of hypoxemia during the procedure. In many cases,
hypoxemia can be treated by initiating oxygen therapy or
increasing the oxygen concentrations during CPT. The
decision to use CPT requires that the physician assess poten-
tial benefits versus potential risks and limitations. Therapy
should be provided for no longer than is necessary to
obtain the desired therapeutic results.

ALTERNATIVE AIRWAY-CLEARANCE TECHNIQUES

In addition to the traditional CPT techniques, alternative
airway-clearance methods, such as positive-expiratory-
pressure (PEP) therapy, forced-expiratory technique, auto-
genic drainage (AD), and high-frequency oscillation (HFO),
have recently gained support in the literature and are
widely used in Europe (21,24–26). These techniques either
serve as replacement for the traditional CPT or are used in
conjunction with CPT to remove retained secretions and
promote aerosol deposition. These techniques focus on con-
trolled breathing and modified coughing techniques, but
patients require significant training before they can ade-
quately master the various maneuvers. Patients who actively
participate in alternative airway-clearance methods are
usually those with long-standing pulmonary processes,
such as cystic fibrosis patients who can cooperate and toler-
ate the maneuvers. Trauma patients in the intensive care
unit (ICU) or those with long-term pulmonary complications,

such as spinal cord injury, severe ARDS, etc., may also be
good candidates for treatment with alternative airway-
clearance methods.

HFO of the air column in the conducting airways is
designed to facilitate secretion removal in select individuals.
A variety of devices are available that generate HFO by
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applying forces either at the airway opening or across the
chest wall (27). HFO reduces the viscosity of sputum, poten-
tially influencing its clearance by a cough. HFO may also
increase the volume of air distal to airways partially
obstructed with mucus.

Devices used to administer HFO include the Flutter
valve (VarioRaw SA, Scandipharm, Birmingham, Alabama,
U.S.A.), which is shaped like a pipe with a steel ball in a
“bowl” that is loosely covered by a perforated cap. The
weight of the ball serves as an expiratory positive airway
pressure (EPAP) device, creating a pressure of approxi-
mately 10 cm H2O. The shape of the bowl permits the ball
to repeatedly move on or off the bowl in a flutter movement,
thereby generating oscillations at about 15 Hz (range: 2–
32 Hz). The proposed mechanism of action includes a shear-
ing of mucus from the airway wall by oscillatory forces,
preventing early airway closure by stabilizing the airways
with EPAP. This facilitates the cephalad flow of mucus.
Oscillations may decrease mucus viscoelasticity at frequen-
cies and amplitudes achievable with the Flutter device (27).

A pneumatic device called the Percussionator is used
to provide intrapulmonary percussive ventilation (IPV).
IPV treats diffused patchy atelectasis, enhances mobilization
and clearance of secretions, and delivers nebulized medi-
cations and wetting agents to the distal airways (27). Patients
using this device breathe through a mouthpiece delivering a
high flow of “mini-bursts” at rates of .200 Hz. Impaction
pressures of 25–40 PSI are delivered with a frequency
between 100 to 225 percussive cycles/min.

High-frequency chest wall compression is designed to
increase tracheal mucus clearance and improve ventilation
by reducing viscoelastic and cohesive properties of mucus.
The vest (Advanced Respiratory, St. Paul, Minnesota,
U.S.A.) is a device originally designed to promote secretion
clearance and, more recently, for sputum induction (27). It is
intended for self-administered therapy and consists of a
large-volume variable-frequency air-pulse delivery system
attached to a nonstretching, inflatable vest worn by the
patient over the entire torso. The patient uses a foot pedal to
control pressure pulses, during expiration or the entire respir-
atory cycle. Pulse frequency is adjustable from 5 to 25 Hz,
with pressure in the vest ranging from 28 to 39 mmHg.

The Hayak Oscillator is an electrically powered,
microprocessor-controlled, noninvasive oscillator ventilator,
which applies negative and positive pressures to the chest
wall to deliver noninvasive oscillation to the lungs. Fre-
quency range, inspiratory–expiratory ratios, and inspiratory
pressures may be adjusted.

Intermittent Positive Pressure Breathing
Intermittent positive pressure breathing (IPPB) is the appli-
cation of inspiratory positive pressure to the airway in
order to provide a significantly larger tidal volume than
the patient can produce spontaneously. IPPB should not be
confused with positive-pressure ventilation delivered with
a mechanical ventilator, which is intended to provide venti-
latory support. It should also not be confused with IPV, a
therapeutic technique of CPT that utilizes a pneumatic
device called the Percussionator. IPPB is most useful in
disease states in which the patient’s depth of breathing is
limited. This type of therapy is very expensive; therefore,
for this mode of therapy to be indicated, the patient’s vital
capacity should be less than 15 mL/kg and the IPPB treat-
ment should augment this volume by at least 100%. In
addition, some end point should be planned for the

therapy. The use of IPPB should be limited to those patients
with severely compromised respiratory reserves who are
suffering an acute illness, or an exacerbation of a chronic
condition that causes a temporary deterioration in their
overall respiratory state. Patients with more severe and
chronic ventilatory-reserve limitations will often require a
chronic artificial airway (i.e., tracheostomy) in order to
maintain consistent bronchial hygiene.

Suctioning
Removal of bronchial secretions via suction catheters is a
commonly employed bronchial-hygiene technique. Per-
formed appropriately, this procedure is safe and effective.
Performed without appropriate caution, it can result in
significant complications or death. Airway suctioning can
be accomplished safely in patients with artificial airways
(endotracheal or tracheostomy tubes) in place. In these
circumstances, the patient should be ventilated with a
manual resuscitation bag and a high FIO2. This “preoxygena-
tion/denitrogenation” will minimize the hypoxemia that is
induced by removing the patient from an O2 source and
applying suction to the airways. A sterile suction catheter
should then be placed into the airway and advanced,
without the application of vacuum, beyond the tip of the
artificial airway until the catheter can no longer be easily
advanced. The catheter should then be withdrawn slightly
before suction is applied. Suctioning is then accomplished
by the intermittent application of vacuum and the gradual
withdrawal of the catheter in a rotating fashion. The dur-
ation of the entire procedure should not exceed 20 seconds.
Following the completion of suctioning, the patient should
be manually ventilated with an O2-enriched atmosphere
to ensure adequate lung re-expansion and oxygenation.
The patient should be monitored for signs of distress,
bronchospasm, hemodynamic instability, or dysrhythmias
throughout the entire procedure.

In the mechanically ventilated patient whose condition
creates concerns of infection, either to the patient or to the
healthcare professional who is rendering care, a closed-
system suction catheter may be of benefit (28). Unlike open-
system suction catheters, the closed-system suction catheters
can be reused and physically incorporated into the patient’s
ventilator circuit at the connection between the ventilator
circuit and the artificial airway. This closed-system suction
catheter can also be used when any disconnection from
mechanical ventilation or intermittent discontinuation of
high levels or PEEP may result in pulmonary compromise.

In the closed system, the catheter itself is shrouded in a
protective sleeve that allows the versatility of advancing or
retracting the catheter in the patient’s airway without inter-
rupting mechanical ventilation. Although preoxygenation is
not as critical with closed-system suctioning, it should still
be used. Hypoxemia is best avoided by temporarily increas-
ing the FIO2 to 100% shortly before and during any suction
maneuver. When fully retracted, the closed-system suction
catheter does not create airway interference or obstruction
and can be left in line for extended periods of time,
usually 24 to 48 hours, or as determined by an institution’s
infection-control policy.

Suctioning of the tracheobronchial tree without an arti-
ficial airway in place (i.e., nasotracheal suctioning) is prac-
ticed in many centers but carries several risks. Because the
patient cannot be manually ventilated and “preoxygenated”
before the procedure, hypoxemia and hemodynamically sig-
nificant arrhythmias can occur (29,30). In addition, passing
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the suction catheter through the vocal cords can result in
laryngospasm or vocal-cord injury with subsequent airway
obstruction. In many patients who have impaired but
reasonable ventilatory reserves, this technique is often
carried out without significant problems. However, patients
with extremely marginal ventilatory reserves are at the
greatest risk for the aforementioned complications.

Suctioning of the tracheobronchial tree should only be
undertaken when appropriately indicated. The primary
indication is the presence of bronchial secretions that can
be identified visually or on auscultation. Rising airway
pressures in mechanically ventilated patients may also indi-
cate the presence of retained bronchial secretions. Mucosal
irritation, trauma, and bleeding can be precipitated by fre-
quent and aggressive suctioning in the absence of bronchial
secretions. Routine suctioning of the airway is, however,
required in intubated patients including adults, and
especially in neonates, where small airways can be acutely
obstructed by a small accumulation of secretions.

Bronchoscopy
Therapeutic bronchoscopy is indicated for clearance of

secretions or when atelectasis persists despite aggressive
bronchial-hygiene maneuvers, or for retrieval of aspirated
foreign bodies.

Bronchoscopy can be used for both diagnostic and
therapeutic purposes in various clinical settings. In the
trauma critical care setting, the indications for bronchoscopy
tend to be focused on diagnosing infections, removing
retained secretions or foreign bodies, and assessing and con-
trolling hemoptysis. In the ICU, bronchoscopy is often per-
formed on patients undergoing mechanical ventilatory
support and necessitates a different approach than that
taken with awake, stable, spontaneously ventilating patients.
Observations of the patient during bronchoscopy are essen-
tial and should be delegated to personnel other than the
bronchoscopist or the immediate assistant. It is often best
to have a respiratory therapist to provide manual ventilation
during the procedure and also monitor the patient for
adverse physiological effects. Introduction of a broncho-
scope into the airways of a mechanically ventilated patient
will often result in increased airway pressures, interference
with distribution of ventilation, and inhibition of ventilator
function. Manual ventilation of the patient by a respiratory
therapist during bronchoscopy can be useful, because the
therapist can instantly feel changes in airway resistance,
alter the pattern of ventilation to compensate for the
problem, inform the bronchoscopist that a problem exists,
and assist with maneuvers that will alleviate the compromis-
ing situation before a deterioration in the patient’s condition
can occur.

There are several relative contraindications to
bronchoscopy, but no absolute contraindications exist. The
decision to perform the procedure must be based upon the
balance of potential risks and benefits. Considerations that
should be taken into account include: (i) the hemodynamic
stability of the patient; (ii) the patient’s respiratory status,
including oxygenation, ventilation, PEEP level, airway
pressures, etc.; (iii) the presence of coagulopathies and the
potential for their correction or amelioration before the pro-
cedure; and (iv) the patient’s mental status. Bronchoscopy
may be life-saving in the presence of these factors, and
should never be omitted if determined to be indicated for
emergency clearance of the airway.

Therapeutic bronchoscopy is indicated for clearance of
secretions when radiographic studies show evidence of seg-
mental or lobar atelectasis, and the patient’s clinical con-
dition requires urgent intervention or when atelectasis is
persistent despite aggressive bronchial-hygiene maneuvers
(i.e., postural drainage, percussion, and vibration), and is
likely to result in detrimental sequelae such as pneumonia
or lung abscess. In such circumstances, inspissated bronchial
secretions may not be effectively mobilized by any means
other than direct visualization, lavage, and manual
removal. Therapeutic bronchoscopy is also useful in the
retrieval of aspirated foreign bodies. Such foreign bodies
may range from particulate food material, which may not
be evident on chest radiographs, to any number of inanimate
objects. The degree of difficulty encountered with the
location and removal of a foreign body depends upon
several factors, such as its size, consistency, location,
and the duration of time it has been in the bronchial
tree. Various foreign-body-retrieval tools (Fig. 6) are
designed to be passed through the suction channel of the
bronchoscope and grasp or snare objects of various size,
shape, and consistency.

The localization and control of bleeding in the airways
is one of the most difficult challenges in bronchoscopy for
several reasons. Depending upon the severity of the bleed-
ing, visualization is often difficult. One of the risks of
bronchoscopy is mucosal injury and its associated additional
hemorrhage. Once located, the source of bleeding may not be
amenable to control via bronchoscopic techniques. Despite
all of these problems, bronchoscopy can be important in
obtaining information that is useful in the planning of pro-
cedures necessary to further diagnose and control sites of
pulmonary hemorrhage, such as localizing the bleeding to
a specific lung, lobe, or segment for more rapid angiographic

Figure 6 (A) Protected bronchial microbiology brush in the

retracted position with the protective diaphragm in place. (B)

Protected bronchial microbiology brush in the extended sampling

position before retraction into the protective sleeve. (C) Foreign-

body-retrieval forceps with “teeth.” (D) Retrieval basket for

grasping irregularly shaped or difficult-to-grasp objects from the

bronchial tree. (E) Retrieval device for grasping large, soft objects

from the bronchial tree.
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location and intervention. Bronchoscopy is also useful in
diagnosis and treatment of retained clots in the airway (31)
and for stent placement needed to alleviate bronchial
obstruction due to tumor or collapse (32).

In the critical care setting, diagnostic bronchoscopy is
useful for the detection and characterization of bacterial
and opportunistic lung infections. However, the use of
bronchoscopy for the diagnosis of nosocomial pneumonia,
especially ventilator-associated pneumonia, is controversial.
The methods by which cultures are obtained, the use of
quantitative or semiquantitative culture techniques, the
threshold of bacterial growth necessary for the diagnosis of
pneumonia versus colonization, and the other factors that
are most useful in differentiating bacterial colonization
from pneumonia in different patient populations, are all
debated (33–35).

There are several reasons to perform bronchoscopy for
the diagnosis of lung infections. Cultures of endotracheal
aspirates may not yield results consistent with the patholo-
gic organism because of oropharyngeal contamination or
tracheal colonization. The use of clinical (fever, leukocytosis,
and purulent secretions) and radiologic (focal infiltrates) cri-
teria for differentiation of pneumonia from airway coloniza-
tion is generally limited, especially in intubated patients
(33–35). Microbiologic specimens obtained from localized
areas of the lung, especially if they include samples of alveo-
lar contents, provide more specific information regarding the
pathologic process (36); however, sensitivity and specificity
for the diagnosis of pneumonia can be influenced greatly
by the type of pathology present, the bronchoscopic
technique, and interpretive thresholds (33,37).

Bronchoscopy permits the direct visualization of the
airways so that anatomic abnormalities, such as tumors or
aberrant bronchial anatomy which can predispose the
patient to developing airway obstruction and infection, can
be detected. Occasionally, it is important to obtain tissue
samples via transbronchial biopsy in order to further eluci-
date the pathologic process when culture results alone are
insufficient.

The diagnosis of lung infections can be accomplished
with various bronchoscopic techniques, including protected
bronchial brushing, bronchoalveolar lavage (BAL) (pro-
tected or unprotected), or transbronchial biopsy. Each of
these methods has indications and limitations, which must
be considered when planning diagnostic procedures. Pro-
tected bronchial brushing is useful for the diagnosis of bac-
terial pneumonia, because this technique permits the
avoidance of contaminated upper-airway secretions and
more select sampling of the region of lung of interest.
This technique has limitations because the potential for con-
tamination with upper-airway secretions continues, but it is
much more likely that positive cultures from the area of the
lung in question will be representative of the pathologic
process.

The type of protected brush and the methods used to
obtain samples will vary, but it is primarily the ability to
obtain quantitative cultures (38) that justifies the risks and
expense of this procedure. This technique allows the retrie-
val of 0.001–0.01 mL of lung secretions (39). The level of bac-
terial growth used to diagnose a ventilator-associated
pneumonia with protected bronchial brushing is generally
accepted as .103 colony-forming units (cfu)/mL (40).

BAL also permits sampling from a specific region of
lung and has several added advantages compared to pro-
tected bronchial brushing. BAL samples a large area of the
distal airways and alveoli, is appropriate for all types of

microbiological diagnoses [bacterial, fungal, Pneumocystis
carinii (PCP), etc.], and provides a sample volume that is ade-
quate for a large number of tests (35).

BAL can be performed either in a nonprotected or a
protected manner. The nonprotected technique involves iso-
lating the bronchus of interest from the remainder of the
tracheobronchial tree, by wedging the tip of the broncho-
scope into an airway lumen and lavaging with a large-
volume (approximately 120–200 mL in 5–10 aliquots) of
nonbacteriostatic saline.

One may expect to obtain a return of less than 50% of
the lavage fluid that will contain approximately 1 mL of
actual lung secretions (35). The first lavage sample is likely
to be contaminated with central-airway secretions and is
often discarded or treated as bronchial washings (41).

Protected BAL has been developed to decrease the

potential contamination of the lavage fluid with secretions
contained within the lumen of the bronchoscope. This
technique uses a protected transbronchoscopic balloon-
tipped catheter to lavage from the level of third-generation
bronchi following expulsion of the protective polyethylene-
glycol diaphragm and occlusion of the bronchi with the
air-filled balloon (42).

When using BAL, the level of bacterial growth
accepted as being consistent with a ventilator-associated
pneumonia is 104 cfu/mL because of dilution of the alveolar
secretions (33,40). Some clinicians would use a higher diag-
nostic threshold (105 cfu/mL) with nonprotected BAL,
because of the increased chance of sample contamination,
and would accept the fact that this threshold will increase
the specificity but decrease the sensitivity of the test.

The use of “blind” (nonbronchoscopic), nonprotected
BAL in order to monitor and diagnose ventilator-associated
pneumonia in trauma patients has been advocated (43).
Although this use may be generally appropriate and cost-
effective for pneumonia surveillance in this group of
patients, the results may be misleading in patients with
chronic lung disease or who are immunocompromised.
Thus, the patient population must be considered carefully
when diagnostic bronchoscopic techniques are chosen.

A special nonbronchoscopic catheter for BAL has been
developed and proven to be useful in the diagnosis of PCP
(44). This device is also useful in circumstances, such as
mechanical ventilation with high PEEP when the risks of
bronchoscopy are considered to be too high; however, bleed-
ing and pneumothorax can occur with the use of this device.
The use of transbronchial biopsy in the critical care setting is
most often not necessary and is frequently contraindicated,
especially for patients who are being treated with positive-
pressure ventilation.

Bronchoscopy remains a valuable diagnostic tool-in
these clinical settings: (i) immunocompromised patients
(i.e., HIV infected and organ transplant patients), (ii) venti-
lator-associated pneumonia, and (iii) severe persistent
community- or hospital-acquired pneumonia. Fiberoptic
bron- choscopy is especially useful in the diagnosis of atypi-
cal pneumonia (i.e., cytomegalovirus, Mycobacterium tuber-
culosis, Pneumocystis carinii) (37). Again, risks and benefits
must be weighed before choosing the diagnostic technique.

The administration of antibiotic therapy before obtain-
ing bronchoscopic bacterial cultures has been shown both to
decrease sensitivity (likely due to inhibition of growth) and
to decrease specificity (probability due to increased airway
colonization) (35). Obviously, the preferred method is
to obtain culture samples before instituting antibiotic
therapy, but if antibiotics have already been administered,
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the only recourse is to interpret the culture results accord-
ingly. When lidocaine is used during bronchoscopy from
which bacterial cultures are to be obtained, the lidocaine
may inhibit the growth of some microorganisms (45),
but this finding has not been noted with lidocaine used in
nebulization (35,36).

AEROSOLTHERAPY

An aerosol is a suspension of fine particles of a liquid in a
gas. Aerosols have three basic applications in respiratory
care: as an aid to bronchial hygiene, to humidify inspiratory
gases, and to deliver medications. When dealing with
medical aerosols for inhalation, particle size should be
5 mm or less in order for gravitational effects to be suffi-
ciently small to permit deposition in the pulmonary tree (46).

Bland Aerosol Therapy
When used as an aid to bronchial hygiene, water is one of the
most important physically active agents. Aerosol therapy
can be useful in the hydration of dried, retained secretions
and the restoration and maintenance of the mucus blanket.
This hydration, in conjunction with appropriate cough
mechanisms and other bronchial-hygiene techniques, will
permit the mobilization of retained secretions. Care must
be taken, however, because bland (i.e., without medication)
aerosols used for these purposes can result in the patient’s
clinical deterioration due to either increased airway resist-
ance (bronchospasm) or swelling and expansion of dried
secretions (47). These detrimental effects may be ameliorated
by the administration of a bronchodilator or the use of tech-
niques to mobilize the expanding secretions. Although
bland-aerosol therapy is widely used, evidence to support
the utility of such therapy is not available (46,48). Generally,
it appears that there is a need to reassess the clinical utility of
this modality.

The major indication for nebulized saline, either hypo-
tonic or hypertonic, is for induction of sputum specimens.
The administration of high-volume aerosolized saline for
30 minutes via a continuous ultrasonic aerosol is appropriate
to achieve sputum induction, provided the patient has a
strong effective cough and there is sputum in the airways
that can be mobilized and expectorated.

Obtaining sputum specimens for the diagnosis of PCP
in immunocompromised individuals requires a special pro-
cedure. The diagnosis is confirmed by visualization of the
organisms in samples of sputum, BAL fluid, or lung tissue
obtained on biopsy. Sputum samples should be obtained
after the patients have brushed their teeth and rinsed their
mouths. The patient inhales an ultrasonic mobilization of
3% sodium chloride through his or her mouth to promote
a vigorous cough and produce a sample containing alveolar
cells and contents. With this technique, the diagnosis can be
obtained in 50% to 80% of patients with PCP due to the
acquired immunodeficiency syndrome (AIDS) (49–51).
This diagnostic yield may be decreasing in light of current
inhaled and systemic antibiotic prophylaxis of PCP.

Complications associated with ultrasonically nebu-
lized aerosols include wheezing or bronchospasm, infection,
overhydration, and patient discomfort. Other individuals in
the room may be exposed to droplet nuclei of M. tuberculosis
or other airborne infections produced as a consequence of
coughing particularly during sputum induction. The use of
sputum induction for diagnostic purposes is only effective

if the patient has a productive cough and is able to
produce a “deep specimen” that is not contaminated.
Success in obtaining quality sputum specimens is best
accomplished early in the morning after the patient has
been supine for several hours. In the presence of an effective
cough and adequate hydration, which is possible after using
an ultrasonic nebulizer for 30 minutes, a patient should, in
most cases, successfully mobilize any retained secretions to
the level where an adequate specimen can be expectorated,
collected, and sent to the laboratory for analysis.

Aerosolized Medications
The airway mucosa responds to infection and inflammation
in several ways. These include goblet cell and submucosal
gland hyperplasia and hypertrophy, with resultant mucus
hypersecretion. Mucoactive medications either increase the
ability to expectorate sputum or decrease mucus hypersecre-
tion. The delivery of medications for the reversal and pre-
vention of bronchoconstriction is an important application
of aerosol therapy. PEP and aerosol therapy done simul-
taneously, either by hand-held nebulizer or metered-dose
inhaler (MDI) can improve the response to bronchodilators
(52). Table 3 provides data on the most commonly used
aerosolized pharmacologic agents.

These medications include b-agonists, anticholinergic
agents, and anti inflammatory agents. The b-agonists and
anticholinergic agents act primarily by enhancing
bronchodilation through increases in intracellular cyclic ade-
nosine monophosphate levels or decreases in intracellular
cyclic guanosine monophosphate levels. The use of anti-
inflammatory agents has gained popularity in the treatment
of bronchospastic disorders because the disease process has
been demonstrated to be of an inflammatory nature.

When delivered in aerosolized form, antibiotic medi-
cations, such as pentamidine isethionate and amphotericin
B, have been found to be effective for the prophylaxis and
treatment of opportunistic pulmonary infections, such as
PCP and pulmonary aspergillosis (53–56). Nebulized penta-
midine decreases the frequency, severity, and occurrence of
PCP in patients with AIDS (57). Pentamidine aerosolization
should generate particles with a mass median aerodynamic
diameter (MMAD) of less than 3.0 mm in order to ensure
adequate penetration to the lung parenchyma and to mini-
mize the irritation associated with deposition in the
airways. The currently recommended dosage regimen is
300 mg, administered via an ultrasonic nebulizer (Fisonebw)
or a jet-type nebulizer (Respigard II w) every month (57,58).

Invasive pulmonary fungal infections are significant
problems in immunocompromised patients, especially
those undergoing bone marrow transplantation during
their neutropenic stages. Aerosolization and inhalation of
amphotericin B has been investigated as a method to
provide prophylaxis against pulmonary fungal infections
while minimizing the adverse side effects of the drug
(55,59). Aerosolized amphotericin appears to be well toler-
ated and has minimal systemic absorption (54,60);
however, well-controlled outcome data are not available.
Aerosolized antibiotic therapy for infections associated
with cystic fibrosis has also been explored, but found to be
of equivocal efficacy (61).

Ribavirin has been recommended for the treatment of
respiratory syncytial virus (RSV) in children, especially
those with congenital heart disease, immumnodeficiency,
or bronchopulmonary dysplasia (61). This drug has also
been used in certain immunocompromised adults;
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however, because of the high expense of treatment and the
rarity of severe RSV infections in adults, the diagnosis of
RSV infection should be confirmed with rapid laboratory
testing before commencing therapy.

The U.S. FDA has recommended the “Small Particle
Aerosol Generator” (SPAG) for aerosolization of ribavirin
for the treatment of RSV in children, but SPAG may also be
used for adults if such therapy is deemed appropriate. The
SPAG system will generate particles with a MMAD of less
than 1.5 mm. The delivery of bronchodilators and antibiotics,
and the use of aerosolization, are being investigated as means
by which to deliver other drugs, such as insulin (62), that
otherwise require chronic parenteral administration.

Unfortunately, a high incidence of bronchospastic
reactions is associated with the administration of aerosolized
antibiotics and other medications. These reactions necessi-
tate either pretreatment or concurrent treatment with an
aerosolized b-agonist. In addition, these agents potentially
have toxic effects for healthcare-delivery personnel who
are administering the treatments; therefore, appropriate
exhaust, scavenging, or filtering systems should be used
during administration of the treatments.

Small-Volume Nebulizers, Metered-Dose and
Dry-Powder Inhalers
The delivery of medications via small-volume nebulizers
(SVN) has historically been the standard for aerosol-
medication delivery. Small and relatively easy to use, the
SVN does require a gas source that can produce a flow of
5–10 mL/min. Optimal gas-source flow settings and specific
design characteristics of a particular SVN are variables that
determine aerosol particle size. As such, this method of
drug delivery is expensive and potentially inefficient (63)
and requires a significant time commitment on the part of
the respiratory therapist.

Recent variations in the SVN design that incorporate a
reservoir bag to collect and suspend aerosol particles of
desired therapeutic size, and the addition of a PEP valve to
promote better aerosol deposition, have been engineered to
improve SVN efficiency. Advocates of these design changes
suggest that the result is better aerosol-particle size, less sys-
temic absorption of medication, and more medication tar-
geted and deposited to the airways; however, no published
clinical studies have supported this claim.

A functional alternative to the SVN is the MDI. The
MDI is a device that permits the patient to rapidly self-
administer an inhaled drug. The delivery of drug to the
lower airways, with appropriate use of the MDI, has been
demonstrated to be approximately 10% of the total dose
and is comparable to that attained with the SVN (64–66).
However, in contrast to the SVN, with which 66% of the
drug is deposited in the apparatus and 2% is deposited in
the mouth and stomach, MDI administration results in
only 5% to 10% of drug deposition in the apparatus, with
80% deposited in the mouth and stomach (64,67). This
factor carries implications pertaining to local side effects
and tissue toxicity (i.e., oral thrush associated with
inhaled-steroid use) (64).

In terms of clinical effects, no differences between

MDI and SVN therapy have been found for peak expiratory-
flow rates or severity of symptoms in stable patients
treated with either modality (68). In addition to having
clinical efficacy equal to that of SVN devices, administering
bronchodilator therapy with MDI devices requires less man-
power and offers significant cost savings to the hospital (69).

Studies suggest that there can be a substantial benefit from
the increased use of MDI with spacer and a percentage of
patients can replace SVN with MDI using a spacer device
(70,48,49,71). The effective use of an MDI requires that the
patient meet certain clinical criteria. The patient must be
able to appropriately position and actuate the device,
inspire deeply, and coordinate the inspiratory effort with
the device actuation.

In order to ensure efficacious use, a successful coordi-
nation of efforts is necessary, which requires appropriate
instruction, training, and practice (72). Problems with
proper technique are especially pronounced with patients
who are either young or elderly (73). In order to ameliorate
some of the problems associated with MDI use, “spacer
devices” have been developed (74). A spacer effectively
acts as a reservoir into which the drug is discharged
by attaching and actuating the MDI device (Fig. 7). The
use of spacer eliminates the need for significant coordination
of hand, mouth, and breathing functions and improves
delivery of the drug to the airways.

A breath-activated variation to the MDI is the Auto-
halerw. This device addresses concerns related to particle
deposition and coordination issues inherent to the use of
conventional MDI devices (75). Objectively comparing the
conventional MDI devices and the Autohaler is difficult,
because the Autohaler is limited to use with one drug (pir-
buterol acetate) in the United States. As do conventional
MDI devices, the Autohaler uses chlorofluorocarbons
(CFC) as a propellant, a factor that is of environmental
concern and strictly regulated by the government. A com-
parison of therapy with an MDI-spacer system versus
SVN treatments indicated that a greater spirometric
response was initially obtained with SVN, but this response

Figure 7 Illustration of a spacer with a metered-dose inhaler

(MDI). (A) Demonstrates the aerosol suspension dispersing

equally in the gas volume within the spacer following ejection

from the MDI. (B) The patient takes a deep, slow inhalation of the

medication. Source: From Ref. 93.
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equalized over time to hospitalization (76). A study compar-
ing MDI versus SVN delivery of albuterol in mechanically
ventilated patients indicated equal clinical responses in
both groups (77). In light of such information, it is reason-
ably clear that SVN administration of bronchodilators
should be reserved for those patients who are unstable or
otherwise incapable of using an MDI device. Patients can
be assigned to MDI-spacer therapy if they meet the follow-
ing criteria (78):

1. Respiratory rate ,25 breaths/min.
2. Ability to breath-hold for 5 seconds or more.
3. Vital capacity >15 mL/kg.
4. Ability to understand verbal and visual instructions.
5. Appropriate hand-mouth-inspiratory coordination.
6. Peak expiratory flow rates of 150 mL/min for females

and 200 mL/min for males.

Patients should be instructed in MDI-spacer use by a
properly trained respiratory therapist. Before patients com-
pletely switch to this device, their technique should be eval-
uated, and additional training should be given if necessary.

Delivery of bronchodilators to patients undergoing
mechanical ventilation can be effective but is also proble-
matic. The use of an SVN to deliver bronchodilation during
mechanical ventilation can result in bacterial contamination
of the ventilator circuit, alteration in the delivered VT,
increased work of breathing during patient-initiated modes
of ventilation, and damage to flow-measurement devices
incorporated into some ventilator circuits (79). In addition,
administration of aerosols via an endotracheal tube will
reduce penetration to the lower airways (80). MDIs, in con-
junction with mechanical ventilatory supports, have been
evaluated for use in delivery of bronchodilators and have
been shown to be comparable to SVN delivery systems—
without the associated problems (79).

The use of MDI devices with spacers has undergone
nonclinical bench testing with evidence of increased
aerosol delivery; however, trials to document an improve-
ment in clinical response are not yet available (73). Improved
aerosol delivery can also be accomplished by adapting a
nozzle-extension system to the MDI and extending the
nozzle tip beyond the end of the endotracheal tube (81,82).
Again, clinical studies to support the improved efficiency
of this method of aerosol delivery are lacking, and the
results of animal studies indicate that tracheal epithelial
injury may occur when this system is used (73,83).

Another method of inspired-drug delivery is the dry-
powder inhaler (DPI). DPIs create aerosols by drawing air
through an aliquot of dry powder. The powder contains
either micronized (,5 mm in diameter) drug particles
bound into loose aggregates or micronized drug particles
that are loosely bound to large (.30 mm in diameter)
lactose or glucose particles (1). Patients using a DPI must
be able to generate an inspiratory flow rate of greater than
30 to 60 L/min to be effective, and DPIs are not recom-
mended for patients in acute bronchoconstriction or for chil-
dren under the age of six years. DPIs are recommended for
prophylactic and maintenance therapy because of the
inspiratory flow requirements (84). These devices have two
major advantages over SVN or MDI devices: they are acti-
vated by the patient’s inspiratory effort and, therefore, do
not require a high degree of hand-mouth-inspiratory-effort
coordination, and they do not use fluorocarbon propellants.

This drug-delivery method appears to have equal effi-
cacy compared to MDI and SVN delivery systems (64). The

use of these devices may increase as the concern for environ-
mental protection results in the elimination or severe restric-
tion of CFC propellants (46). Although patients can find DPIs
more convenient and easier to use than MDIs, one report
suggests that as many as 25% of patients may use DPIs impro-
perly (46). Clinicians must understand the required technique
involved with DPIs and provide the necessary instruction and
periodic review of technique, for patients to receive the benefits
of medication delivery utilizing a DPI (47,48,70).

CONTINUOUS POSITIVE AIRWAY PRESSURE

Positive airway pressure has been used since the 1930s to
improve oxygenation, increase lung volumes, and reduce
venous return. More recently, continuous positive airway
pressure (CPAP) has been identified as an effective method
of splinting airways during expiration, improving collateral
ventilation, increasing response to inhaled bronchodilators,
and aiding secretion clearance in patients with various
lung disorders. CPAP bronchial hygiene techniques may
be effective alternatives to CPT for expanding lungs and
mobilizing secretions (52). CPAP therapy may be more
effective than spirometry and IPPB in the management of
postoperative atelectasis (86). CPAP is the application
of positive airway pressure during both inspiration and
expiration, during spontaneous breathing. A typical con-
tinuous-flow CPAP system includes a medium-volume,
high-compliance reservoir bag (5–10 L) and maintains
system flow in excess of the patient’s peak inspiratory flow
demands (Fig. 8). Characteristically, system-continuous
flows are maintained at 60–90 L/min. The adequacy of con-
tinuous flow is evaluated by observing gas continuously
exiting from the system, even during peak inspiratory-flow
periods. A system-pressure manometer and, ideally, an O2

analyzer should be included in all CPAP circuits. A
threshold resistor is located on the expiratory limb of the
pressurized circuit. Finally, a pressure pop-off valve is
included in all systems to prevent excessive pressure (such
as occurs with system obstruction or when the patient
coughs with a high-flow resistance or PEEP device) from
building up in the system. With all circuits, some fluctu-
ations in system pressure are noted, with the acceptable
range being about +2 cm H2O. Fluctuations of greater mag-
nitude during inspiration may be corrected by increasing
system flow, increasing the size of the circuit reservoir, or
increasing the flow and the size of the reservoir. Changes
in baseline pressures during exhalation are primarily
affected by the flow-resistance properties of the PEEP device.

CPAP, applied by full-face mask or nasal mask, has
been used for respiratory support in patients with various
types of pulmonary pathology, ranging from CHF to
obstructive sleep apnea. The primary respiratory effects of
CPAP are that it increases functional residual capacity;
improves distribution of ventilation, lung compliance, and
oxygenation; and decreases work of breathing. CPAP
applied with a nasal mask is more comfortable, often
better tolerated, and allows the patient to communicate
more effectively than does CPAP applied with a full-face
mask. Additionally, should vomiting occur, nasal-mask
CPAP does not present an obstacle to airway clearance.
However, in severely hypoxemic patients, nasal CPAP may
not permit a seal sufficient to sustain the airway pressure
necessary to maintain oxygenation. Conditions in the
trauma patient, such as sinusitis, ear infection, epistaxis, or
recent facial, oral or skull injury, should be individually
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Figure 8 (A) Schematic representation of a continous positive airway pressure device. The continuous gas flow must be great

enough to force some gas to continuously enter the reservoir bag except during peak inspiratory flow. Through adjustment of the

pop-off mechanism, the pressure in the bag is maintained equal to or greater than the threshold pressure. Thus, gas will always flow

through the outlet port of the PEEP device. Note that the patient’s airway pressure fluctuates no more than +2 cm H2O of the

threshold pressure. (B) Inspiration: most of the gas flow will enter the patient’s airway without added impedance, whereas the

remainder of the gas flows through the outlet port of the PEEP device. Note that at the moment of the patient’s peak inspiratory flow,

there may be a small amount of gas entering the patient from the reservoir bag. (C) Active exhalation: airway pressure is greater

than threshold, causing more of the continuous gas flow to enter the reservoir bag. The increased expiratory flow may create

increased pressure if the PEEP device has orificial resistor properties and thus increases the work of breathing. (D) End exhalation:

the continuous gas flow and reservoir bag maintain the circuit pressure at the threshold pressure. Abbreviations: CGF, continuous

gas flow source; D, diaphragm of the PEEP device; EL, exhalation line of the patient circuit; OP, outlet port of the PEEP device;

PEEP, post end expiratory pressure; PO, pop-off mechanism, which is an open nipple with an adjustable clamp; RB, elastic

reservoir bag; WC, water column determining the threshold pressure of 10 cm H2O. Source: From Ref. 93.
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evaluated prior to considering a decision to initiate this
therapy. Those with hemoptysis or unresolved pneu-
mothorax are not candidates for this treatment modality (52).

Biphasic-airway-pressure (BiPAP) therapy is effec-
tively the combination of CPAP with pressure-support aug-
mentation of spontaneous inspiration. This method permits
mechanical support of spontaneous ventilatory efforts without
the need for intubation. This method of “noninvasive” venti-
latory support has been demonstrated to be efficacious in
patients demonstrating hypoxemia, hypercapnia, orhypercap-
nia and hypoxemia due to COPD, CHF, ARDS, and PCP (86–
88). Although pressure injury to the nose has been reported
with the use of biphasic airway pressure, the potential compli-
cations of gastric distention and aspiration do not appear to be
significant. Of course, this mode of ventilatory support would
not be appropriate for patients with a compromised ability for
airway protection or glottic pathology (i.e., supraglottitis,
thermal injury, or laryngeal edema). Additionally, patients
must be observed carefully to ensure that the device does not
become displaced and that spontaneous ventilation continues.

BiPAP therapy combines CPAP with a pressure-support
augmentation of spontaneous inspiration.

EYE TO THE FUTURE

Impaired mucus clearance or mucus hypersecretion have
potentially grave consequences for the individual. Aside
from discomfort and dyspnea, excess mucus in the airway
may lead to airway obstruction, atelectasis, infection,
bronchiectasis, and other pulmonary morbidity (83). Con-
cepts regarding airway secretion clearance are continuing
to evolve. Included in any discussion of these evolving tech-
niques is ultra-low-frequency airway oscillation, also known
as the Insufflator/Exsufflator. This device, admittedly not
newly developed, may be uniquely suited to assist in
airway clearance in trauma victims, as well as in those indi-
viduals who have neuromuscular weakness and other infir-
mities. It may prove to be a valuable adjunctive measure
when added to postural drainage and lung expansion
therapy. Other new modalities include AD, active cycle of
breathing technique, PEP methods, high-frequency airway
oscillation (flutter), high-frequency chest-wall oscillation
(The Vest), and IPV. Patient motivation and understanding
of the disease process may greatly affect outcomes when uti-
lizing devices such as these. The greatest challenge may be in
educating our patients in the relative risk-benefit and
alternative paradigms of care available to them.

SUMMARY

The practice of respiratory care has always been integral to
the practice of critical care medicine. The advancements of
technology and medical science have made this role even
more important, but, also more complex and difficult.
These advancements require appropriate training and
understanding of the equipment now used to deliver state-
of-the-art respiratory care. Also, the complexity of patients
requiring critical care necessitates the inclusion of individ-
uals capable of making complicated clinical assessments
and decisions. The complexity of this situation will only
increase as medical science advances. Therefore, the training
and capabilities of respiratory care practitioners must
advance to keep pace with these changes.

KEY POINTS

The three major reasons for mixed venous blood to
have low O2 content include: (i) metabolic rate;
(ii) # O2 delivery; and (iii) # arterial O2 content.
The primary determinants of oxygen content are the
Hgb concentration and the degree of Hgb saturation.
Nonrebreathing systems are divided into high-flow
(fixed performance) and low-flow (variable perform-
ance) systems.
Flow rates greater than 6 L/min will not increase the
FIO2 significantly above 0.44 and are often poorly toler-
ated by the patient.
A minimum flow of at least 5 L/min is necessary to
prevent CO2 accumulation and rebreathing during
facemask-assisted breathing.
In general, it is best to avoid exposure to an FIO2 of 0.5
or greater for more than 24 hours.
Disruption of normal secretion or mucociliary clearance
impairs pulmonary function and lung defenses, and
predisposes the individual to infection.
Humidification of inhaled gases is required to maintain
normal respiratory epithelial function.
The incentive spirometer is an effective and inexpen-
sive prophylactic and therapeutic bronchial hygiene
tool.
The key elements of postural drainage are posture,
time, breathing, and cough.
Percussion assists secretion mobilization by loosening
adherent secretions, and centralizing them for more
effective expectoration or easier suctioning.
Trauma patients in the ICU or those with long-term
pulmonary complications, such as spinal cord injury,
severe ARDS, etc., may also be good candidates for
treatment with alternative airway-clearance methods.
Therapeutic bronchoscopy is indicated for clearance
of secretions or when atelectasis persists despite aggres-
sive bronchial-hygiene maneuvers, or for retrieval of
aspirated foreign bodies.
Protected BAL has been developed to decrease the poten-
tial contamination of the lavage fluid with secretions con-
tained within the lumen of the bronchoscope.
In terms of clinical effects, no differences between MDI
and SVN therapy have been found for peak expiratory-
flow rates or severity of symptoms in stable patients
treated with either modality (68).
BiPAP therapy combines CPAP with a pressure-
support augmentation of spontaneous inspiration.
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INTRODUCTION

The ability to provide mechanical ventilation (MV) is the
cornerstone of critical care medicine. More than 50 years of
clinical experience with MV has shaped current understanding
of the four fundamental relationships involved in an MV
breath (time, pressure, volume, and flow). These factors
affect more than merely MV, as manipulation of these values
will affect both oxygenation and CO2 elimination, but also
affects patient comfort, secondary lung injury, ventilator-
associated pneumonia (VAP), and hemodynamic stability.

Despite the one half century of experience with MV,
controversy exists regarding many aspects [e.g., benefit of
high-frequency ventilation (HFV), inverse ratio, pressure
control ventilation, proning, permissive hypercapnia, etc.].
The controversy results from the paucity of randomized con-
trolled trials (RCTs) investigating MV, the variety of patients
and disease processes requiring MV, the plethora of venti-
lators and modes available, as well as the confusing and
inconsistent terminology.

HISTORY

Although the scientific basis of oxidative metabolism was
not established until the 1900s, ancient Egyptian, Chinese,
and Greek medical papyri provide evidence that phy-
sicians in early civilizations understood the need for air to
move into the airway to sustain life. Indeed, an engraving
of the tracheostomy procedure was chiseled into Egyptian
tablets dating back to 3600 B.C. (1). The earliest known
textual references to tracheostomy are found in the
Rigveda, a sacred Hindu book, published around 2000 B.C.

(1). Hippocrates (460–370 B.C.) is quoted in his corpus to
have said: “Whoever wishes to investigate medicine prop-
erly, should consider the pulsations of veins and breathing
of the lungs according to age, harmonious and inharmo-
nious, signs of disease more than health, for breath too is
nutrient.” Furthermore, in his “Treatise on Air,” Hippocrates
may have provided the first written description of endotra-
cheal intubation when he instructed that: “One should
introduce a cannula into the trachea along the jawbone so
that air can be drawn into the lungs” (2).

Aristotle (384–322 B.C.) demonstrated the essential
requirement of fresh air for the maintenance of life when
he showed that animals placed in airtight boxes perished.
Although his deduction on the cause of death (that the
animals died due to their inability to cool themselves) was
incorrect, he established that fresh air was required to
sustain life. The first written account of mouth-to-mouth
resuscitation is attributed to the prophet Elisha in the Old
Testament (�800 B.C.), though the mechanism of resuscita-
tion was attributed to divine intervention.

Galen (130–200), surgeon to the gladiators of
Pergamos and later physician to the emperor Marcus
Aurelius, performed vivisection and understood the role of
the airway as a conduit to move air into the lungs, as evi-
denced in his writings: “If you take a dead animal and
blow air through its larynx (using a reed), you will fill its
bronchi and watch its lungs attain the greatest dimension”
(3). However, Galen incorrectly deduced, and others were
wrongly taught for over 1500 years that the function of the
lungs was to cool the heart.

Andreas Vesalius (1514–1564) published an anatomi-
cally correct sequel to Galen’s writings, in his opus “De
Humani Corporis Fabrica, 1543” in which an ornate wood
cutting depicts a group of cherubs performing a trache-
ostomy on a sow. Vesalius is credited with popularizing
the notion that resuscitation is possible when he introduced
a reed into a dying animal’s trachea and through the inter-
mittent application of positive pressure ventilation, success-
fully restored its heartbeat (4). In Fabrica, he wrote: “But that
life may be restored to the animal, an opening must be
attempted in the trunk of the trachea, into which a tube of
reed or cane should be put; you will then blow into this, so
that the lung may rise again and take air.”

In 1530, Paracelsus (1493–1541) experimented with
lung function using a fire bellows connected to a tube inserted
in a patient’s mouth as a ventilation device (4). Interestingly,
William Harvey (1578–1657) solved the riddle of the circula-
tion, but never went on to clearly speculate on the importance
of respiration. Harvey did, however, cite references from
Galen and others that addressed respiration in the incomplete
and inaccurate fashion that was understood at the time.

Robert Hooke (1635–1703) became interested in estab-
lishing the cause of death that results when the thorax is
opened to atmospheric air (5). He experimented with dogs
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and found that he was able to sustain an animal’s life by
using a fire bellows connected to an opening in the trachea.
Hooke presented his results to the Royal Society of England
in 1667. However, his technique would not be applied to
human surgery until nearly two centuries later (5).

In 1744, John Fothergill of England reported a success-
ful incident of mouth-to-mouth resuscitation. In 1767, the
Dutch formed the “Society for the Rescue of Drowned
Persons” later known as the “Human Society” (also see
Volume 1, Chapter 1). One of the more progressive techniques
was to keep the victim warm, give mouth-to-mouth breath-
ing, and compress the chest and stomach to assist exhalation
(4). Although there was no apparent focus or intention
to increase inhalation, these maneuvers did have this effect.

In 1775, John Hunter of London developed a double
bellows system for resuscitation: one for blowing air in
and the second for drawing the “bad air” out. He also re-
commended the use of finger pressure over the larynx to
help prevent gastric inflation with air. This maneuver pre-
dated the description attributed to Sellick (6) by 200 years.
This technique was adapted for patient use by the Royal
Humane Society in 1782.

In 1911, Dräger designed an artificial breathing device
that fire and police units used for resuscitation. The Dräger
“Pulmotor” held the head of the victim in the head-tilt posi-
tion. Pressure by the operator on the cricoid cartilage (as
described by John Hunter) helped prevent gastric inflation (4).

From the mid-1800s to the early 1900s, an incredible
number of ventilator assist devices were invented that
applied negative pressure (pressure below ambient) around
the body (7). Cuirass is a French word, which was used to
describe the part of a suit of armor that covered the front of
the chest. It has also come to mean a type of negative pressure
ventilator that covers the anterior thorax and sometimes the
abdomen as well. In Austria, Hungary, and the United States,
Ignez von Hauke (1874), Rodolf Eisenmenger (1901), and
Alexander Graham Bell (1882), respectively, constructed
various early models of chest cuirass-negative pressure ven-
tilators. The first really successful negative pressure venti-
lator was designed in 1928 by Engineer Philip Drinker,
physiologist Louis Agassiz Shaw, and Dr. Charles
F. McKhann at the Department of Ventilation, Illumination,
and Physiology of the Harvard Medical School (8).

The use of endotracheal intubation and MV in the
operating room (OR) was used sparingly after the introduction
by Jackson, but accelerated after 1934 when Gudel (9) popular-
ized the use of a cuffed endotracheal tube (ETT) (see Volume 1,
Chapter 1) and controlled ventilation during anesthesia, facil-
itating operations on the upper abdomen and also making
possible open chest thoracic procedures. But the skills of
anesthesiologists in providing positive pressure ventilation
via tracheostomy or translaryngeal intubation were virtually
unknown outside the walls of the OR. The tank respirator
(“iron lung”) or cuirass respirator were the only ventilators
available for use on patients with respiratory failure due to
polio. Other patients with respiratory failure severe enough
to require intubation and MV simply did not survive.

The Copenhagen polio epidemic of 1952 provided the
setting for the union for the expertise of anesthesiologists
(with their knowledge of cardiopulmonary physiology)
and the need for widespread MV. This need served as the
birth of the specialty of critical care medicine.

From August to December of 1952, over 2200 patients
with the documented diagnosis of polio (345 with respirat-
ory failure) were admitted to the Blegdam Infectious
Disease Hospital in Copenhagen. At the beginning of the

epidemic, only one tank respirator and six cuirass respir-
ators were available at this hospital. After 27 of the first 31
patients with respiratory failure died, Dr. H.C.A. Lassen
(chief physician of Blegdam Hospital) asked an anesthesiol-
ogist, Dr. Bjorn Ibsen, for consultation to determine whether
positive pressure ventilation used during anesthesia might
be of benefit (10).

Almost overnight, the management of choice for polio
became tracheostomy with cuffed ETT and manual venti-
lation using an anesthesia bag and a to-and-fro system
fitted with a CO2 absorber. At the height of the epidemic,
the medical schools in Copenhagen were closed and up to
250 medical students took daily shifts to hand ventilate the
tracheotomized polio victims. At the end of the epidemic,
valved systems without CO2 absorbers were employed and
a number of manufacturers modified their OR ventilator
machines (previously only used in surgery) for use as
long-term positive pressure ventilators.

Several North American anesthesiologists visited
Denmark during the epidemic and news of the Copenhagen
experience spread rapidly. It was soon recognized that the
techniques used to treat the polio victims could be applied
to respiratory failure due to other ailments (drug overdose,
tetanus, myasthenia gravis, etc.). This recognition led to
the opening of the first respiratory intensive care units
(ICUs). Subsequently, surgical intensive care units (SICUs)
developed as a natural progression for patients who were
ventilated postoperatively in the recovery room. Ventilating
patients outside of the OR for prolonged periods, for other
processes began as well (e.g., pulmonary contusions,
various traumatic injuries) which caused a paradigm shift
in thinking. All of these factors served as the impetus to
create the first respiratory ICUs.

The founding fathers of critical care medicine in
North America were these same anesthesiologists who
spread the lessons learned from the Copenhagen experience,
and who were attending in large teaching programs. Indeed,
several well-known anesthesiologist-intensivists opened
the first ICUs in North America including Safer (11) in
Baltimore, Fairley (12) in Toronto (later at San Francisco
General Hospital and Stanford), and Pontoppidan and
Bendixen (13) at Massachussets General Hospital, then at
UCSD (later at Columbia).

Dr. Bendixen was recruited to UCSD in 1969 to run
the newly established department of anesthesiology. He in
turn was responsible for the recruitment of pulmonary
physiologists Eric Wahrenbrock, Jonathan Benumof, along
with past editor of Anesthesiology, Larry Saidman, to the
department of anesthesiology at UCSD.

These pioneering respiratory physiologists collabo-
rated with others at UCSD, such as John B. West and Peter
D. Wagner, to shape the thinking about both the research
and the teaching of pulmonary physiology for decades to
come. Since then, many leaders in pulmonary physiology,
airway management, and MV have contributed new
ventilator modes and strategies for patient care. These inves-
tigators continue to push the threshold of knowledge
forward. The fruit of their labors are reviewed in this
chapter.

INDICATIONS FOR MECHANICALVENTILATION

Indications for MV are distinct from indications for intuba-
tion (see Volume 2, Chapter 9). The two most basic
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indications for MV include (i) conditions where the patient is
unable to oxygenate the blood without a very high FIO2 and/
or elevated continuous positive airway pressure (CPAP), and
(ii) conditions where the patient is unable to do the work of
breathing without MV (Table 1) (11–14).

VENTILATOR TYPES

Ventilators can be categorized into two major types:

(i) negative pressure, and (ii) positive pressure venti-
lators. This section reviews the differences between posi-
tive and negative pressure ventilators.

Negative Pressure
Negative pressure ventilators, such as the “iron lung” or the
chest cuirass, were known since the turn of the last century.
The operational mechanism of negative pressure ventilators
involves the development of negative extrathoracic pres-
sure, which expands the chest wall and in so doing, initiates
flow of gas into the lungs. Exhalation occurs when the
pressure inside the iron lung increases, transmitting positive
pressure to the external chest and abdomen.

This technology is suitable for patients who are unable
to breathe due to skeletal muscle paralysis or weakness, but
possess otherwise normal lung parenchyma and function. In
this situation, when the lung parenchyma and airways are
essentially normal and chest wall compliance is normal,
iron lung ventilation is satisfactory. However, negative
pressure ventilation has the following disadvantages com-
pared to positive pressure ventilation: (i) airway protection

relies solely on the patient’s reflexes; (ii) when the lungs
and chest wall are noncompliant, massive pressures are
required to promote airflow; (iii) in the iron lung and the
cuirass, there is impaired access to the patient for hygiene,
examination, or resuscitation purposes.

Despite these distinct disadvantages, negative
pressure ventilation via the iron lung continues to be a suc-
cessful ventilation modality for patients with poliomyelitis
and less commonly for chronic obstructive pulmonary
disease (COPD) patients (14,15).

The cuirass functions in a fashion similar to the iron
lung, but is physically less bulky and more portable. Nega-
tive pressure ventilation using a body cuirass is uncommon
today. However, this mode of ventilation has been success-
fully used in the OR, where the airway is part of the surgical
field, as occurs during bronchoscopies (16,17). Negative
pressure ventilators became aggressively developed and
widely distributed to support polio victims during the
pandemics of the 1940s and 1950s.

Positive Pressure
Although negative pressure devices (described earlier) were the
first widely applied apparatus for MV, their limitations along
with progress in anesthetic techniques led to the develop-
ment of improved airway and ventilatory control in the
OR, the recovery room, and into modern SICUs. Instrumen-
tal in this progress was the introduction of the laryngoscope
in 1913 by Jackson and, in 1943, Gudel (9) introduced the
cuffed ETT. These tubes featured a high pressure–low
volume cuff, which caused tracheal mucosal ischemic pro-
blems during long-term placement. Cuffs with a higher
volume and low pressure (high compliance) replaced the
original tubes in the 1970s. Nonetheless, these devices
ushered in the use of positive pressure ventilators (described
in the remainder of this chapter).

Intubation of the trachea can be accomplished using a
variety of routes and techniques as described in Volume 1,
Chapter 9. The standard intubation in the OR or ICU consists
of an ETT, inserted into the trachea via the mouth or nose.
Other possibilities include percutaneous cricothyroidotomy
or tracheotomy, mainly used in emergency situations or for
prolonged intubations.

Placement of a cuffed ETT protects the airway from
major aspirations, although ETT cuffs do not reliably prevent
subglottic fluid from passing to the tracheobronchial tree.
Microaspiration, which occurs along the longitudinal folds
within the wall of an inflated cuff, is directly linked to VAP
(18). A recent study showed a reduced incidence of aspiration
when the cuff was lubricated with gel (19). In a small number of
tracheostomy patients, the protection lasted for a mean dur-
ation of 42 hours (19).

Once a cuffed tube seals the trachea, a closed system is
made of the lungs, breathing circuit, and the ventilator. In
this situation, it is possible to apply positive airway press-
ures to the airway without inflating the stomach. Changes
in flow and/or pressure generated by the patient can be
easily detected by the ventilator sensors in such a closed
system.

FOUR PHASES OFMECHANICALVENTILATION

Mechanically ventilated breaths can be divided into four
distinct phases to best understand the changes that

occur in pressure, flow, and volume of the inhaled and

Table 1 Indications for Mechanical Ventilation

Hypoxic respiratory

failure

Hypercapnic

respiratory failure

Low FIO2 (i.e., high

altitude)

Spinal injury, denervation injury

(i.e., spinal cord transection,

phrenic nerve injury)

Hypoventilation (i.e.,

flail chest, opioids)

Respiratory center depressants (i.e.,

opioids, anesthetics, CNS injury)

V̇A/Q̇t mismatch

(i.e., hypovolemia,

hyperinflation)

Neuromuscular disease (i.e.,

myasthenia gravis)

Shunt R! L (Q̇s/Q̇t)

(i.e., pneumothorax,

pulmonary contusion)

Myopathy (i.e., critical illness

myopathy)

Diffusion abnormality

(i.e., ARDS,

pulmonary edema)

Pleural cavity (i.e., hemothorax,

pleural effusion)

Anemia (i.e.,

hemorrhage)

Abdominal compression (i.e.,

ascites, surgical packing)

Low cardiac output (i.e.,

ischemia, tamponade)

COPD (i.e., COPD exacerbation,

status asthmaticus)

Histocytic hypoxia

(i.e., cyanide

poisoning)

Chest wall (i.e., flail chest, splinting)

Abbreviations: ARDS, acute respiratory distress syndrome; CNS, central

nervous system; COPD, chronic obstructive pulmonary disease; FIO2,

fraction of inhaled gas due to oxygen; Q̇s/Q̇t, transpulmonary shunt/total

cardiac output; R! L, right to left.
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exhaled gases. The terminology used in this chapter is
that most consistently used in clinical medicine today,
initially adopted at a 1992 consensus conference on MV
(Fig. 1) (20).

Phase 1 (trigger phase) is defined as the changeover
from exhalation to inhalation, and phase 2 (inhalation
phase) is the period when gas flows into the lungs increasing
both alveolar pressure and lung volume. Phase 3 (cycle
phase) is the changeover from inhalation to exhalation,
and phase 4 (exhalation phase) extends between phase 3
until the next breath occurs. In most modes of MV, gas
exits the lungs passively during phase 4. Understanding
these four phases and how they are manipulated is funda-
mental to comprehending the mechanisms used in modern
ventilations. Each of these phases will be further character-
ized below using a pressure versus time graphic, useful in
describing these four phases (Fig. 1).

Phase 1, ‘‘Trigger Phase’’ (Changeover from Exhalation
to Inhalation)

The “trigger phase” refers to a point in time (P1 in Fig. 1)
when the ventilator initiates the positive pressure breath

(changes over from exhalation to inhalation). The mech-
anism used by the ventilator to trigger a machine-generated

breath can either be patient triggered (where the ventilator
senses a negative inspiratory pressure or flow profile) or
time triggered (where the ventilator delivers breaths at a
rate set by the clinician). Ventilator terms that describe the
trigger phase of the mechanical ventilatory cycle include:
(i) controlled mechanical ventilation (CMV), (ii) assist
control (A/C), (iii) synchronized intermittent mandatory
ventilation (SIMV), and so on. These conventional modes
of triggering MV are shown diagrammatically in Figure 2,
and are discussed in detail below.

Controlled Mechanical Ventilation
When inhalation is triggered by a computer-generated
signal from a respiratory rate timing mechanism, it is
referred to as CMV (Fig. 3). This is the trigger methodology
used on most OR ventilators. ICU ventilators with
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Figure 1 Phases of mechanical ventilation. Phase 1 (P1) “trigger

phase” is the changeover from exhalation to inhalation. The trigger

phase is just a point in time (P1) when the machine initiates the

positive pressure breath. The jargon used to describe the trigger

phase also commonly referred to as the “mode of ventilation”

[i.e., synchronized intermittent mandatory ventilation (SIMV),

assist- controlled, etc.]. The ventilator can be triggered by the

patient in the SIMV or assist controlled mode, whereas the breath

is triggered by a timer circuit in the controlled mode or during the

machine-initiated portions of the assist control and SIMV breaths.

The variable that triggers the ventilator to deliver a patient initiated

breath include: (i) a sensed pressure drop in the system (pressure

sensitivity) or (ii) a sensed change in flow (flow-by sensitivity),

whereas machine-triggered breaths are initiated by a timer. Phase

2 is the “inhalation phase.” This is the period of time extending

between the initiation of inhalation to the start of exhalation

(i.e., between P1 and P3). During the inhalation phase, most

ventilators will control either flow (volume-controlled) or

pressure (pressure-controlled). Phase 3 (P3) “cycle phase” is

the changeover from inhalation to exhalation. In short, how the

ventilator decides to end the breath and cycle into exhalation.

The cycle phase is just a point in time (P3). This changeover can

be pressure cycled, time cycled, volume cycled, or flow cycled.

Phase 4 is the “exhalation phase,” is generally passive but can be

influenced by positive end-expiratory pressure (PEEP) or by the

placement of a retarding mechanism.

Figure 2 The conventional modes of mechanical ventilation

(MV) are shown in this figure with a series of pressure versus time

graphs. Note that with spontaneous ventilation, airway pressure is

negative during inhalation and positive during exhalation, whereas

in the controlled mechanical ventilation (CMV) mode, airway

pressure is positive during inhalation and exhalation, beginning

and ending at zero (also see Fig. 3). The patient will only receive

the set number of breaths in the CMV mode, and cannot trigger

additional breaths. If positive end expiratory pressure were

applied, the end-exhalation pressure would be positive in each of

these modes. In the assist control (A/C) mode of MV, the machine

provides a certain number of positive pressure breaths (number set

by the clinician); however, the patient can trigger the ventilator to

provide additional breaths by making a negative inspiratory

pressure effort. In the intermittent mandatory ventilation (IMV)

mode the machine will provide a certain number of positive

pressure breaths (number set by the clinician). However, in con-

trast to A/C, if the patient cares to take any additional breaths s/he

must do all the work of breathing. In the standard (non-synchro-

nized) IMV mode, the ventilator can trigger a machine breath when

the patient does not want one, and cause ventilator-patient dys-

synchrony. In the synchronized IMV mode (SIMV), the machine-

delivered breaths are synchronized with the patient’s intrinsic

ventilatory efforts, thus markedly minimizing patient-ventilator

dyssynchrony.
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automatic timing mechanisms, called controllers, can also
trigger the inhalation phase on the ventilator. In the
control mode, the patient will receive the set rate of manda-
tory positive pressure breaths, regardless of his/her own
respiratory efforts. This feature is satisfactory for deeply
sedated or anesthetized patients and essential in caring
for patients without any ventilatory drive of their own.
However, patients capable of triggering some breaths on
their own can become extremely agitated if maintained on
CMV mode. This is because in the pure CMV mode, patients
are “locked out” of initiating inhalation. However, the true
CMV mode as described here is only available on older ICU
ventilators and on anesthesia machines. No modern-day
ICU ventilators are solely controllers, hence, all currently
produced ventilators have escape mechanisms so that
patients can receive some ventilatory support in response
to their efforts.

Assist Control
Ventilator devices that trigger a machine delivered breath
in response to patient-initiated ventilatory efforts are
called assistors. In the A/C mode, the patient may initiate
a machine-delivered breath as frequently as he/she would
like, merely by making minimal ventilatory effort which is
immediately sensed by the machine as a negative inspiratory
pressure or flow change (depending upon the trigger
sensing mode employed) (Fig. 4). The A/C mode allows
the patient to increase their minute ventilation by triggering
additional breaths at a rate higher than set. However, if the
patient on the A/C mode becomes heavily sedated or
anesthetized and does not trigger any breaths of her/his
own, s/he will only receive the baseline number
of breaths set by the rate control. In this situation, A/C is

indistinguishable from the CMV mode. Later, when the
patient recovers from deep sedation or anesthesia and
begins to seek additional breaths, full machine-delivered
breaths can be triggered by the patient’s efforts, when ven-
tilated using the A/C mode.

Synchronized Intermittent Mandatory Ventilation
The intermittent mandatory ventilation (IMV) mode was
initially developed as a weaning tool. In the IMV mode,
the patient will receive a preset number of machine-
delivered breaths but is allowed unrestricted ability for
spontaneous breathing (although with increased work, as
the patient does not get any assistance for the spontaneous
breaths taken above the background set rate). The rudimen-
tary IMV mode is problematic because the machine can
deliver a controlled breath just after the patient has taken
thier own spontaneous, nonassisted breath. Thus, stacking
of breaths can occur resulting in barotrauma/volutrauma
and patient distress from patient-ventilator dyssynchrony.

Because of these considerations, SIMV was developed
(Fig. 5). The SIMV mode allows the ventilator to sense when
the patient takes a non-machine-aided breath and will space
the preset machine-assisted breaths so as not to stack
breaths. If the patient on SIMV becomes sedated or anesthe-
tized, then s/he will only receive the number of breaths pro-
grammed into the machine. However, once the patient
begins to take additional breaths, they must perform all of
the work required to achieve the supplemental breaths.
The baseline pressure waveforms generated when patients
fail to trigger additional SIMV or A/C breaths are indistin-
guishable from those occurring with the CMV mode.

Phase 2, ‘‘Inhalation Phase’’
The inhalation phase is characterized as that period of time

when gas is flowing into the lungs, as well as that time when

Figure 3 Controlled mechanical ventilation (CMV). Pressure,

flow, and volume versus time during volume-controlled CMV

mode. Source: From Ref. 150, p. 58.

Figure 4 Assist control ventilation (A/C). Pressure, flow, and

volume versus time during volume-controlled AC ventilation.

Source: From Ref. 150, p. 60.
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already delivered gas remains in the lungs (i.e., until the ven-

tilator cycles into exhilaration). As gas flows into the
lungs, ventilators use one of two basic mechanisms to
control the physical characteristics of pressure, flow, and
volume (volume control and pressure control). These two
major types of control systems characterize the active (gas
flow) portion of the inhalation phase. The differences
between volume control and pressure control are shown
graphically in Figure 6 and are summarized in Table 2.

Volume Control (Set Volume with Constant Flow Generation)
The volume set/flow-controlled ventilators maintain a con-
stant preset volume with every machine-delivered breath,
whereas the flow rate is constant, and the pressure required
to attain this volume will increase until the preset volume
is delivered (Fig. 6, right side panel). The advantage of
a volume set/flow-controlled ventilator is that a constant
volume will be delivered with each machine-generated
breath regardless of changing airway resistance or

Figure 5 Synchronized intermittent mandatory ventilation

(SIMV). Pressure, volume, and flow versus time waveforms during

SIMV ventilation. The first breath is a machine time-triggered

breath. At the second arrow, the patient is exhaling after a spon-

taneous breath. At this time, the mandatory (assisted) breath is

synchronized with the patient’s spontaneous exhalation. The

bottom arrow indicates the mandatory breath time based on set

respiratory frequency. Source: From Ref. 150, p. 63.

Figure 6 Pressure control and volume control ventilation

differences, showing the pressure, volume, and flow versus time

waveform profiles. Abbreviations: F, flow; P, pressure; V, volume.

Table 2 Volume Control Versus Pressure Control Breaths

Variable Volume control breath Pressure control breath

Tidal volume Set by clinician; remains constant Variable with changes in patient effort

and respiratory system impedance

Peak inspiratory pressure Variable with changes in patient effort

and respiratory system impedance

Set by clinician; remains constant

Inspiratory time Set directly or as a function of

respiratory frequency and inspiratory

flow settings

Set by clinician; remains constant

Inspiratory flow Set directly or as a function of

respiratory frequency and inspiratory

flow settings

Variable with changes in patient effort

and respiratory system impedance

Inspiratory flow waveform Set by clinician; remains constant; can

use constant, sine, or decelerating

flow waveform

Variable with changes in patient effort

and respiratory system impedance;

flow waveform always decelerating
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compliance (as can occur in a patient with bronchospasm, a
kinked ETT, the acute development of a pneumothorax, or
decreased pulmonary compliance). This is why most venti-
lators in current usage are volume set/flow-controlled venti-
lators. Of course, if the set high-pressure limit is reached
during the delivery of a volume set flow-controlled breath,
inhalation will terminate on some ventilators and the set
volume will not be delivered. If undetected, this could result
in under-ventilation, however, alarms should alert the clini-
cians of this occurrence so that the problem can be rectified.

Volume control is often considered the conventional
mode of controlling the pressure, volume, and flow of gas
during the inhalation phase. It is also somewhat of a misno-
mer as it is really the flow that is controlled, whereas the
volume is fixed. The advantage of the volume control
mode is that tidal volume remains stable with changes in
compliance or resistance. The disadvantage is that increased
peak inhalation pressure occurs as lungs become less com-
pliant or airway resistance increases. The newer variants of
volume control provide options for variable flow profiles
during the inhalation phase, but Figure 6 describes the
classic waveform patterns.

Pressure Control (Constant Pressure)
Pressure control is a mode of controlling the inhalation
phase so that pressure remains stable (square wave)
throughout inhalation. Typically, flow occurs as a decele-
rating wave in this mode (Fig. 6, left side panel). The over-
riding attractive feature in this mode of inhalation control
is the fact that pressure remains constant throughout. The
downside is that as compliance decreases or resistance
increases, the tidal volume delivered to the patient will
decrease.

Pressure-controlled ventilators have the pressure main-
tained at a preset level. Thus, the volume delivered varies
depending on the resistance and compliance characteristics
of the patient’s lungs (Fig. 6). Accordingly, hypoventilation
can occur. Therefore, if CO2 elimination is a major concern,
pressure control may not be the optimal choice. If on the
other hand, limiting the pressure applied to the airways
and alveoli is of particular interest, this ventilator mode
guarantees control. This may be the case in lung diseases
like acute respiratory distress syndrome (ARDS), where the
lung involvement is heterogeneous with the risk of damaging
healthy areas.

In addition, patient-ventilator synchrony can be
achieved easier with pressure control compared to the
volume control mode (21). Another small study showed
that pressure control ventilation tends to require a lower
work of breathing than the volume control mode (22).

Phase 3, ‘‘Cycle’’ (Changeover from
Inhalation to Exhalation)

The cycle phase represents the changeover from inhala-

tion to exhalation. The ventilator can cycle into exhalation
via a number of mechanisms (pressure, time, volume or
flow). Pressure-cycled ventilators terminate inhalation when
a preset pressure is reached in the ventilator circuit, regard-
less of what tidal volume has been delivered. This is the way
the old-fashioned intermittent positive pressure breathing
(IPPB) ventilators used to work; and, because of this variable
volume delivery, it is a rarely used mode today. In contrast,
time-cycled ventilators will continue in the inhalation phase
for a preset time interval. Most commonly, a set volume is
delivered, then a passive inhalation hold period will occur

until the preset time elapses, at which time the ventilator
cycles into exhalation. The time until exhalation in this mode
is dependent upon respiratory rate and the set I:E ratio. This
is the method of cycling used in the pressure-controlled,
inverse ratio mode of ventilation, and on OR ventilators.

Volume-cycled ventilators terminate inhalation

after a preselected volume has been delivered to the
patient. Volume-cycled ventilators are most commonly
employed for phase 3. However, decreased patient’s lung
or chest wall compliance or increased airway resistance
will decrease the amount of volume delivered to the
patient’s airways. Flow-cycled ventilators terminate inhala-
tion when a preselected flow is reached (this is the method
of cycling used in the pressure support mode of MV).

Phase 4, ‘‘Exhalation Phase’’
The exhalation phase is the time period when the pre-

viously inhaled gas is exhausted, and is generally passive
(i.e., occurs by natural recoil if elastic forces in lung and
in chest wall). However, early prototypes of positive
pressure ventilators applied a negative pressure (suction)
during exhalation called negative end-exhalation pressure.
This feature has been abandoned on all modern ventilators
due to the propensity to decrease functional residual capacity
(FRC), cause atelectasis, and increase right-to-left transpul-
monary shunt. Modern day oscillator ventilators actually
provide a “to and fro” function during ventilation.
However, this occurs on top of a standing wave of pressure.

Positive End Expiratory Pressure
Whenever the pressure in the airways at end-exhalation is
greater than ambient, this is referred to as positive end
expiratory pressure (PEEP). The application of PEEP
increases the FRC—the lung volume at end-exhalation
during normal tidal breathing. Increasing FRC recruits
alveoli during inhalation and prevents closure of airways
at end-exhalation thus increasing the number of lung units
participating in gas exchange. Prevention of airway closure
and recruitment of alveoli improves the ventilation-
perfusion relationships, reverses atelectasis, and thus
decreases right-to-left transpulmonary shunt (23–26).

Although the application of PEEP will decrease shunt,
it can also increase alveolar dead space, particularly in
West’s zone 1 regions. West’s zone 1 is the portion of
the lung in which the intra-alveolar pressure exceeds the
arterial pressure (PA . Pa); these are high _V= _Q regions.
Furthermore, the application of PEEP can reduce cardiac
output ( _Q) (27). This can occur through several mechanisms
including a decrease in venous return (28,29), an increase
in pulmonary vascular resistance (30), right ventricular
dysfunction (30), leftward displacement of the intraventricu-
lar septum (31), and decreased transmural ventricular filling
pressures.

Through these mechanisms, the application of exces-
sive PEEP can actually worsen the delivery of oxygen
( _DO2) to the body tissues, since _Q is a major determinant:

_DO2 ¼
_Q� 1:34 ½Hb� � SaO2 þ 0:003� PaO2

The net effect of PEEP on _DO2 depends on the relative
changes on both the increase in SaO2 and the decrease in _Q.

The end point of PEEP application should be the
lowest level of PEEP that allows an adequate PaO2 with an
FIO2 of 0.5 or less. Some have called this the “best PEEP”
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(32). An “adequate PaO2” is approximately 60 mm of
mercury. A PaO2 of 60 mmHg is just above the steep part
of the oxyhemoglobin dissociation curve. In other words,
an increase in PaO2 will not correlate with an improvement
in _DO2, when the mechanisms used to increase the PaO2

decrease _Q too much. Also, the ideal level of PEEP should
cause the least amount of hemodynamic change when
increasing oxygenation. Therefore, _Q and _DO2 should be
monitored when high (.10 cm H2O) PEEP levels are used.

Continuous Positive Airway Pressure
In continuous positive airway pressure (CPAP) breathing
both the inspiratory and expiratory limbs of the ventilator
are pressurized to a set level (frequently 5 cm H2O) (Fig. 7)
(33). The patient provides all of the ventilatory work. The
mean airway pressure (mPaw) is increased but, if effective,
the work of breathing can be less and oxygenation improved
because of recruitment of previously atelectatic alveoli. For
the temporary prevention of upper airway closure at night
in patients with obstructive sleep apnea, CPAP delivered
via nasal mask is widely used.

Bilevel Positive Airway Pressure
Bilevel positive airway pressure (BiPAP) ventilatory support
system is used in spontaneously breathing patients (34). As
the name bilevel implies, two different levels of pressure
flow, inspiratory and expiratory positive airway pressure
(IPAP and EPAP), can be chosen to support the patient’s
ventilation. The upper (inspiratory) and lower (expiratory)
pressures are set by the clinician. The gradient between the
EPAP and IPAP levels determines the degree of tidal
volume augmentation, or pressure support. The patient
determines the time that the higher and lower airway

pressures are applied by their spontaneous respiratory
cycle. BiPAP can be administered noninvasively utilizing
various types of masks; however, some devises are also
approved for use with intubated patients (34,35).

SUPPORTMODES
Pressure Support
Pressure support ventilation is a pressure-triggered and
flow-cycled mode of ventilatory support. The trigger mech-
anism of pressure support ventilation is similar to the A/C
mode because both trigger on when a negative pressure
(or decreased flow in some models) is sensed. The inhalation
phase is similar to pressure control (square wave pressure,
decelerating flow). However, the method of cycling into
exhalation is unique for pressure support (using flow rate
to determine exhalation point).

In pressure support ventilation, flow is delivered to
the patient until the inspiratory flow decreases below a
preset value (such as 25% below the peak inspiratory
flow). Thus, the delivered tidal volume will depend on the
resistance and compliance of the lungs and chest wall.

The inspiratory pressure is maintained by a computer-
controlled servomechanism in the ventilator that continually
adjusts the inspiratory flow to maintain the desired pressure.
Therefore, there is a square wave pressure and decelerating
flow pattern with each machine-delivered breath. Most of
the newer ICU ventilators are capable of providing the
pressure support mode of ventilation. Pressure support
ventilation can be used as the sole method of ventilation
or, more frequently, as a method to support weaning.

As the level of pressure support is decreased, more
patient effort is required to maintain the minute ventilation.
This makes pressure support ventilation a suitable venti-
lation setting for weaning from MV (36). With pressure
support weaning, the level of pressure support is dec-
reased as tolerated by the patient. Pressure support has
shown to be well tolerated in COPD patients (37,38), and
can be used as a noninvasive method in these patients
(e.g.) BiPAP (39).

Volume Support
As pressure support provides a constant level of positive
pressure during the inhalation phase of every spontaneous
breath, volume support provides variable levels of positive
pressure for a constant, preset tidal volume (40). Using a
closed-loop control system, ventilators adapt the level of
inspiratory pressure support required to deliver the
volume, despite changes in the patient’s inspiratory effort
or the compliance and resistance characteristics of the
lungs. The triggering mechanism is the same as pressure
support (pressure-triggered), but phase 3 occurs once the
inspiratory flow decreases to 5% of the peak flow. Volume
support is thought to be a potential automated ventilator
weaning approach (41).

VENTILATOR-INDUCED LUNG INJURY
Evidence for Ventilator-Induced Lung Injury
Positive pressure ventilation was first linked to damage of
the lung, in as early as the 1940s, where a study by
Macklin and Macklin (42) showed interstitial emphysema
of lungs and the mediastinum, which the authors linked to

Figure 7 Continuous positive airway pressure (CPAP). Pressure,

flow, and volume versus time during CPAP. Abbreviations: E,

exhalation; I, inhalation. Source: From Ref. 150, p. 69.
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alveolar rupture caused by critically high-pressure gradient
between alveolus and surrounding interstitium.

In 1974, Webb and Tierney (43) first showed positive
pressure-induced lung damage in the form of edema,
hyaline membrane formation, and hemorrhage, similar to
the findings in ARDS. Other studies demonstrated compli-
cations like bacterial translocation from the respiratory
tract (44) or an increase in circulating cytokines (45) from
positive pressure ventilation in ARDS patients.

Other mechanisms found to cause lung damage and
possibly contribute to ventilator-induced lung injury (VILI)
include surfactant depletion and ventilation at low-end-
expiratory lung volumes (46).

VOLUTRAUMA VS. BAROTRAUMA CONTROVERSY
Evidence for Barotrauma
For lung pathologies caused by the presence of extra-
alveolar air in abnormal locations like pneumothorax,
pneumomediastinum, pneumopericardium, pulmonary
interstitial air, pneumatoceles, and venous air emboli, both
terms barotrauma and volutrauma can be found in the litera-
ture. These complications affect 4% to 15% of all mechanically
ventilated patients, however, more common in patients with
ARDS, status asthmaticus, and aspiration pneumonia (47).
Several studies looked for whether the predominant factor
for VILI was excessive volume or pressure (48,49).

A relationship between high peak inspiratory press-
ures (PIP) and barotrauma has been suggested by findings
in some studies (49–51), whereas others found poor corre-
lation (52–54). There are also studies that found an inverse
relationship between PIP and barotrauma, showing a
lower incidence of barotrauma in the study groups with
higher PIP (55–57). A similar controversy can be found in
reviewing the literature for correlations of PEEP and baro-
trauma (54,55,58). The role of PEEP in lung protective venti-
lation strategies will be reviewed later.

One explanation for the confounding relationship
between PIP and barotrauma is that the actual pressure
applied at the alveolus is lower than that measured at the
ventilator tubing, and it is the pressure distending the alveo-
lus that is most injurious.

Evidence for Volutrauma
Abundant animal and human data now exists supporting
the concept of volutrauma (59–61). Studies in dogs, rabbits
(60), and rats (61) showed induction of volutrauma by high
inflation pressures during MV. This could be prevented by
drastically reducing the lung compliance by strapping or
banding of the thorax and/or the abdomen.

The amount of lung distension is dependent on the
transalveolar pressure rather than airway pressure. Transal-
veolar pressure is the difference between airway pressure
and intrapleural pressure. For a normal pleural pressure
(0 mmHg), depending on the moment in the respiratory
cycle, the transpulmonary pressure needed to achieve vital
lung capacity is around 35–40 mmHg.

Thus for patients with normal compliant lungs, the
pressure limit during MV should be set at 35–40 mmHg to
avoid volutrauma. Higher alveolar pressures may not
cause volutrauma in situations where there is reduced
chest wall or abdominal compliance, resulting in transpul-
monary pressures below potential harmful values (62).

LUNG PROTECTIVE VENTILATION STRATEGY: DEFINED
Different Approaches
After it was established that MV could prolong or cause
lung injury, a significant effort has been expended in
searching out ventilation strategies that minimize stress
on the lung.

Variations of PIP, PEEP levels, tidal volumes (VTs),
and the use of HFV and inverse I:E ratio ventilation are
several of the most commonly employed strategies that
have been examined to determine their impact on VILI.
Most of these studies use acute lung injury (ALI)/ARDS
models or patients, since these pathologies are most prone
to lung injury. In these syndromes, the lung is affected in a
patchy, heterogeneous matter, leaving some areas densely
consolidated, and others virtually normal. This leads to
decreased surfactant function, diffuse atelectasis and alveo-
lar consolidation and flooding (63).

Traditionally, the goal of MV had been to keep the
PaCO2 in a physiologic normal range and to apply adequate
oxygenation using tidal volumes of 10–15 mL/kg to achieve
this. In lungs with pathologies like ARDS, this often results
in very high PIP. The recognition that this ventilation
regimen can injure the already damaged lung further, led
to an approach of using reduced tidal volumes and a
pressure limit.

Hickling and Henderson (64) showed that the use of a
tidal volume of 5 mL/kg and a PIP of less than 30 cm H2O
was associated with a reduced mortality rate among sub-
jects with ARDS. Three large multicenter, randomized clini-
cal trials followed, and failed to show a decrease in mortality
by using low tidal volumes in the study group compared to a
group with traditional higher tidal volumes (62,65,66).

National Institutes of Health^National Heart,
Blood, and Lung Institute Study: First Investigation to
Show Decreased Mortality with a Mode of Ventilation

The first trial showing a decrease in mortality for a low
tidal volume strategy compared with traditional, higher
tidal volumes was conducted by the National Institutes of
Health–National Heart, Blood, and Lung Institute ARDS
Network Study (67). In this multicenter, randomized clini-
cal trial, a total of 861 patients were assigned to either a start-
ing tidal volume of 12 mL/kg predicted body weight
(traditional) or 6 mL/kg (low tidal volume group).
Ventilation had to be established no later than 36 hours
after ALI criteria were met. Adjustments to lower tidal
volumes were made in both groups if needed to avoid exces-
sive end inspiratory plateau pressures.

The mortality rate in the traditional tidal volume
group was 40% compared with only 31% in the low tidal
volume group. The low tidal volume group had statistically
significant more ventilator-free days and more days without
nonpulmonary organ failures. Explanation as to why this
study could demonstrate an outcome difference, where pre-
vious studies failed, may include the larger study popu-
lation. Another reason could be the larger differences in
tidal volume between groups as compared to some of the
previous studies.

Open Lung Approach
In addition to high tidal volumes and lung stretch causing
VILI, ventilator patterns promoting increased amounts of
atelectasis have been shown to be harmful. Mechanical forces
that occur in small bronchioles and alveoli that repeatedly
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snap open and close may play a role in the development of
the injury (68). In addition, the region between normal and
atelectatic lung may be affected by physical stress (68).

In the open lung approach, the patient is ventilated
between the upper and lower inflection points on the
pressure–volume curve. Pressure–volume (P–V), aka
“elastance” curves, can be useful in determining the
optimal PEEP that prevents atelectasis at end-expiration and
does not cause overdistension (Fig. 8) (69). The term “lower
inflection point” describes the point on the lower portion of
the P–V curve where the flat slope becomes more steep
(first knee in the curve). The upper inflection point marks
the point where the steep curve becomes flat again (second
knee in the curve). The optimal ventilation would theoretically
lie in-between those two points in order to avoid atelectasis
and overdistension. Studies by Amato et al. (70,71) suggest
beneficial outcomes in ARDS patients who were ventilated
with a PEEP above the lower inflection point.

This approach in determining the optimum amount of
PEEP has some limitations: First, the P–V curve represents
the combined elastance of both lung and chest wall (72).
Second, not every static P–V curve shows a clearly distin-
guished inflection points (69). Also, a single point on the P–V
curve does not represent the global events throughout the
lung. The determination of a P–V curve is labor intensive and
several studies have demonstrated the wide variability in
measuring and reporting the upper and lower inflection points.

Furthermore, the P–V curve shows hysteresis: at each
level of airway pressure, volume is greater during deflation
than during inflation. Hysteresis can be accounted for by the
differences in surface tension and pressures of small bronch-
ioles and alveoli during inflation and deflation (73). So, after
initial opening of a lung unit, lower pressures are needed to
maintain ventilation. This phenomenon has led to the newly
developed interest in intermittent recruitment maneuvers.
Overall, it seems that there is no straightforward answer to
the question of the ideal amount of PEEP. However, most
experienced intensivists agree that the best PEEP is the
least PEEP required to maintain an “open lung” strategy
during ventilatory support.

NEWERMODES: AIMED AT LUNG PROTECTIVE VENTILATION
Airway Pressure Release Ventilation
Airway pressure release ventilation (APRV) is a newer mode
of ventilatory support, which combines CPAP with a release
valve on the expiratory limb that can open at end-exhalation.
The patient is breathing spontaneously during APRV and
this modality can be used either invasively or noninvasively.
The putative advantage of this mode of ventilation is less
positive pressure transmitted to the cardiovascular system.
ARDS patients showed improved cardiopulmonary function
and oxygenation in spontaneous breathing patients receiv-
ing APRV, compared to similar patients on standard MV
(74–76). The benefit may result from improved recruitment
of nonventilated lung units. Improved oxygenation with
APRV was again shown recently in an animal study on
pigs with induced lung injury (77).

Time-Cycled, Pressure-Controlled Inverse
Ratio Ventilation
Time-cycled, pressure-controlled inverse ratio ventilation
(TCPCIRV), is a mode of MV used for patients with ARDS
(78–80). This ventilatory mode was developed to counteract
three major pathologic findings associated with ARDS: (i)
decreased compliance (CL), (ii) increased transpulmonary
shunt ( _Qs= _Qt), and (iii) the inhomogeneous (i.e., diffuse,
but scattered) alveolar involvement associated with ARDS.
By controlling the pressure and increasing the I:E ratio, gas
flows into the lungs in a more physiologic way, decreasing
barotrauma previously prevalent with ventilation of lungs
with low CL. Increasing the I:E ratio keeps alveoli open
longer to participate in gas exchange longer, thus decreasing
the _Qs= _Qt. Because of the heterogeneity of the lung injury
associated with ARDS, some long inhalation time-constant
alveoli do not expand when conventional I:E ratios are
employed. By increasing the I:E ratio, the long inhalation
time-constant alveoli (that would otherwise be atelectatic)
are able to contribute to gas exchange. Since ARDS lungs
are extremely stiff, they empty quickly, and the shorter exha-
lation time is generally well tolerated. When conventional
ventilation with PEEP is used, the normal, compliant lung
units may become overdistended, leading to _V= _Q inequality
with worsening gas exchange.

In severe ARDS, the concept of applying PEEP pre-
ferentially to the diseased lung units is hypothesized to
improve gas exchange. By prolonging inspiratory time
(inverse of the usual I:E ratio), the expiratory flow time is
decreased, and with extreme inverse I:E, exhalation flow
does not complete before the next delivered breath occurs.
This results in alveolar gas trapping or “intrinsic” (auto)
PEEP. Because the diseased alveolar units are the slowest to
empty, the intrinsic PEEP will mainly be present inthese
units, that is, the normal units will have already emptied.
This “selective” PEEP is hypothesized to improve _V= _Q
matching (i.e., decreased shunt and dead space), resulting
in improved oxygenation and CO2 elimination. However, if
too much intrinsic PEEP is used, alveolar dead space can
increase just as it can when too much extrinsic PEEP is
used. The initial setup for TCPCIRV is shown in Table 3.

Because of improved gas exchange with TCPCIRV,

one can generally ventilate and oxygenate patients at lower
peak airway pressures. The risk of barotrauma is then
theoretically reduced. However, because inspiration is pro-
longed, mPaw increases. Hence, significant decreases in _Q
can occur, especially in hypovolemic patients, as has been
described by Perel (81). Thus, all patients treated with
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TCPCIRV should have invasive arterial pressure monitoring
(and when unstable either a TEE or pulmonary artery cath-
eter). In addition, high levels of sedation and (usually
supplemental) paralysis are required to effectively ventilate
patients in this mode. Although TCPCIRV is a beneficial
mode for ventilating ARDS, guidelines for initiating
TCPCIRV in less severe forms of ARF are less well defined
and further studies are needed.

High-Frequency Ventilation
HFV has several variants defined in the literature, but in

general terms describes a form of MV utilizing high
ventilatory rates and low tidal volumes (82). The VT

used in HFV is usually at, near, or below the anatomic
dead space volume; accordingly, gas exchange occurs by
bulk flow, coaxial flow, pendelluft, Taylor dispersion, or
facilitated molecular diffusion (83). The Food and Drug
Administration (FDA) considers HFV to occur when the
rate of ventilation is .150 breaths/min.

Because HFV uses much smaller tidal volumes and
lower peak inspiratory airway pressures than conventional
ventilation, it possesses many of the attributes required for
lung protective ventilation of ARDS patients. Its main clini-
cal use has been for neonatal patients with respiratory failure
(84,85). Indeed, HFV has only been shown to be superior to

conventional ventilation for pediatric respiratory distress
syndrome (RDS). HFV can be categorized into five separate
types by using criteria of ventilation rate and type of gas
delivery mechanism.

High-Frequency Positive Pressure Ventilation
High-frequency positive pressure ventilation (HFPPV)
utilizes conventional positive-pressure ventilators with low
compliance circuits set at high rates and small tidal
volumes. The VT is usually in the range of 3–4 mL/kg
with a set frequency of 60 to 120 breaths/min (1–2 Hz).
HFPPV does not meet the FDA threshold for HFV because
the rates are typically ,150.

High-Frequency Jet Ventilation
In high-frequency jet ventilation (HFJV), a high-velocity
pulse of gas is delivered into the lungs through a narrow
cannula (usually within the lumen of a conventional ETT).
The respiratory frequency typically ranges from 1.5 to
10 Hz. Originally developed in the 1970s, HFJV results in
delivery of VT smaller than the VD (2–5 mL/kg). The conse-
quent minimized tidal movement of the operative field led
to its use in the OR for patients undergoing thoracic
surgery (e.g., bronchopleural fistula repair) and for surgery
on the upper airway (e.g., trachea, carina, and mainstem
bronchus) (86). Today HFJV is mainly used in pediatrics
and flow is delivered via a specially made triple-lumen
ETT (National Catheter Corporation). Ventilators designed
specifically for HFJV include the Bunnell Life Pulse
(Bunnell, Inc., Salt Lake City, Utah, U.S.A.). Under most con-
ditions, gas entrainment occurs around the jet, increasing the
VT by a physical process termed jet mixing.

High-Frequency Flow Interruption
High-frequency flow interruption (HFFI) is similar to HFJV,
achieving frequencies as high as 15 Hz. This is the HFV
apparatus invented by Emerson, which uses interrupted
bulk gas flow using a ball moving back and forth across a
nozzle. The ball alternates between obstructing the output
flow and allowing the flow. The HFFI device can be used
as a bulk flow device connected to an ETT or with a jet cath-
eter in the airway when a high-pressure source is inter-
mittently interrupted. This technology is not widely used
clinically.

High-Frequency Oscillatory Ventilator
Utilizing an oscillator (piston pump) to create rapidly chan-
ging positive and negative pressure fluctuations is called
high-frequency oscillatory ventilation (HFOV). High fre-
quencies of 5–50 Hz are commonly used with this modality.
HFOV aims to maintain an open lung volume by the appli-
cation of a stable mPaw. The FIO2 and the mPaw are the
main determinants of oxygenation during HFOV, whereas
the effectiveness of ventilation (CO2 elimination) is depen-
dent upon the magnitude of pressure fluctuations and the
set frequency.

The role of HFOV in treatment of neonates with RDS is
well established (84,85). In early case studies (86,87) and later
in clinical trials (88–90), HFOV was used as a rescue therapy
for adults with severe ARDS not responding to conventional
MV (91). HFOV improved oxygenation best when used in
combination with recruitment maneuvers (92,93).

A recent review by Derdak (94) using HFOV in adult
ARDS patients suggests it may benefit patients who
require both a high FIO2 (.0.6) and high mPaw (�20 cm

Table 3 Initial Setup for Time-Cycled, Pressure-Controlled,

Inverse Ratio Ventilation

Step Parameter Comments

1 FIO2 Temporarily increases FIO2 to 1.0

(may be there already), then wean

down as tolerated. Same as during

previous mode

2 Set PEEP Maintain at value used during

conventional MV

3 Inspiratory

pressure

Start with inspiratory pressure ¼ peak

pressure during volume controlled

breath—set PEEP (e.g., if patient is

receiving 10 of PEEP and peak

pressure is 45–50, initial inspiratory

pressure should be 35–40 with PEEP

at 10 cm H2O)

4 RR Generally not adjusted during

TCPCIRV. Usually an initial rate of

15–25 is common

5 I:E ratio The normal I:E ratio is 1:2. Increasing

the I:E ratio increases the time alveoli

are pressurized and the time for

oxygen to diffuse across the alveolar

epithelium

6 Inspiratory

time

Determined by the I:E ratio. If the

patient is set on a RR ¼ 20 and an I:E

ratio of 1:1, then a 1.5 sec inhalation

time and a 1.5 sec exhalation time

results

Note: The effects of TCPCIRV on PaCO2 and _DO2 are less predictable

than the effects on PaO2 (see text). Accordingly, frequent monitoring of

blood gases and _DO2 is necessary.

Abbreviations: FIO2, fraction of inhaled gas due to oxygen; MV, mechan-

ical ventilation; PEEP, positive end-expiratory pressure; RR, respiratory

rate; TCPCIRV, time-cycled, pressure-controlled, inverse ratio ventilation.
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H2O). Whether HFOV actually reduces mortality compared
to other ventilation modes that also increase with mPaw
(e.g., TCPCIRV) and its role outside of the rescue and/or
research setting remains to be determined in future RCTs
(95–97).

High-Frequency Percussive Ventilation
High-frequency percussive ventilation (HFPV) is a recent
ventilatory mode, which combines conventional cycles
with high-frequency percussions. HFPV was initially insti-
tuted as salvage therapy after acute respiratory failure
following smoke inhalation injury achieving in each case a
dramatic improvement of oxygenation, PaCO2, and venti-
latory pressures.

Complications of HFV common to all five basic modes
include pneumothorax, drying of the airways, and airway
injury including necrotizing tracheobronchitis. In addition,
significant potential for air trapping and auto-PEEP exists
[especially in the elderly COPD population, and other
patients with reactive airways disease (RAD)]. Therefore,
monitoring of airway pressure is extremely important in
high-frequency ventilation.

The use of any or all of the five major types of HFV for
the treatment of ARDS is still unproven in adults. However,
many of the attributes of HFV seem ideal for adult ARDS,
since the principles of lung-protective ventilation, including
an open lung strategy with low tidal volume, peak pressure
limitation, maintenance of an adequate end-expiratory lung
volume, and the use of the low FIO2. However, large RCTs
comparing HFV to conventional protective ventilation are
still needed to prove HFV as effective, or more effective
than conventional ventilation.

Liquid Ventilation
The use of perfluorocarbons as a respiratory medium was
used as early as the 1960s (98). These colorless fluids have
a greater density, lower surface tension, and higher solubili-
ties for oxygen and CO2, than water. This mode of venti-
lation in the form of total liquid ventilation (complete
filling of the lung with liquid requiring a special ventilator)
or partial liquid ventilation (usually to functional residual
capacity using a conventional ventilator), has been success-
fully used in pediatric and adult patients (99–104). The
results so far suggest that it is safe and efficacious in
improving gas exchange by recruitment of dependent,
atelectatic alveoli (liquid PEEP) and minimizing lung
injury by requiring lower ventilator pressures and improv-
ing lung compliance in regions of lung injury. Disadvan-
tages include the inability to assess lung parenchyma by
chest radiography, because the liquid-filled lungs appear
“white” on the chest film. Also, minimal data exists describ-
ing possible long-term toxicity. Results from ongoing and
future studies will determine its adaptation into clinical
practice.

Permissive Hypercapnia
Minimizing overdistension of the diseased lung and redu-
cing the risk of stretch injury have become predominant
goals in ventilating patients with lung disease like ARDS
(105,106). This usually necessitates the use of small tidal
volumes and lower minute ventilations to keep maximal
transpulmonary pressures low. The resulting low minute
ventilation often leads to hypoventilation with increased
PaCO2 and respiratory acidosis. Willingness to tolerate this
respiratory acidosis is referred to as permissive hypercapnia

(105,106). Most patients can tolerate pH values in the range
of 7.1 to 7.2 (106). Deep sedation is often required to decrease
the respiratory drive caused by the hypercarbia. The role of
NaHCO3 as a buffering agent is controversial. High doses
are required at low pH, and this may lead to paradoxical
intracellular acidosis and increased intracellular CO2 pro-
duction. The clinician should also carefully consider poten-
tial harmful effects of permissive hypercapnia like central
nervous system depression, increased intracranial pressure
(ICP), dysrhythmias, myocardial ischemia or myocardial
depression, and pulmonary hypertension.

Prone Ventilation
Placing ventilated patients with ARDS in the prone position
to improve oxygenation was initially used in the early 1970s
(107), and has been shown to improve oxygenation in
patients with severe ALI/ARDS (108,109). The reason for
underutilization of this ventilation technique is related to
the special nursing and technical requirements, and the
increased risk of dislodging the ETT and other important
lines during the repositioning.

The improved oxygenation in the prone position is
thought to be at least partially due to: (i) improved _V= _Q
matching by redistribution of perfusion to the better venti-
lated lung areas; (ii) better clearance of secretions by
gravity; (iii) increased FRC; and (iv) a favorable change in
regional diaphragm motion (110).

A large multicenter, randomized trial confirmed the
improved oxygenation in the prone group but did not
show a significant difference in outcome (111). Criticism of
this study (112) included the short time spent in the prone
position (at least six hours). It has been shown that the
benefit from the proning increases with time spent in the
prone position (113).

Inhaled Nitric Oxide
Since the endogenous vasodilator, endothelium derived
relaxing factor, has been identified as nitric oxide (NO), it
is not surprising that inhaled NO selectively vasodilates
the pulmonary vasculature and has been used for patients
with ARDS (114).

The potential benefit of inhaled NO in ARDS
patients lies in improving the shunt fraction in the diseased
lung. Since it only dilates vessels in areas of
ventilated alveoli, it diverts blood flow to these alveoli.
The effects are kept local by its very short half-life and
rapid inactivation. Although improved oxygenation with
NO has been observed, prospective trials in ARDS showed
no improved long-term outcome (115–118). As of this pub-
lication, FDA has only approved NO for the treatment of
neonatal hypoxemia.

These results have led to the controversy about its use.
Further studies need to show favorable outcome to prove it
as a beneficial adjunct in the treatment of severe lung injury
before its recommended routine use.

Noninvasive Positive-Pressure Ventilation
Noninvasive positive-pressure ventilation (NIPPV) has been
shown to be beneficial in settings where the patient is not
intubated, but needs ventilatory support. NIPPV is a
technique in which the ventilator is connected to the
patient via a tightly fitting facemask, potentially avoiding
complications from endotracheal intubation (i.e., VAP). But
NIPPV has its own disadvantages, including potential air
leaks from suboptimal mask fit, pressure-induced skin
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damage where the mask and face contact, and intolerable
discomfort. Furthermore, patients should be sufficiently
oriented, committed, able to handle their secretions, and
capable of working with the NIPPV system.

Successful use of NIPPV in decreasing the need for
endotracheal intubation has been shown to be the case in
patients with acute respiratory failure (119), cardiogenic pul-
monary edema (120), as well as in patients with acute hyper-
capnic respiratory failure from COPD (121,122). However,
this technique has minimal application during the initial
resuscitation and MV phase of critically injured trauma
and burn patients.

WRITING VENTILATOR ORDERS

Initial ventilator orders should include the mode of venti-
lation (usually A/C or SIMV), the set tidal volume calculated
based on the patient’s weight, the backup set respiratory
rate, the FIO2, and the amount of PEEP desired. Ventilator
parameters typically determined by the respiratory therapist
include the inhalation waveform, the I:E ratio (generally
1:2), trigger sensitivity, peak inhalation flow (usually 70–
110 L/min is adequate), pressure limit, and P–V alarms.
However, the responsible physician must understand the
ramifications of improperly setting any of these variables.
Furthermore, whenever TCPCIRV is used, the responsible
physician should also order I:E ratio, and discuss the plan
of care with the respiratory therapist.

Rarely used ventilatory settings include the use of an
inflation hold, expiratory retard, and/or sigh. Indeed, most
modern ventilators no longer have these capabilities. The
reason these lung recruitment functions are no longer used
is because in awake patients these maneuvers are uncomfor-
table and distressful.

The choice of ventilatory mode is based on the phys-
ician preference, but typically A/C offers the advantage of
decreasing work of breathing and allows patients with
respiratory muscle weakness to increase ventilation
without performing the work of breathing on their own.
With A/C, there is a theoretical increased risk for respirat-
ory alkalosis because with each patient effort, a full
machine-delivered breath results. The IMV mode offers
the advantage of lower mPaw (since patient-initiated
breaths are negative pressure breaths) allowing the patient
to perform a greater portion of their work of breathing
(if desired). However, the increased work of breathing
with the IMV mode is often excessive in patients in severe
respiratory failure.

The initial VT can be calculated based on the patient’s
lean body weight, typically between 10 to 12 mL/kg in
young healthy patients without lung injury. It is re-
commended that patients with a low FRC (such as those
with ARDS) receive VT ranging from 5–7 mL/kg with sup-
plemental PEEP to keep the exhalation volume above the
lower inflection point of the P–V curve. In addition, patients
with a high FRC, resulting from bronchospasm (such as a
patient with COPD or asthma) should also be ventilated
with a smaller tidal volume in the range of 5–7 mL/kg in
order to avoid hyper inflation, or any further increase in
intrinsic PEEP.

The respiratory rate is set to assure an adequate V̇E

and to avoid respiratory acidosis or alkalosis. In a normal
patient with normal lungs, an arterial carbon dioxide
tension (PaCO2) of 40 mm of mercury is usually achieved
with an initial rate of 8 to 12 breaths/min.

The initial fractional inspired oxygen concentration
(FIO2) should be 1.0 in order to document a level of right
to-left shunt (by measuring the alveolar to arterial oxygen
tension difference) and at the same time, minimize the risk
of hypoxemia during transport and the initial ventilator
set-up period in the ICU. Administration of 100% oxygen
for a short period of time (i.e., ,4 hours) is nontoxic. Later,
based upon arterial blood gases, the FIO2 should be
decreased by titrating the PEEP up. The goal should be to
decrease the FIO2 into the nontoxic (,0.5) range as soon as
possible.

The amount of PEEP initially set for most patients
without elevated ICP should be 5 cm water, as this is
thought to be physiologic and should decrease the inci-
dence of atelectasis by increasing FRC. However, in the
case of severe hypoxemia, the PEEP may need to be
increased to as high as 15–20 cm H2O pressure. The goal
should be to use the least amount of PEEP possible,
although still allowing the FIO2 to be 0.5 or less and
obtain a PaO2 � 60 mmHg.

COMPLICATIONS OFMECHANICALVENTILATION

Complications of MV can be classified into those that cause
an increase in airway pressure and those that cause a
decrease in airway pressure (Table 4). Differentiation of
peak versus plateau pressures can further differentiate the
source of certain high-pressure problems. For instance, if
the patient has a very high PIP but only a modest plateau
airway pressure, an increase in airway resistance should be
suspected. An increase in airway resistance may result
from increased secretions, too small of an ETT, or bronchos-
pasm.

When the patient seems to be “fighting the venti-
lator,” an appropriate first diagnostic and therapeutic step
is to separate the patient from the ventilator and hand-ven-

tilate the patient with 100% oxygen. Separating the
patient from the ventilator assures that the ETT is properly
placed and functioning in the patient and that the patient
him/herself is not the problem. While the patient is receiving
hand-generated bag/mask ventilation, attention can be
turned to the ventilator to correct problems.

Complications of Prolonged Tracheal Intubation
There are also complications that arise simply as a result of
endotracheal intubation. Although this review does not
specifically address intubation, it is extremely uncommon

Table 4 Complications of Mechanical Ventilation

High pressure Low pressure

Kinked ETT Tube disconnect

ETT migration (mainstem) Extubation

Increased secretions Air leak around the cuff

Tension pneumothorax Balloon rupture

Light anesthesia TE fistula

Worsening of lung disease BP fistula (early)

Fighting the vent

Intrinsic (“auto”) PEEP

Abbreviations: BP, broncho-pleural; ETT, endotracheal tube; PEEP, posi-

tive end expiratory pressure; TE, tracheo-esophageal.
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that we perform MV without concomitant endotracheal
intubation (Table 5). For an expanded discussion of the com-
plications of endotracheal intubation and tracheostomy, see
the review by Stauffer et al. (123).

Pathologic Airway Injury
The presence of an ETT in the larynx causes characteristic
pathology. The incidence of laryngeal complications after
prolonged intubation is between 4% and 13%. The earliest
of these changes are nonspecific hyperemia and edema
due to mucosal irritation. Edema within the submucosa in
the subglottis at the level of the cricoid may increase
slowly, leading to delayed airway obstruction hours after
the removal of the ETT.

As the tube remains in place, ulceration occurs with
varying degrees of granulation tissue formation. The most
susceptible site to irritation from the ETT is in the posterior

larynx, especially the mucosa overlying the vocal processes
of the arytenoids (124).

Subglottic stenosis, which is more easily recognized,
may be coexistent with posterior glottic stenosis. Prolonged
intubation is the most common cause of subglottic stenosis
in both adults and children. By definition, subglottic stenosis
is a narrowing of the subglottic space above the inferior
margin of the cricoid cartilage and below the level of the
glottis.

True vocal cord paralysis may occur as a result of
endotracheal intubation. The paralysis is most commonly
unilateral, but bilateral paralysis with airway obstruction
has been reported. Brandwein et al. (125) examined the
course of the anterior branch of the recurrent laryngeal
nerve and discovered it to be vulnerable to compression
between the inflated cuff of the ETT, the lateral projection
of the abducted arytenoid, and the thyroid cartilage. Injury
to the recurrent laryngeal nerve most commonly results in
the cord lying in the paramedian position. Occasionally,
true vocal cord edema persists long after extubation.

Obstruction of the Endotracheal Tube
Due to the plastic nature of the ETT, bending can occur at
any time. Kinking can lead to hypoventilation and high
peak airway pressures. The ventilator alarm should alert
the clinician to a sudden increase in ventilator circuit resist-
ance. Appropriate vigilance must be taken to avoid this
occurrence.

Adequate pulmonary toilet and clearance of secretions
is difficult in the mechanically ventilated patient. Secretions
can be due to an inflammatory process (i.e., pneumonia,
tracheitis) or mobilization of third space fluids. Neverthe-
less, the need for airway suctioning and pulmonary toilet
should be assessed on a regular basis and achieved by in-
line suctioning to minimize the risk of contamination.
Mucous plugs can cause airway obstruction as severe as seg-
mental and lobar collapse. Also, bronchospasm can occur in
the patient with reactive airway disease.

Complications Related to Endotracheal Tube Securement
Once the position of the ETT is confirmed, there are multiple
methods to prevent movement of the ETT. Tape, umbilical
tape, and cloth Velcro contraptions have been used to main-
tain the position at the level of the vermilion border of
the lips. Unfortunately, complications can arise from the
mere securing of the ETT. Patients with sensitive skin and
tape allergies can develop rashes or skin ulcers. The tape
adhesive can be compromised by virtue of moist secretions
and sweat, which can result in ETT migration and potential
extubation. Umbilical tape that wraps around the neck of
the patient can occlude the venous outflow and cause
facial plethora. Special care must be taken to prevent such
catastrophes associated with securing the ETT.

Complications Related to Breach of Airway Protection
Atelectasis and Impaired Clearance of Secretions
Atelectasis is a major contributor to postoperative respiratory
failure in critically ill trauma patients, especially following
thoracic and high abdominal trauma. Lung collapse
secondary to decreased respiratory muscle tone, cephalad
displacement of the diaphragm, compression of lung
tissue, and splinting, all contribute to a reduction of FRC
(126). Postoperative persistence of atelectasis often results
secondary to postoperative pain, decreased cough, inability

Table 5 Complications of Tracheal Intubation

During intubation

Trauma to the C-spine, nose, teeth, lips,

tongue, oropharynx, larynx, and trachea

Aspiration (blood, tooth, gastric contents, etc.)

Esophageal intubation

Endobronchial intubation

Hemodynamic instability

Hypnotic drugs: myocardial depression, vasodilation

Relative hypovolemia: decreased venous return

Loss of sympathetic tone: hyperventilation (CO2 elimination),

administration of sedatives

Exaggerated ANS reflexes

Sympathetic (hypertension, tachycardia, myocardial

ischemia)

Vagal (hypotension, bradycardia, cardiac arrest)

Endotracheal tube in place

Bronchospasm

Tracheomalacia

Tracheal perforation (by cuff, by tip of tube)

Inadequate removal of secretions (possible ETT obstruction)

Trauma to areas of contact (exacerbated by patient

movement)

Excessive inflation of cuff causing tube lumen narrowing

Ruptured cuff causing air leak or aspiration

During extubation

Trauma to the glottis by inflated cuff

Aspiration of supraendotracheal tube cuff secretions

Laryngospasm

Respiratory obstruction by immediate edema of any part of

the airway previously in contact with the endotracheal tube

After extubation

Sore throat, dysphagia

Aphonia

Paralysis of the hypoglossal and/or lingual nerves

Vocal cord paralysis

Ulceration, inflammation, infection, edema of any part of the

airway previously in contact with the endotracheal tube

Laryngeal granulomas and polyps

Laryngeal membranes and webs

Tracheal stenosis

Abbreviations: ANS, autonomic nervous system; C-spine, cervical spine;

ETT, endotracheal tube.
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to clear secretions, and inability to take deep breaths; all of
which can be improved with adequate analgesia (126).

Ventilator-Associated Pneumonia
VAP is the most frequent ICU-acquired infection among
patients receiving MV. VAP is defined as an inflammation
of the lung parenchyma caused by infectious agents occur-
ring .48 hours after the time MV was started. Cook et al.
(127) found, in a larger series of 1014 mechanically venti-
lated patients, that the cumulative risk of VAP was 3%
per day up to day 5, 2% per day up to day 10, and 1%
per day thereafter. The attributable mortality for VAP has
been reported to be as high as 33% to 55% (128). Indepen-
dent predictors, in decreasing order, were a primary admit-
ting diagnosis of burn, trauma, central nervous system
disease, respiratory disease, cardiac disease, and witnessed
aspiration (127–129).

Sources of infection for VAP include inoculation by
healthcare workers, aspiration of oropharyngeal pathogens
around the ETT cuff, and invasive respiratory devices
(129). Many preventive strategies have been prescribed,
such as hand washing, semi-recumbency, ventilator device
care, subglottic suctioning, noninvasive ventilation, and
intensive insulin therapy. Treatment is focused at early rec-
ognition, broad-spectrum antibiotics, antibiotic de-escalation
at three to five days, and curtailing therapy duration to eight
days if there is clinical improvement (130).

Barotrauma/Volutrauma
Barotrauma refers to complications of MV, such as pneu-
mothorax, pneumomediastinum, and other forms of extra-
alveolar air (131–134). It became clear in the 1990s that the
production of high pressures is not the only reason for
formation of extraalveolar air (135). However, controversy
continues regarding the term barotrauma, because it
implies that injury is related only to pressure. Other investi-
gators will use volutrauma to denote that lung injury associ-
ated with positive pressure is from high distending volumes
rather than high pressures. Evidence is increasing that
volume, not pressure alone, causes overdistension and is
associated with iatrogenic lung injury (136–137). Thus, the
term VILI (described earlier) is now used when referring
to lung injury that can result from either barotrauma or volu-
trauma (138).

Types of conditions that predispose to barotrauma
include: high PIPs, bullous lung disease such as may occur
with emphysema, high levels of PEEP, high tidal volumes,
aspiration of gastric acid, and ARDS. The result of this over-
distension can be pneumothorax, pneumomediastinum,
subcutaneous emphysema, systemic air embolism, and
bronchopleural fistula. Ways of reducing the likelihood of
alveolar rupture during MV include: setting smaller tidal
volumes, decreasing tidal volume when high PEEP is
used, maintaining alveolar pressures below 30 cm H2O,
omitting use of sigh breaths with high tidal volumes, moni-
toring for auto-PEEP when present, and considering per-
missive hypercapnia and lung-protective ventilation
strategies when necessary (139).

EYE TO THE FUTURE

Today’s ventilators are primarily microprocessor driven. As
rapid as there are advances in information technology, so too
will advances be made in the features and capabilities of

tomorrow’s ventilator devices. As with information
systems and other electronics, ventilators continue to be
smaller, incorporate expanded capabilities, and process
and display information better and faster as time progresses.

Closed-Loop Ventilation
We have discussed the breath-delivery phases of MV and
several modes of ventilation that are available. Closed-loop
ventilation is now possible with the ability of technology
to rapidly sense and respond to patient-generated variables.
In its simplest form, Auto-Flow (Drager Medical, Telford,
Pennsylvania, U.S.A.) and Volume Control Plus (Puritan
Bennett, Tyco Healthcare, Pleasanton, California, U.S.A.)
represent forms of closed-loop ventilation in which there
is automatic next breath changes in pressure using tidal
volume as the feedback control, with the objective of keep-
ing tidal volume constant. Manufacturer’s engineering
teams continue to devise more sophisticated methods to
provide closed-loop ventilation to improve the responsive-
ness of breath delivery to patients needs. However, there is
no uniformity regarding how manufacturers name or
classify these new modes. This leads to confusion among
caregivers, and training programs have become more
focused on understanding manufacturer-specific vocabu-
lary. Closed-loop systems do provide for pressure support,
volume targeted pressure control, mandatory minute
ventilation, and other modes commonly found on ICU
ventilators.

Manufacturers are quickly responding to gain a clini-
cal advantage by partnering with clinicians to develop new
modes of closed-loop ventilation. Adaptive support
ventilation (ASV) is designed to titrate ventilator output
on a breath-to-breath basis. The level of support is deter-
mined by the mechanical characteristics of the patient and
their own breathing efforts. Based on ideal body weight
and the % minute ventilation control, a target minute venti-
lation is determined. By delivering a series of “test breaths”
the ventilator measures respiratory system compliance,
airway resistance, and intrinsic PEEP. From those measures
and the % minute volume setting, the ventilator will deter-
mine the target breath rate and tidal volume. Campbell et al.
(140) evaluated ASV and determined that the ventilator
would self-adjust to achieve a lower PIP, lower VT, and
higher rate than clinician-selected settings, but was associ-
ated with an improved efficiency of ventilation and
reduction in dead space when compared to conventional
ventilation.

Proportional assist ventilation (PAV) is not currently
available in the United States and remains limited to inves-
tigational use. PAV is a form of closed-loop ventilation
designed to increase or decrease airway pressure in
proportion to the patient’s effort (141). PAV is an intrabreath,
positive feedback controller that amplifies airway pressure
proportional to inspiratory flow and volume (142). Puritan
Bennett (Puritan Bennett, Tyco Healthcare, Pleasanton,
California, U.S.A.) will be the first manufacturer to release
PAV in the United States. The feature will be incorporated
in their 840 series ventilator in which the clinician sets the
% support, tube size and type, an expiratory sensitivity,
the high and low tidal volume limits, and the ventilator—
and on every 4 to 10 breaths the ventilator will measure
resistance, compliance, flow, and volume every five milli-
seconds. Studies have validated the feasibility of PAV in a
variety of patient conditions (143–145).
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Closed-loop advances include the use of occlusion
pressure measures to control the level of pressure support
(146,147), the use of end tidal CO2 to control the level of
pressure support (148), and the concept of neurally-adjusted
ventilator assist using diaphragm electrical activity to trigger
the ventilator (149).

Decision-Making Algorithms
Although technology advances continue to arm the clinician
with new options for ensuring that MV and breath delivery
meet the needs of the patients, decisions about the selection
of these modes and changes in clinician set parameters will
remain important.

Monitoring systems will continue to evolve so that ven-
tilator information is displayed in ways that the clinician can
configure, that allows storage of selected information, that
allows breath-to-breath comparisons of measured par-
ameters to assess the effectiveness of MV.

Nearly all modern-day ICU ventilators allow connec-
tivity with information systems so that clinicians can spend
less time charting, and data is integrated and stored. Point
of care access to such information will assist future clinicians
in making critical decisions about the patient’s plan of care.

With the increasing number of monitored and derived
parameters, clinicians will also need new tools to assist in
making safe and appropriate changes in the patient’s
ventilator care plan. Decision-based algorithms are being
investigated and incorporated in new technology. The
ability to preconfigure facility-specific algorithms to target
initial settings, adjust those settings based on user-selected
inputs, and to manage the liberation from MV are incorpor-
ated in emerging technology.

SUMMARY

A strong understanding of the ventilator is paramount when
taking care of the critically ill patient. Because so many
machines are made for the same purpose, the stratification
of phases of ventilation enhances one’s understanding of
the ventilator. Choosing the appropriate mode of ventilation
depends on the patient’s clinical situation. The vast majority
of patients in the SICU are appropriately placed on volume
control ventilation. However, in the patient with severe res-
piratory failure, multiple lung protective modes should be
used to minimize the risk of barotrauma/volutrauma and
other forms of secondary lung injury.

Knowledge of the complications surrounding the
procedures involved with MV is very important. Placement
of an ETT and delivering positive pressure to the critically ill
patient is not a benign process. In the future, newer modes
will be available to further improve morbidity and mortality
associated with MV by minimizing the risk of secondary
lung injury.

KEY POINTS

Ventilators can be categorized into two major types: (i)
negative pressure and (ii) positive pressure ventilators.
Mechanically ventilated breaths should be divided into
four distinct phases to best understand the changes that
occur in pressure, flow, and volume of the inhaled and
exhaled gases.

The “trigger phase” refers to a point in time (P1 in Fig. 1)
when the ventilator initiates the positive pressure breath
(changes over from exhalation to inhalation).
The inhalation phase is characterized as that period of
time when gas is flowing into the lungs, as well as
that time when already delivered gas remains in the
lungs (i.e., until the ventilator cycles into exhalation).
The cycle phase represents the changeover from inhala-
tion to exhalation.
Volume-cycled ventilators terminate inhalation after a
preselected volume has been delivered to the patient.
The exhalation phase is the time period when the pre-
viously inhaled gas is exhausted, and is generally
passive (i.e., occurs by natural recoil if elastic forces in
lung and in chest wall).
Although the application of PEEP will decrease shunt,
it can also increase alveolar dead space, particularly
in West’s zone 1 regions.
Pressure support ventilation can be used as the sole
method of ventilation or, more frequently, as a
method to support weaning.
One explanation for the confounding relationship
between PIP and barotrauma is that the actual pressure
applied at the alveolus is lower than that measured at
the ventilator tubing, and it is the pressure distending
the alveolus that is most injurious.
The first trial showing a decrease in mortality for a low
tidal volume strategy compared with traditional, higher
tidal volumes was conducted by the National Institutes
of Health—National Heart, Blood, and Lung Institute
ARDS Network Study (67).
In the open lung approach, the patient is ventilated
between the upper and lower inflection points on the
pressure–volume curve.
In severe ARDS, the concept of applying PEEP prefer-
entially to the diseased lung units is hypothesized to
improve gas exchange.
Because of improved gas exchange with TCPCIRV, one
can generally ventilate and oxygenate patients at lower
peak airway pressures.
HFV has several variants defined in the literature, but
in general terms describes a form of MV utilizing high
ventilatory rates and low tidal volumes (82).
The potential benefit of inhaled NO in ARDS patients
lies in improving the shunt fraction in the diseased lung.
When the patient seems to be “fighting the ventilator,”
an appropriate first diagnostic and therapeutic step is to
separate the patient from the ventilator and hand-
ventilate the patient with 100% oxygen.
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INTRODUCTION

Weaning from mechanical ventilation describes the process
of progressively reducing mechanical ventilatory support
until the patient is entirely capable of performing the work
of breathing (WOB) on his/her own. Severely injured and
critically ill patients are increasingly dependent upon mech-
anical ventilation for their survival, and their subsequent
weaning from ventilatory support has become increasingly
complex. These conditions have evolved from our improved
resuscitation capabilities, the increasing complexity of surgi-
cal corrective procedures, and the increased baseline comor-
bidities associated with our aging population (1–7).

The art and science of weaning from mechanical ven-
tilation has continued to evolve since the widespread use of
mechanical ventilators for intensive care began in the late
1960s (8,9). Optimization of the weaning process is aimed
at diminishing the time on the ventilator, and reducing the
adverse complications associated with prolonged mechan-
ical ventilation. Some authors object to the term “weaning”
(10–13). Accordingly, Hall and Wood (10) introduced and
promoted the term “liberating” from mechanical ventilation.
In more recent publications, the term “discontinuing” from
mechanical ventilation is increasingly used (14). This
chapter will review the important concepts and use the
terms weaning, liberating, and discontinuing from mechan-
ical ventilation, interchangeably.

In the simplest terms, ventilatory dependence occurs
whenever the WOB exceeds the patient’s ability to perform
that work. However, there are a host of other factors that
may intervene and prolong ventilatory dependence in
addition to the simple WOB supply/demand relationship
(15–18). The section “Weaning Sequence: Seven-Step Path-
way to Extubation” provides an overview of the seven goals
that must be achieved to accomplish successful weaning
from mechanical ventilation and safe extubation. This section
serves as an in-depth overview of the entire process, whereas
the subsequent sections review the data supporting the
seven-step approach. All major recommendations in this
chapter are in concert with the recent American College of
Chest Physicians (ACCP)/American Association for Res-
piratory Care (AARC)/Society of Critical Care Medicine
(SCCM) evidence-based guidelines for weaning and disconti-
nuing ventilatory support (18).

WEANING SEQUENCE: SEVEN-STEPPATHWAY TO EXTUBATION

The weaning sequence should proceed along a logical
stepwise evaluation pathway. The successful achievement
of each goal in the pathway leads to the next step in the

sequence (Table 1). The first step in the weaning process
begins when the clinician judges that the patient’s condition
has improved, and the underlying disease process (requiring
mechanical ventilation) is improving or has resolved
(Table 1). The second step is to verify that the patient is
free of any intercurrent conditions that might complicate
weaning.

Once these first two goals are achieved, the clinician
ensures that the patient can oxygenate adequately, defined
as being capable of maintaining PaO2 .60 mmHg on an
FIO2 � 0.4 with �5 to 8 cm positive end expiratory
pressure (PEEP) (step 3). The fourth and fifth steps (or
weaning goals) are the verification that the patient does
not have an excessive WOB and that he/she is capable of
performing that work. Once these thresholds are met (as
demonstrated by various weaning parameters), the clini-
cian must verify that the patient is able to protect his/her
airway (step 6). Finally, prior to extubation, a determi-
nation is made regarding whether extubation, and possibly
reintubation, will be easy or difficult (step 7). If reintuba-
tion is expected to be difficult, the trachea should be extu-
bated over an airway exchange catheter (AEC), and/or
with a fiberoptic bronchoscope (FOB). Patients with tra-
cheostomies in place need not achieve goals 6 and 7
prior to advancing to tracheostomy collar. Furthermore,
many neurologically impaired patients will not be
capable of achieving step 6; and some pathologic processes
causing tracheal stenosis (or airway swelling) obviate safe
breathing through their natural airway. Whenever steps 6
and 7 cannot be safely accomplished, a tracheostomy
should be considered.

Clinicians should closely review the contributors
to respiratory failure at the moment the patient is intubated,
and commence optimization of all anticipated impediments
to weaning from the beginning. The details of this seven-
step process and the weaning goals required to proceed
down the pathway from full ventilatory support to weaning
and extubation are reviewed below.

Improvement in Primary Disease Process Requiring
Ventilatory Support
Without resolving or significantly improving the original
disease process that triggered the need for mechanical venti-
latory support, it is illogical to expect successful liberation
from mechanical ventilation. Assessing the degree to
which the patient has improved and adequately reversed
the process that required mechanical ventilation involves
the interpretation of weaning parameters discussed in this
chapter, and an overall application of the art and science of
medicine reviewed in other chapters of this textbook.
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Determining the patient’s level of recovery from res-
piratory failure (Volume 2, Chapter 26) and fitness for
weaning requires insight into the underlying process that

required mechanical ventilation. Recovery from respiratory
failure, resulting from a primary pulmonary event, is gener-
ally easier to gauge because only one organ system is
involved. Evaluating recovery from respiratory failure that
occurred secondary to dysfunction of another organ (e.g.,
renal failure), or as sequelae of sepsis (Volume 2, Chapter
47), multiple trauma, or the systemic inflammatory response
syndrome (Volume 2, Chapter 63), requires both an evalu-
ation of the pulmonary system and a review of the injured
organs that initiated the event (14). When multiple organs
are injured, the weaning sequence is even more complicated
than when failure of only one organ initiated respiratory
failure (15–17). In severely ill patients, the duration of
weaning may extend for weeks or even months after the
primary insult, as multiple systems and the lungs recover.

Absence of Intercurrent Processes that Impede Weaning
Although the patient may have substantially recovered from
the primary disease that required mechanical ventilatory
support, the physician must also ensure the absence of inter-
current disease processes (e.g., renal failure, or congestive
heart failure) that may complicate the primary injury, and
doom the weaning process. Similarly, acute disease states
that increase the WOB (e.g., sepsis, fever, etc.) or decrease
the patient’s ability to do that work (e.g., chronic bed rest,
muscle wasting, critical illness polyneuropathy, steroid myo-
pathy, malnutrition, etc.) must be addressed and treated
prior to expecting any significant progress in weaning.
Finally, the patient should be optimized from a respiratory
care perspective, receiving nutrition, hemodynamically
stable (defined as in a stable rhythm—preferably sinus,
and off or on minimal doses of vasoactive drips), as per
weaning goal 2 in Table 1.

Adequacy of Oxygenation Demonstrated
The patient is not ready to proceed with weaning until he/

she can maintain adequate oxygen saturation, both at

rest and with modest exertion (i.e., during weaning).
The generally accepted oxygenation threshold required to
safely commence weaning is the demonstrated ability to
maintain PaO2/FIO2 � 150 to 200; or a PaO2 � 60 mmHg
(i.e., .90% saturation) on an FiO2 � 0.4 with a minimal
(,5–8 cmH2O) of PEEP.

The acceptable oxygenation threshold listed in Table 1
(step 3) is far below the normal resting oxygen status of
healthy patients. Indeed, normal individuals maintain a
PaO2 ranging between 100 and 70 mmHg when breathing
room air and not receiving exogenous PEEP. However,
because of the immense physiologic reserve within the
normal mammalian oxygen delivery system (Volume 2,
Chapter 2), these lower oxygenation threshold criteria will
generally allow for the provision of adequate oxygenation
to tissues during the weaning process. This subnormal
threshold of the PaO2/FiO2 ratio is also adequate for supply-
ing tissue oxygenation following extubation, and provides
latitude for minor setbacks (e.g., transient atelectasis or fever).

Work of Breathing Is Not Excessive
When the WOB is excessive (Fig. 1), even young and

otherwise healthy patients can develop respiratory
failure. Accordingly, an assessment of the WOB must
demonstrate that it is not too excessive prior to commencing
the weaning process (Table 1, goal 4).

Numerous weaning parameters and clinical measures
have been used. These will be thoroughly reviewed in the

Table 1 Weaning from Mechanical Ventilation Goals

Weaning

goal

Pathophysiologic

process requiring

normalization Demonstrated by

1 Reversal/recovery from

primary disease

causing ARF

Determined by appropri-

ate evaluation

2 Absence of acute pro-

cesses that may

impede weaning

Afebrile Temperature �388C
Stable

hemodynamics

HR and MAP within 20%

of baseline with no or

minimal vasoactive

agents

Stable metabolism

and electrolytes

Laboratory data

3 Oxygenation adequacy

demonstrated

FIO2 �0.4

PEEP �5–8 cmH2O

PaO2 �60 mmHg

PaO2/FIO2 .150–200

4 WOB not excessive _VE ,12 L/min (70-kg

patient)

VD/VT , 0.6

CL .30 mL/cmH2O

Absence of wheezing or

prolonged exhalation time

5a Demonstrated ability to

perform the required

WOB

RR ,25 min21 during

SBT

VT.5 cm3/kg during SBT

RSBI ,100 during SBT

PIMAX .25 cmH2O

P0.1

P0.1/PIMAX

6 Verify patient’s ability

to protect airway

Awake and following

commands

Intact gag reflex, vigorous

cough, empty stomach

(relative requirement)

7 Ensure reintubation not

anticipated to be

difficult

History, exam of airway

If reintubation is likely

difficult, should be

extubated with AEC

and only after evalu-

ation with FOB

aPatients with existing tracheostomies need only to achieve above to goal 5

prior to advancing to a tracheostomy collar. However, the tracheotomy site

should be evaluated for maturity, and the ease of tracheostomy recannaliza-

tion (in the event of cannula dislodgment) should be evaluated.

Abbreviations: AEC, airway exchange catheter; ARF, acute respiratory

failure; CL, compliance; FiO2, inspired fraction of oxygen; FOB, fiber-optic

bronchoscope; HR, heart rate; MAP, mean arterial pressure; PaO2, arterial

oxygen tension; PEEP, positive end-expiratory pressure; RSBI, rapid

shallow breathing index (RR/VT expressed in Liters); PIMAX, maximum

inspiratory pressure; P0.1, mouth occlusion pressure; P0.1/PIMAX, ratio of

mouth occlusion pressure to maximum inspiratory pressure; RR, respiratory

rate; SBT, spontaneous breathing trial; VD/Vt, deadspace to tidal volume

ratio; _VE, minute ventilation; VT, tidal volume; WOB, work of breathing.
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following section. However, it is useful at this point to ident-
ify some of the weaning parameters that specifically assess
the WOB [e.g., minute ventilation ( _VE), the dead space to
the tidal volume ratio (VD/VT), compliance (CL), airway
resistance (RAW), etc.].

To increase the predictive power of weaning par-
ameters, multiple factors should be evaluated (discussed
further subsequently). One way to conceptually combine
the clinically important parameters reflecting the WOB into
a single formula is with the WOB equation:

_VE � RAW

CL
¼WOB (1)

The three components of the WOB equation ( _VE, RAW, and
CL) have been defined above. The factors that contribute to
altering these fundamental measures of the WOB will be
discussed subsequently. The _VE for a normal 70-kg patient
is approximately 6 L/min. When _VE is �12 L/min, and
there are minimal additional coincident factors known to
increase the WOB (e.g., wheezing, chest wall stiffness, etc.),
patients with normal strength should be considered wean-
able. The normal VD/VT is approximately 0.3; when it is
�0.6, patients are seldom weanable due to the excessive
WOB. The _VE is comprised of both alveolar ventilation
( _VA) and dead space ventilation ( _VD). Accordingly, the
VD/VT does not need to be specifically measured unless
the _VE is extremely elevated especially in the absence of

fever, obvious hypermetabolism, or overfeeding (Volume 2,
Chapter 31). RAW is normally negligible. However, patients
with reactive airway disease, COPD, bronchitis, or a
current cold will have an increased RAW reflected in the clini-
cal exam as wheezing. Similarly, kinks in the ET, or inspis-
sated secretions on the endotracheal tube (ETT) may
increase the RAW. Ventilated patients demonstrating a large
increase in the peak airway pressure compared to the
plateau pressure on volume control ventilation reflect sig-
nificantly increased RAW. Those ventilated on the pressure
control mode will show a decreased in tidal volume at any
set inhalation pressure when the RAW is elevated. The clinical
exam should reveal the absence of bronchospasm or wheez-
ing indicating RAW is negligible, prior to commencing a trial
of weaning.

The CL is defined as a change in volume divided by a
change in pressure (typically expressed as mL air/cmH2O).
The normal CL is .80 mL/cmH2O; however, following
trauma, resuscitation, and critical care, CL is often decreased
(especially in the setting of lung injury). The lower the CL,
the greater the WOB. When the CL is ,30 mL/cmH2O, the
WOB is often too great to allow weaning from mechanical
ventilation unless the patient is also very fit.

Ability to Perform the Work of Breathing Demonstrated
Once the patient’s WOB has been evaluated and determined
to be “reasonable” (i.e., not so high that weaning is imprac-
tical), the next goal is to determine if the patient can perform

Figure 1 Patient in respiratory distress. Clinical signs include tachypnea (with a rapid shallow breathing pattern), increased accessory

muscle (sternocleidomastoid and strap muscle) activity, diaphoresis, nasal flaring, abdominal paradox (especially when spinal cord injury or

flail chest present), and when severe, cyanosis may develop (especially when supplemental oxygen is insufficient). Source: From Ref. 222.
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the required work (Table 1, weaning goal 5). The easiest way
to assess this is by having the patient perform a spontaneous
breathing trial (SBT). For example, place the patient on a
T-piece or on a continuous positive airway pressure (CPAP)
of 5 cmH2O, without or with minimal (i.e., 5 cmH2O) of
pressure support, and assess if he/she can do the WOB.

The most clinically useful (and predictive) weaning
parameter used at the beginning and end of an SBT is the
rapid shallow breathing index (RSBI), defined as the respir-
atory rate (RR) (expressed in breaths/min) divided by the
tidal volume (VT) (expressed in liters) (9,13,18). Other
weaning parameters have less predictive power, but are
still instructive in determining why a patient may have a
high RSBI during an SBT. Some of the more commonly
employed weaning parameters are the maximum inspira-
tory pressure (PIMAX), also known as the maximum inspira-
tory force (MIF), both are typically expressed as negative
cmH2O pressure; the vital capacity (VC), expressed either
as mL or L; and the maximal voluntary ventilation (MVV)
previously known as the maximal breathing capacity. The
MVV is determined by asking the patient to perform their
maximal _VE for 12 to 30 seconds. The threshold goal is
achieved if the patient can breathe twice their baseline _VE

for the entire 12- to 30-second duration. Patients able to
accomplish this MVV goal demonstrate that they possess
significant cardiopulmonary reserve, and are more likely to
tolerate weaning.

Airway Protection Intact and Reintubation
Difficulties Fully Evaluated
After the patient meets all of the criteria for weaning from
mechanical ventilation (Table 1, goals 1–5), the clinician
must verify that the patient can safely have their trachea
extubated by fulfilling goal 6 (demonstrating ability to
protect their airway) and goal 7 (verification that reintuba-
tion is not anticipated to be difficult). If the patient has a pre-
existing tracheostomy, then after fulfillment of goal 5, the
patient may advance to tracheal collar. Conversely, if the
patients cannot fulfill goals 6 and 7, a tracheotomy is often
warranted (discussed in the tracheostomy section).

The ability to protect one’s airway (Table 1, goal 6) is
demonstrated by verifying: (i) the patient is awake and
follows commands and (ii) that the patient has an intact
gag and cough [sensory limb of the reflex is mediated by
cranial nerve (CN) IX, and motor response is mediated by
CN X]. As an additional margin of safety, it is best to
ensure that the patient has an essentially empty stomach at
the time of extubation (in case reintubation is required).
For example, tube feeds should be held two to six hours
prior to extubation. Patients at high risk for aspiration (i.e.,
those with altered mental status) should have tube feeds
held the full six hours prior to extubation. Note that high
gastric outputs (�1500 cm3/day) from a nasogastric or oro-
gastric tube represent a relative contraindication to extuba-
tion (Table 1, goal 6), because the relative gastric outlet
obstruction increases the patient’s risk of regurgitation and
aspiration, and is a sign that pathological processes are not
fully resolved.

The final hurdle to be cleared, prior to extubation of
the trachea, is determining if the airway would be difficult
to reintubate urgently. For example, if the patient was a dif-
ficult intubation preop, or has a halo in place for cervical
immobilization postop, he/she would be considered difficult
to reintubate using conventional means (i.e., direct laryngo-
scopy). When the airway is anticipated to be difficult to

reintubate, extubation should occur over an AEC as described
in greater detail in “The Patient is Weaned, Can the Trachea Be
Safely Extubated?” and more fully in Volume 2, Chapter 29.
Additionally, in situations where airway swelling has been
problematic (e.g., following neck surgery/trauma), the vocal
cords and supraglottic structures should be evaluated with
an FOB prior to and during extubation.

WEANING PARAMETERS:WHICH ARE PREDICTIVE?

Weaning parameters are bedside tests developed to assess the
patient’s readiness to be weaned from mechanical venti-
lation. Some weaning parameters reflect the WOB that
must be performed by the patient (e.g., V̇E, CL, RAW),
whereas others reflect the patient’s ability to perform that
work (e.g., MIF, VC, RSBI). When properly performed
and interpreted, weaning parameters help in the decision-
making process to liberate the patient from the ventilator
(15). Since the introduction of artificial ventilation,
weaning parameters have been developed and modified.
The early parameters included simple measures of venti-
lation status, such as RR and VT (while breathing spon-
taneously), as well as the VC and MIF (16,17). Over the
last 40 years, more than 60 weaning parameters have been
evaluated (18,19).

When clinical researchers investigate the statistical
relationship between weaning parameter results and the
success of weaning, the data for each weaning parameter
threshold can be plotted in a 2 � 2 table (Table 2). Chi-
square analysis can be applied to the data in order to
assess the statistical significance of the association between
the weaning parameter and the success or failure of
weaning. It is also useful to express the data in ways that
are clinically relevant in order to communicate the results
in a consistent manner. In this regard, the definitions sum-
marized in Table 2 have been developed.

A true positive is a patient who achieves a positive
result on the weaning parameter (at some threshold set by
the researcher), and successfully weans from mechanical ven-
tilation. A false positive is a patient who achieves a positive
result on the weaning parameter (at a given threshold), but
does not successfully wean. A true negative is a patient who
fails to achieve the threshold weaning parameter value, and
also fails to wean from mechanical ventilation. A false nega-
tive is a patient who fails to achieve the threshold weaning
parameter value, but actually does successfully wean.

Table 2 Comparing Weaning Parameter Results with Success of

Weaning Using a 2 � 2 Table

Weaning

Success Failure

Weaning

parameter result

Positive True positive False positive

Negative False negative True negative

Sensitivity ¼ True Positives/(True Positivesþ False Negatives).

Specificity ¼ True Negatives/(False Positivesþ True Negatives).

Positive Predictive Value ¼ True Positives/(True Positivesþ False

Positives).

Negative Predictive Value ¼ True Negatives/(True Negativesþ False

Negatives).

Accuracy ¼ (True Positivesþ True Negatives)/(True Positivesþ False

Positivesþ True Negativesþ False Negatives).
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Sensitivity is the probability that a weaning parameter
test is positive given that the person actually weans success-
fully. Sensitivity is also known as the true positive rate.
Specificity is the probability that a weaning parameter test
is negative given that the person fails to wean from mechan-
ical ventilation. Specificity is also known as the true negative
rate (Table 2).

The positive predictive value is the probability that a
person successfully weans given a positive weaning par-
ameter result is achieved at some threshold. The negative
predictive value is the probability that a person fails
weaning given a negative weaning parameter result is
achieved. Accuracy, the most important statistical measure,
reflects the combined positive and negative predictive
values (Table 2).

When reviewing clinical trials that purport to compare
various weaning parameters with the success of weaning,
only those studies that provide a 2 � 2 table of the data
should be trusted. The remainder (unfortunately most
studies) are less useful in terms of providing meaningful
data that can be compared with your own practice, or with
other studies. A review of the clinically employed weaning
parameters is provided in the following sections.

No Weaning Parameter Is PerfectçMost Are Useful
None of the clinically available weaning parameters are
perfect; they all have their drawbacks. However, most are
useful in clinical practice, and they tend to be complemen-
tary (Table 3) (20–62). The best weaning parameters
are those that are easy to measure, can be obtained at
the bedside, and have the greatest predictive power (63).

Unfortunately, no single weaning parameter test yields
100% accuracy. The reason for the imperfect predictive
power of weaning parameters is that: (i) numerous factors
are involved in ventilatory dependence (steps 1–5,
Table 1), (ii) no single weaning parameter reflects all these
factors, and (iii) clinicians have often already considered
the weaning parameter results prior to selecting patients
for trials of weaning (9,18).

Weaning parameters should only be used as suppor-
tive tests to bolster the clinical appraisal, and should never
be used as a substitute for clinical judgment (64). If the clini-
cal picture does not support the weaning parameter data
reported by respiratory therapists (RTs), then either the
data is flawed or the clinical picture has changed from
when the weaning parameters were obtained. In this
setting, it is best to carefully reassess the situation, and
either obtain the parameters oneself, or ask the RT to
obtain them while the clinician is present at the bedside.
Finally, if the clinician habitually relies on only one
weaning parameter to decide likelihood of weaning
success, errors will inevitably occur. It is far better to
obtain several weaning parameters to improve the overall
predictive power. It is also important to clearly
understand the data being obtained; some weaning par-
ameters reflect an increased WOB, whereas others demon-
strate a decreased ability to do that work (as explained
earlier).

Survey of Traditional Weaning Parameters
This section reviews all the commonly employed weaning
parameters from the perspective of both “normal” and

Table 3 Commonly Used Weaning Parameters

Parameter Typical threshold required Element evaluated

SaO2 on FIO2 ¼ 0.4 .90% Oxygenation

PaO2/FIO2 .300–350 mmHg Oxygenation
_Qs= _Qt ,20% Oxygenation (as reflected in right-

to-left transpulmonary shunt)
_VE �12 L/min (70 kg) Demand component of WOB

CL .40 mL/cmH2O Demand component of WOB

RAW Absence of bronchospasm Demand component of WOB

Minimal PPK vs. PPL difference

VD/VT ,0.6 Demand component of WOB

MIF or PIMAX �220 cmH2O (if thin with compliant lung)a Strength

�235 if the CL is decreased

VC �15 mL/kg Strength/CL

P0.1 �25 cmH2O Strength of respiratory fitness

P0.1/PIMAX ,0.09 (see text for details) Strength and respiratory fitness

RR �35 breaths/min Ability to tolerate the WOB

VT �5 mL/kg A measure of strength/CL, and ability

to tolerate the WOB

RSBI RR (breaths/min)/VT (L) �100 Ability to perform the WOB

CROP .13 (incorporates multiple factors) Oxygenation and WOB

MVV .2 � _VE for 12–30 sec Measure of ventilatory reserve
_VE recov time ,3–5 min Measure of ventilatory reserve

aThe MIF is a negative number; the more negative the number the stronger the patient.

Abbreviations: CL, compliance; CROP, index composed of CL; FIO2, inspired fraction of oxygen; MIF, maximal inspiration force; MVV, maximum voluntary ven-

tilation; PaO2, arterial oxygen tension; P0.1, mouth occlusion pressure (maximum inspiratory pressure 0.1 sec after airway occlusion); P0.1/PIMAX, ratio of P0.1 to

PIMAX; PIMAX, maximal inspiratory pressure; Q̇s/Q̇t, right-to-left transpulmonary shunt; RAW, airway resistance; RR, respiratory rate; RSBI, rapid shallow breathing

index (RR/VT expressed in Liters); SaO2, oxygen saturation; VC, vital capacity; VD, dead space; _VE, minute ventilation; VT, tidal volume; WOB, work of breathing.
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“acceptable” values; recognizing that “acceptable” values
almost always reflect a level of function far below
“normal.” The first parameter most often assessed clinically
is the RR. A normal, healthy, nonintubated 70-kg adult at rest
has an RR of 12 to 14 breaths/min. However, the general
acceptable threshold for a patient weaning from mechanical
ventilation is an RR of 30 to 35 (9,18). This upper limit of 30 to
35 is a threshold that makes sense for otherwise healthy
adults, but will have variable predictive power in other
patient populations. Indeed, stable, nonintubated patients
with pulmonary fibrosis (a restrictive lung disease) often
have a baseline RR in the 20 to 30 range. A patient without
any previous underlying lung disease presenting with a
resting RR above 30 likely represents acute respiratory
failure (14). The RR is also age dependent; a newborn’s
normal RR ranges from 30 to 40, and rates above 60 to 80
are required to represent respiratory failure in this popu-
lation (65). Similarly, temporarily hypermetabolic patients
will have an expected increased _VE (66,67).

The RR can be normalized to some degree by adding
the patient’s VT, as occurs with the RSBI (RR/VT in liters).
When the RSBI is ,50 at the end of a two-hour SBT, patients
are almost always capable of being weaned from the venti-
lator. When the RSBI is .100 to 105, they often are incapable
of being liberated from mechanical ventilation (but what
about the patients with RSBI in between?). Many weaning
trials have used an RSBI threshold of 100 to 105, and thus
do not have perfect predictive power (9,18). If the predictive
threshold were decreased to the 50 to 65 range for the RSBI,
then the positive predictive value would increase dramati-
cally, but the negative predictive value would suffer (i.e.,
many patients who could actually tolerate weaning would
still be receiving mechanical ventilation). Conversely,
increasing the RSBI threshold to some number .105
would increase the negative predictive value (i.e., few
patients with higher indices would tolerate extubation),
but the positive predictive value would be lower (i.e.,
many patients with RSBI just below the 105 threshold
would fail to tolerate extubation).

The MIF, also known as the maximum inspiratory
pressure (PIMAX), or negative inspiratory force, has been
evaluated as a weaning parameter in many studies with
variable predictive results (68–71). A healthy female can
create an MIF of at least 290 cmH2O, a male can generate
less than 2120 cmH2O. Various clinical trials use different
thresholds from 215 cmH2O to 250 cmH2O depending
upon the average CL and WOB of the study population.

Accordingly, simple comparisons between studies are
challenging. One study demonstrated an accuracy of 66% for
medical and cardiac intensive care patients capable of
achieving a PIMAX less negative than 220 cmH2O (38). A
71% accuracy was achieved in a multidisciplinary intensive
care unit (ICU) (including trauma and surgical patients) but
required a PIMAX of less than 250 cmH2O (72).

The maximum negative pressure in the first 0.1 second
(P0.1), with a threshold of ,25 cmH2O is listed with an accu-
racy of 88%, specificity of 91%, and negative predictive value
of 96% for multidisciplinary patients. However, this
measurement is not readily available in most modern ICUs
today (72).

The VC is determined in most ICUs before extubation
with a commonly accepted threshold of 10–15 mL/kg. A
healthy person generates a VC of approximately 70 mL/kg
(5000 mL for a 70-kg adult). Accordingly, the minimum
acceptable VC for weaning is far below the “normal” value
achievable in healthy patients. The lower 10–5 mL/kg
“threshold” value is often acceptable because of the

enormous reserve in the mammalian respiratory system.
The 10–15 mL/kg VC target (like all weaning parameter
thresholds) is a relative number, only adequate if the
patient is not debilitated in areas other than those reflected
in this one weaning predictor. Inability to generate the
minimum acceptable VC can result from (i) a very noncom-
pliant thorax or lungs and (ii) significant respiratory to
muscle weakness. In either case, successful discontinuation
from mechanical support is unlikely, and obtaining other
weaning parameters (e.g., MIF, CL) will help explain the
etiology problem.

A VT of 6–8 mL/kg is required to maintain sufficient
ventilation in a normal, spontaneously breathing patient. In
ICU patients recovering from trauma and critical illness,
breathing spontaneously (T-piece or C-PAP), a reasonable
threshold is 4–6 mL/kg. Naturally, the RR will need to
increase in patients with lower than normal VT in order to
maintain the _VE required to exhale the normal CO2 produced.

Note that this VT threshold is not as predictive when
one is interrogating the muscle strength, and relative rever-
sal from neuromuscular blockade drugs; in this setting, VT

measurements are not nearly as predictive as measuring
the VC or evaluating a five-second head lift in a patient
(Chapter 48).

Minute ventilation ( _VE) is one of the most commonly
used weaning parameters, because it is easily obtainable
with today’s ventilators and serves as a gross measure of
respiratory status. However, when taken in isolation,
without clinical correlation, _VE will not be as predictive
(64). It is influenced by numerous clinical conditions
like body weight, age (65), postoperative hypermetabolic
state (66), and nutrition (67). The _VE is, therefore, listed
with a wide range of acceptable upper limits (10–15 L/
min), and corresponding accuracies are lower than
those resulting from other weaning parameters (62% for
_VE �10 L/min) (38).

The ratio of mouth occlusion pressure in the first
0.1 second to maximum inspiratory pressure (P0.1/PIMAX)
is a very accurate weaning parameter, in the setting of
close experimental observations (Fig. 2). A P0.1/PIMAX ratio
below 0.09 predicted successful extubation with a very
high accuracy in one study (72). The authors explained
these results based on ventilatory pattern changes being
different in health and disease. Patients with imminent res-
piratory failure tend to take quick shallow breaths, as if
gasping for air, which is reflected by a P0.1/PIMAX ratio of
.0.09. This test detected successful weaning in a group
of multidisciplinary critical care patients with an accuracy
of 98%, PPV of 100%, and NPV of 92% (73).

Greater accuracy occurs when more than one weaning
parameter is used to predict success. A formal approach by
Yang and Tobin to further combine indices resulted in the
index composed of CL, RR, oxygenation, and pressure
(CROP) index (73). This acronym integrates dynamic com-
pliance C, respiratory rate R, oxygenation (PaO2/PAO2),
and maximum inspiratory pressure PIMAX. The higher the
CROP index, the higher the likelihood of successful
weaning (73).

The Rapid Shallow Breathing Index May Be the Single
Most Useful Weaning Parameter

The RSBI is the most widely used weaning parameter,

because it is easy to obtain, predictive, and illustrative;
patients failing to wean develop a breathing pattern charac-
terized by small tidal volumes and increased RRs.
In clinical practice, an RSBI of .100 usually predicts
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failure, and when this threshold was used the accuracy of
predicting a weaning success was only 71% in MICU/CCU
patients (38,74). A better prediction results when the RSBI
is evaluated after 30 minutes of CPAP breathing (RSBI30),
using a threshold of 100; the RSBI30 results in an accuracy
of 85% in the same patient group. If the threshold were
lowered to the 50 to 65 range, the RSBI would predict
nearly 100% of patients that could be safely weaned to extu-
bation, but (as discussed earlier) would result in far too
many patients remaining ventilated who could tolerate
weaning to extubation despite having RSBI .65.

The RSBI only scored higher than the P0.1/PIMAX for
the negative predictive value in medical/cardiac ICU
patients (73,75). However, as we have discussed above,
some of the differences in predictive power result from the
threshold values chosen. If the experimentally derived
statistical significance were the only important factor for
predicting weaning success, then the arcane and cumber-
some to measure P0.1/PIMAX ratio would be widely utilized
(in some studies, the P0.1/PIMAX accuracy approaches
98–100%). However, the practical clinical realities require
ease of use and reproducibility.

The RSBI is easy to obtain, and its use provides
additional information beyond a calculated number (i.e., a
description of the patient’s ventilatory status during SBT).
Accordingly, the RSBI should be considered the single
most useful weaning parameter. However, the threshold
number used will determine the predictive power. A
patient could have an RSBI of less than 100, the commonly
used threshold, and still not be ready for extubation (other
factors must always be considered). An RSBI less than 50
almost always successfully predicts a patient’s ability to be
weaned to extubation. The threshold value chosen by the
clinician will markedly alter the predictive power of any
given weaning parameter.

Evaluating weaning parameters obtained by the RT
results in an incomplete interpretation of data available
from the patient. The clinician should be physically
present at the bedside during at least part of any SBT that
is being used to determine a patient’s fitness for weaning
to extubation. The absence or presence of signs and symp-
toms of respiratory distress communicated through facial
expressions, restlessness, perspiration, or hemodynamic
changes all serve to supplement the weaning parameter
data (in this case the RSBI), and helps the clinician determine
the patient’s likelihood of tolerating weaning (Fig. 1) (75,76).

Greatest Success Occurs When Multiple Parameters Are
Combined with Clinical Judgment
Any of the single weaning parameters used in isolation will
result in many errors in management. Accordingly, multiple
parameters should be used (according to Bayes’s theorem).
Furthermore, when the decision to remove an ETT from a
patient recovering from respiratory failure is complicated,
clinical judgment that incorporates all aspects of the
patient’s condition and progress is required. The acquisition
and interpretation of multiple weaning parameters provide
the supplemental information needed by the clinician to for-
mulate the weaning decision-making process (64,77).

WEANING STRATEGIES:WHICH ONE IS BEST?

There are nearly as many weaning strategies as there are
intensivists (8–13). Patients, who are not sick, rarely
require weaning evaluation and may not need any special
strategies (Table 4). However, patients who are debilitated

Predictive Accuracy of
Weaning Parameters  
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   VE <= 10b

PIMAX  >=[20]a
 RSBIi100  < 100b

PIMAX  >=[50]a

RSBI <=60a

RSBI30 <= 100b

          P 0.1 < 5a

P0.1/PIMAX < 0.09a

Percent

Figure 2 Predictive accuracy of weaning parameters: from

highest accuracy (top) to lowest accuracy (bottom) in percent.

Abbreviations: P0.1/PIMAX
a , mouth occlusion pressure to maximum

inspiratory pressure; P0.1
a , mouth occlusion pressure (cmH2O);

RSBI30
b , RSBI after 30 minutes breathing begin; RSBIa, rapid

shallow breathing index (breaths/min/L); PIMAX50a, maximum

inspiratory pressure .50 cmH2O; RSBIi100b, initial RSBI ,100;

PIMAX20a, maximum inspiratory pressure .20 cmH2O; _VE
b,

minute ventilation (cmH2O). Source: aMultidisciplinary patient

group (72). bM/CICU patient group (38).

Table 4 Strategies Employed to Facilitate Weaning

Weaning

strategy

How accomplished/
comments

Likelihood of expedit-

ing weaning success

SBT Patient placed on a

T-piece or CPAP,

+supplementation with

PSV and evaluated for

30–120 min; optimum

duration of SBT varies

with patient condition

Generally considered

to be as good as any

other weaning

strategy

SIMV Stepwise reduction in

SIMV set rate until a set

rate of 2 is achieved;

SIMV set rate usually

decreased 2–4 breaths/
min every 12 hr

Generally considered

the slowest strategy

of weaning

PSV Stepwise reduction in

driving pressure until a

threshold of ,5–

8 cmH2O is achieved;

the driving pressure is

usually decreased every

2–4 breaths/min every

12 hr

In some patients, PSV

may facilitate

weaning

Abbreviations: CPAP, continuous positive airway pressure; PSV, pressure

support ventilation; SBT, spontaneous breathing trial; SIMV, synchronized

intermittent mandatory ventilation.
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and recovering from critical illness often need some time to
both decrease their WOB (through healing) and to increase
their strength (through exercise) (4). The WOB is increased
following trauma and critical illness secondary to decreased
CL of the lungs and chest wall, increased VD/VT, and
increased RAW.

Spontaneous Breathing Trial
During an SBT, the physician evaluates the patient’s ability
to breathe on his or her own (i.e., spontaneously) (78). To
accomplish this, the patient is placed either on a T-piece
or on the CPAP mode, typically set at 5 cmH2O PEEP, and
supplemented with 5–10 cmH2O pressure support
(Table 4) (79,80). The term “T-piece” stems from its shape.
One arm of the T-shaped piece connects to the ETT, one
arm connects to the fresh gas flow, and the third arm
serves as the exhalation limb of the apparatus. The exhala-
tion tubing should be at least 25 cm long to prevent entrain-
ment of room air, and the fresh gas flow should equal at
least twice the patient’s spontaneous minute ventilation to
eliminate rebreathing.

Although the patient performs the SBT, the RR, venti-
latory pattern, and breathing efforts are closely monitored
along with the SpO2, pulse rate, and blood pressure. RRs
of 25 to 35 per minute are considered acceptable as long as
the rate remains stable, the patient appears comfortable,
and there is no deterioration in other parameters.

Most SBTs are now performed using the CPAP mode
with the patient still connected to the ventilator apparatus.
Advantages of this setup include the collection of more com-
plete and continuous monitoring of many parameters,
including tidal volume, RR, and minute ventilation, as well
as ease of transition from baseline ventilatory support to
the SBT.

Resistance created by the ETT, ventilator tubing,
and circuit valves can be overcome by the addition of a
minimal amount (i.e., 5 cmH2O) of pressure support.
Insufficient pressure support will result in increased WOB
due to the high resistance of the relatively narrow ETTs
(79,80). Too much pressure support augments the patient’s
spontaneous volumes and will cause a false-positive result
during the SBT. The formula for determining airway resist-
ance experienced by a patient on mechanical ventilation is
shown in the airway resistance equation:

RAW ¼
PPK � PPL

VINSP
(2)

where RAW is the airway resistance, PPK the peak inspiratory
pressure, PPL the plateau pressure, and VINSP the inspiratory
flow rate delivered with the breath. However, the RAW

equation includes the resistance of the entire system (ETT,
trachea, bronchi, distal airways, etc.). The pressure support
level required to counterbalance the resistive workload
imposed by a narrow ETT varies widely (3–14 cmH2O) and
cannot be easily measured noninvasively (79).

Historically, SBTs have been performed when the
patient was deemed ready to be separated from ventilatory
support (78). They can also be used as an intermittent assess-
ment of the progress made in a patient’s recovery from res-
piratory failure (78,81,82). Esteban et al. (82,83) showed that
SBTs alternated with the assist control ventilation mode led
to faster weaning when compared with pressure support
ventilation (PSV) or synchronized intermittent mandatory
ventilation (SIMV) weaning. Interestingly, there was no

difference in time to extubation whether SBTs were
performed only once a day or multiple times per day. As
both weaning methods were equally fast, the advantage of
using only one SBT per day derived from saving time and
human resources.

The optimal duration of the SBT for predicting
weaning success is unclear because no large randomized,
controlled trials (RCTs) exist. The Spanish Lung Failure Col-
laborative Group (83) reported a 30-minute trial to be just as
effective as a two-hour trial in predicting weaning outcome
(84). However, in debilitated patients who need to build
muscles and ventilatory endurance, two to three SBTs per
day of gradually increasing duration is more likely to
result in strength training (RCTs are needed to verify).
Some ICUs refer to these SBT exercise periods as “sprints”
invoking the sports analogy, and a connotation that training
of muscle strength and endurance is occurring.

Ultimately, the benefits of a regimented weaning strat-
egy derived not just from the training of the respiratory
muscles, but also from the organized process of exercise
and progress monitoring (leading to earlier recognition of
patients who are ready to be discontinued from mechanical
ventilation) (84).

Synchronized Intermittent Mandatory Ventilation Weaning
The SIMV mode of MV was described in Chapter 69. In SIMV
weaning, the goal is a step-by-step reduction in mechanical
support, promoting the patient’s own ventilatory efforts
(and strength), by sequentially decreasing the number of
machine delivered breaths (Table 4). The initial set rate is
progressively decreased until a rate of 2 to 4 breaths/min
is achieved. The stepwise decrease in SIMV set rate typically
occurs at intervals of 2 to 4 breaths/min every 12 hours, as
tolerated and monitored by various parameters (i.e., the
RSBI). The patient is evaluated at each level of ventilatory
support, both clinically and with the use of weaning par-
ameters, and laboratory data (i.e., arterial blood gas). The
patient is considered successfully weaned and ready to
evaluate for extubation if he/she is tolerating an SIMV rate
of �2 to 4 breaths/min for at least 120 minutes. Note that
Brochard et al. (85) and Esteban et al. (82) used an SIMV end-
point of 4 to 5 breaths/min for their definition of success
(Tables 4 and 5). Some investigations require 24 hours of tol-
erating �4 breaths/min SIMV before meeting the weaning
criteria for success (85). Pressure support (5 cmH2O) may
be added to overcome the resistance created by the ventilator
tubing and valves in the circuit during the spontaneous
breaths.

One of the disadvantages of both SIMV weaning and
T-piece weaning is the absence of automatic adjustments
for changes in a patient’s ventilatory demands (i.e., there is
no compensation if the patient’s minute ventilation
declines). This implies that the patient cannot be left unat-
tended during SIMV (or T-piece) weaning. SIMV weaning
was initially promoted to prevent the patient from “fighting”
the ventilator, decreasing the need for sedation, and redu-
cing the likelihood of weaning fatigue. So far, no study has
proven any of these claims or shown superiority of SIMV
weaning over any other modes (82,85–87).

Pressure Support Ventilation Weaning
As previewed above, PSV augments a spontaneous breath
through a set amount of positive pressure, usually 5–
20 cmH2O during inspiration. The PSV mode is a ventilation
package, which is pressure triggered and flow cycled. In
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addition, the pressure, flow, and volume profiles mimic
the pressure control mode during the inhalation flow period
(PSV is fully described in Volume 2, Chapter 27) (88–91).

Weaning with PSV usually begins by titrating the
pressure support so that the patient starts with a reasonable
RSBI (i.e., between 50 and 100), and is accomplished by redu-
cing the pressure support gradually in 2–4 cmH2O decre-
ments every 12 hours (Table 4) (82,85). Weaning is generally
considered successful if the patient is tolerating a pressure
support level of ,5–8 cmH2O for �30 to 120 minutes, con-
firmed by adequate weaning parameters and blood gases at
the end of the SBT. In a prospective, randomized controlled
study, Brochard et al. (85) demonstrated PSV weaning to be
faster and more successful than T-piece or SIMV weaning.
However, Esteban et al. (82) failed to demonstrate any par-
ticular advantage of PSV weaning. A comparison of the
Brochard and Esteban studies is provided in Table 5. Some
patients tend to tolerate PSV weaning well, and for these
individuals it remains a viable weaning methodology.

Weaning Strategy Hybrids
Most intensivists currently use hybrids of the above weaning
strategies (92). For example, regardless of which weaning
plan is followed (once or twice a day SBTs, SIMV, or PSV),
PSV is often added to compensate for the extra WOB
caused by the RAW of the ETT during spontaneous venti-
latory efforts.

Microprocessors have increased the variety of venti-
lation modes available both during ventilatory support and
weaning from respiratory failure (Volume 2, Chapter 27)
(93,94). For example, airway pressure release ventilation

(APRV) has been developed for augmentation of alveolar
ventilation (95). Modes have also been developed to adapt
to a patient’s change in respiratory support, like pressure-
assisted ventilation (PAV) (96), automatic tube compensation
(ATC) (97–103), adaptive support ventilation (ASV) (104–
106), and adaptive lung ventilation (ALV) (107).

Modes purely used for ventilation of ARDS patients,
such as time cycled pressure control inverse ratio ventilation
(TCPCIRV), have been developed. These advanced modes
add another layer of complexity to weaning because they
require a transition from this aggressive level of support
back to conventional mechanical ventilation before classical
weaning can commence. To tolerate the TCPCIRV mode,
patients require a deep level of sedation and usually neuro-
muscular blockade, underscoring the complexity of weaning
from the TCPCIRV mode. Other options to modify oxygen-
ation and ventilation in ARDS patients are numerous, and
are fully reviewed in Volume 2, Chapter 27 (108–111).

Summarizing Weaning ModeTrials
Three commonly applied modes of weaning a patient from
ventilatory support have emerged: the SBT, where either
CPAP or T-piece is utilized; SIMV; and pressure support
(PSV) weaning. All three modes employ a stepwise
reduction in ventilatory support as described above. Simi-
larly, all three modes can be referred to as “sprints” when
used to exercise debilitated, difficult-to-wean patients.

The literature offers hundreds of studies focusing on
weaning, however, none have been conducted with suffi-
cient power to provide a definitive answer. Only a few
studies have been designed well enough to begin answering

Table 5 Comparison of Brochard and Esteban Trials that Examined Pressure Supported Ventilation vs. Synchronized Intermittent

Mandatory Ventilation vs. Spontaneous Breathing Trial Strategies of Weaning

Brochard et al. (85) Esteban et al. (82)

Number of patients screened 456 546

Number of patients randomized 109 130

Duration of MV before randomization 14 days 9 days

Starting condition PSV—titrates to RR ¼ 20–30 PSV—titrates to RR �25

SIMV—half of AC rate SIMV—half of AC rate

T-piece 5–60 min as tolerated T-piece as tolerated

Protocol PSV: # by 2–4 cmH2O, twice a day PSV: # by 2–4 cmH2O, twice a day

SIMV: # by 2–4 breaths/min, twice a day SIMV: # by 2–4 breaths/min, twice a day

T-piece: progressively increase to 2 hr T-piece (once): as tolerated up to 2 hr

T-piece (multiple): T-piece or CPAP

5 cmH2O as tolerated multiple times per

day (up to 2 hr per trial)

Criteria for success PSV: 8 cmH2O for 24 hr PSV: 5 cmH2O for 2 hr

SIMV: 4 breaths/min for 24 hr SIMV: 5 breaths/min for 2 hr

T-piece: 2 hr (1–3 times/24 hr) T-piece: 2 hr (once/24 hr)

Definition of failure Unweaned at 21 days Unweaned at 14 days

Results PSV decreased percentage of patients with

weaning failure (23% vs. T-piece 43%,

SIMV 42%)

Weaning failure: once daily T-piece (29%),

multiple daily T-piece (18%), PSV

(38%), SIMV (31%)

Shorter mean duration of weaning with

PSV (5.7 days) compared with pooled

T-piece and SIMV patients (9.3 days)

Shorter mean duration of weaning with T-

piece, once (3 days) and T-piece (3 days)

compared with PSV (4 days) and SIMV

(5 days)

Abbreviations: AC, assist control; CPAP, continuous positive airway pressure; MV, mechanical ventilation; PSV, pressure-supported ventilation; RR, respir-

atory rate; SIMV, synchronized intermittent mandatory ventilation.
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some of the questions about what constitutes the most effec-
tive means of weaning (82,85,86,112,113). None of the three
most commonly employed weaning modes has been consist-
ently identified to be superior to the others (114,115). Esteban
et al.’s (82) study showed the two-hour SBT using a T-piece
to be at least as good, if not superior, to both PSV and
SIMV (Fig. 3). In Brochard et al.’s study (85), PSV was mar-
ginally superior (Fig. 4), but as reviewed in Table 5, Brochard
et al.’s protocol was more favorable to PSV than Esteban
et al.’s (82,85). In both these widely referenced studies, SIMV
weaning was shown to be the slowest method (8,87,116,117).

Most experienced intensivists recognize that no
single mode of weaning is best for all patients in all circum-
stances. Rather, the most critical elements of weaning are
the repeated evaluation of the ventilator-dependent patient
by both the respiratory therapist and the physician in
charge; this is sometimes facilitated by protocols (118).

Patients with the need for prolonged ventilatory
support may further benefit from specialized weaning facili-
ties once they have recovered from their critical illness
(119–125). In these centers, more attention can be paid to
incorporating occupational and physical therapy into respir-
atory rehabilitation (126,127), than is possible in the acute
care–centered (and more expensive) critical care unit
environment (79,113,128,129). The weaning success rate
ranges from 50% to 68%. It is highest within the first three
months of institution of mechanical ventilation. In recent
years, improved weaning techniques have accomplished
separation from the ventilator in patients who were pre-
viously considered lifelong ventilator dependent, and the
success rates for long-term weaning are continuing to
improve (130–134).

Given that many chronic ventilator-dependent
patients may have been near ventilator dependence due to
poor cardiopulmonary fitness, even prior to sustaining
their injury, an additional tool for improving pulmonary
rehabilitation is cardiovascular fitness training.

Weaning Protocols
An organized approach (i.e., weaning protocol) helps
ensure that an organized and systematic approach is
followed (118). Weaning protocols also increase the fre-
quency and uniformity with which the patient’s status is
evaluated, helping to more quickly sort out the
patients who are ready to be discontinued from mechanical
ventilation.

The main benefit of weaning protocols is the consistent
and systematic approach to weaning (135–143). When
protocols are utilized, patients can be liberated from the
ventilator faster (112,118). Protocols in the form of an algorithm
can be followed by the RTs and/or nurses without the require-
mentfor continuous physician presence (refer to UCSD
Weaning Protocol, Fig. 5). However, review of the overall
ventilatory status of the patient by the supervising physician
remains indispensable in difficult-to-wean patients; and
bedside presence of the clinician during SBTs provides import-
ant data that supplement weaning parameters. By employing a
standardized regimen, unnecessary and potentially detrimen-
tal variations in weaning approaches are reduced and patients
are extubated earlier than controls (84,105,106,108,109,144–
154). Decreasing the duration of mechanical ventilation
results in a reduction of adverse events secondary to mechan-
ical ventilation and in shortening of ICU and hospital length of
stay, and has been shown to improve the overall outcome
(108,117,118,122,155). Earlier extubation has also been shown
to decrease laryngeal damage from the ETT, and decrease the
incidence of self-extubation, volutrauma/barotrauma, venti-
lator-associated pneumonia, ventilator-associated lung injury,

Figure 3 Kaplan–Meier curves of the probability of successful

weaning with intermittent mandatory ventilation, pressure support

ventilation, intermittent trials of spontaneous breathing, and once-

daily trial of spontaneous breathing. Demonstrating once-daily

trials at least as good as any other modality. y-axis: probability of

successful weaning; x-axis: duration of weaning (days). Source:

From Ref. 82. Figure 4 Probability of remaining on mechanical ventilation in

previously ventilator-dependent patients based upon the method of

weaning. In this study, weaning was more rapid using a PSV

weaning mode than for T-piece or SIMV weaning. See text for

details. y-axis: probability of remaining on mechanical ventilation;

x-axis: duration of weaning (days). Abbreviations: PSV, pressure

support ventilation; SIMV, synchronized intermittent ventilation.

Source: From Ref. 85.
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cardiac compromise, patient discomfort, and respiratory
muscle dysfunction (84,156).

The benefits of weaning protocols derived partly
from the more frequent evaluations of respiratory status,
decreasing delays caused by the false assumption that the
patient is not yet weanable. Protocols are thought to
provide closer attention to the patient’s respiratory status
and decreased distraction from other sick patients. Part of
this success is also attributable to a learning effect and

refining of management skills. If an organized weaning
approach is already in place, less benefit occurs following
implementation of a protocol (139,149,157). So far, mortality
has not been shown to change by any specific weaning strat-
egy, and weaning failures generally occur at similar rates in
both protocol and control groups (136,137). However, an
overall significant reduction of financial costs has been
demonstrated using numerous protocol-driven weaning
systems (84,105, 143,144,157).

UCSD  VENTILATOR  S.T.E.E.R.  WEANING PROTOCOL

NO YES

 NO YES

      NO YES

Screen
Test
Exercise
Evaluate
Report

Assess patient BID

Does the patient have contraindications to measure 
Rapid Shallow Breathing Index (RSBI) 

PEEP > 5, FiO 2 > .45, SaO 2 < 92%, Hemodynamic 
Instability, HR > 140, Unstable Angina, Increased ICP, 
Neuromuscular Blockers, Sedation Drip, T > 39, or
Physician has requested for pt not to have measurement 
or trials completed

*Measure RSBI for 1 minute with CPAP/PS of 1-5cm
  H 2O after appropriate stabilization

*Once MD has given approval for protocol

RSBI  f/Vt  > 100 (RR/Vt in liters)

CPAP* Trial x 2 hours with 1-5 cm H2O  
* May utilize tracheal collar after first CPAP trial

Record duration of trial 
and post-trial RSBI score

Start at the beginning of 
algorithm for 2nd trial 
within the same day

If after 2 days patient does not 
achieve 2 hours, then classify as 
“Failure of CPAP Trial, Not-
Progressing” and notify MD

Record trial duration. Start at 
beginning of algorithm for 2nd trial

If after 2 days patient does not 
tolerate decrease in support, classify 
as “Failure of Pressure Support Trial, 
Not -Progressing” and notify MD

     Augmented Pressure Support Trial x 30 min

1. If no previous PS trial: Set PS to 20 and 
decrease by 5 until RR = 25 – 35 

2. If previous PS trial lasted < 30 mins: PS 
unchanged from last trial

3. If previous PS trial lasted 30 mins: 
Decrease PS by 5 cm H2O

Trial 
Successfully 
Completed

Contact MD to 
extubated 
patient or for 
further plans

Do Not 
Complete 
RSBI

Figure 5 UCSD weaning protocol. Abbreviations: BID, twice a day; CPAP, continuous positive airway pressure (cmH2O); FiO2, fraction

of inspired oxygen; HR, heart rate (beats/min); MD, medical doctor; PEEP, positive end expiratory pressure (cmH2O); PS, pressure support

(cmH2O); RSBI, rapid shallow breathing index [Respiratory rate/tidal volume (expressed in liters)]; STEER is an abbreviation for Screen,

Test, Exercise, Evaluate, Report; T, temperature (8C).
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UCSD Weaning Protocol
The weaning protocol employed at UCSD (Fig. 5) has been
developed through the work of several critical care prac-
titioners over two decades. Patients are divided into two
groups: (i) those that are expected to undergo an uncompli-
cated weaning to extubation (i.e., no focused weaning man-
euvers required) and (ii) those that require a controlled
weaning program. In the “uncomplicated weaning” group,
the patient to be extubated fulfills steps 1 to 5 in Table 1,
and is required to be awake, alert, with minimal WOB, is
not expected to have difficulty controlling his/her airway,
and not expected to have a difficult reintubation (i.e., also
fulfills steps 6 and 7 in Table 1). The patient is placed on
CPAP or T-piece, and providing that the weaning
parameters are acceptable (RR �25, RSBI ,100) and that
oxygenation and ventilation are satisfactory (confirmed by
arterial blood gas analysis), the trachea is extubated.

The “controlled weaning” group patient fulfills all
criteria of the “uncomplicated” patient but must prove that
he/she can do the WOB for a prolonged period of time.
These patients, who are recovering from critical illness, fre-
quently require strength and endurance training. They are
placed on our “STEER” protocol: S for screen, T for test, E
for exercise, E for evaluate, and R for report (Fig. 5). If the
initial RSBI is ,100, the patient undergoes a two-hour
CPAP trial, and if completed successfully is deemed ready
for extubation (i.e., ready to be evaluated for goals 6 and 7,
Table 1). If the patient becomes fatigued—RR of more than
30 and/or tidal volume decrease by 50 cm3 (or more than
10% below baseline) he/she is rested, but may undergo a
second trial later the same day, if there is an observed
likely reversible reason to explain why the patient did not
tolerate the first SBT (e.g., fever spike).

If the initial RSBI is .100, pressure support is
increased to allow a CPAP trial for 30 minutes; if tolerated
the pressure support is then gradually decreased. The
patient is rested until a second trial later that same day if a
CPAP trial is not possible, or a decrease of pressure
support is not tolerated.

Tracheostomy
Surgical airway techniques have been described for more
than 5000 years (158) but the debate regarding indications
in the critically ill patient has been most intense over the
last 50 years. Some authors believe that early tracheostomy
(within one to seven days) is associated with a reduction
in duration of mechanical ventilation and shorter ICU and
hospital stays when compared with translaryngeal endotra-
cheal intubation and late (eight or more days after admis-
sion) tracheostomy (101,113,130,131). This is controversial
because others cannot demonstrate any significant difference
in duration of ventilatory support, ICU length of stay, fre-
quency of pneumonia, or death in either early (3–5 days),
or late (10–14 days) tracheostomy groups (132,159,160). In
one study, about half of the patients underwent postextuba-
tion laryngoscopy: vocal cord ulceration and subglottic
inflammation were more often present in the continued intu-
bation group, but the difference was not significant (159).
None of these patients demonstrated evidence of late vocal
cord or laryngeal stenosis during the follow-up visit.
Although there is a significant improvement in PaO2/FiO2

ratios within 24 hours, there is only negligible change in
VD/VT, if the patient remains hooked up to the ventilator
tubing following a tracheostomy (73,161). However, VD/VT

is decreased following tracheostomy when comparing

T-piece to tracheal collar. Additionally, there is a decreased
WOB following tracheostomy compared to an ETT (162).
In an RCT with burn patients, 26% of the conventional
therapy group (continued endotracheal intubation with tra-
cheostomy performed on postburn day 14 if necessary) were
successfully extubated on postburn day 14 compared to only
one patient of the early tracheostomy group (159). The
authors attributed this partly to the ease of initiating or dis-
continuing mechanical ventilation with a tracheostomy in
place decreased the rate of early tracheostomy decannula-
tion. Additionally, the early tracheostomy group had larger
full thickness burns than did the control group (159). Other
benefits attributed to tracheostomy that have not been
proven, but are generally accepted, include increased
patient comfort, improved oral hygiene, easier airway suc-
tioning, and greater options for oral communication.

THE DIFFICULT-TO-WEAN PATIENT

Extubation failures and prolonged mechanical ventilation fall
into the category of the difficult-to-wean patient. Most
affected are elderly and COPD patients (10,163). Reinstitution
of ventilatory support within 24 to 72 hours of planned
ETT removal occurs in 2% to 25% of extubated patients
(164,165). Failures are associated with higher incidence of
hospital mortality, longer ICU and hospital stay, prolonged
duration of mechanical ventilation, higher hospital costs,
and increased need for tracheostomy (122,128,166,167).

Inadequacies in pulmonary gas exchange, increased
WOB, and physical debility are the most common causes
for failure to wean (79). If extubation fails or the patient is
extubated but at risk for being reintubated, noninvasive posi-
tive pressure ventilation (NIPPV) is an alternative that can be
applied successfully (Volume 2, Chapter 27) (2,106,151,168–
185). However, NIPPV should not be expected to be success-
ful if the reason for weaning failure is stridor and/or airway
obstruction or any process with rapidly worsening respirat-
ory failure. In contrast, NIPPV is particularly useful for the
treatment of asthma, COPD, and cardiogenic edema, and
brief episodes of hypercarbic or hypoxemic acute respiratory
failure (185,186). Conversely, NIPPV is rarely successful in
avoiding intubation in trauma and postsurgical surgical
patients, partly because the underlying disease etiology is
generally of greater severity and not quickly reversible
(176,179,185).

Dysfunction of other (nonpulmonary) organ
systems can also prolong weaning. Treating functional
organ failures can help to turn a difficult-to-wean patient
into one who can be successfully weaned. The following
survey of ventilation-associated organ system dysfunctions
should be reviewed in each patient with prolonged
weaning (Table 6).

Central Nervous System (Neurological and Psychiatric)
Considerations
Numerous neurologic conditions contribute to weaning dif-
ficulty (187,188). Traumatic brain injuries can impair the
patient’s wakefulness and ability to protect their airway;
brainstem injuries can impair the respiratory drive as
well as the gag and cough. Injuries to the phrenic nerve
(from high cervical spine trauma) (189) and/or paralysis
of thoracic cage muscles (high and low cervical spine
trauma) can all impair the patient’s strength, prolong
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weaning, and, in some cases, result in lifelong ventilator
dependence (188).

Psychiatric issues also commonly contribute to the
difficult-to-wean situation. Fear of respiratory failure and

death can hinder progress in some patients; this is particu-
larly common in patients with underlying pulmonary
disease and a history of prior ventilator dependence. One
of the more common causes of prolonged weaning is the
inappropriate titration of sedative drugs (7,190,191). Exces-
sive sedation causes the patient to become obtunded.
Inadequate drugs/doses promote increased pain, fear,
anxiety, and psychosis during weaning. Delirium is
present in the majority of ICU patients requiring mechanical
ventilation, and its presence correlates with a prolonged dur-
ation of intubation and weaning (191).

Many institutions use relatively short-acting benzo-
diazepines (e.g., midazolam, lorazepam) or propofol for
sedation. Newer sedatives such as the alpha-2 agonist
dexmedetomidine provide excellent sedation and decrease
analgesic requirements (192–197). Dexmedetomidine also
maintains the respiratory drive despite the central depress-
ant and sedative effects (Volume 2, Chapter 5). Daily evalu-
ation and interruption of sedation have also been shown to
accelerate the weaning process (198).

However, patients who are severely agitated and suf-
fering from delirium often benefit from holoperidol. Many
severely agitated patients are withdrawing from drugs,
and most are extremely sleep deprived, as a result of the
noisy ICU environment. Ensuring adequate sleep at night
and increasing environmental stimulation during the
daytime are beneficial goals. Evening efforts to promote
sleep include placing less acutely ill weaning patients
further away from noisy ICU doors and the main nursing
desk to minimize sleep interruption from ambient noise.
Newer specific benzodiazepine drugs such as zaleplon
(Sonataw) or zolpidem (Ambienw) are increasingly used
sleep medicines. Additionally, playing soothing music may
have a positive biofeedback benefit.

Daytime stimulation is promoted by keeping the lights
on and/or window shades open during the day, and reor-
ienting patients to large clocks and calendars placed on the
wall in clear view of the patient. Providing aggressive phys-
ical and occupational therapy, as well as other daytime
activities also increases the environmental stimulation and
daytime wakefulness of these patients. Some find the use
of a bedside fan can help the patient endure SBTs. The
psychological effect of cool air on the face during an SBT is
analogous to jogging in a gentle cool breeze (vs. jogging on
a stifling hot, humid windless day). Clinically depressed or
psychotic patients should receive a psychiatric consultation
and be restarted on their preinjury psychiatric medications.
Review of the above neurological-, psychological-, and
sedation-related causes of failure to wean comprises the
first step in evaluating the difficult-to-wean patient (190,191).

Optimize Respiratory Care
Secretion management is another, often overlooked, source
of weaning failure. Although the patient may be able to oxy-
genate and ventilate, they may not be optimized from a res-
piratory care perspective. First and foremost, the clinician
must ensure the absence of bronchospasm. Bronchospasm
occurring in an otherwise ready to wean patient should be
treated with albuterol (if COPD is prominent, ipatroprium
bromide should be added), and if steroid dependent, a
short course of intravenous steroids in addition to aeroso-
lized steroids should be employed.

Airway secretions are normally cleared by the tracheo-
bronchial mucocilliary system. This system is impaired in
the intubated patient. In chronically intubated patients,

Table 6 Special Considerations in the Difficult-to-Wean

Patient: An Organ Systems Approach

Organ system Common problems and solutions

CNS Psychiatric/psychological: prolonged

stress, fear and anxiety can lead to an

acute disaster, which untreated may

advance to PTSD; sleep deprivation and

drug withdrawal are common problems

(see text for solutions); excessive seda-

tion and inadequate sedation can both

prolong weaning, SCI can decrease the

ability to do the WOB, TBI can alter the

drive to breath and ability to protect the

airway

Respiratory care Secretion management and treatment of

bronchospasm are frequent respiratory

care problems that prolong weaning;

ETTs can become kinked, or narrowed

with inspissated secretions leading to

significantly elevated WOB due to

increased RAW; positioning during the

SBT can alter success; obese patients

benefit from reverse Trendelenberg, SCI

at C5–7 benefit from an abdominal bin-

der (see text for explanation)

Cardiovascular Myocardial ischemia may occur when there

is an increased WOB, and or when the

loading conditions on the heart change

during the SBT; monitoring of ECG and

evaluation with echo before and during

an SBT can be diagnostic

GI/nutrition Numerous GI and nutritional ailments can

prolong weaning; severe malnutrition

and excessive feeding syndromes are

two ends of a spectrum that can impact

weaning

Renal

(electrolytes, etc.)

Fluid overload, as occurs with ARF, and

deficiency in PO4
22, or Ca2þ, or Kþ can

cause weakness, whereas excess Mg2þ

also cause weakness, deficiency of

Mg2þ/Kþ are associated with

dysrhythmias

ID Fever, sepsis, and inadequately treated

pneumonias or abscess, all contribute to

respiratory failure

Hematological Anemia in an already debilitated patient

can increase cardiac work and lead to

increase BMR and ischemia

Endocrinological Hypothyroidism and adrenal suppression

both decrease MAP and ability to do the

WOB, hyperthyroidism increases WOB

Abbreviations: ATN, acute tubular necrosis; BMR, basal metabolic rate;

CNS, central nervous system; ECG, electrocardiogram; ETTs, endotracheal

tubes; MAP, mean arterial blood pressure; PTSD, posttraumatic stress dis-

order; RAW, airway resistance; SBT, spontaneous breathing trial; SCI,

spinal cord injury; TBI, traumatic brain injury; WOB, work of breathing.
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these stagnant pools of secretions become colonized or
infected with nosocomial flora, producing an increased
bacterial load in the secretions. The inability to maintain suf-
ficient pulmonary toilet (excess respiratory secretions,
inadequate cough) combined with impaired respiratory
muscle capacity results in weaning failures and the need to
reinstitute mechanical ventilation.

Aggressive physical therapy, including chest vibrations
and pulmonary drainage, in combination with bronchodila-
tors, frequent incentive spirometry, deep coughing, repeated
suctioning, and abdominal binders (when appropriate), are
all important measures for satisfactory weaning.

The ETT internal diameter (i.d.) should be evaluated in
difficult-to-wean patients. A reduction in the i.d. of the ETT
increases RAW inversely to the fourth power of the radius.
Kinks, retained secretions, and foreign bodies adherent
inside the lumen of an otherwise adequately sized EET can
similarly increase the WOB.

Inspiratory muscle fatigue and atrophy are common
causes of failure to tolerate weaning (199–204). The use of
inspiratory muscle strength training is gaining more recog-
nition as a method to combat these changes (187,188,205–
207). The proposed benefits of inspiratory training include:
(i) the effect of improving the inspiratory muscle strength
(206,207), (ii) standardization, (iii) routine use of beneficial
breathing patterns, and (iv) other (not defined) training
effects (205–207).

Patient positioning during SBTs can have a significant
impact on ventilatory mechanics and weaning success. The
upright position can decrease airway resistance compared
with the supine position and results in increased lung
volume and FRC (especially in obese patients). Most impor-
tantly, the increased FRC also protects against atelectasis and
the consequent right-to-left transpulmonary shunting.
Sitting a patient up in bed will achieve this goal, if their
body habitus is thin. However, morbidly obese patients
often need to be placed in the reverse Trendelenberg position
to improve FRC. Indeed, placing morbidly obese patients in
the sitting position may increase abdominal pressure and
upward excursion of the diaphragm decreasing FRC.

In contrast to patients with a normally functioning
thoracic cage, the supine position or slight Trendelenberg
position results in superior pulmonary function (as docu-
mented by MIF and VC) in quadriplegic patients with dia-
phragm-sparing cervical spine injuries (i.e., C5–6, C6–7,
C7–T1). These patients ventilate almost solely by the func-
tioning diaphragm (along with a minor contribution from
strap muscles). In these patients, the intercostal muscles
and entire thoracic bucket handle ventilatory system is
paralyzed (and paradoxically involutes during inhalation).
By placing these patients supine or in slight Trendelenberg
position, the diaphragm starts in the more optimized
domed position (due to cephalad displacement by the
weight of the abdominal contents), and has a greater excur-
sion during diaphragmatic contraction, than occurs in the
upright position. Most patients do not enjoy breathing in
the reverse Trendelenberg position; accordingly, an abdomi-
nal binder can be placed and provide the same benefit
(increasing abdominal pressure–mediated doming of the
diaphragm prior to contraction).

Cardiovascular Issues
Ongoing cardiac dysrhythmias, myocardial ischemia, or
other cardiovascular causes of hemodynamic instability
can render weaning difficult (208–215). Up to 35% of chroni-

cally ventilator-dependent patients show evidence of
myocardial ischemia, which is associated with failure to dis-
continue mechanical ventilation (210,211). Cardiac dysfunc-
tion needs to be diagnosed and treated early, in order to
maximize the likelihood of weaning success. A large
variety of cardiac abnormalities can lead to weaning
failure. However, myocardial ischemia is the most important
cardiovascular impediment to weaning (210). Using continu-
ous ECG monitoring, Chatila et al. (211) demonstrated myo-
cardial ischemia in 6% of all weaning patients during SBTs.
Lemaire et al. (213) first noted that intrathoracic pressure
changes in patients with COPD changed markedly during
the transition from positive pressure ventilation to spon-
taneous breathing, and that these alterations affected the
cardiac loading conditions. Large, negative intrathoracic
pressure swings increase both left ventricular preload and
afterload. The consequent decrease in LVEF observed in
COPD patients can be offset by the administration of PSV,
further demonstrating the importance of heart–lung inter-
actions during weaning (214). Patients demonstrating signs
of myocardial ischemia during weaning should receive a
cardiac consultation, an echocardiogram, and an examin-
ation of their coronary artery anatomy. Those with critical
coronary artery lesions should be considered for treatment.

Gastrointestinal and Nutritional Impediments to Weaning
Although any acute gastrointestinal process (e.g., small
bowel obstruction, perforated viscus) will prolong
weaning, these processes are normally recognized promptly,
and are uncommon causes of failure to wean. Rather, mal-
nourishment and abnormalities in essential vitamins and
nutrients represent the gastrointestinal conditions that more
commonly postpone weaning from mechanical ventilation.
Preexisting malnourishment and debility, compounded by
the delayed start of nutritional support, can prolong
weaning due to muscle weakness and easy fatigability. Con-
versely, feeding the patient a diet too high in carbohydrates
can increase the respiratory quotient (RQ), defined as
_VCO2= _VO2. Worse still is the massive overfeeding of calories,
which results in fat synthesis and an extremely increased RQ.
The reader is referred to Volume 2, Chapter 31 for a review of
the clinically relevant metabolic and nutritional assessment
measures.

Genitourinary Considerations
Abnormalities in fluid status and acid–base balance (con-
trolled mainly by the lungs and kidneys) can complicate
weaning. In order to compensate for acidosis (e.g., renal
failure), the respiratory drive to ventilate CO2 off is
increased; this will lead to higher-a-minute-ventilation
(increasing the WOB) and making weaning more difficult.
Conversely, metabolic alkalosis will decrease the brainstem-
mediated drive to breath causing hypercarbia, and in the
absence of increased FIO2 results in hypoxemia (Volume 2,
Chapter 2). In-hospital metabolic alkalosis is most commonly
due to contraction alkalosis, from aggressive diuretic
therapy and/or Hþ-loss secondary to continuous gastric suc-
tioning. A decrease in minute ventilation can eventually lead
to hypoxemia and persistent respiratory failure. Correction
of electrolyte abnormalities [calcium, magnesium, phos-
phate (216,217), potassium (218–220)] and other vitamin
and trace elements are likewise essential.

Renal failure almost always leads to respiratory failure
when not treated. Early correction of fluid overload electro-
lyte and uremic toxin abnormalities increases the likelihood
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of weaning success. A complete normalization of acid–base
status may not be possible, except with continuous renal
replacement modalities (Volume 2, Chapter 43). Unstable
ICU patients with renal failure may not become weanable
until these aggressive therapies are instituted.

Infectious Disease Impediments to Weaning
Infectious conditions increase the WOB by increasing the meta-
bolic rate (e.g., fever), increasing lung water due to capillary
leak, and decreasing lung compliance. Accordingly, weaning
failure can sometimes serve as the first hint of an ongoing or
new infectious process. In ventilator-dependent patients, the
lung is generally colonized and a common source of pneumo-
nia and/or tracheobronchitis. Careful examination of all other
potential sources (e.g., wound sites, invasive catheter sites, all
body surface cavities, and fluids) is appropriate in any
weaning patient showing evidence of infection (fever, leukocy-
tosis, fluid retention, hyperglycemia, etc.). Appropriate
antibiotic selection is guided by the clinical picture, Gram
stain, and culture results (Volume 2, Chapter 53).

Hematological Considerations
Abnormal hematological conditions can impair weaning and
recovery from respiratory failure in a number of ways.
Anemia can contribute to ischemia of multiple organs and
increase the work of both the heart and lungs in compen-
sation for the decreased O2-carrying capacity of the blood
(211). The decreased O2 content can also lead to generalized
weakness and early fatigability of the muscles (including the
diaphragm). Blood transfusion is indicated if ischemia or
impaired DO2 is prolonging weaning. Iron and erythropoietin
are indicated in debilitated, chronically ill patients with
anemia of chronic disease.

Thrombocytosis and immobility increase the risk of
deep venous thrombosis (DVT) and subsequent pulmonary
emboli. All critically ill trauma patients should receive
DVT prophylaxis (as reviewed in Volume 2, Chapter 56).

Endocrine Issues
Endocrine dysfunction can impair the ability to wean. The
most relevant endocrinological conditions include
hyperthyroidism, hypothyroidism, and adrenal suppres-
sion. Hyperthyroidism increases the metabolic rate, CO2

production, and, consequently, the WOB, whereas hypothyr-
oidism decreases the mental and physical condition,
decreasing the patient’s ability to do the WOB. Adrenal
suppression decreases the patient’s stamina and impairs
the cardiovascular system. These entities are discussed in
greater detail in Volume 2, Chapters 61 and 62.

SPECIAL CONSIDERATIONS RELATEDTOTHORAX TRAUMA
Direct Lung Injury
Pulmonary contusion and lung lacerations are the most per-
tinent direct lung injuries occurring following trauma and are
fully discussed in depth in Volume 1, Chapters 25, and
Volume 2, Chapters 23–25. Accordingly, only the key points
affecting weaning will be outlined in the section. The con-
tused lung is prone to shunting from alveolar damage and
atelectasis, resulting in hypoxemia and increased alveolar
dead space, all of which can impair weaning and result in
increased WOB.

Indirect Lung Injury
Fluid resuscitation complicates weaning following trauma.
Loss of colloid oncotic pressure and consequent increased
third spacing of fluid increase the diffusion distance for the
oxygen molecule, resulting in increased V/Q-mismatching,
shunt, and dramatically increased WOB.

Release of inflammatory mediators from sepsis and
from systemic response to severe injury (Chapter 105)
further exacerbates the noncardiogenic pulmonary edema.
This condition impairs oxygenation through V/Q-mismatch-
ing and leads to increased WOB and a possible difficult-to-
wean situation.

Mechanical Issues
Flail Chest
A flail segment is defined as two or more ribs broken in two
or more places, whereas a flail chest is a chest which does not
function for any number of reasons (Volume 2, Chapter 25
discusses these entities in detail); pain can lead to splinting,
whereas mechanical dysfunction can lead to paradoxical
breathing. Both are worsened by hemo- or pneumothorax.
The overall net result is a reduction in minute ventilation.
Furthermore, the perfusion in the flail segment continues;
however, the expansion of the lung decreases resulting in
regional shunting. A patient with a flail chest typically com-
pensates by increasing his RR and by decreasing his tidal
volume rendering weaning from a respirator challenging.

Pneumothorax and Hemothorax
Both pneumothorax and hemothorax are discussed in
Chapter 25 of both volumes. These lesions are both acutely
treated with chest tubes. Prior to initiating weaning, the
patient should be free of any acute process.

Spinal Cord Injury
Site, mechanism of injury, and clinical findings of secondary
spinal cord injury determine whether a patient is at risk for
respiratory failure and/or in need for airway protection.
Severe spinal cord injuries with lesions around vertebral
body C3 and higher lead, almost always, to long-term respir-
atory failure and in cases of C4–5 lesions to long-term respir-
atory insufficiency (phrenic nerve arises from spinal nerve
roots C3–5).

THE PATIENT ISWEANEDçCAN THE TRACHEA BE
SAFELY EXTUBATED?
Does the Patient Have an Intact Gag and Cough?
Once oxygenation and ventilation have been normalized
and the patient is deemed ready to be liberated from the
ventilator, the next question is whether the patient has a
sufficient gag reflex, and is able to protect his/her airway.
Without a gag reflex, extubation is contraindicated
(Table 1, step 6). The next important question is whether
the patient has a strong enough cough to bring up secretions
and clear the airway from obstructing substances. Only
after verifying that the patient has a normal vigorous gag
and cough mechanism should the clinician advance to the
step of considering ETT removal.

Does the Patient Have a Difficult Airway?
A history of difficult intubation, or an examination

that concludes the airway will be difficult to reintubate
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(i.e., presence of a halo), requires a planned extubation

sequence usually involving fiberoptic bronchoscopy and
or an AEC. If placing an ETT is known to be difficult,
helpful tools as described in the ASA Difficult Airway Algor-
ithm (Volume 1, Chapter 9) should be at the bedside and a
person comfortable with the application of these tools
present. It is prudent to have a surgeon—capable of doing
an emergency tracheostomy— aware of a planned “difficult”
extubation and standing by. To minimize the chance of
serious complications, it is most reasonable to extubate
these patients only if successful extubation and discontinu-
ation from mechanical support is highly likely.

Strategies for Extubating the Difficult Airway
The first step is to keep the patient NPO following the usual
NPO guidelines by the American Society of Anesthesiology
in order to decrease the risk of aspiration. Please see also
the ASA Difficult Airway Algorithm for options to extubate
a patient safely. It is not a particular technique but one’s
familiarity with the technique that decides safety and
success.

A good first choice is the use of a tube exchanger: a
long (.50 cm) rigid plastic tubing which is placed through
the in situ ETT allowing the ETT to slide over it. Ideally,
the patient is appropriately informed, well prepared, and
compliant. The ETT is removed carefully: close observation
for respiratory sufficiency is obligatory. The tube exchanger
is removed if the patient is breathing comfortably.

If later on the patient fails extubation, it is critical to
maintain spontaneous ventilation until an ETT can be
placed successfully (e.g., via fiberoptic bronchoscopy). If
the patient becomes obtunded, he/she might tolerate an
LMA through which an ETT can be placed, preferably with
fiberoptic guidance (221).

EYE TO THE FUTURE

Ongoing research will help us to improve outcomes and
promote more successful recovery from respiratory failure.
One such new approach, by Martinez et al. (62), plots _VE

recovery time after a two-hour SBT. In this introductory
study, _VE recovery time outperformed RR (cut off ¼ 38
breaths/min) and RSBI (cut off ¼ 105 breaths/min/L) (62).
Unfortunately, the number of patients evaluated in the
Martinez et al. study was small, as was the number of
patients requiring prolonged mechanical ventilation.
Although the results are encouraging, the threshold for dis-
crimination between weaning success and failure is not
robust enough as a single measure of weaning.

Newer sedative drugs that do not inhibit ventilatory
drive (e.g., dexmedetomidine) are proving potent adjuncts
to standard practices in the difficult-to-wean patients.

In the future, more sophisticated ventilators will help
us to determine the earliest and safest time to discontinue
mechanical ventilation by integrating and extrapolating
numerous weaning parameters.

Finally, “step-down” weaning units are likely to play a
more prominent role in acute patient care. These units would
accept chronically ventilatordependent patients who have
recovered from their acute disease processes but have
become debilitated and ventilator dependent. Most of
these patients would already have had a tracheostomy per-
formed, and failed weaning for a significant period of time.

SUMMARY

Weaning remains a major challenge for patients recovering
from respiratory failure. Employing the seven-step approach
reviewed in Table 1 ensures that patients are capable of
tolerating weaning (steps 1–5), patients are evaluated for
ability to protect their airway once extubated (step 6), and
the likelihood that reintubation will be difficult (step 7).

The search continues to find the single weaning par-
ameter that best predicts success, but currently the RSBI pro-
vides the best indicator. Nearly all patients with RSBI ,50 are
capable of breathing on their own, whereas those with RSBI
.100 are unlikely to tolerate weaning and require strength
training, or further improvement in their overall condition.
Patients with RSBI in the middle of these two extremes
require additional data to make the correct weaning decision.
One newer weaning parameter that may provide such data is
the _VE recovery time (62). No particular weaning strategy
(SBT, SIMV, PSV, etc.) has proven superior to others. In diffi-
cult-to-wean patients, efforts are spent in reviewing each
organ system and optimizing these, as the patient recovers
from the primary disease. Additionally, strength and endur-
ance training are thought to be beneficial, especially in debili-
tated patients. The optimum methodology and duration of
sprinting regimens are the subject of ongoing research.

KEY POINTS

The weaning sequence should proceed along a logical
stepwise evaluation pathway.
Clinicians should closely review the contributors to res-
piratory failure at the moment the patient is intubated,
and commence optimization of all anticipated impedi-
ments to weaning from the beginning.
The patient is not ready to proceed with weaning until
he/she can maintain adequate oxygen saturation, both
at rest and with modest exertion (i.e., during weaning).
When the WOB is excessive (Fig.1), even youngand other-
wise healthy patients can develop respiratory failure.
Some weaning parameters reflect the WOB that must be
performed by the patient (e.g., _VE, CL, RAW), whereas
others reflect the patient’s ability to perform that
work (e.g., MIF, VC, RSBI).
The RSBI is the most widely used weaning parameter,
because it is easy to obtain, predictive, and illustrative;
patients failing to wean develop a breathing pattern
characterized by small tidal volumes and increased RRs.
Resistance created by the ETT, ventilator tubing, and
circuit valves can be overcome by the addition of a
minimal amount (i.e., 5 cmH2O) of pressure support.
Most experienced intensivists recognize that no single
mode of weaning is best for all patients in all circum-
stances.
The benefits of weaning protocols derived partly from
the more frequent evaluations of respiratory status,
decreasing delays caused by the false assumption that
the patient is not yet weanable.
Dysfunction of other (nonpulmonary) organ systems
can also prolong weaning. Treating functional organ
failures can help to turn a difficult-to-wean patient
into one who can be successfully weaned.
Only after verifying that the patient has a normal vigor-
ous gag and cough mechanism should the clinician
advance to the step of considering ETT removal.
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A history of difficult intubation, or an examination that
concludes the airway will be difficult to reintubate
(i.e., presence of a halo), requires a planned extubation
sequence usually involving fiberoptic bronchoscopy
and or an AEC.
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INTRODUCTION

Extubation of a known difficult airway and especially
planned endotracheal tube (ETT) change in a critically ill
patient should be approached with a similar degree of concern
and preparation as that given to initial intubation. That is,
the patient should be evaluated for difficulty of reintubation
due to known anatomic or pathologic airway conditions. In
addition, the likelihood of difficulty maintaining cardiopul-
monary function during the reintubation interval must be
incorporated into the airway plan of patients dependent
upon high levels of ventilatory support. Similarly,
perturbations in intracranial pressure (ICP) in patients
with decreased intracranial compliance must be considered
in trauma patients requiring ETT change. The basic aphor-
ism “Never take out that which you can not put back in”
should be followed when the tube is critical to the patient’s
survival.

The incidence of tracheal reintubation in the surgical
intensive care unit (SICU) setting has been reported as 4%
in a study of 700 consecutive extubations (1). It should be
noted that a very low incidence of reintubation may not
necessarily be a good thing. It might indicate excessively
conservative management and an unnecessarily prolonged
course of mechanical ventilation (MV) in many patients.
The reintubation rates reported in the postanesthesia care
unit are much lower, less than 0.2% (2,3). In the intensive
care unit (ICU), self-extubation, either deliberate or acciden-
tal, accounts for slightly more than 10% of all extubations (4).
After controlling for comorbidities and severity of illness, the
need for reintubation has been shown to be an independent
predictor of mortality (5). Although this higher mortality
was associated with nonairway problems, rather than with
complications of the reintubation itself, in a medical ICU
(6), numerous airway-related mishaps are involved in the
morbidity of reintubation, especially in the SICU where post-
extubation stridor can result from numerous complications
of resuscitation, primary disease, trauma, or burns.

Practice guidelines for management of the difficult
airway developed by the American Society of Anesthesiolo-
gists (ASA) in 1993, and updated in 2003, recommend that
airway practitioners should have a “Preformed strategy for
extubation of the difficult airway” (7,8). The recommended
components of the preformed extubation strategy are listed
in Table 1 (7).

This chapter reviews the risk factors for difficult extu-
bation in critically ill patients, or ETT change, along with
other criteria that should be evaluated prior to extubation.
Next the value of airway exchange catheters (AECs) and
fiberoptic bronchoscopes (FOBs) during ETT change or
removal is surveyed. Guidelines for the use of other
adjunct devices and rescue maneuvers are also provided.
This chapter should be reviewed along with Volume 1,
Chapter 9, and Volume 2, Chapter 28.

EXTUBATION/REINTUBATION CONSIDERATIONS/
RISK FACTORS

Some extubations in the ICU are inherently more risky than
others. For example, patients with a history of difficult intu-
bation, and those who have undergone a procedure or devel-
oped a condition that makes reintubation more challenging
are considered “difficult intubation” patients. Others with
risk factors for surgical-airway difficulty (e.g., radiation
therapy or tissue swelling) represent risks in terms of
backup procedures. In addition, those with physiologic
risk factors [e.g., requirement for high FIO2, positive end
expiratory pressure (PEEP), inability to do the work of
breathing (WOB) or clear secretions] will not likely tolerate
ETT removal for long. Likewise, those with unstable ICP or
hemodynamic status, and those pharmacological risk
factors all require specific preparation and treatment
(Table 2).

Although the presence of an indwelling ETT implies
previous intubation success, the ease with which the ETT
was placed is not necessarily obvious. Consequently, it is
important to determine the circumstances (ease or difficulty)
with which the previous intubation occurred. The medical
record is helpful in this regard if the documentation was
well done. However, there are many instances when this
information will not be available.

Intubation History
Any mention of a difficult intubation during prior airway
manipulations requires further investigation and clarifica-
tion. If the patient came from the operative suite, a record
of the intubation should be chronicled in the anesthesia
record. When difficult intubation is mentioned, it is
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important to note the circumstances surrounding the intuba-
tion and the technique(s) used. Among the variables to be
noted are whether or not the patient was easily ventilated
by mask, the position of the patient, the specifics of the
equipment used, the number of attempts required, and
which member of the health-care team (novice vs. senior
airway expert) performed the intubation.

Physical Examination of the Airway
Physical evaluation techniques for determining the ease or
difficulty of intubation are improving in precision. A

formal 11-step airway evaluation as outlined in Volume 1,
Chapter 9 should be performed in all patients prior to intu-
bation, and prior to elective ETTchange in the ICU. There is a
high predictive value in addressing measurements such as
the thyromental distance (TMD), mouth opening, and neck
extension (9). The Mallampati test, which involves visual
inspection of the pharynx, is less precise in the intubated
patient. However, a receding chin (short TMD), a pro-
nounced dental overbite, a short, thick neck, a highly
arched palate, and a small mouth can all be appreciated by
physical exam. All have been associated with a difficult
tracheal intubation. The reader is referred to Volume 1,
Chapter 9 for complete guidelines on the 11-step airway
examination. In addition, those patients whose neck move-
ment is restricted by pathology or by external restraint
such as a cervical collar or rigid halo device represent
additional hazards likely due to technical difficulties in intu-
bating the trachea.

Postsurgical/Trauma Considerations
A critical airway consideration in the posttrauma or

critically ill surgical patient is the likelihood of periglottic
swelling or pathology that could lead to postextubation
stridor and possible inability to intubate or ventilate the

patient.
Risk factors for postextubation stridor include: airway

edema due to massive resuscitation and/or hypoalbumine-
mia, high levels of circulating inflammatory mediators due
to sepsis/systemic inflammatory response syndrome, direct
neck trauma, or burns (especially to neck and face). In
addition, prolonged intubation can cause ulcers to develop
on the vocal cords, or cysts to form, which can obstruct the
airway following extubation. Another important consider-
ation is recurrent laryngeal nerve injury, which will cause
unopposed adduction of the vocal cord involved, and
consequent stridor.

Techniques for Predicting Postextubation Stridor
In the case of patients at high risk for postextubation

stridor, a formal evaluation for periglottic swelling should be
performed prior to attempts at extubation or ETT exchange.
Options for evaluation of airway swelling include: (i) cuff-
leak test, (ii) FOB evaluation, and (iii) imaging studies.

Cuff-Leak Test
The cuff-leak test has been used in a variety of ways over the
years, with varying degrees of success. Potgieter and
Hammond (10) described a qualitative cuff-leak test per-
formed by deflation of the ETT cuff, digital occlusion of the
tube, and an assessment of air movement around the tube.
They evaluated this in 10 patients who had previously had
required intubation for upper-airway obstruction due to
edema. They did not describe the extubation of patients
without a cuff-leak or the implications of leaving the tube
in place until a cuff-leak develops. The authors also failed
to emphasize the difference in evaluation success rates
when flow is characterized during exhalation versus inhala-
tion. When clear flow occurs during exhalation only (where
there is less propensity for airway closure), but not during
inhalation (where collapse is more likely to occur due to
dynamic resistive changes), then the predictive power of
extubation success is likely to be lower than in situations
where clear airflow is heard around the obstructed ETT
during both inhalation and exhalation. Kemper et al. (11)
confirmed Potgieter’s observation in a pediatric burn

Table 1 The Preformulated Extubation Strategy

A consideration of the relative merits of awake extubation versus

extubation

An evaluation for general clinical factors that may produce an

adverse impact on ventilation after the patient has been

extubated

The formulation of an airway management plan that can be

implemented if the patient is not able to maintain adequate

ventilation after extubation

A consideration of the short-term use of an AEC that can serve as a

guide for expedited reintubation; this type of device is usually

inserted through the lumen of the tracheal tube and into the

trachea before the tracheal tube is removed; the device may be

rigid to facilitate intubation and/or hollow to facilitate

ventilation

Abbreviation: AEC, airway exchange catheter.

Table 2 Causes of Difficult Extubation/Reintubation

Causes Mechanism Examples

Difficult reintubation/
ventilation

Anatomic I-IG, OPV, MS, H&N

ROM

Pathologic Trauma, fluid,

angioedema

Mechanical Halo, fused spine,

IMF

Will not tolerate

extubation for long

(i.e., patients are not

weaned, but need an

ETT change)

Impaired

oxygenation

" PEEP, " FIO2

"’d WOB "RAW, " PIPs,

" V̇E, " CO2,

" VD

#’d ability to

WOB

"RSBI, or # MIF

Other systemic

or neurologic

conditions

Shock—numerous

etiologies (Volume

2, Chapter 18)

"’d ICP

Abbreviations: CO2, carbon dioxide; FIO2, fraction of inhaled O2; H&N,

head and neck; ICP, intracranial pressure; I-IG, inter-incisor gap; IMF,

intermaxillary fixation; MIF, maximum inspiratory force; MS, mandibular

space; OPV, oral-pharyngeal view; PEEP, positive end expiratory pressure;

PIPs, peak inspiratory pressure; " RAW, airway resistance; ROM, range of

motion; RSBI, rapid shallow breathing index; WOB, work of breathing; ",

high; #’d, decreased; "’d, increased; V̇E, minute ventilation; VD, dead

space; #, low.
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and trauma unit, concluding that the absence of a cuff leak
was the best predictor of the need for reintubation or
tracheostomy.

Fisher and Raper (12) observed that all 60 patients
with a cuff leak were successfully extubated, but two
patients extubated without a cuff leak required reintubation,
and five patients who repeatedly failed the test required tra-
cheostomy. They subsequently studied 10 patients without a
cuff leak; only three of whom required reintubation or tra-
cheostomy, whereas the majority tolerated extubation
despite “failing” the cuff-leak test.

Owing to the generally poor positive predictive value
(true positive tests divided by total positive tests) of the
qualitative cuff-leak test (with a “positive test” defined as
absent airflow around the obstructed ETT with the cuff
down) (12,13), techniques for quantitating the cuff-leak test
were developed. Indeed, investigators can now quantify
the degree of leak around an indwelling ETT, with the cuff
deflated, in mechanically ventilated patients. The leak
volume in these studies is quantified by measuring the
difference in exhaled tidal volume before and after cuff
deflation occurs while patients continue to receive positive
pressure ventilation.

In the two largest studies of this type to date, the cuff-
leak test was not found to be predictive. Engoren (14)
studied 524 patients, defining failure as those with
,110 mL leak-volume, the study yielded a positive predic-
tive value of zero. Kriner et al. (15) performed a quantitative
cuff test on 464 patients who had been intubated an average
of 5+4 days in a medical–surgical ICU, a failed cuff-leak test
in this study was defined as �110 mL, or �15.5% of exhaled
volume before cell deflation. These authors conclude that the
cuff-leak test is an unreliable indicator of postextubation
stridor. A large part of the variability relates to the many
factors (besides the cross-sectional area around the ETT
that contributes to the degree of leak, e.g., the respiratory
mechanics, the inspiratory flow, pressure, and I:E ratio) (16).

Fiberoptic Bronchoscopy Evaluation
In situations where the patient is at high risk for postex-

tubation stridor, additional specific evaluation with FOB
(Fig. 1) is warranted. The FOB can be used to suction
debris from the airway and improve the immediate postex-
tubation ventilatory status. It can also be used to evaluate
the airway for anatomic and pathologic evidence of airway
swelling that will increase the risk of postextubation
stridor. The use of the FOB for airway manipulations is
fully reviewed in Volume 1, Chapter 9.

The patient should be placed on 100% O2, and be topi-
calized with local anesthetics delivered above the glottis
(including in the nasal and oral passages), as well as
through the ETT to anesthetize the tracheal and bronchial
mucosa. The patient should also receive any necessary sys-
temic analgesia and sedation as required to tolerate the pro-
cedure. Besides small doses of opioid titrated to a respiration
rate (RR) �12, sedation can be titrated as needed, but should
not be so excessive as to obtund the patient. Sedation choices
range from low doses of benzodiazepine or propofol, to dex-
medetomidine, a newer a2 agonist that does not depress res-
piration, but does decrease opioid requirements. The
primary side effect of dexmedetomidine is hypotension
due to its activation of the a2-adrenergic receptor (17). It is
dosed intravenously and maintained via intravenous infu-
sion. Currently, dexmedetomidine is approved for up to
24 hours of use; however, there are several reports of
longer use in the ICU without complications (18).

Reassuring findings during airway evaluation by FOB
include: (i) ability to clearly visualize the vocal cords around
the indwelling ETT, (ii) absence of significant supraglottic
swelling (that might progress following removal of the ETT),
(iii) visualization of room between the anterior commissure
of the vocal cords and the ETT (i.e., should be able to pass
the FOB alongside the ETT and enter the trachea), (iv) confir-
mation that the airway passages (trachea and main bronchi)
are patent, without massive retained secretions or bronchial
plugs, and (v) verification that the posterior membrane of
the trachea stays expanded during inhalation (rather than
involuting and causing a subglottic form of postextubation
stridor). Although these above mentioned findings are
reassuring, their predictive power has yet to be confirmed in
prospective, randomized, controlled trials (RCTs).

Imaging Studies
All available imaging data should be evaluated prior to extu-
bation or elective ETT change in patients with likely ana-
tomic or pathologic airway problems that could contribute
to postextubation stridor. Although this recommendation
constitutes common wisdom, there have not been any pro-
spective RCTs investigating the predictive power of com-
puted tomography or magnetic resonance imaging
findings and the likelihood of postextubation stridor.

A recent development in this area has been the intro-
duction of laryngeal ultrasound (US) (19). Laryngeal US is
less invasive than FOB. The laryngeal US probe is placed
on the skin of the anterior neck at the level of the cricothyr-
oid membrane. Using this technique, Ding et al. demon-
strated that laryngeal US was capable of evaluating the
vocal cords, laryngeal morphology, and the ease of airflow
through the vocal cords. The air column width during cuff
deflation appeared to be a potential predictor of postextuba-
tion stridor; however, because it was a pilot study, it was not
powered enough to provide definitive data.

Figure 1 Fiberoptic bronchoscope (FOB). FOB is integral to the

evaluation of periglottic swelling often responsible for post-

extubation stridor. The FOB is also useful in facilitating

reintubation of the difficult airway.
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Evaluating Ease of Performing Surgical Airway
In the case where airway management is difficult and

both conventional and adjunct procedures (described sub-
sequently) all fail, then a surgical airway should be per-

formed. In fact, in some patients, a surgical airway will
be the best first option for definitive airway exchange in
the ICU. For example, converting the ETT to a tracheostomy
would be warranted in the patient with respiratory failure
who requires an ETT change due to balloon cuff rupture,
but is expected to have a very difficult reintubation, or has
documented tight-swelling around the indwelling ETT. In
these cases, going to the operating room and performing a
formal tracheostomy under a controlled setting is a safer
choice than risking an ETT change in the ICU.

Regardless of planned surgical airway, or if the
surgical option is relegated as a “Plan B,” an evaluation of
the anatomic structure in the neck should be undertaken
to determine the ease of performing a surgical airway. In
addition, the ability to flex and extend the neck should be
determined. Finally, the cricothyroid membrane should
be palpated and marked on the neck (in case of need), and
a surgical airway kit should be at the bedside, along with a
trained surgeon capable of performing the procedure. In
the very highest risk cases of all, the neck should even be
prepped and draped and the head extended so that an emer-
gency surgical airway could be more easily conducted if
needed.

Other Factors
There are other conditions associated with the inability to
safely exchange an ETT or tolerate extubation which do
not directly involve upper-airway swelling, or impairment
of pulmonary status. There are numerous physiologic risk
factors which predispose a patient toward altered mental
status, perhaps respiratory insufficiency and systemic
inflammation (Volume 2, Chapter 63). In addition, poor plan-
ning or absence of qualified airway experts or assistance can
be detrimental. It has been estimated that as much as 62% of
reintubations are the result of an error of judgment/problem
recognition (20). Other contributing factors included high
unit activity, difficult patient habitus, and lack of patient
cooperation. When considering ETT change or extuba-
tion, decisions must be made on an individual basis with
evaluation of the entire clinical picture considered rather
than focusing upon a single event or parameter.

Patient secretions are often overlooked; adequate suctioning
of the oropharynx should be performed prior to any attempt
at extubation or ETT exchange. An antisialagogue may be
useful in this regard.

EXTUBATION IN THE INTENSIVE CARE UNIT

In preparing a patient for extubation in the ICU, all the
points discussed in “Extubation/Reintubation Consider-
ations/Risk Factors” should be considered. Several
additional observations and laboratory studies should be
considered to determine the patient’s overall fitness for
weaning, but above all, sound clinical judgment is required.
Prior to attempting ETT removal or exchange, the checklist
provided in Table 3 should be followed.

In terms of weaning criteria, the seven-step approach to
weaning detailed in Table 1 of Volume 2, Chapter 28 should
be used. It is required that the patient has adequate affirma-
tive responses to all seven parameters prior to safe extubation

in the SICU. The seven requirements are: (i) the patient has
recovered from or improved sufficiently from the primary
disease process that necessitated intubation and MV; (ii)
there is no intercurrent condition that will require continued
MV (e.g., renal failure, liver failure, neuromuscular
weakness, etc.); (iii) the patient is able to maintain adequate
oxygenation with reduced FiO2 (PaO2 . 90 mmHg on
FiO2 � 0.4 with PEEP � 8); (iv) the WOB is not high (i.e., the
_VE is not excessive, the airway resistance is not elevated,
and the compliance is not too low); (v) the patient must be
able to do the WOB [i.e., the maximum inspiratory force
(MIF) and vital capacity are high, and the rapid shallow
breathing index (RSBI) is low (,50 is excellent, ,100 may
be adequate)]; (vi) the patient is awake, cooperative, and
has intact airway reflexes (e.g., gag and cough); and (vii) the
patient does not have a reason for difficult reintubation if
he/she fails extubation. If reintubation is expected to be diffi-
cult, the patient should initially be extubated over an AEC.

In terms of weaning parameters, the RSBI is prob-
ably the single best indicator for determining the patient’s
ability to perform the required WOB. The RSBI is defined
as the RR divided by the tidal volume in liters achieved
while breathing spontaneously. Those patients with an
RSBI .100 generally cannot tolerate extubation (21,22).

No one set of criteria or parameters will be able to
predict the success of extubation with certainty. The follow-
ing criteria are a list of guidelines which may be employed in
evaluating the patient for a potential extubation.

ENDOTRACHEALTUBE EXCHANGE

Although extubation ultimately remains the goal for every
patient on MV, ETT exchange may be required until the
patient has improved enough to fulfill the seven criteria
for weaning. Indications for ETT exchange include
damaged ETT, exchange of a specialized ETT (e.g., double-
lumen ETT), and exchange of ETT size to allow for broncho-
scopy (Table 4). In addition, if an excessively small ETT is in
place, optimal ventilator settings may not be achieved due

Table 3 Criteria Checklist Prior to Extubation/Tube Change

Criteria Examples/comments

Fulfills all weaning

criteria

Necessary if extubation is planned

(seven-step approach according to

Volume 2, Chapter 28)

Successful “cuff-leak

test”

No leak ¼ "’d risk of stridor

Pre-extubation FOB

exam

Evaluate periglottic anatomy when no

leak on cuff-leak test, and other high-

risk patients

Extubate over appro-

priately sized AEC

Use whenever in doubt about airway

caliber adequacy for extubation, and

when reintubation expected to be

difficult

Assistance tools

available

The following tools are useful: O2,

suction, RDL, FOB (pre-ensleeved),

LMA, Combitube, TTJV, surgeon

Abbreviations: AEC, airway exchange catheter; FOB, fiberoptic broncho-

scope; LMA, laryngeal mask airway; O2, oxygen; RDL, rigid direct laryn-

goscopy; TTJV, transtracheal jet ventilation; "’d, increased.
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to the resistance encountered due to the small internal
diameter of the ETT.

To determine the feasibility of safe ETT exchange, all
elements discussed in “Extubation/Reintubation Consider-
ations/Risk Factors” should be considered. In addition, an
FOB examination should be performed and the FOB
should be available for the management of the difficult
airway (23). The other methods mentioned in Table 5 are
used less frequently depending upon experience and
familiarity.

Direct LaryngoscopyçSimple Endotracheal Tube Exchange
Direct laryngoscopy is the most common and simplest

method for establishing airway access and appropriate

when reintubation is not expected to be difficult (Fig. 2).
As with all procedures, experienced personnel should

perform direct laryngoscopy. It is the procedure of choice
for simple and uncomplicated ETT exchange, as would be
anticipated in patients with known easy airway and
without swelling which could cause postextubation stridor.
However, the critically ill patient is seldom simple and
uncomplicated. The postsurgical and physiologic changes
in the airway that develop in the ICU patient may make
direct laryngoscopy more difficult. Any attempts to
perform direct laryngoscopy should be done carefully, and
numerous attempts will be harmful to the patient. If the
airway structures are in any way obscure, another method
of airway access should be considered so that edema and
hemorrhage will not complicate the picture further. These
alternative methods are considered subsequently.

Airway Exchange Catheters
AECs are devices designed to allow the exchange of one ETT
for another without losing access to the airway (Fig. 3). The
AEC can also be used to administer O2 and to detect O2

(Table 6). These are especially useful when the airway was
difficult or is expected to be difficult to reestablish. These
AECs have been used safely for the extubation of patients

with a known difficult airway for two decades. In a study
of 40 patients with a known difficult airway who were
extubated using the AEC, four required reintubation; all
were accomplished successfully using the AEC (24).

The most frequent indication for the use of an AEC
is a damaged ETT, or the need for a different sized or
specialized ETT. In addition to use as a stylette, or guide
for reintubation, AECs can also be used as a backup, left
in the trachea following extubation for minutes to hours.
The hollow lumen can be used for insufflating oxygen or
to sample CO2. These catheters are specially designed to
facilitate their use. The features include: (i) measurement
markings allowing the determination of the catheter
length relative to that of the ETT. (ii) Distal openings
and a standard 15-mm adapter which allow for ventilation
using a ventilator circuit or ambu bag during the exchange
or as a bridge between ETTs. (iii) These are available in
different sizes and lengths to accommodate differing ETT
inner diameters and lengths (Table 7).

Risks
The risks involved in using AECs include loss of the

established airway and damage to the airway from the
device.

The loss of the airway may result from kinking or
flexing the AEC while withdrawing the damaged ETT. The
use of a small amount of water-based lubricant may help
protect against this. AEC has a blunt tip, however, there
remains the risk of penetrating a bronchus or creating a clini-
cally significant mucosal tear while using this device. It is

Table 4 Indications for Endotracheal Tube (ETT) Exchange

Damaged ETT

Exchange of a specialized ETT (e.g., double-lumen tube)

ETT exchange to allow for bronchoscopy

Exchange of a small ETT for a larger one to aid in positive pressure

ventilation

Figure 2 Use of direct laryngoscopy for endotracheal tube (ETT)

change. Changing an ETT with direct laryngoscopy is appropriate

in patients without expected airway difficulty. However, other

techniques, involving use of an airway exchange catheter and/or a

fiberoptic bronchoscope are recommended for difficult airways.

Note: “1” refers to new ETT and “2” refers to malfunctioning ETT.

Table 5 Commonly Used Devices for Endotracheal Tube

Exchange

Direct laryngoscopy

ETT exchangers

FOB

LMA—to facilitate FOB

Airway intubating mask—to facilitate FOB

Intubating LMA—only when airway obstruction or injury is absent

Lighted stylette

Wu scope

Bullard scope

Abbreviations: ETT, endotracheal tube; FOB, fiberoptic bronchoscope;

LMA, laryngeal mask airway.
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recommended that the tip of the AEC remain 2–3 cm above
the carina in order to avoid the more sensitive areas of lung
architecture.

Technique
The process for exchanging an ETT over AEC is relatively
intuitive. There are a few points which should be
emphasized so that patient safety is maintained throughout
the procedure. Whenever possible, the original ETT position
should be determined by FOB. If this is not done, the
equipment should be immediately available. All standard
airway equipment should be immediately on hand as well
(laryngoscope with multiple blades, ETT sizes, and stylettes).

The method for confirming ETT position should be deter-
mined in advance. Capnography, whenever available,
should be used. Waiting for an AP chest film is inadequate
management.

Even seasoned experts of AEC use should refamiliar-
ize themself with the AEC and the ventilation adapters.
The AEC should be lubricated prior to use. The AEC is
placed into the ETT, and the depth is noted against a land-
mark such as the level of the upper incisors. If possible,
the AEC should be confirmed to be in the trachea by capno-
graphy. Once confirmed, the cuff balloon is deflated on the
ETT and the ETT is removed without moving the AEC.
The new ETT is then threaded over the indwelling AEC
and advanced into the appropriate depth. The cuff balloon
is inflated on the new ETT, and the AEC is removed. Confir-
mation of proper ETT position (Fig. 5) should be accom-
plished by capnography and/or by FOB.

If excessive resistance is encountered while
removing the ETT, the withdrawal should be halted while
the apparatus is reexamined. Providing the ETT is still
within the trachea, the AEC can be removed, and an FOB
inserted to investigate. If the AEC and the ETT get stuck
together, both may need to be removed completely and an
alternative method of airway access may need to be
attempted. Having an FOB pre-ensleeved with an ETT for
emergency use can be useful at this time. Bag-mask venti-
lation may need to be employed between the time of ETT
removal and the reestablishment of the ETT. If the patient
remains hemodynamically stable with good oxygenation
and adequate ventilation, several attempts to complete a

Figure 3 Use of airway exchange cath-

eter (AEC) for endotracheal tube change.

An AEC can be used as a stylette to guide

reintubation, as well as a conduit for pro-

viding O2 and/or measuring CO2 during

airway manipulations.

Figure 4 Technique for airway exchange catheter-assisted

endotracheal tube (ETT) exchange. (A) The AEC is placed

down the indwelling ETT. (B) Removal of the ETT tube over

the AEC while keeping position of the AEC unchanged. (C)

Placement of the new ETT over the AEC. (D) Removal of the

AEC while firmly securing placement of the new ETT.

Table 6 Airway Exchange Cathetera Uses

Use Example/comments

Stylet To facilitate reintubation

Administer O2 Insufflation; manual or jet ventilation

Measure: PETCO2 In both SV and MV patients; ensures gas

exchange throughout the ETT change

procedure

aAECs are long, small ID, hollow, or semi rigid tubes.

Abbreviations: ETT, endotracheal tube; ID, internal diameter; MV, mech-

anical ventilation; O2, oxygen; PETCO2, end-tidal pressure of carbon

dioxide; SV, spontaneously ventilating.
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smooth transition can be attempted. In less stable patients,
use of an airway-intubating mask, or laryngeal mask
airway (LMA) can provide ventilation, while intubation is
achieved using the FOB (as explained subsequently).

Fiberoptic Intubation
FOB-assisted techniques are useful for cases of sus-

pected or confirmed difficult airway and as an adjunct to
use of the AEC. It is also useful for confirmation of ETT
placement. In addition, airway obstructions, particularly
those below the vocal cords, can be evaluated and treated
with FOB, as can airway blockages due to secretions and
plugs.

In patients who have known or suspected pathology
involving the airway, extubation using the FOB is indicated.
There are several techniques used for ETT exchange using
the bronchoscope. The FOB (with pre-ensleeved ETT) can
be inserted into the oropharynx alongside the in situ ETT
and passed down to the carina if there is sufficient room in
the trachea. The ETT can be slid over the FOB into position
using it as a stylette guide. Sometimes using concomitant
direct laryngoscopy can help facilitate ETT passage in
appropriately sedated or anesthetized patients. Alterna-
tively, the old ETT can be removed after the FOB is in

place, and before inserting the new ETT passed over the
FOB into position.

Another possibility is passing an AEC down the exist-
ing ETT and slowly backing both the old ETT out, then intu-
bating the trachea with a “pre-ensleeved” FOB alongside the
AEC. The technique carries a slightly higher risk than using
the AEC as a guide for both removal of the old ETT and
insertion of the new ETT because the airway is insecure for
a short period of time and the field of view through the
bronchoscope may change rapidly.

It is recommended that a full bronchoscope examination
occurs prior to the planned extubation in high-risk patients.
This allows for the adequate sedation of the patient reducing
the stress of airway manipulation or loss of the airway in an
uncooperative patient. Information obtained from this inspec-
tion will better prepare the health-care team to have any emer-
gency equipment or personnel available should the patient
deteriorate acutely following extubation.

Laryngeal Mask Airway and Intubating Laryngeal
Mask Airway Devices
The LMA was developed by Dr. Archie Brain in 1981. It
became commercially available in Europe in the late 1980s.
As its inception, the LMA has gained wide acceptance as a
tool for airway management. Its role in the difficult airway
algorithm was established in the 1990s, and was incorpor-
ated into the emergency limb of the American Society of
Anesthesiology Difficult Airway (DA) Algorithm in 1993.
The LMA has more recently been inserted into the main
limb of the “revised” ASA DA algorithm in 2003. It can be
a useful device in the ICU setting as well.

Several types of LMA products are available, although
the basic design principle is same throughout. The teardrop
shape of the LMA conforms to the oropharynx to create a
seal in the soft tissues directly above the airway. When posi-
tioned properly, it effectively removes the upper-airway
soft-tissue obstruction to the trachea allowing for easy
ventilation.

The LMA can be a life-saving measure, as it can
provide ventilation, and serves as a guide to FOB-assisted

intubation. It does not by itself, however, deliver a defini-
tive airway. Patients with the LMA device are still suscep-
tible to aspiration. In addition, the LMA can become
dislodged at any time and these patients must be closely
monitored.

There is a specially designed intubating LMA, also
known as the FastrachTM, which has a larger aperture facing
the vocal cords, which allows for blind passage of the ETT
(Fig. 6) (25). This device is not recommended in situations
where blind manipulation could convert a partial airway
obstruction into a complete airway obstruction. For example,
in all cases of stridor or airway injury, a technique using
visualization through an FOB is far safer. Whenever intubating
patients through a preexisting LMA, a longer ETT is
optimal (26).

Figure 5 Endotracheal tube depth of insertion. The figure

shows standard distances from key anatomic landmarks. When

using an airway exchange catheter (AEC), it should not be

positioned below the carina, especially if used to provide jet

ventilation. To protect against barotrauma, place AEC no deeper

than 26 cm from upper incisors, and use ,25 psi pressure if

using jet ventilation.

Table 7 Airway Exchange Catheter: Common Manufacturers and Sizes

3.0 ID ETT 4.0 ID ETT 5.0 ID ETT 7.0 ID ETT DLT

Cook (Bloomington, Ind.) 2.7 ED (45 cm) 3.7 ED (83 cm) 4.7 ED (83 cm) 6.3 ED (83 cm) Yes

Sheridan (Argyle, NY) 2.0 ED (56 cm) 3.3 ED (81 cm) 4.8 ED (81 cm) 5.8 ED (81 cm) Yes (Jettex ¼ 100 cm)

CardioMed (Gromley, Ont., Canada) — — 4.0 ED (65 cm) ! No

Abbreviations: AECs, airway exchange catheter; DLT, double lumen endotracheal tube; ED, external diameter; ETT, endotracheal tube; ID, internal diameter.
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The LMA is ideally used in a spontaneously breathing
patient. MV is possible, although the pressures generated by
the ventilator should not exceed 20 mmHg (the pressure at
which the lower esophageal sphincter opens) so that insuf-
flation of the stomach can be avoided. Ventilation may be
required in this manner as a “bridging” measure while the
airway is secured.

One advantage of using a properly placed LMA as a
guide for FOB-assisted intubation is the ability to deliver
an elevated FiO2 in a patient who may be in respiratory
failure. Volume 1, Chapter 9 provides additional insight
into the uses of the LMA. Briefly, placement of the LMA
occurs as follows.

Lighted Stylette
A lighted stylette may be useful as an emergency backup for
intubating patients whose vocal cords may not be visualized
under direct laryngoscopy (Fig. 7). The stylette has a light
source at the tip which can be appreciated through the soft
tissues of the neck and airway. It is very simple to use and
one can become rapidly proficient in performing ETT intuba-
tion using this technique (27). It is very important to dim the
ambient light surrounding the patient while using this
device because success is dependent upon visualizing the
light source through the soft tissues of the neck and upper

neck, making this tool less useful in emergency trauma
situations where lighting can be diminished.

Wu Scope
The Wu Scope is a specially designed device: a tubular laryn-
goscope blade. A fiberoptic light source is passed down the
tubular blade, illuminating the tip (Fig. 8). An ETT is passed
though the Wu Scope and placed under direct visualization.
The device requires some practice to become proficient.
However, the Wu Scope offers the advantage of allowing lar-
yngoscopy without neck extension and jaw lift while allow-
ing direct visualization of the vocal cords.

ETT exchange using the Wu Scope has been described
and may be used as a backup device in a patient with a dif-
ficult airway (28). The tubular design of the Wu Scope pro-
vides an avenue for the ETT to bypass the soft tissue of the
oropharynx. When using the Wu Scope, the vocal cords
should be identified, and a soft flexible device such as a flex-
ible suction catheter should be passed down through the
ETT and through the vocal cords. This serves as a soft
guide over which the ETT is passed into the trachea under
direct vision.

Bullard Scope
The Bullard Scope is another laryngoscope which may be
used for ETT exchange in the same manner as the Wu
Scope. The laryngoscope blade is flat and the ETT sits over
a contoured stylette attached to the blade. The Bullard
Scope uses a standard laryngoscopy handle, and when
attached it illuminates a light source at the tip of the blade.
The eyepiece of the scope is located near the handle, and
the lens is located at the tip of the blade adjacent to the
light source. Placement of the Bullard Scope should be
done carefully to avoid iatrogenic trauma to the mouth
and teeth. Once the view of the vocal cords has been
obtained, the old ETT should be removed carefully and the

Figure 7 The lighted stylette. The light at the tip transilluminates

the cartilage and soft tissues of the trachea and the neck.

Figure 6 The intubating laryngeal mask airway (LMA) or LMA

FastrachTM. (A) The ETT with removable 15-mm adapter for

passage down the lumen of the LMA device. (B) The stabilizing

rod which holds the position of the ETT while the intubating LMA

device is withdrawn. (C) The LMA FastrachTM device.

Figure 8 The Wu scope. This scope has specific positions for

placement of the endotracheal tube (ETT) and the fiber-optic

scope which is used to guide the suction catheter and ETT past

the vocal cords and into the tracheal lumen.
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new one passed under visualization through the Bullard
Scope.

Surgical Airway
Both tracheostomy and cricothyroidectomy provide defini-
tive airway options. In elective situations, the tracheostomy
is preferred, whereas the cricothyroidectomy is more
rapidly established and therefore favored in an emergency.
In some patients, converting an existing ETT airway to a
tracheostomy is the best first choice for ETT exchange. The
cricothyroidectomy is relegated to situations where the
airway cannot be established using the above mentioned
standard measures. These techniques are described in
greater detail in Volume 1, Chapter 9.

EYE TO THE FUTURE

New advances for facilitating extubation of the difficult
airway and ETT exchange in high-risk patients are antici-
pated to occur in the realms of diagnosis, monitoring, and
management. No single laboratory test or imaging study
can yet definitively predict airway difficulty, or ability to tol-
erate extubation. Research advances are anticipated in
airway imaging, and in staging airway swelling by FOB
exam. Accurate prediction of safe extubation and ETT
exchange is facilitated by sound judgment that considers
the patient’s condition and all of the possible tools available
for diagnosis, monitoring, and facilitation of the difficult
airway.

SUMMARY

Extubation and ETT exchange have not received the same
emphasis in literature as intubation and definitive airway
management. The extubation or ETT exchange of the
patient with a difficult airway presents a unique problem
affecting critically ill trauma patients with potentially rapid
and severe complications. It is important to note that any
patient can develop a difficult airway depending upon
their physical status and operative care. Extubation and
ETT exchange can most safely be performed by physicians
with up-to-date knowledge of the tools available, training
and experience in their use, and sound clinical judgment
in their use, along with preparations, attention to detail,
and adequate help when they are employed.

KEY POINTS

Extubation of a known difficult airway and especially
planned ETT change in a critically ill patient should
be approached with a similar degree of concern and
preparation as that given to initial intubation.
A critical airway consideration in the posttrauma or cri-
tically ill surgical patient is the likelihood of periglottic
swelling or pathology that could lead to postextubation
stridor and possible inability to intubate or ventilate the
patient.
In the case of patients at high risk for postextubation
stridor, a formal evaluation for periglottic swelling
should be performed prior to attempts at extubation
or ETT exchange. Options for evaluation of airway

swelling include: (i) cuff-leak test, (ii) FOB evaluation,
and (iii) imaging studies.
In situations where the patient is at high risk for postex-
tubation stridor, additional specific evaluation with
FOB (Fig. 1) is warranted.
In the case where airway management is difficult and
both conventional and adjunct procedures (described
subsequently) all fail, then a surgical airway should
be performed.
When considering ETT change or extubation, decisions
must be made on an individual basis with evaluation of
the entire clinical picture considered rather than focus-
ing upon a single event or parameter.
In terms of weaning parameters, the RSBI is probably
the single best indicator for determining the patient’s
ability to perform the required WOB.
Direct laryngoscopy is the most common and simplest
method for establishing airway access and appropriate
when reintubation is not expected to be difficult (Fig. 2).
The risks involved in using AECs include loss of the
established airway and damage to the airway from
the device.
If excessive resistance is encountered while removing
the ETT, the withdrawal should be halted while the
apparatus is reexamined.
FOB-assisted techniques are useful for cases of sus-
pected or confirmed difficult airway and as an adjunct
to use of the AEC.
The LMA can be a life-saving measure, as it can provide
ventilation, and serves as a guide to FOB-assisted
intubation.
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INTRODUCTION: STRESS ULCERS

Stress ulcers are common in critically ill patients, but
clinically important bleeding occurs in only 5% or less of
these patients. Mortality in this small group of patients

can be as high as 50%. Stress-induced gastritis and
ulcers have been reported to occur in 75% to 100% of patients
admitted to critical care units (1). These lesions are associ-
ated with major trauma, surgical procedures, shock, sepsis,
hemorrhage, coagulopathy, hepatic, renal, and pulmonary
failure (2). Stress ulcers occurring in severely burned patients
are called Curling’s ulcers, while those associated with central
nervous system (CNS) diseases are referred to as Cushing’s
ulcers (3,4). Curling’s ulcers are merely a form of stress ulcer,
whereas they appear to be a unique entity that behaves more
like peptic ulcers. Stress ulcers are found in the proximal
stomach and are usually multiple, superficial, and diffuse.
Deeper lesions can lead to major hemorrhage.

The pathogenesis of peptic ulcers appears to be differ-
ent from that of common stress ulcers. For example, common
(“non-Cushing”) stress ulcers usually occur in the proximal
stomach, whereas peptic ulcer lesions usually develop in the
gastric antrum and in the duodenum. In addition, common
“non-Cushing” stress ulcers are typically superficial and
more numerous than peptic ulcer lesions. The shallow,
diffuse stress ulcers typically result in clinically occult or
mild bleeding. However, deeper ulcerated lesions can
occur and lead to significant gross hemorrhage.

Occult bleeding is exemplified by a patient with guaiac
positive gastric aspirate or stool sample. Overt bleeding can
present as hematemesis, hematochezia, or melena with or
without hemodynamic instability. Clinically significant
hemorrhage is characterized by overt bleeding with signs
and symptoms of hemodynamic instability requiring aggres-
sive resuscitation, often with blood transfusion. Although
only a small proportion (1–6%) of patients with stress gastritis
develops clinically significant bleeding, the mortality rate
among this subset of patients approaches 50% (5–7).

Therefore, the prevention and effective management
of these ulcers constitute a major clinical imperative in criti-
cally ill patients. Not surprisingly, in recent years, there has
been rapid proliferation of a variety of therapeutic agents
designed to combat or prevent stress ulcers in critically ill
patients. These drugs include: sucralfate, histamine type-2
receptor antagonists (H2RAs), proton pump inhibitors

(PPIs), prostaglandins (PGs) (e.g., misoprostol), and antacids
among others. Early enteral nutrition (Volume 2, Chapter 32)
is another important protective factor against stress ulcer
formation.

This chapter reviews the pathogenesis of stress gastritis
including the protective role of normal mucosal blood flow
and the injurious effects of Hþ ions following ischemia and
reperfusion. The protective barriers provided by mucus pro-
duction and bicarbonate secretion are discussed, along with
conditions that disrupt these factors and promote epithelial
injury. Endogenous PGs and nitric oxide (NO) are produced
by the luminal epithelium and their protective roles are also
elaborated upon. The benefits of normal gut motility and
nutrition comprise some of the other known, protective
factors, and these are identified. This chapter also reviews
the pathologic appearance and risk factors for stress ulcer for-
mation. The rationale for various ulcer prophylactic agents
and their specific mechanisms of action are then described.
Finally, the complications of gastrointestinal prophylaxis and
the management principles for gastrointestinal (GI) bleeding
are reviewed, along with the patient populations at greatest
risk [those with coagulopathes, requiring mechanical venti-
lation, and severe trauma (especially CNS injury)].

PATHOPHYSIOLOGY

The pathogenesis of stress gastritis and ulceration is multifac-
torial; however, splanchnic hypoperfusion, mucosal injury,
and low pH are probably the most important risk factors.
The presence of amino acids in the stomach stimulates
gastrin release by the G cells in the gastric antrum. Gastrin
and pituitary adenylate cyclase-activating polypeptide
trigger histamine release (8,9). Histamine and calcium in
turn promote acid release by the parietal cells. Although
acid production plays a central role in the development of
gastric mucosal injury, a low pH alone not sufficient to
induce stress ulcer formation (10–13). Increased acid pro-
duction only partially explains why critically ill patients are
at risk for gastric mucosal ulceration. In fact, acid production
is sometimes diminished in this group of patients (13).

Compromised mucosal barrier function, which is
often associated with critical illness (e.g., sepsis, shock,
hemorrhage), is also operative. Indeed, relatively small
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amounts of acid can lead to significant mucosal injury and the
subsequent development of stress gastritis in this setting. The
physiological function in the stomach and proximal small
intestine are known to be impaired during critical illnesses
(14,15). For example, mucosal blood flow is reduced, gastric
emptying is impaired, and acid production is deranged
(16,17). The small bowel exhibits decreased motility and
mucosal perfusion (14,16). The combination of these derange-
ments leads to an unfavorable balance between protective and
deleterious factors resulting in mucosal injury (Table 1).

Mucosal Blood Flow, Ischemia, and Reperfusion Injury
Mucosal blood flow plays an essential role in maintaining
mucosal homeostasis and when impaired gastritis and
ulceration are common (18). Mucosal blood flow is depen-
dent on total gastric blood flow and microcirculatory per-
fusion. These are important in maintaining the mucosal
barrier. The microcirculation provides epithelial cells with
the necessary nutrients and oxygen for generating the ATP
that is essential for maintenance of normal homeostasis. In
addition, the microcirculation transports deleterious
protons and other agents that traverse the epithelial barrier
away from the mucosa and brings them into the interstitial
fluid. Therefore, gastric and mucosal blood flow prevents
epithelial injury by tightly regulating the local pH. In
addition, the microcirculation supports the repair of
injured epithelium by removing harmful reactive oxygen
species from the local microenvironment.

Decreases in blood flow to the gastric epithelium,
whether as a result of globally diminished circulating blood
volume or reduced microcirculatory blood flow, leads to
impairment of the epithelial defense mechanisms.

Critically ill patients may have low blood pressure
resulting in diminished gastric blood flow. Shock leads to a
drop in gastric mucosal blood flow secondary to a decrease
in circulating blood volume, vasodilatation or local vasocon-
striction (19). Consequently, in shock states the normal
oxygen and nutrient supply to the epithelial lining of the
stomach is compromised resulting in decreased cellular
ATP (18). Experimental animal data suggest that in shock
states, gastric blood flow may be intact while the microcircu-
lation is impaired (20). Diminution in microcirculatory blood
flow can give rise to shunting in the local environment,
thereby reducing the gastric mucosa’s ability to counter the
damage caused by hydrogen ions. A disruption in blood
flow results in anaerobic metabolism and the buildup of
oxygen-free radicals, leading to lipid peroxidation and

damage to mucosal cells (21,22). Additional experiments
have shown the relationship between blood flow and the
development of gastric and duodenal injury (23). Even if
adequate blood flow is restored, secondary reperfusion
injury may occur as a result of oxidative stress (24–27).

Another mechanism that can lead to gastric mucosal
injury is the inhibition of the gastric hyperemic response to
acid back diffusion. It is thought that under normal con-
ditions, gastric mucosal blood flow increases when the
mucosa is acidified. This defense mechanism is mediated
by the release of the vasodilator calcitonin gene-related
peptide (CGRP) from capsaicin-sensitive nerve fibers (28).
Endogenous and exogenous a- and b-adrenoreceptor ago-
nists can block the release of the transmitter and suppress
the gastric mucosal vasodilator response. Critically ill
patients often have increased levels of endogenous catechol-
amines which can block the release of CGRP. In addition,
therapeutic agents such as dobutamine are often used in cri-
tically ill patients to improve cardiac output and regional
perfusion; the global hemodynamic improvement afforded
by such agents may paradoxically result in local gastric
mucosal hypoperfusion leading to epithelial damage (29).

Mucus Production and Bicarbonate Secretion
The gastric mucosa is covered by a tightly adherent thin layer
of mucus that functions as the first line of defense against
stress-related injury. This physical mucus barrier is composed
of a glycoprotein matrix and bicarbonate that prevents the
direct contact of pepsin and hydrogen ions with the gastric
mucosa. Ischemia, fasting states, and steroids can change the
composition of the mucus layer by reducing the level of glyco-
protein and allowing hydrogen ions access to the mucosa
(30,31). Shock states lead to a diminution of ATP, which in
turn leads to reduced secretion of mucus and bicarbonate
(32). Additionally, as reperfusion occurs, reactive oxygen
species are generated which further destroy the mucus layer
disrupting its protective properties (21,33).

Intact Epithelium
The epithelium of the stomach forms another effective
defense mechanism. Any condition that leads to tissue
hypoxia such as shock, sepsis, and trauma can disrupt the
normal cell turnover and proliferation rate. DNA, RNA,
and protein synthesis rates are diminished during periods
of stress, starvation, and catabolism. Mucosal injury is
further exacerbated by the resultant cellular acidosis,
release of proteases, and phospholipases. The normal pro-
liferation/apoptotic balance is altered as mucosal injury pro-
gresses with increasing cell necrosis and initiation of the
inflammatory cascade. This cascade may exacerbate the
inciting event and contribute to the development of multi-
organ failure that is seen in critically ill patients.

Prostaglandins and Nitric Oxide
Prostaglandins normally play a protective role in maintaining
an intact gastric mucosal barrier. They increase mucosal
blood flow and stimulate the production of mucus and bicar-
bonate to protect the mucosa against acid-induced injury.
Prostaglandins also attenuate the vasoconstrictive effects of
angiotensin II in shock states (34). Both prostaglandin E-2
(PGE2) and prostaglandin I-2 (PGI2) are present in the
gastric mucosa and protect against the deleterious effects of
substances such as nonsteroidal anti-inflammatory drugs
(NSAIDs), aspirin, and alcohol (35–37).

NO is a potent local vasodilator that appears to play a
protective role in gastric mucosal barrier function. The con-

Table 1 Pathophysiologic Factors that Are Involved in the

Development of Stress Ulcers

Protective Deleterious

Mucosal blood flow Acid secretion

Mucus production Hypotension

CGRP Reperfusion

Bicarbonate secretion Reactive oxygen species

Intact epithelia a- and b-adrenoreceptor agonists

Nitric oxide Nitric oxide

Prostaglandins Pylori

Intact gastric and

intestinal motility

Reflux of bile salts

Adequate nutritional status

Epidermal growth factor

Abbreviation: CGRP, calcitonin gene-related peptide.
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stitutive isoform of NO synthase is present throughout the
gastrointestinal tract. Physiologic levels of NO support the
defense mechanisms of the gastric mucosa by maintaining
gastric mucosal perfusion. In addition, NO downregulates
neutrophil and platelet activation, thus attenuating the
inflammatory response. Under hypoxic conditions, the indu-
cible form of NO synthase (iNOS) is upregulated, leading to
sustained overproduction of NO. Paradoxically, while phys-
iological (i.e., low) levels of NO contribute to normal
mucosal homeostasis, pathological (high) levels of NO can
trigger an inflammatory response in the gastric mucosa
(related to excess free-radical production) resulting in
gastric mucosal damage and cell death (38).

Gastrointestinal Motility and Nutritional Status
Up to 50% of critically ill patients develop gastrointestinal
dysmotility (15). This dysmotility may be a result of local
or central factors. The failure of the migrating motor
complex, which is responsible for gastroduodenal peristal-
sis, to originate in the stomach leads not only to local hypo-
kinesis but also to small bowel dysmotility (14). These
motility disturbances may be further exacerbated by the
use of pharmaceutical agents such as dopamine in the criti-
cally ill by reducing antral contractions and increasing
duodenal contractions (39). The resulting reluctance to feed
these patients may lead to an increased risk of developing
stress gastritis.

Nutritionally depleted patients are at risk for stress
gastritis. Inadequate protein levels may lead to gastrointesti-
nal mucosal edema, which in turn leads to malabsorption.
Protein malabsorption triggers a cycle where absorption of
amino acids and peptides is limited resulting in increased
mucosal edema (Volume 2, Chapter 32).

OTHER FACTORS

Other pathophysiologic factors that contribute to stress gastri-
tis include bile reflux, Helicobacter pylori, and epidermal growth
factor (EGF) deficiency. Bile reflux is a consequence of gastric
and proximal small bowel dysmotility. Bile reflux can injure
the gastric mucosa and contribute to stress gastritis (40).

While H. pylori has been linked to peptic ulcer disease,
its role in the pathogenesis of stress gastritis is not clear.
Elevated levels of anti–H. pylori immunoglobulin A are
associated with increased risk of bleeding secondary to
stress gastritis in critically ill patients. In contrast, patients
with peptic ulcer disease have elevated anti–H. pylori IgG
levels. In stress gastritis, patients have colonization of both
the body and antrum of the stomach, but in peptic ulcer
disease the body and antrum have significantly less H.
pylori infestation. The difference in microbial exposure
between the two ulcer conditions may determine the diver-
gence in virulence and inflammatory response observed
between the two conditions (41).

EGF is produced by the salivary glands. Evidence
suggests that EGF is necessary not only to maintain an
intact intestinal epithelial lining, but also for effective
repair of the damaged gastric mucosa (42,43). EGF is import-
ant for gastric mucosal restitution and for the maintenance of
intracellular pH in mucosal epithelia, which is largely regu-
lated by various isoforms of Naþ/Hþ exchangers (NHEs)
throughout the gastrointestinal tract (44). EGF is known to
stimulate the expression and function of NHEs (43,45).

Pathogenesis of CNS-Related Stress Ulcers
The pathogenesis of stress gastritis secondary to CNS injury
or illness differs from stress gastritis related to other forms
of trauma and critical illnesses. CNS-related ulcers are
commonly referred to as Cushing’s ulcers. Patients with
CNS injuries develop increased gastric acid secretion in
response to autonomic dysregulation originating in the
hypothalamus (46–48). In experimental conditions, direct
vagal nerve stimulation leads to gastric acid hypersecretion
(49). Cushing’s ulcers are similar to peptic ulcers. They are
single and deeper than lesions that are traditionally associ-
ated with stress gastritis. Thus, Cushing’s ulcers are more
prone to perforation.

An important clinical note is that patients on high-dose
steroids are also at increased risk. Furthermore, patients
with spinal cord injuries may not present with typical signs
of peritonitis (due to skeletal muscle paralysis) despite a
frank perforated duodenal ulcer. Accordingly, vigilance is
required in this patient population.

Pathophysiology Summary
In summary, hydrogen ions are necessary for the develop-
ment of stress ulcers. But stress ulcers do not occur
without the disruption of basal mucosal defense mechan-
isms. Acidotic critically ill patients have inadequate
mucosal blood flow and an impaired ability to neutralize
hydrogen ions. In addition, microcirculatory hypoperfusion
diminishes mucus, bicarbonate, and PG production. This
impairment in epithelial protective mechanisms allows the
mucosa to become damaged. Restitution and regeneration
are inhibited in the face of inadequate nutrition, reduced
proteins, diminished ATP, PGs, and EGF. The injured
mucosa is unable to protect itself against deleterious
factors such as hydrogen ions, bile, and oxygen-free radicals.
Even when adequate blood flow is reestablished, reperfu-
sion can initially accentuate the mucosal injury by producing
reactive oxygen and nitrogen species that exacerbate the
inflammatory response. CNS-related stress ulcers (Cushing’s
ulcers) are related to elevated hydrogen ion levels (like
common stress ulcers), but they are usually singular, deep,
and prone to perforation.

Hydrogen ions play a central role in the development
of stress ulcers. However, stress ulcers do not develop under
normal circumstances because mucosal epithelial damage is
limited by protective mechanisms including adequate blood

flow, normal mucus production, buffering by bicarbonate
secretion, mucosal PGs, and NO, as well as epithelial repair
facilitated by EGF.

PATHOLOGICAL APPEARANCE

The gross and microscopic appearance of stress gastritis is
time dependent. In the first 24 hours, stress gastritis ulcers
are diffuse and shallow, and accompanied by focal hemor-
rhage. Histologically, stress gastritis ulcers have a leukocytic
infiltrate. After 24 to 72 hours, tissue reactions occur; the
ulcers lose their erythematous appearance and develop
coagulation necrosis, cell infiltration, and hemorrhage with
extension into the deeper mucosal layers. Extension into
the submucosa leads to bleeding. If the patient’s clinical con-
dition improves, these ulcers will heal.

Stress ulcers appear differently at various stages
of development, and lesions of dissimilar morphological

stages can be seen in the same patient.
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RISK FACTORS

Several clinical states are associated with the development
of stress gastritis (2). Coagulopathy (platelets ,50,000;
INR .2.5, PT .2 control) and respiratory failure (mechan-
ical ventilation . 48 hr) are the two most important clinical
factors related to clinically significant bleeding from stress
gastritis (2). Additional high-risk groups include patients
who have had recent major surgery, head or multiple
trauma, burn injury (.30%), sepsis, shock, multiorgan
system failure, steroid therapy, solid organ transplantation,
or prolonged intensive care unit stay (50).

Despite physiologic differences between adults and
children, pediatric patients are also at risk for the develop-
ment of stress gastritis (51,52). In the pediatric population,
coagulopathy, shock, surgery greater than three hours,
burns [.13% body surface area (BSA)], trauma, pneumonia,
and Pediatric Risk of Mortality Score greater than 10 are con-
sidered important risk factors for the development of stress
gastritis ulcers (Table 2) (53–56).

Respiratory failure and coagulopathy are the two
most important factors associated with the development
of stress ulcers.

CLINICAL SIGNS AND SYMPTOMS

Stress gastritis ulcers are generally asymptomatic in the
early stages and do not manifest overt bleeding. As stress

becomes prolonged or more severe, bleeding is often
detected. Categorizing ulcer-associated hemorrhages is
crucial for patient care and clinical research endeavors.
Ulcer-associated bleeding is categorized into three types:
(i) hemodynamically stable patients with superficial
diffuse ulcers and guaiac-positive gastric aspirate or stool
samples have occult bleeding. Occult bleeding is the most
common type of stress gastritis–related hemorrhage. Most
lesions are not very deep and do not erode into any large
vessels; (ii) hemodynamically stable patients with overt
bleeding may have hematemesis, hematchezia, or melena
but it is generally not clinically significant; gastric aspirates
contain gross blood or coffee-ground material; (iii) hemody-
namically unstable patients with clinically significant bleed-
ing are those demonstrating cardiovascular and
hematological signs associated with overt bleeding. These
signs include: (i) .20 mmHg decrease in the resting systolic
blood pressure (SBP); (ii) an orthostatic decrease of
.10 mmHg in SBP; .20 bpm increase in heart rate; .2 g/
dL drop in hemoglobin concentration (2). Bleeding classifi-
cation assists clinicians and researchers in stratifying
patients at risk for bleeding and determining appropriate
therapeutic regimens (Table 3).

Patientswith stressulcersare usually asymptomatic.
Those patientswho do bleedcanhave occult or overt bleeding,

with or without hemodynamic instability.

GI PROPHYLAXIS RATIONALE AND GOALS

The key to stress gastritis prophylaxis is selecting high-risk
patients and treating them early. Several risk factors are
associated with stress gastritis and due to the identification
of these factors and institution of prophylaxis measures,
few patients develop clinically significant bleeding now.
Improvements in resuscitation, early enteral nutrition, and
basic supportive care help sustain “at-risk” patients who
are susceptible to stress gastritis. Hydrogen ions play a
pivotal role in the pathogenesis of stress gastritis. Therefore,
the inhibition of acid secretion is the central target in ulcer
prophylaxis. Several drugs reduce gastric pH including
antacids, H2RAs, and PPIs.

Stress ulcer prophylaxis is an important therapeutic
maneuver in the critical care setting. The most significant
consequence from stress-induced ulcers is hemorrhage.
Mechanical ventilation and coagulopathy are the only inde-
pendent risk factors connected to clinically relevant bleed-
ing. Gastric acid production is central to the development
of stress-induced ulcers; hence, inhibition of acid production
is the main goal in preventing stress gastritis. Clinical trials
demonstrate that keeping gastric pH above 3.5 can prevent
mucosal injury (57). The following section will review the

Table 2 Risk Factors in the Development of Stress Ulcers in

Adult and Pediatric Patients

Adult Pediatric

Mechanical ventilation (.48 hr) Coagulopathy

Coagulopathy (platelets ,50,000;

INR .2.5; PT .2 control)

Surgery (.3 hr)

Major surgery Trauma

Head or multiple trauma Burns (.13% BSA)

Burn injury (.30% BSA) Pneumonia

Sepsis Pediatric Risk of Mortality

Score .10

Shock

Multisystem organ failure

Steroid therapy

Solid organ transplantation

Prolonged intensive care unit stay

History of ulcer disease or gastro-

intestinal bleeding

Abbreviations: BSA, body surface area; INR, international normalized

ratio; PT, prothrombin time.

Table 3 Bleeding States Associated with Stress Ulcers

Type Occult bleeding Overt bleeding Clinically significant bleeding

Hemodynamic stability Stable Stable Unstable

Type of ulcer Superficial Deep Erosion into vessel

Clinical signs/
symptoms

Guaiac-positive gastric

aspirate or stool sample

Hematemesis, melena, gross

blood in gastric aspirate or

coffee-ground material

# SBP .20 mmHg; " Heart

rate .20 bpm; # orthostatic

SBP 20 mmHg; #

Hemoglobin 2 g/dL

Abbreviation: SBP, systolic blood pressure.

560 Upperman et al.



therapeutic strategies commonly used to prevent the devel-
opment of stress gastritis.

Ulcer prophylaxis is designed to raise the intragastric
pH to .4.0. A pH ,4.0 does not inactivate pepsin and
permits fibrinolysis. Once upper gastrointestinal bleeding
starts, intragastric pH .4.0, but ,6.0 may be inadequate to
prevent recurrent bleeding. During overt bleeding, a pH of
.6.0 should be achieved to prevent the breakdown of
blood clots and the spread of bleeding (58–60). Under
acidic conditions, platelets do not aggregate and gastric
mucosa does not heal (58,61). The next section will deal
with the options available for stress ulcer prophylaxis.

As hydrogen ions play a central role in stress ulcer
development, raising gastric pH is necessary for prevention
of stress gastritis. Maintaining gastric pH .4.0 will prophy-
lax against stress ulcer formation, but once bleeding starts,

a pH greater than 6.0 is required to prevent rebleeding.

ULCER PROPHYLAXIS OPTIONS

Drugs/treatments used for stress ulcer prophylaxis can be
broadly classified into cytoprotective agents (e.g., sucralfate,
misoprostol, and enteral nutrition) and acid reducers (e.g.,
H2RAs, PPIs, and antacids). Each of these commonly
employed drugs and treatments will be reviewed.

Sucralfate
Background and Mechanism of Action
Sucralfate is an orally administered basic aluminum salt of
sulfated sucrose. It is a nonabsorbable agent that exerts its
cytoprotective effects by binding to the gastric mucosa and
forming a gel-like barrier that allows mucosal healing
beneath the protective gel-like layer. In acidic environments,
the aluminum and sulfate disassociate into ions. The highly
polar sulfide anions bind to cations such as mucins and
exposed proteins serving to coat mucosal defects.

Although its mechanism of action is not entirely
known, some theorize that sucralfate acts as a physical
barrier to acid-induced damage or stimulates local PG syn-
thesis (62). Other reports suggest that sucralfate downregu-
lates endothelin 1 expression, binds to bile salts, inhibits
pepsin, and increases bicarbonate excretion (62–64).

Efficacy vs. Complication Profile
Various meta-analyses examined the difference in efficacy
between sucralfate and H2RAs or antacids and placebo.
These analyses revealed disparate conclusions. Messori
et al. did not show any difference in efficacy between sucral-
fate and H2RAs as compared to placebo (65). A meta-analysis
by Cook et al. suggested that sucralfate and H2RAs were
comparable in preventing clinically overt bleeding. Interest-
ingly, sucralfate administration correlated with a reduction
in mortality (61). A prospective randomized trial revealed
that the H2RA, ranitidine, was more efficacious than sucral-
fate in preventing clinically important bleeding, but there
was no difference in length of stay or mortality (66). These
studies suggest that sucralfate is equivalent to H2RAs in pre-
venting overt bleeding from stress gastritis.

The sucralfate complication profile is low. One poten-
tial risk is nosocomial pneumonia. As sucralfate is delivered
via a nasogastric tube directly into the stomach, the gastro-
esophageal junction is stented open, thus permitting aspira-
tion of stomach contents into the lung. However, sucralfate
does not alter stomach flora, a process that is linked to

nosocomial pneumonia. Nonetheless, controversy persists
regarding the role of sucralfate therapy in the development
of nosocomial pneumonia when compared to antacids or
H2RAs.

Additional complications include aluminum absorp-
tion (only 3–5% absorbed) in patients with renal failure.
Aluminum binds to the phosphate which prevents absorption.
Therefore, aluminum absorption can cause hypophosphate-
mia even in patients with normal renal function. Constipation
and drug interactions (fluroquindones, phentoin, and war-
farin) can occur in some patients. Bezoar formation has been
reported with the use of sucralfate in pediatric patients (67).
Sucralfate is on the Food and Drug Administration (FDA)
“Class B” agent (safe to use during pregnancy).

Although readily available, sucralfate is not FDA
approved for use as prophylaxis against stress gastritis.
Sucralfate is generally underused, partly due to its four-
times-a-day dosing compared to once-daily dosing for
PPIs. Another problem with sucralfate is its disrupting
effect on viewing the gastric mucosa using endoscopy.

Sucralfate works by binding to the stomach lining
and thus has to be introduced directly into the stomach. It is
efficacious in preventing stress ulcers, with a low compli-
cation profile, but has not been shown to improve
outcome.

H2 Receptor Antagonists
Background and Mechanism of Action
Histamine binds to the histamine receptor-2 on parietal cells
and stimulates the production and release of hydrochloric
acid. In the late 1970s, cimetidine, a prototypical H2RA,
was introduced as the treatment for peptic ulcer disease.
Since the introduction of H2RAs, they have been a mainstay
in acid-suppressing treatment.

H2RAs block the histamine receptor and subsequently
reduce hydrogen ion production levels. H2RAs have limit-
ations as global hydrogen ion production regulators as hista-
mine does not completely activate all intramural hydrogen
production.

Efficacy vs. Complication Profile
Approximately 70% to 80% of duodenal ulcers and 55% to
65% of gastric ulcers are healed by H2RAs after four to six
weeks of therapy. Based on the early successes in preventing
the progression of peptic ulcer disease, clinicians began to
investigate the efficacy of H2RAs in controlling acute
upper gastrointestinal bleeding. Little data support the use
of H2RAs in abrogating bleeding complications of peptic
ulcer disease (68,69). In a meta-analysis by Collins et al.,
they collated and analyzed 27 randomized prospective
trials with approximately 2500 total patients who were
treated with H2RAs. The data suggest that H2RAs limited
rebleeding in patients after endoscopic control of upper GI
bleeding. Walt et al. tested this hypothesis by examining
the ability of famotidine to limit upper GI bleeding in
patients with peptic ulcer disease; however, they found no
improvement over placebo controls (69).

Complications and side effects related to H2RA are
significant. In some cases, raising intraluminal pH makes
gastric mucosa susceptible to injury by lowering the intra-
cellular pH. Some investigators propose that stress
ulceration may be related to intramural pH and not
to intraluminal pH (70). H2RAs are associated with
tachyphylaxis, diarrhea, headache, mental status changes,
hyperprolactinemia (cimetidine), rashes, vomiting, and
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drowsiness. In pediatric patients, there is a higher incidence
of thrombocytopenia as compared to adults with the use of
cimetidine (71).

Other medications that rely on an acidic environment
for absorption must be used with caution in all drugs that
increase gastric pH. Ampicillin and ketoconazole both
have lower serum concentrations and bioavailability in this
setting. Additionally, some H2RAs (cimetadine more than
ranitidine) inhibit the cytochrome P450 (CYP450) system.
Famotidine and nizatidine do not affect the CYP450 enzyme.

Furthermore, H2RA use is associated with nosocomial
infection for several reasons: (i) H2RAs alter the composition
of the gastric microbial flora and lead to selection of more
virulent microbes; (ii) critically ill patients are at higher risk
of aspiration; and (iii) aspiration is followed by the onset of
nosocomial pneumonia (72). But some believe that the role
of H2RAs in nosocomial infection is overstated. The risk of
nosocomial pneumonia has not been validated in the meta-
analysis by Messori et al. or by the randomized control
study by Cook et al. (65,66). Some evidence suggests that
H2RAs lose their inhibitory effect on acid secretion over
time (73,74). H2RA tachyphylaxis and the association with
nosocomial pneumonia have led to a reduction in H2RA use
as the mainstay in controlling stress-related gastritis and its
most significant consequence, upper GI bleeding.

Cimetidine, ranitidine, famotidine, and nizatidine are
widely available in the United States. Only cimetidine is
FDA approved for the prevention of bleeding in critically
ill patients as a continuous intravenous infusion. The oral
H2RAs are limited by malabsorption.

H2RAs work by blocking histamine receptors on
parietal cells. They are efficacious in raising pH, but they
are associated with nosocomial pneumonia and tachyphy-
laxis. Survival benefit has not been demonstrated with
H2RAs.

Proton Pump Inhibitors
Background and Mechanism of Action
The goal of PPIs is to provide substantial, long-lasting
elevation in gastric pH. PPIs are the most potent acid-
suppressing agents available. The first PPI, omeprazole,
was made clinically available in an oral formulation in
1989. Recently, intravenous PPIs were introduced and
added to the therapeutic armamentarium for the prevention
of stress ulcers. Pantoprazole, introduced in 2001 in the U.S.
market, is the first intravenous PPI used in the United States.

The hydrogen (Hþ)/potassium (Kþ) ATPase pump
exchanges Hþ ions for Kþ ions in parietal cells leading to
the production of extracellular hydrochloric acid. PPIs directly
block the Hþ/Kþ ATPase proton pump in parietal cells. PPIs
bind to cysteine residues in the transmembrane domains of
the adenosine triphosphatase enzyme. The bound enzyme is
unable to produce acid. Most PPIs are delivered enterally,
absorbed beyond the pylorous and then transported in the
blood stream to the parietal cells. PPIs are activated in an
acidic environment and therefore only inhibit actively secret-
ing proton pumps. PPIs bind irreversibly to the proton
pump enzyme; and the inhibitory effects can only be over-
come by the de novo production of a new proton pump
enzyme. New proton pumps are synthesized every 72 hours.

Efficacy vs. Complication Profile
PPIs maintain higher gastric pH than H2RAs (74). PPIs
decrease the rate of duodenal ulcers by 80% to 100%, and
the formation of gastric ulcers by 70%. However, no study

has definitively demonstrated the efficacy of PPIs in stress
ulceration protection (75–77).

PPIs are metabolized through the CYP450 system and
sulfate conjugation in the liver. PPIs appear to have minimal
interactions with other medications, which make them par-
ticularly useful in the critical care setting. Nonspecific
adverse events associated with the use of PPIs include
vomiting, diarrhea, constipation, and rashes. Tachyphylaxis
has not been documented with PPIs.

Originally PPIs were only available as enteral agents.
PPIs are acid labile and therefore they are enteric coated to
protect against gastric inactivation. The use of oral PPIs in
the critical care setting is limited because many patients do
not have postpyloric feeding tubes. The introduction of
intravenous PPIs in the United States has permitted their
use in critically ill patients at the highest risk of developing
stress ulcers.

PPIs work by irreversibly binding the proton pump,
thereby preventing release of hydrogen ions. Efficacious in
raising gastric pH, their role in preventing stress ulcers is

not defined. Most PPIs are available in oral form, although
intravenous agents are now available.

Antacids
Antacids are no longer considered the mainstay in stress gas-
tritis prophylaxis. Antacids are efficacious in preventing
stress-related mucosal damage. But frequent enteral dosing
and side effects limit their use in most settings. Side effects
include hypermagnesemia, hypophosphatemia, intestinal
distension, diarrhea, constipation, bezoar formation, and
nosocomial pneumonia (78–90). Antacids are FDA
approved for the prevention of stress-related mucosal
disease.

Antacids are efficacious but difficult to use in criti-
cally ill patients.

Misoprostol
Misoprostol is a PG analog that inhibits gastric acid
secretion, and may improve muscosal blood flow. The anti-
secretory activity is less potent than that provided by the
H2RAs or PPIs. Misoprostol is the only FDA-approved PG
analog that has shown benefit in the prevention of peptic
ulcer disease. Although PGs are important in preventing
acid-related mucosal injury under physiological conditions,
and peptic ulcers due to NSAIDs, the use of synthetic PG
analogues has not yet been shown to be efficacious in pre-
venting stress gastritis or stress-related bleeding.

Enteral Nutrition
Enteral nutrition is ineffective in preventing stress gastritis.
The inconsistency attributed to enteral feeding may be due
to the inability of enteral feeds to consistently raise gastric
pH (81). In addition, the mode of delivering enteral feedings
is not resolved. Some clinicians prefer prepyloric feedings
while others favor postpyloric feeding. Enteral feeds may
play an important role in reducing the incidence of stress
gastritis by helping to maintain positive nitrogen balance.

COMPLICATIONS OF GASTROINTESTINAL PROPHYLAXIS

Specific complications related to the different agents
have been discussed in detail in the aforementioned
section. Interactions between prophylactic agents and other
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medications are not uncommon and should be monitored.
Agents that increase gastric pH promote bacterial over-
growth in the stomach and nosocomial pneumonia. Studies
are discordant in their results. Some studies find an increase
in nosocomial pneumonia in antacid- or H2RAs-treated
patients compared to sucralfate-treated patients (82,83),
while other studies find no difference among these agents
(60,84,85). In a randomized trial involving 1200 patients
comparing sucralfate and ranitidine no statistical difference
between the groups was seen with regard to the develop-
ment of nosocomial pneumonia, although there was an
overall lower incidence in the sucralfate group (66). Environ-
mental factors such as the use of nasogastric tubes that stent
open the lower esophageal sphincter and allow reflux of
gastric contents into the upper airway complicate the ana-
lyses. The issue of increased nosocomial pneumonia associ-
ated with prophylactic agents is unresolved but with
current data the differences between medications seems
small.

Nosocomial pneumonia is a theoretic complication

with all agents that raise gastric pH; however, the incidence
of this complication is very low.

MANAGEMENTOFACUTE BLEEDING ASSOCIATED
WITH STRESS GASTRITIS

Critically ill patients who bleed from stress ulcers are
initially managed with standard resuscitation ATLS proto-
cols. The principles involve the ABCs of resuscitation includ-
ing airway protection and hemodynamic stabilization.
Intravenous PPIs should be started promptly. A nasogastric
tube is placed into the stomach and the stomach is lavaged
until clear. Serial hematocrit measurements are monitored.
Endoscopy is performed as necessary, and all high-risk
lesions in the stomach should be treated with injection of
epinephrine and thermocoagulation.

Gastric pH measurements should be monitored, and a
pH .6 is targeted in order to prevent rebleeding (57). PPIs
have been shown to be effective in preventing recurrent
bleeding after successful endoscopic therapy (86,87).

OVERALL STRATEGY FOR GI PROPHYLAXIS

Based on the pathophysiology of stress ulcer formation, one
of the most important maneuvers in preventing the develop-
ment of stress gastritis in critically ill patients is to increase
mucosal blood flow and subsequent oxygen delivery. Thera-
pies directed at achieving this objective reduce the overall
progression of stress gastritis and its major sequelae, clini-
cally overt bleeding.

Stress gastritis prophylaxis is strongly recommended
in coagulopathic patients, and all those who are antici-
pated to require mechanical ventilation for greater than
48 hours. Ulcer prophylaxis is also recommended in
patients with at least two of the following risk factors:
anticipated ICU stay more than one week; occult bleeding
of any duration; sepsis; and steroids use (250 mg/day
hydrocortisone or equivalent). In addition, patients with
CNS injury, .10% BSA burn or a history of ulcer disease
or gastrointestinal bleeding should be placed on prophy-
lactic medication (88).

The best agent for prophylaxis is not clear. Sucralfate
and H2RAs have similar efficacy but H2RAs are easier to
use and a reasonable first-line therapy. If famotadine has
been used in the past without success, sucralfate may be
used. Although PPIs are more effective than H2RAs in
raising intragastric pH, their efficacy in preventing stress gas-
tritis is not markedly different. However, PPIs may be most
beneficial when the prevention of recurrent bleeding is
necessary after endoscopic therapy; monitoring gastric pH
has not been documented to be beneficial in stress ulcer pro-
phylaxis. However, pH monitoring (to maintain pH .6.0) is
likely valuable after successful endoscopic management of
stress gastritis–related bleeding. Figure 1 outlines the prophy-
laxis algorithm and management of stress ulcer bleeding.

EYE TOTHE FUTURE

It has not been clearly demonstrated which agent is most
efficacious in the prevention of stress ulcers. Current
options include sucralfate, misoprostol, H2RAs, or PPIs. As
only one intravenous PPI is currently approved for use in
the United States, experience is limited and comparisons
with H2RAs are continuing. Furthermore, whether any of
these agents will actually prevent clinically important bleed-
ing and reduce mortality may be ultimately more relevant.

Investigation into the etiology, prevention and treat-
ment of stress ulcers continues to progress. The subsequent
discussion reviews some of these new investigations in the
clinical management of stress gastritis, including diagnostic
technologies and novel mediator manipulation.

Diagnostic Screening for High-Risk Patients
The identification of patients at risk for developing stress
gastritis continues to be an elusive target. Although several
risk factors (burns, trauma, CNS catastrophes) have been
identified and analyzed as outlined in the section “Risk
Factors,” modern pharmacogenetic-based strategies may
offer customized patient-specific data that pinpoint the risk
in other populations, and may influence appropriate drug
and dosage targets for previously identified high-risk
patients. For example, gene microarray and proteomic ana-
lyses may reveal the pertinent gene and protein variations
in critically ill patients most likely to suffer from stress gas-
tritis. Furthermore, these approaches may identify a set of
genes or proteins that predict positive therapeutic responses
or the potential for deleterious drug side effects. This knowl-
edge would provide the clinician and pharmacist with a
detailed report of what drug or drug combination may be
most efficacious.

Novel Candidate Mediators
Some postulate that the increasing levels of proapoptotic pro-
teins lead to gastric injury and therefore, antiapoptosis
therapy could potentially attenuate the development of
stress gastritis. For instance, apoptosis-modulating proteins
(e.g., Bcl-2 family members or Fas/FasL) may play a role in
stress ulcer pathogenesis. Zhonghua et al. studied bcl-2 (an
antiapoptotic protein), Bax (a proapoptotic protein), and
Fas/Fas ligand (proapoptotic proteins) in a rat model of
stress-induced ulceration (89–95). They found that in rats
immersed in water and restrained, decreased bcl-2 and
increased Bax levels correlated with apoptosis but Fas/FasL
protein levels did not correlate with stress ulcer injury.
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Therefore, increasing bcl-2 and decreasing Bax expression
may play a crucial role in abrogating stress ulcer pathogen-
esis. Another protein that could reduce the development of
stress gastritis is heat shock protein 70 (hsp70). Shichijo
et al. have shown that spontaneously hypertensive rats with
increased levels of hsp70 are protected against water stress
and restraint-induced gastritis (96). The authors propose
that hsp70 protects against ulceration by increasing mucosal
blood flow. Therapies directed at increasing hsp70 levels
could also lead to decreases in stress gastritis.

Novel Therapeutics Nearing Clinical Trials
Several modalities are on the horizon that hold promise
for reducing the formation of stress-induced gastritis by
blocking the effects of reactive oxygen species. Ohta et al.
determined that injecting stressed rats with superoxide

dismutase and catalase attenuated the formation of stress-
related gastric ulcers (97). In addition, Bulbuller et al.
demonstrated that intragastric L-tryptophan reduces the
mucosal damage in immobilized rats as compared to con-
trols by an alternative antioxidant mechanism (90). Hormo-
nal strategies have been tested in a number of laboratories
and these approaches may also augment our current arma-
mentarium of antiulcer therapy. Bombesin and candesartan,
the angiotensin II AT1 receptor antagonist, prevent hemor-
rhagic and cold-induced stress ulcers in rats. Bombesin is
thought to work via a cholecystokinin receptor mechanism
while candesartan works by a combination of gastric blood
flow protection, decreased sympathoadrenal activation,
and anti-inflammatory effects while maintaining the protec-
tive glucocorticoid effects and PGE-2 release (89,98). All of
these therapeutic measures remain largely experimental
and human testing is still required.

Does the patient have any risk factors? Any one or more of the following: 
1. Respiratory failure
2. Coagulopathy 
3. Recent major surgery
4. Head or multiple trauma 
5. Burn injury (>30% BSA) 
6. Sepsis
7. Shock, multiorgan system failure
8. Steroid therapy 
9. Solid organ transplantation 

10. Prolonged intensive care unit stays 
11. History of gastric ulceration or bleeding in past year

No

Reassess as
necessary

Yes

Start H2RAs

Alternatively, if
access to stomach

available, and 
institution approves 

start sucralfate

Enteral H2RAs 
if access 

available and 
GI functional

IV H2RAs if
enteral access 

is not available

Reassess
periodically

Clinically overt 
bleeding

1. ABCs
2. Nasogastric lavage
3. Serial hematocrits
4. Start intravenous proton

pump inhibitors
5. Endoscopy
6. Gastric pH monitoring
7. Keep gastric pH > 6.0 

Figure 1 Prophylaxis and management of stress ulcers bleeding. Abbreviations: BSA, body surface area; H2RAs, histamine type-2 receptor

antagonists; ABCs, airway, breathing, and circulation.
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Nontraditional antiulcer therapeutics may also
provide clues to the pathogenesis and treatment. Recently,
two studies report the use of herbal remedies for the treat-
ment of gastric ulcers. Shirwaikar et al. examined the
effects of the ethanol extract of Ageratum conyzoides in pre-
venting cold restraint stress ulcer in rats and found that it
reduces the ulcer size and number mediated possibly by
its antioxidant activity, Ca2þ channel blocking and antisero-
togenic properties (99). In another report, Sairam et al.
demonstrated the protective activity of Asparagus racemosus
against cold restraint stress-induced gastric ulcers (100).
They showed significant protection against acute gastric
ulcer formation and an increase in mucosal defensive
factors such as mucus secretion, cellular mucus, and the
life span of cells. A. racemosus had little or no effect on the
production of offensive factors like acid and pepsin.

SUMMARY

All critically ill patients are at risk to develop stress-related
gastric mucosal disease. A small number of patients go on
to develop clinically significant bleeding. The need for pro-
phylactic therapy in these patients is particularly import-
ant in the group of patients who are at highest risk:
those with coagulopathy and/or in respiratory failure
requiring mechanical ventilation. Current data demon-
strate that sucralfate and H2RAs are comparable in pre-
venting stress gastritis, but the impact that this has on
stress gastritis–related bleeding and mortality is less
clear. Maximizing hemodynamic management combined
with PPIs may be the best method to reduce mortality
and bleeding (and rebleeding) from stress gastritis in the
highest-risk patients.

Finally, while future work in stress gastritis is necess-
ary, it is also very critical to determine the most efficacious
management algorithm in patients at risk for stress gastritis.
Current options include H2RAs, PPIs, sucralfate, misopros-
tol, and antacid therapy. The least manpower is used on
H2RAs, PPIs, however, the side effects of increased gram-
negative organisms and other side effects must be weighed
against the use of other agents. The ability of H2RAs or
PPIs to prevent clinically important bleeding and reduce
mortality may be ultimately more relevant but this compari-
son remains untested. Additionally studies designed to
compare the efficacies of the H2RAs and PPIs in various
high-risk populations are also required. Finally, several
new and novel modulators may be on the horizon of stress
ulcer prophylaxis and treatment following trauma and criti-
cally illness.

KEY POINTS

Stress ulcers are common in critically ill patients, but
clinically important bleeding occurs in only 5% or less
of these patients. Mortality in this small group of
patients can be as high as 50%.
Stress ulcers are found in the proximal stomach and are
usually multiple, superficial, and diffuse. Deeper
lesions can lead to major hemorrhage.
Decreases in blood flow to the gastric epithelium,
whether as a result of globally diminished circulating
blood volume or reduced microcirculatory blood

flow, leads to impairment of the epithelial defense
mechanisms.
Hydrogen ions play a central role in the development of
stress ulcers. However, stress ulcers do not develop
under normal circumstances because mucosal epithelial
damage is limited by protective mechanisms including
adequate blood flow, normal mucus production, buffer-
ing by bicarbonate secretion, mucosal PGs, and NO, as
well as epithelial repair facilitated by EGF.
Stress ulcers appear differently at various stages of
development and lesions of dissimilar morphological
stages can be seen in the same patient.
Respiratory failure and coagulopathy are the two most
important factors associated with the development of
stress ulcers.
Patients with stress ulcers are usually asymptomatic.
Those patients who do bleed can have occult or overt
bleeding, with or without hemodynamic instability.
As hydrogen ions play a central role in stress ulcer
development, raising gastric pH is necessary for pre-
vention of stress gastritis. Maintaining gastric pH
.4.0 will prophylax against stress ulcer formation,
but once bleeding starts, a pH .6.0 is required to
prevent rebleeding.
Sucralfate works by binding to the stomach lining and
thus has to be introduced directly into the stomach. It is
efficacious in preventing stress ulcers, with a low compli-
cation profile, but has not been shown to improve
outcome.
H2RAs work by blocking histamine receptors on parie-
tal cells. They are efficacious in raising pH, but they are
associated with nosocomial pneumonia and tachyphy-
laxis. Survival benefit has not been demonstrated with
H2RAs.
PPIs work by irreversibly binding the proton pump,
thereby preventing release of hydrogen ions. Efficacious
in raising gastric pH, their role in preventing stress
ulcers is not defined. Most PPIs are available in oral
form, although intravenous agents are now available.
Antacids are efficacious but difficult to use in critically
ill patients.
Nosocomial pneumonia is a theoretic complication
with all agents that raise gastric pH; however, the inci-
dence of this complication is very low.
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INTRODUCTION

The administration of enteral or parenteral nutrition consti-
tutes one of the pillars of modern critical care, as nutritional
status directly affects morbidity and mortality (1,2). Nutri-
tional needs vary in response to metabolic changes, age,
sex, growth periods, stress (i.e., trauma, disease, pregnancy,
etc.), and physical condition. During critical illness, retention
of sodium and water, along with loss of lean body mass
from immobility and hypermetabolism, is related with the
risk of multiorgan dysfunction syndrome, infection, and
healing difficulties. Furthermore, these inflammatory
changes can confound the monitoring of factors usually
used in nutritional assessment.

The phenomenon of hypermetabolism was first
described over 70 years ago in a landmark paper by
Cuthbertson (3). More recently, hypermetabolism is recog-
nized to occur in most critically ill patients, when in the cata-
bolic state due to inflammatory mediators from severe trauma,
burns, and disease states such as sepsis or the systemic inflam-
matory response syndrome (SIRS). This results in a rapid loss
of total body mass, mainly from muscles. Early identification
of high-risk patients and efficacious monitoring of nutritional
support can reduce postoperative complications and decrease
surgical intensive care unit (SICU) length of stay.

Nutritional assessment tools should be easy to use,
reliable, reproducible, and inexpensive. Furthermore, these
tools should be continuously available, and minimally per-
turbed by conditions associated with the underlying
illness. No gold standard in nutritional assessment
currently exists. All the tools mentioned in this chapter
fulfill certain criteria but are lacking in other aspects.

This chapter reviews the nutritional and metabolic
assessment tools commonly employed in critically ill
trauma and burn patients. The nutritional assessment par-
ameters that should be initially evaluated are first reviewed
in the chapter, including pertinent information that should
be sought in a carefully taken history and physical (H&P).

In addition, the anthropometric measurements commonly
determined by registered dietitians, are surveyed along with
laboratory values, predictive equations, and indirect calori-
metry. The principal determinants of nitrogen balance and
the continuous measurement of caloric expenditures are
also provided. The chapter finishes with a survey of the pit-
falls of nutritional assessment and the eye to the future.

INITIAL ASSESSMENT
History and Physical
The initial nutritional assessment is focused on determining the
baseline nutritional state through information gleaned in the
H&P exam, including a review of the patient’s medical, surgi-
cal, social, and drug history, along with the review of systems.

The history as related to nutritional assessment should
at minimum include the following: age, sex, and history of
present illness (including duration of the disease process
and of the state of malnutrition prior to seeking medical
care). Any history of gastrointestinal (GI) symptoms
should be elucidated, including changes in appetite,
eating, or bowel patterns that would suggest alteration in
the patient’s absorption and/or metabolism (e.g., diarrhea,
constipation, and steatorrhea).

Patients who have been vomiting for days with or
without gastric outlet obstruction will have struggled with
maintaining adequate caloric intake and electrolyte balance.
Patients with drug addiction, alcoholism, or psychiatric dis-
orders or malignancy often have anorexia and rarely meet
their bodies’ metabolic demands. Patients should also be
screened for the presence of systemic diseases (e.g., liver,
renal, congestive heart failure, or diabetes), and metabolic
disorders. Similarly, patients with pretrauma symptoms of
malabsorption (i.e., symptomatic Crohn’s disease with pro-
gressive weight loss) are likely to be malnourished despite
reporting seemingly adequate caloric intake.

Use of appropriate nutrition supplementation and pro-
viding adequate macro- and micronutrients will help main-
tain or improve nutritional status during hospitalization.
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Previously hospitalized patients, those who are
institutionalized, or transferred from another facility will
need to provide a list of current medications.

Diuretics decrease the amount of body water and
therefore affect body composition studies. Some medications
such as propofol are lipid based, and their administration in
itself provides patients with caloric intake that needs to be
included into evaluations and later calculations of total
caloric intake. Steroid use induces hyperglycemia which
requires close monitoring and control via carbohydrate con-
trolled diets and effective insulin therapy. Calories from dex-
trose-containing intravenous fluid and alcohol drips should
also be accounted for.

The review of systems relevant to nutritional status
includes: (i) history of recent weight change (particularly
involuntary weight loss of 20% over two to six months or
10% over one month), (ii) difficulty in chewing/swallowing
(dependence on thickened liquids and mechanically
altered diets), (iii) emesis, nausea, and change in appetite,
and (iv) bowel habits (presence of diarrhea or constipation
for more than three days).

The nutritional history should be aimed at screening
for individuals who are at risk of having protein-calorie mal-
nutrition as well as identifying individuals with potential
macro- and micronutrient deficiencies (Table 1). Hence, a
nutrition support care plan should be established with

Table 1 Physical Examination Findings Consistent with Malnutrition

Physical examination Deficiency/interpretation

General appearance

Weight loss, decreased muscle

mass, decreased subcutaneous fat

Protein/calorie malnutrition

(,90% IBW), severe malnutrition

(,70% IBW)

Skin

Xerosis (dryness) Essential fatty acids

Dermatitis Vitamin C

Easy bruising Vitamin K

Perifollicular hemorrhages Vitamin C

Poor wound healing Protein and zinc

Nails

Koilonychia Iron

Spoon-shaped, transverse ridging Protein

Head, eyes, ears, nose, throat (HEENT)

Hair

Pigment changes, alopecia, easily

pluckable without pain, flag spin

(transverse depigmentation of hair)

Protein

Eyes

Conjunctival pallor Iron

Bitot’s spot (triangular, shiny, gray

spots on conjunctiva)

Vitamin A

Opthalmoplegia Thiamine, phosphorus

Impaired night vision Vitamin A

Nose

Nasolabial seborrhea Vitamin A, zinc, fatty acids,

riboflavin, pyridoxine

Mouth/throat

Glossitis Riboflavin, niacin, vitamin B12

Cheilosis Pyridoxine, folate

Angular stomatitis

Swollen, bleeding, retracted gums Vitamin C

GI

Diarrhea Zinc, niacin

Extremities

Edema Protein

Muscle wasting Protein

Osteoporosis/osteomalacia Calcium, vitamin D

Neurologic system

Disorientation, confabulation Niacin, phosphorus

Impaired cerebellar functioning Thiamine

Peripheral neuropathy Thiamine, pyridoxine, vitamin E

Impaired vibratory/position sense Vitamin B12

Abbreviation: IBW, ideal body weight.

Source: From Ref. 105.
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goals to prevent starvation-induced complications, to
improve clinical outcomes, and to correct existing metabolic
or nutritional deficiencies that arise from a disease or treat-
ment. For example, trauma patients admitted with alcohol
dependence develop water-soluble vitamin (e.g., thiamine)
deficiencies, and those on prolonged courses of broad-
spectrum antibiotics will develop vitamin K malabsorption
and depletion of healthy gut flora.

The most important element of the careful nutritional
history is the presence or absence of recent weight change.
This parameter has been evaluated extensively and is linked
to mortality in several trials (4–6). Blackburn et al. (7)
provide the clinician with the guidelines for the determination
of the severity of the weight change (Table 2).

Part of the history includes the patient’s current inju-
ries. In particular, injuries or burns to the arms or bilateral
upper extremity fractures should be noted. These patients
can easily become malnourished because physical limit-
ations prevent them from cutting their food and/or transfer-
ring it to their mouth. The nutrition support care plan
should include an order that an individual is directed to
assist them with eating. Another source of malnutrition is
repeated periods of fasting prior to anesthesia for surgical
procedures. Again, a review of all injuries will predict
how many surgeries may be required. Thus, in addition to
planning practical measures such as ensuring that the
time of surgery is predictable so that the fasting period is
minimized, caloric intake can be calculated to compensate
for these periods.

The physical characteristics reflecting nutritional
status include the baseline muscle mass, body fat, and sub-
jectively the quality of hair and skin. Presence of stomatitis,
friable gingival mucosa, easily pluckable hair, dermatologi-
cal changes, and poor dentition may be associated with
nutritional and vitamin deficiencies.

The abbreviated H&P performed during the primary
and secondary surveys as per the Advanced Trauma Life Sup-
portw (ATLSw) paradigm should be supplemented with a com-
plete H&P as part of the tertiary survey (Volume 1, Chapter 42).

Subjective Global Assessment Method
Several formal assessment tools have been designed to help
organize nutrition-oriented H&P data into a format that
facilitates the analysis. Among these, the Subjective Global
Assessment (SGA) is the most widely used (Fig. 1) (8,9).
The SGA summarizes weight change, dietary intake, GI
symptoms, functional impairment, and physical examin-
ation. Both long- and short-term weight changes are
assessed, and the severity of the weight change in the last
six months is expressed as the percentages (A ¼ ,5%;
B ¼ 5–10%; C ¼ .10%).

Symptoms of nausea, emesis, diarrhea, and anorexia
are noted. These GI symptoms should be present almost
daily for one to two weeks preceding the assessment to be
considered significant. The degree and duration of the func-
tional impairment related to nutritional intake is recorded.
Finally, four observations derived from the physical examin-
ation are evaluated (loss of subcutaneous fat, muscle
wasting, edema, and ascites). Once the assessment is com-
plete, the patient is graded as well nourished, mildly or
severely malnourished.

In general, the patient with significant weight loss,
poor intake, severe nausea, emesis or anorexia, is bedridden,
and has evidence of fat and muscle wasting would be
considered severely malnourished. In contrast, the patient
with no weight loss, no decrease in dietary intake, no
nausea or anorexia, appropriate functional status, and no
signs of muscle or fat wasting would be deemed well nour-
ished. The method is only semiquantitative, and absolute
numbers are not used. Rather, the tool serves more as a
score card where trends are revealed. For example, even sig-
nificant weight loss over the last six months is not a strong
indicator of severe malnutrition, when offset by the recent
(previous two weeks) trend toward weight gain in the
setting of minimal or no stress (10).

The SGA has been found to be an inexpensive, quick,
and reliable tool for the initial screening of patients who are
malnourished (11,12). In the recent evaluation of 100 surgical
patients, SGA was found to be a highly sensitive (100%) and
specific (69%) tool for the identification of malnutrition (13).
Despite its partly subjective and semiquantitative nature, it
possesses good interobserver correlation (9,14). The SGA
has also been found to be a sensitive and specific assessment
tool in the pediatric surgical subgroup of patients (15). As
such, SGA is a valuable tool in the initial screening for
malnutrition in the majority of the situations where the infor-

mation regarding the status of the patient prior to admission
is readily available.

Anthropometric Measurements
Anthropometry describes quantitative measurements in
patients that assist in the evaluation of nutritional status.
Anthropometrics were first used in the nineteenth century
as an element of forensic science. Anthropometric measure-
ments are the oldest and most studied ways to assess the
nutritional status of patients. These are generally rapid, inex-
pensive, and noninvasive methods for assessing nutritional
status. Although operator- and technique-related errors
do occur, when performed consistently with adherence to
the stringent set of rules, anthropometric measurements
provide a solid basis not only for the initial assessment,
but also allow for the ongoing monitoring nutritional status.

The most basic anthropometric measurements are the
height and weight, which are obtained on admission. Weight
should be measured daily to facilitate detection of changes in
fluid status and to globally monitor nutritional trends. Both
absolute weight and weight change over time could be used
as predictors of outcome for the patients.

Weight loss is expected during hospitalization, and
nutrition therapy goal should include maintaining �90%

admit or usual weight. Losses of 40% or more of admit
weight is often fatal due to the substantial loss of lean
body mass (16). Clinicians should be aware that weight
loss, although occurring, may not be apparent in critically
ill patients who develop tissue edema secondary to SIRS.
Only when the edema resolves, will true weight loss

Table 2 Severity of Weight Loss as Percent of Weight Loss

over Time

Time

Significant weight

loss (%)

Severe weight

loss (%)

1 wk 1–2 .2

1 mo 5 .5

3 mo 7.5 .7.5

6 mo 10 .10

Values charted are for percent weight change: % weight change ¼ (usual

weight 2 actual weight) � 100/usual weight.

Source: From Ref. 7.
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become apparent by which time protein losses may be sig-
nificant.

The pioneering paper by Studley (16) published in
1936 was the first to link outcome to the weight loss in
patients undergoing surgery for peptic ulcer disease. He
noticed that those with the most rapid weight loss had
worse outcomes than the patients whose weight remained
stable. Hill and Jonathan (17) have categorized the degree
of weight loss with functional abnormalities. Weight loss of
,10% of body weight is not associated with functional
abnormalities, whereas weight loss of 10% to 20% is
accompanied by functional abnormalities, with weight loss
of .20% being most indicative of malnutrition, and multiple

functional abnormalities are detectable in virtually all
patients (17).

Patient’s admission weight can be used as a determi-
nant of nutritional status. The Hamwi “rule of thumb” calcu-
lation is one of the most commonly used methods to
determine ideal body weight (IBW):
Men: 106 lb for the first 5 ft, then 6 lb for every inch over 5 ft.
Women: 100 lb for the first 5 ft, then 5 lb for every inch over 5 ft.

An acceptable body weight is +10% of their ideal
weight for all frame sizes.

Another standard available for estimation of IBW is
the 1983 Metropolitan Life Height and Weight Table
and the NHANES I (1971–1974)/NHANES II (1976–1980)

SGA
SCORERisk Factor Subcategories 

A B C 
Weight Change Total weight loss over last 6 months: ___ kg. 

A. No weight gain, no change, or mild (<5%) weight loss 
B. Moderate weight loss (5- 10 %) 

Over the past 6 Months

C. Severe weight loss (> 10%) 
A. Weight is increasing 
B. No change in weight

In the past 2 weeks 

C. Weight is decreasing 
Dietary Intake 

A. No change or slight change for short duration 
B. Intake borderline and decreasing; intake poor and 

increasing; intake poor, no change based on prior intake 

Change in Dietary 
Intake 

C. Intake poor and decreasing 
A. Less than 2 weeks, little or no change
B. More than 2 weeks, mild to moderate suboptimal diet 

 Duration and degree of 
change

C. Unable to eat or starvation 
Presence of GI Symptoms 

A. Few or no symptoms intermittently
B. Some symptoms for >2 weeks; severe symptoms that 

are improving
C. Symptoms daily or frequently >2 weeks 

Functional Status 
A. No impairment in strength, stamina and full functional 

capacity; mild-moderate loss and improving
B. Mild to moderate loss of strength, stamina / some loss 

of daily activity or severe loss but now improving
C. Severe loss of function, stamina and strength

Metabolic Demand 
A. No stress
B. Low or moderate stress
C. High stress

Physical Examination
A. Little or no loss
B. Mild-moderate in all areas; severe loss in some areas

Subcutaneous loss of fat 

C. Severe loss in most areas
A. Little or no loss
B. Mild to moderate in all areas; severe loss in some areas

Muscle wasting 

C. Severe loss in most areas
A. Little or no edema
B. Mild to moderate edema

Edema 

C. Severe edema
A. No ascites or only on imaging
B. Mild to moderate ascites or improving clinically

Ascites

C. Severe ascites or progressive ascites Overall SGA score  
A or B or C 

Figure 1 SGA scoring sheet. SGA is a mainly subjective means of assessing the nutritional status. SGA classifies the patient as: A—well-

nourished, B—moderately malnourished, and C—severely malnourished. The clinician rates each parameter as A, B, or C. If there are no

more B or C ratings, the patient is more likely to be malnourished. If the ratings are on the left-hand side, the patient is likely to be well

nourished. Abbreviation: SGA, subjective global assessment. Source: From Ref. 10.
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nutrition surveys (18,19). The tables provide clinicians one of
the earliest examples of the anthropometric measurements
used as the predictors of life expectancy and mortality
(Table 3), however, it is not commonly used in the clinical
setting.

It is important to note that comparing the patient’s
current weight to usual body weight is usually more
useful than comparing current weight to an ideal weight.
Body mass index (BMI) has been used as the measurement
that correctly captures the relationship between the height
and the weight, and is somewhat independent of height.
BMI of 14 to 15 kg/m2 is associated with significant mortality
(20,21). BMI of less than 20 was found to be highly sensitive
in elderly patients, or patients with cancer, but not in
cirrhotic patients with tense ascites, cardiovascular, and
neurological patients (22).

A study of lung transplant patients from the University
of Toronto demonstrated that BMI ,17 kg/m2 or .25 kg/m2

increased the risk of dying within 90 days posttransplant
(23). However, not all literature supports the use of BMI as a
sensitive indicator of malnutrition. In a prospective study of
640 hospitalized patients, four different widely available and
locally accepted nutritional assessment methods were com-
pared. BMI was shown to be the least sensitive method of the
four (refer Table 4 for BMI classifications) (24).

Anthropometric measurements of fat stores are inex-
pensive, simple, and effective means of estimating the size
of the largest energy-rich component of the human body.
These measurements require only the skin fold caliper and
measuring tape to perform. However, the amount of fat in
the healthy subjects varies widely. For example, very little
fat is sufficient in an athlete who is able to maintain his
energy intake from food and has large muscle mass.
The same amount of fat is insufficient in the critically ill
patient who struggles with infection and stress from major
abdominal surgery or trauma with little or no energy intake.

In order to assess total body fat stores, both skin fold
thickness and the estimation of the limb fat area are
the methods focused on the single measurement. Skin fold
thickness can be measured over the biceps, triceps, thigh,
or calf. Alternatively, subscapular or suprailiac skin folds
can be used. Skin fold measurements are preferably done
in the standing position (which partially limits their use
for critically ill trauma patients).

In a study of 1561 patients admitted to the hospital
emergently, mid-upper arm circumference was found to be
a better predictor of the poor outcome than BMI (25).
Similarly, mid-thigh circumference was found to be a statisti-
cally significant predictor of mortality in 142 patients with
chronic obstructive pulmonary disease (COPD) (26). Not
all studies, however, fall on the side of anthropometric
measurements being reliable in the clinical settings. In the
study of 158 consecutive medical admissions, mid-arm cir-
cumference was found to have poor validity in evaluation
of malnutrition (27). Therefore, care should be exercised in
using these measurements as the stand-alone methods for
the evaluation of nutritional status.

Laboratory Values
Nitrogen Balance
Evaluation of the nitrogen balance is one of the oldest
methods to estimate protein needs and adequacy of nutri-
tional status. This method is based on the fact that protein
is the only constituent in the human body composed of nitro-
gen. Therefore, by comparing protein intake and nitrogen
waste, conclusions can be made regarding the nutritional
balance of nitrogen and hence overall nutrition. Proper
evaluation of the nitrogen balance involves total urea nitro-
gen (TUN) measurement of all the waste including urine,
feces, nails, hair lost, etc. over the course of several days.
Many facilities, however, do not have the equipment to
determine TUN. Instead, they obtain a urinary urea nitrogen
(UUN) value and estimate the other losses. It has been
proposed that up to seven days are required to reflect the
adaptation to the dietary change (28). However, the most
dramatic drop in the urinary nitrogen excretion occurs in
response to the deficiency in protein intake occurring in
the first three days (29).

From the clinically relevant standpoint, it is acceptable
to approximate the losses by measuring the UUN content
over the course of 24 hours and compare it to the protein/
nitrogen intake over the same period. The most common
conversion factor for dietary protein is 6.25 g protein for
every gram of nitrogen. Heymsfield et al. (30), for example,
consider that total daily nitrogen excretion is urea nitrogen
plus 1.5–2.0 g for most hospitalized patients. Other esti-
mates, however, place the amount of nonurinary nitrogen
losses at approximately 4 g/day.

Nitrogen balance ¼ nitrogen intake 2 nitrogen losses.
Nitrogen intake ¼ protein intake/6.25 (or appropriate

conversion factor for nutrition regimen).
Nitrogen losses equal to 4 g is a commonly used factor to

estimate nitrogen losses from the GI tract, in addition to UUN.
The goal is to be in þ2 nitrogen balance. To estimate

protein requirements based on a UUN value:
Estimated protein needs ¼ [UUNþ4 (insensible

loss)þ2 (for positive N balance)] � 6.25.
It should be pointed out that the 4 g/day allowance for

the nonurinary nitrogen losses from fecal matter and skin is

Table 3 Ideal Body Weight Ranges

IBW (%) Classification

,70 Severely underweight

70–80 Moderately underweight

80–90 Mildly underweight

90–119 Healthy

120–134 Overweight

135–149 Obese

.150 Morbidly obese

Abbreviation: IBW, ideal body weight.

Table 4 Interpretation of Body Mass Index for Males and

Females

BMI interpretation Males Females

Lean ,18.5 ,19.5

Normal 18.5–23.5 19.5–24.5

Excess weight .23.5–29.5 .24.5–29.5

Obese .29.5 .29.5

Abbreviation: BMI, body mass index.
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only applicable in the situations when the patient’s major
source of excretion is urine. In the cases of renal failure
(BUN .50 mg/dL or urine output ,500 mL/day), severe
diarrhea, lymphatic leak, or exudative drainage from the
body (i.e., burns, high-volume fistula output, multiple decu-
bitus ulcers, surgical drains, chyelothorax, etc.) nitrogen
losses can be very substantially higher, and should be
considered in any calculations of the nitrogen balance. In
1987, Waxman et al. (31) attempted to quantify protein
losses through severe burns by deriving the formula:
(g) ¼ 1.2 � body surface area (m2) � % burn.

Critically ill patients are usually in a heightened state
of catabolism. In this condition, patients often lose 16–20 g
of nitrogen per day (up to 24 g/day in some cases) as
opposed to nonstressed individuals who lose only 10–
12 g/day. The classification of the degree of catabolism
based on the nitrogen excretion in the urine is summarized
in Table 5.

The degree of catabolism following trauma, burns, and
critical illness is notoriously difficult to control. Nutritional
supplementation by any route may blunt, but will never
completely reverse the catabolic state of the patient (32,33).

The goal for nutritional support is to minimize
the degree of catabolism and to maintain the patient in the
normal to only mildly catabolic state throughout the acute

phase of illness. The protein intake for the critically ill
patient should be tailored to this goal.

Hepatic Transport Proteins
Several proteins produced by the liver have been used to
estimate the nutritional status of the patient. The most com-
monly used proteins are albumin, prealbumin, transferrin,
and retinol-binding protein (RBP) (Table 6). Of these,
albumin has been studied most extensively. Serum
albumin concentration represents the balance between the
hepatic synthesis and albumin degradation and clearance
from the body. Approximately two-thirds of the albumin
reside in the extravascular compartment (34). The half-life
of albumin is approximately 21 days. Several well-designed
studies demonstrated the correlation of low serum albumin
and increased rate of complications (35–37).

For example, a study of 54,215 patients undergoing
major noncardiac surgery in the VA system demonstrated
that compared with the patients whose albumin levels was
46 g/L, the patients with the albumin levels of 21 g/L and
above had increase in mortality from less than 1% to 29%
and increase in morbidity rates from 10% to 65% (38). The
levels of albumin drop in response to malnutrition. The
drop, however, is offset by the shift of the albumin from
the extravascular pool and by decreased degradation. Fol-

lowing trauma, sepsis, or after major surgery, the levels of
albumin usually decrease precipitously. The mechanisms
responsible are decreased hepatic synthesis, increased
degradation, and hemodilution due to fluid resuscitation
(39–41). Despite above mentioned confounding factors,
albumin remains one of the easiest and most well studied
parameters for the long-term assessment of the nutritional
status of the patients.

However, due to its relatively long half-life (21 days),
albumin is not a good indicator of the acute changes in the
nutritional status. Accordingly, other proteins are used for
the assessment of nutritional status and monitoring of nutri-
tional progress in critical care. Transferrin has a half-life of
approximately eight days. It therefore would seem to be
better suited for the evaluation of acute changes in metab-
olism and nutritional status. However, transferrin concen-
tration varies widely in healthy subjects. Furthermore, as
this protein is part of the hepatic acute-phase response
(APR), its concentration is elevated in both anemia and
infection.

The preferred protein parameter for assessing nutri-
tional status in critically ill patients is prealbumin. This
protein has rapid turnover with a half-life of approximately
72 hours. As such, its levels fall and rise as nutrition status
deteriorates and improves, respectively (42). In burn
patients, the initial drop in prealbumin reaches maximum
decline on postburn days six to eight (42). In a study of
more than 1600 patients on maintenance hemodialysis
therapy, prealbumin was inversely related to mortality,
with a relative risk reduction of 6% per 1 mg/dL increase
in prealbumin (43). Prealbumin levels are elevated in renal
failure due to decreased excretion and long-term steroid
therapy and lowered in liver failure due to decreased syn-
thesis. Acceptable prealbumin levels for patients with renal
failure, receiving hemodialysis, and on steroids are
�30 mg/dL (44). The presence of these conditions as well
as the acute response phase should be considered when
making interpretations of prealbumin level.

Acute-Phase Proteins
Despite adequate nutritional support, prealbumin levels
may not rise at goal improvement rate of 0.5–1 mg/dL/
day. Drawing a C-reactive protein (CRP) level may
be helpful to confirm decreased constitutive protein (i.e.,
albumin, prealbumin, RBP, and transferrin) synthesis.

During critical illness, the liver reprioritizes protein
synthesis to acute-phase proteins (i.e., CRP, alpha1-acid

glycoprotein, alpha1-protease inhibitor, fibrinogen, and
haptoglobulin) instead of constitutive proteins (i.e., albumin,
prealbumin, and RBP) (45), hence an inverse relationship
between CRP and prealbumin levels develops.

A prompt increase in prealbumin may be seen
when CRP levels fall below 10–15 mg/dL. If prealbumin
levels do not rise, the nutrition support regimen should be
reevaluated (refer to Table 7 for more information). The
body’s response to physical and psychological stress
is called the APR and occurs during strenuous exercise,
childbirth, burn, trauma, tissue ischemia, surgical oper-
ation, and allergic reactions. Clinical symptoms of APR
include increased heart rate, fever, hemodynamic instability,
altered level of consciousness and/or anorexia in addition to
changes in body mineral stores, hormone levels, coagulation
factors, blood cellular components, and plasma proteins.
During APR, 30% of total body protein synthesis is dedi-

Table 5 Approximate Values of Nitrogen Loss in Normal and

Catabolic States

24 hrs urinary

nitrogen loss (g)

24 hrs nonurinary

nitrogen losses (g) Level of metabolism

,6 4 Normal

6–12 4 Mild catabolism

12–18 4 Moderate catabolism

.18 4 Severe catabolism
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cated to the production of acute-phase proteins—mainly
CRP with a half-life of approximately 48 to 72 hours
(Table 7) (46).

RBP has a small body pool and very short half-life
(,12 hours). Like prealbumin, its concentration responds
rapidly to variations in the energy intake and protein
intake. Both prealbumin and RBP are therefore suited for
the evaluation of the changes in the nutritional status with
the limitations aforementioned.

Triglyceride Levels
Another important nutrition laboratory marker is serum
triglyceride levels. Patients who are receiving propofol
(Diprivanw) for sedation are receiving approximately
1.1 kcal/mL, which may add up to a significant source of
fat calories. When greater than 1 g/kg/day or 0.1 g/kg/hr
of lipid are infused, hepatic fat clearance may be compro-
mised leading to elevated triglycerides. It is recommended
to check triglyceride levels weekly for a goal of �400 mg/dL.

If elevated triglyceride levels continue, changing to a
fat-free sedative (i.e., dexmetodomidine), is recommended.
If elevated triglycerides continue after the halt of parenteral
intralipid infusion or propofol, an evaluation for carnitine
deficiency should be initiated.

Patients receiving parenteral intralipids with elevated
triglycerides (.400 mg/dL) should have intralipids checked
five hours after the lipid infusion is stopped. If levels
continue to be elevated, approximately 500 mL of 10% intra-
lipids or 250 mL of 20% intralipids should be provided over
8 to 10 hours, three times a week (47). Five hundred
milliliters of 20% intralipid may also be given once per
week. Essential fatty acid deficiency arises one to three
weeks after fat-free parenteral nutrition is initiated. Propo-
fol and parenteral intralipids should be used with caution
because they are mainly composed of soybean oil or
omega-six fatty acids, which have been shown to be immu-
nosuppressive.

In a study done by Mayer et al. (48) on 10 critically
ill patients with septic shock randomly receiving either n-6

Table 6 Hepatic Transport Proteins

Serum protein

Clinical

significance

Half-life

(days) Function

Causes of

increased values

Causes of

decreased values

Albumin 2.8–3.5 g/dL

(mild depletion)

14–20 Carrier protein,

maintenance

of plasma

oncotic pressure

Dehydration Blood loss associated with

trauma and surgery,

fluid repletion during

resuscitation, liver

disease, infection,

nephrotic syndrome,

overhydration,

malabsorption

2.1–2.7 g/dL

(moderate depletion)

,2.1 g/dL

(severe depletion)

Transferrin 150–200 mg/dL

(mild depletion)

8–10 Carrier protein

for iron

Pregnancy, hepatitis,

iron deficiency,

dehydration, chronic

blood loss

Chronic infection, acute

catabolic states,

nephritic syndrome,

increased iron stores,

liver damage,

overhydration,

malnutrition

100–150 mg/dL

(moderate depletion)

,100 mg/dL

(severe depletion)

Prealbumin 10–15 mg/dL

(mild depletion)

2–3 Carrier protein

for RBP,

transport protein

for thyroxine

Chronic renal

failure, steroid use

Acute catabolic states,

past surgery,

altered energy

and nitrogen balance,

liver disease,

infection, dialysis

5–10 mg/dL

(moderate depletion)

,5 mg/dL

(severe depletion)

RBP Neglects acute changes

in protein malnutrition;

normal range of

2.7–7.60 mg/dL

0.5 Transports retinol Renal failure,

pregnancy

Vitamin A deficiency,

acute catabolic

states, past surgery,

liver disease

Abbreviation: RBP, retinol binding protein.

Source: From Ref. 106.
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or n-3 lipid emulsion as parenteral nutrition for 10 days,
CRP concentration and leukocyte count were increased in
the n-6 group and decreased in the n-3 group—but the differ-
ence was not statistically significant. The same authors
showed that n-3-enriched parenteral lipid emulsions may
improve immunocompetence and inflammation in critically
ill patients with sepsis (49). The FDA has not approved the
use of omega-3 parenteral emulsions till now despite wide
use in Europe.

Despite the reasonable biochemical basis for the use
of protein levels for the evaluation of the nutritional
status and multiple studies which validated this approach,
some have found a discrepancy between anthropometry
and use of nutritional markers for the assessment of nutri-
tional status (50). Clinicians, therefore, are advised
to exercise some degree of caution while using
the biochemical markers exclusively for the nutritional

assessment.

Table 7 Nutritional Assessment Parameters

Parameters Significance Goals

Prealbumin Half-life 2–3 days

Synthesized by: liver

Filtered by: kidneys

When nutrition support initiated, goal

improvement is 1 mg/dL/day

Normal: .18

Mild depletion: 10–18

Elevated values: steroid use and renal failure

Moderate: 5–10

Decreased values: stress, infection, and critical

illness or elevated CRP

Severe: ,5

Renal failure or steroids: �30 (44)

APP Opsonins: CRP, protein protease inhibitors:

alpha1-protease inhibitor, hemostatic agents:

fibrinogen, transporters: haptoglobulin

Alpha1-acid glycoprotein (45)

Levels �48–72 hr postinjury

When APP levels elevated, prealbumin levels

decrease

CRP levels goal

Baseline normal: ,3

CRP level during bacterial infection: 30–35

Viral infection: ,20

Posttrauma: 20–35 (107)

24 hr—UUN Formula to estimated protein needed to achieve

0 N balance: (24 hr UUNþ four for skin and

fecal losses) ¼ Y

Y � 6.25 g protein/1 g N ¼ g protein

Waxman formula: (g) ¼ 1.2 � BSA (m2) �

% burn

Positive N balance 2–4 g

Values inaccurate when: BUN .50 mg/dL

urine output ,500 mL/dL, multiple wounds/
burns/large fistula and surgical output, dialysis

Triglycerides To assess tolerance of TPN intralipids or fat

containing sedative (i.e., propofol); to

determine if hepatic fat clearance is

optimal

Acceptable level: ,400 mg/dL; if levels are

higher, hold fats for 5 hrs and recheck; if levels

remain elevated, infuse 250 mL TPN intralipids

weekly to prevent EFAD; if levels are elevated,

check for carnitine deficiency

Dry weight To monitor losses of lean body mass; however,

values may fluctuate with fluids, different scale

use, dialysis, and burns; used to calculate cal-

orie, protein, and fluid needs

Prevent loss of �10% admit or dry weight

Losing �40% admit or dry weight is generally

fatal (due to loss of substantial lean body mass)

Visual assessment,

GI losses

Monitoring for symptoms of macro- and

micronutrient deficiency, lean body mass

wasting, edema, etc.

GI losses may cause electrolyte imbalances

(i.e., NG/OG fluids, ileostomy/rectal output,

surgical drains)

Provide adequate MVI and mineral supplemen-

tation and electrolyte repletion to prevent

deficiencies which may arise from

long-term nutrition support or present

illness

Indirect calorimetry Gold standard to determine energy expenditure Caution when interpreting data

RQ: _V CO2/ _V O2

Requires skilled personnel to interpret data

Patient must be in the supine position either with

continuous nutrition support or measurement

taken 2 hrs postmeal

RQ ,0.7 oxidation of alcohol, ketones, carbo-

hydrate synthesis, measurement problem

0.70–0.75 mostly lipid oxidation, possible star-

vation

.1.00 lipogenesis, primarily carbohydrate oxi-

dation, hyperventilation, measurement problem

Abbreviations: APP, acute-phase proteins; BSA, body surface area; BUN, blood urea nitrogen; _V CO2, CO2 production; _V O2, O2 consumption; EFAD,

essential fatty acid deficiency; MVI, multivitamins; N, nitrogen; NG, nasogastric; RQ, respiratory quotient; TPN, total parenteral nutrition; UUN, urine

urea nitrogen.
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Predictive Equations for Determining Caloric Requirements
The accurate estimation of the energy requirements allows
intensivists to avoid the dangers of overfeeding critically
ill patients while providing enough calories to combat
malnutrition. Adequate nutrition is used to reduce the rate
of complications and to decrease the hospital stay (51,52).
It is also important in attenuating APR in critical illness
(53,54).

The energy requirements of the individual are com-
posed of resting metabolic rate, thermogenic response to
food, and physical activity. Of these, the resting energy
expenditure (REE) is the largest contributor to the total
energy expenditure (TEE).

In 1919, Harris and Benedict (55) published their land-
mark study on the prediction of the basal metabolic rate in
healthy individuals.

Box 1. Harris–Benedict Equations

Male: REE ¼ 66þ 13.7 (weight in kg)þ 5 (height in cm)
2 6.8 (age in years)

Female: REE ¼ 665þ 9.6 (weight in kg)þ 1.8
(height in cm) 2 4.7 (age in years)

Since then, the Harris–Benedict equations have been
used to predict energy requirements in diverse groups of
patients. These equations, however, were derived from
the measurements of healthy subjects. Together with the
realization that nutrition plays a crucial role in the care
of critically ill patients came the attempts to use the
equations to estimate the energy requirements of the criti-
cally ill patients. Through decades, these equations
remained the standard for the assessment of the energy
requirements. Their validity has been challenged recently
(56,57). Multiple coefficients have been used to adjust the
equations to evaluate the patients under various degrees of
stress (Table 8) (58).

Other equations have been developed to improve
accuracy over these original ones. Of these, the equations
designed by Owen et al. (59) and the World Health
Organization (WHO) have been shown to be more accurate.

Box 2. Owen et al. (60) Estimation of Caloric Requirements

Men EE ¼ [879 ¼ 10.20 � weight (kg)] � 4.184
Women EE ¼ [795þ 7.18 � weight (kg)] � 4.184

Box 3. WHO Estimation of Caloric Requirements (61)

Men 18 to 30 years old EE ¼ 64.4 � weight (kg) 2 113.0
� height (m)þ 3000

30 to 60 years old EE ¼ 19.2 � weight (kg) ¼ 66.9
� height (m)þ 3769

Women 18 to 30 years old EE ¼ 55.6
� weight (kg)þ 1397.4 � height (m)þ 146

30 to 60 years old EE ¼ 36.4 � weight (kg) 2 104.6
� height (m)þ 3619

Another useful set of equations was developed
by Ireton-Jones et al. (63). Unlike the other sets, these
equations are designed to be used specifically for critically
ill patients from the outset without the need for the correc-
tion factors.

Box 4. Ireton–Jones Equations

Spontaneously breathing patients: EEE ¼ 629 2 11A
þ 25W 2 609O

Ventilator-dependent patients: EEE ¼ 1784 2 11A
þ 5Wþ 244Gþ 239Tþ 804B

EEE ¼ estimated energy expenditure, A ¼ age (years),
W ¼ weight (kg), O ¼ presence of obesity (.30% IBW;
0 ¼ absent, 1 ¼ present), G ¼ gender (1—male,
0—female), T ¼ diagnosis of trauma (0—absent,
1—present), B ¼ diagnosis of burn (0—absent,
1—present)

These equations have been validated in several studies
(64,65).

Lastly, a simple but commonly used energy expenditure
equation is to calculate calorie and protein range based on
weight in kilograms. Ranges of 20–35 kcal/kg would be
appropriate for trauma, critical illness, and mild to severe
stress. Estimating energy needs for obese patients (.135%
IBW) brings a challenge. The use of the Ireton-Jones et al.
(62) equation has closely estimated indirect calorimetry
results. However, 11–14 kcal/kg of actual body weight per
day and 1.5–2.1 g protein/kg IBW per day would be an
appropriate initial range to meet energy needs of the criti-
cally ill obese patient (66). For trauma and critical care
patients, providing protein of at least 1–1.2 g protein/kg
initially for one to two weeks is adequate (67). Providing
greater than 1.5 g protein/kg does not further reduce nitro-
gen losses (68). Azotemia may result when protein of more
than 2 g protein/kg is provided (69) (refer to Table 9 for
kcal, protein, and fluid guidelines).

Determination of kcal, fluid, and protein needs weight
should be adjusted for patients with multiple amputations to
prevent overfeeding or underfeeding. Table 10 provides
adjustment information. For example, when calculating the
IBW of a 5 ft 5 in. tall, 70-kg male with a below-knee amputa-
tion (BKA), using the Hamwi method IBW is 62 kg but when
adjusted for BKA the patient’s IBW would be: 62 kg—62
(7.1% for BKA) ¼ 57.5 kg. Therefore, the patient would be
122% of IBW—slightly overweight.

The Harris–Benedict equations remain the stan-
dard, and most widely used equation for the estimation of

the energy expenditures. It is worth noting that the
equipment used by Harris and Benedict consisted of the
humidified breathing circuit in which V̇ CO2 was trapped
and weighted. The V̇ O2 was determined by the amount of O2

injected into the circuit (70). The formulas, therefore, have
been designed on the same principle as indirect calorimetry.

Table 8 Injury Correction Factors for Different Surgical Insults

Injury

correction factor Clinical situation

1.3 Nonstressed, nutritionally sound patient

1.4 For minimal stress (elective surgery,

cancer, minimal trauma)

1.5 Moderate stress (orthopedic surgery,

major musculoskeletal trauma)

1.6 Severe stress (major trauma, sepsis)

1.7 Extreme stress (severe closed head

injury, ARDS, sepsis)

2.1 Major burn

Abbreviation: ARDS, acute respiratory distress syndrome.

Source: From Ref. 50.
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Indirect Calorimetry
Two types of calorimetry have been employed for the calcu-
lation of the energy expenditure. Direct calorimetry
measures heat produced by the subject, as a direct measure
of energy expenditure. This method is plagued by high
cost and complicated engineering. Alternatively, indirect
calorimetry has emerged as the viable method for the esti-
mation of the REE. It is based on the measurements of V̇
O2 and the V̇ CO2 by the subjects. From these data, the
energy expenditure is estimated. The equation used for the
calculation of the energy expenditure is called the Weir
equation:

EE ¼ [V̇ O2 (3.941)þ V̇CO2 (1.11)] � 1440 min/day
(71). In more general terms, the Weir equation assumes the
following form:

EE ¼ ½(K1 � VO2)þ (K2 � VCO2)

� 1:44� (K3 �UN)� ð1Þ

where K1, K2, and K3 are the constants. Various sources
report different numbers for the K1 – 3 with the range for K1

being 3.58 to 5.5, K2 1.10 to 1.7, and K3 1.44 to 3.44 (72–74).
For the sake of simplicity, the urinary nitrogen measure
can be omitted, as its contribution to the overall caloric
expenditure is minimal. As a matter of fact, it has been
shown that 100% error in the calculation of the nitrogen con-
tribution would result in less than 4% error in the overall
energy expenditure calculation (75).

Metabolic monitoring using indirect calorimetry has
the advantage over formulas to account for variables that
are difficult to measure such as energy expended from
pain, physical therapy, sepsis, or respiratory complications.
To perform the measurements, the equipment should be
capable of measuring basic spirometry as well as performing
the measurements of the partial pressures of gases in the
inhaled and exhaled gas mixtures (76). The machines cur-
rently available measure and calculate the REE (intermittent

monitor), which is slightly higher than the basic energy
expenditure and lower than the TEE (continuous monitor).
Nonetheless, indirect calorimetry has been shown to accu-
rately approximate the caloric requirements (56,73,77–78).
As defined in the review written by Brandi et al. (73), indir-
ect calorimetry plays the role in the assessment of the
patients who fail to respond adequately to traditional nutri-
tional therapy. It is currently considered by many that

indirect calorimetry is the standard technique in the clini-
cal armamentarium against which all other methods of nutri-

tional assessment should be measured. Some of the
limitations of using a metabolic monitor include chest
tubes with pulmonary air leaks, air leak past the tracheal
cuff, or requirement of .80% FiO2 (79,80)

Respiratory quotient (RQ) is defined as the ratio of
V̇ CO2 produced to V̇ O2 consumed (V̇ CO2/V̇ O2). RQ
above 1.0 is suggestive of overfeeding and of lipogenesis.
Likewise the values of RQ below 0.85 suggest underfeeding
and continued use of endogenous fat stores (Table 10). In
the study of 263 patients from 30 kindred (long-term venti-
lator weaning) hospitals demonstrated the RQ measurement
of more than 1.0 to be 85.1% specific but only 38.5% sensitive
in detecting patients being overfed. Likewise, an RQ measure-
ment of less than 0.85 was shown to be 72.2% specific and
55.8% sensitive for the detection of underfeeding. Based

on these numbers, it is hard to use the RQ as the monitoring
tool or as assessment tool for the determination of the ade-
quacy of nutritional regimen (81).

RQ, however, can be used for the validation of the
indirect calorimetry measurements with RQ values outside
the physiologic range resulting from problems with
the quantity or quality of nutritional intake, as well as
from problems with the testing process.

MONITORINGMETABOLIC DEMANDS/NUTRITIONAL SUPPLY
Nitrogen Balance
Nitrogen balance, which requires 24-hour urine collection, is
necessary to assess the net protein delivery. The goal of
nutritional support is to achieve the positive nitrogen
balance of 2–4 g/day in critically ill patients (as described
earlier).

The context in which nitrogen balance is discussed
here is as a measure of metabolic demand. The 2–4 g/day
goal might not be obtainable in the patients in the acute
phase of the critical illness (82–84). In the study of eight
patients in septic shock, Streat et al. (84) found a significant
degree of loss of the lean body mass despite aggressive nutri-
tional regimen. In another study of the 20 medical patients in
multiorgan system failure, the researchers have found that
neither hypercaloric nor isocaloric nutritional support pre-

Table 9 General Guidelines for Estimating Calorie, Protein, and Fluid Needs

Degree of metabolic stress Total kcal/kg/day Grams protein/kg/day Fluid

Mild to moderate stress 25–30 0.8–1.5 1–1.5 mL/kcal for maintenance unless

restricted; additional free water indicated

in absence of IVF in all tube fed patients

unless restricted

Severe stress 30–35 1.5–2

Standard ICU 20–25 1.2–2

Obese (BMI . 27) 11–14 of actual weight 1.5–2.1 IBW

Burn BEE � 1.2–1.5 2–2.5

Trauma 20–35 1.2–2

Abbreviations: BMI, body mass index, BEE, basal energy expenditure; ICU, intensive care unit; IBW, ideal body weight; IVF, intravenous fluids.

Source: From Ref. 66.

Table 10 Adjusting Weight for Amputation

Body parts Adjustment (%)

Hand 0.8

Forearm and hand 3.1

Entire arm 6.5

Foot 1.8

Lower leg and foot 7.1

Above knee 11

Entire leg 16

Source: From Ref. 107.
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vented protein catabolism; in contrast, they enhanced the
metabolic burden (83).

Nonetheless, continuous monitoring of the nitrogen
balance allows clinicians to tailor the diet regimens to
offset the effects of the catabolic state of the acute illness
(85). Nitrogen balance should be calculated weekly for criti-
cally ill patients and others at risk for malnutrition by the
screening methods described elsewhere in this chapter.

Measurement of Continuous Caloric Expenditure
As discussed previously, indirect calorimetry has emerged
as the robust tool for the management of the challenging
patients with severe trauma and sepsis. The continuous
metabolic measurements during the 24-hour period elimin-
ate the theoretical problems with the errors in assessment
of the metabolic needs caused by circadian rhythms, inter-
mittent feedings, and stress of the treatments. Continuous
indirect calorimetry is laborious and expensive as it ties
the machine to the particular patient for the duration of
the measurement. In the past, metabolic cart or a tent was
used for the determination of the energy expenditure. This
technique implied intermittent assessment, or, in other
words, the “snapshot” picture of the energy expenditure.
Recently, research has focused on the accuracy of intermit-
tent indirect calorimetry as a tool for the determination of
the energy expenditure (86–90). In the study by Smyrnios
et al. (86), 30-minute indirect calorimetry measurements
between 11 P.M. and 3 P.M. were found to predict energy
expenditure acceptably well for clinical use. Similarly, van
Lanschot et al. (89) concluded that acceptable accuracy
can be achieved with two 15-minute measurements in a
24-hour period. It appears that there is sufficient evidence
to recommend short-period measurements as a viable way
to estimate 24-hour energy expenditure.

PITFALLS IN NUTRITIONAL SYSTEMS EVALUATION

The acute response to injury alters metabolism dramatically
(91). Most of the baseline tables need modifications for
critical illness. In patients with multiple trauma or severe
sepsis, there is less correlation between the levels of IGF-1,
prealbumin, and transferrin and the change in the total
body protein, making these markers less useful for following
changes in protein stores early in the course of critical illness
(91). Anthropometrics are easy to perform on the patients in
the upright position. However, trauma patients, especially
in the critical care settings, usually have major limitations
in mobility rendering anthropometric measurements
difficult to perform and sometimes unreliable.

Nutritional history preceding the accident or onset of
critical illness is sometimes unobtainable by the changes in
the patient’s mental status. SGA discussed earlier in this
chapter has been used fairly extensively to recognize nutri-
tional problems in patients (9,14,92,93). It has been shown
to be the accurate predictor of malnutrition in the geriatric
population (14,93) and in acute renal failure patients (94)
specifically.

The SGA depends on careful collection of the infor-
mation by trained observers. In at least one study, SGA
failed to distinguish between the levels of malnutrition in
the dialysis patients. In comparison with the total
body nitrogen, the authors concluded that SGA is not a
reliable predictor of degree of malnutrition (95).

Indirect calorimetry use is best reserved for the moni-
toring of the change in metabolic demands of severely
injured or sickest patients when other methods fail to help
in achievement of adequate nutritional status.

EYE TOTHE FUTURE

Several body composition testing techniques have been
suggested to be more accurate than currently employed
methods. Among these are nuclear magnetic resonance,
dual-energy X-ray absorptiometry (96,97), whole body con-
ductance/impedance (98–101), neutron activation (102), air
displacement plethysmograph (103), and hydrodensitometry
(99,104). These methods are currently very expensive and diffi-
cult to implement on a broad scale. However, if the current
trends in the search for a more precise tool continue, some of
these new techniques might gain more popularity and, there-
fore, would become more suitable for the bedside applications.

SUMMARY

This chapter provides an overview of the armamentarium
readily available to the interested clinicians in the majority
of large trauma centers and SICU. The tools described
have all been successfully employed in the nutritional
assessment of the critically ill and injured patients.
However, as it has been pointed out previously, all of the
methods described here possess certain limitations. Despite
great advances in the field of nutrition over the recent
decades, the search for the cheap, easy to use, and reliable
nutrition assessment tool continues. At present there
remains no viable substitution to the continuous and relent-

less attention to multiple small details of the patient’s
progress for the accurate assessment and monitoring of
the nutritional status.

KEY POINTS

No gold standard in nutritional assessment currently
exists.
SGA is a valuable tool in the initial screening for malnu-
trition in the majority of the situations where the infor-
mation regarding the status of the patient prior to
admission is readily available.
Weight loss is expected during hospitalization, and
nutrition therapy goal should include maintaining
�90% admit or usual weight.
The goal for nutritional support is to minimize the
degree of catabolism and to maintain the patient in
the normal to only mildly catabolic state throughout
the acute phase of illness.
During critical illness, the liver reprioritizes protein
synthesis to acute-phase proteins (i.e., CRP, alpha1-
acid glycoprotein, alpha1-protease inhibitor, fibrinogen,
and haptoglobulin) instead of constitutive proteins
(i.e., albumin, prealbumin, and RBP) (45), hence an
inverse relationship between CRP and prealbumin
levels develops.
Essential fatty acid deficiency arises one to three weeks
after fat-free parenteral nutrition is initiated.
Clinicians, therefore, are advised to exercise some
degree of caution while using the biochemical
markers exclusively for the nutritional assessment.
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The Harris–Benedict equations remain the standard,
and most widely used equations for the estimation of
the energy expenditures.
Indirect calorimetry is the standard technique in the
clinical armamentarium against which all other
methods of nutritional assessment should be measured.
Based on these numbers, it is hard to use the RQ as the
monitoring tool or as assessment tool for the determi-
nation of the adequacy of nutritional regimen (81).
At present, there remains no viable substitution to the
continuous and relentless attention to multiple small
details of the patient’s progress for the accurate assess-
ment and monitoring of the nutritional status.
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INTRODUCTION

Nutritional depletion is associated with malnutrition,
increased morbidity—including delayed wound healing—
increased lengths of hospital stay, and increased mortality
(1). Malnutrition is common in hospitalized trauma patients
with an incidence of 30% to 55% (2). Nutrition provides vital
cell substrates, antioxidants, vitamins, and minerals
required for recovery from illness (3). The two current main-
stays of nutritional therapy are enteral and parenteral, with
most investigators agreeing that the enteral route should be
utilized when at all feasible (2–6).

Anatomically, enteral nutritional support requires a
functional gut, a minimum of 100 cm of jejunum and
150 cm of ileum, and some colon, preferably with an intact
ileocecal valve (7). Physiologically, the gut must receive ade-
quate splanchnic blood flow and be free of obstruction, infec-
tion, ileus, or major mucosal injury. The earlier feeding
resumes after resuscitation from trauma or burns, the more
likely these conditions will be met.

The benefits of enteral nutrition include the mainten-
ance of gut microflora and decreased bacterial translocation
leading to enhanced immune function (2). Increasing gastric
blood flow protects the gastric mucosa (4) and assists in
maintaining mucosal barrier integrity (2), which results in
decreased stress ulceration in critically ill and ventilated
patients. Enteral nutrition is associated with decreased cata-
bolic response to injury and improved wound healing (4).
Utilization of enteral nutrition is associated with lower
cost and fewer major complications than that of paren-
teral feeding (2). Also, it appears to improve survival
in patients with severe injuries, acute pancreatitis,
inflam matory bowel disease, and posthepatic transplan-
tation (5). An outcome study by Adams et al. (2) demon-
strated a significant reduction in septic morbidity
in patients receiving enteral feeds against those on total
parenteral nutrition (TPN).

It has become increasingly established that enteral
feeding is generally well tolerated in critical illness, includ-
ing following trauma and surgery. In situations where

full enteral nutrition is not tolerated, as little as 20% of overall
nutrient calories administered to the gut can be sufficient to
show benefits as opposed to TPN alone (5).

TRAUMA AND CRITICAL ILLNESS CONSIDERATIONS

Body stores will be adequate to provide nutrients during short
periods of moderate stress without compromising physiologic
functions or altering resistance to infection, or impairing
wound healing. However, the greater the physiologic stress
and the worse the baseline nutritional status, the shorter the
duration of starvation tolerated before these complications
begin to occur. Patients most likely to benefit from nutri-
tional support are those with baseline malnutrition in
whom a protracted period of starvation would otherwise

occur (8). By definition, patients categorized as malnour-
ished have lost greater than 10% of their ideal body weight
(9). Enteral nutrition should be considered in healthy
uninjured patients who have been without nutrition for
three to five days and whose disease process is anticipated
to last more than ten days (10). In previously well-nourished
persons with short (,1 week) anticipated duration of
fasting, it is difficult to demonstrate improvement in
outcome with nutrition support (8). The Eastern Association
for the Surgery of Trauma (EAST) practice management
guidelines for nutritional support provide helpful rec-
ommendations on when, what, and where to feed various
types of trauma injuries, which include head injury, spinal
cord injury, postgastrointestinal surgery, and pancreatitis,
based on 28 clinical studies between 1976 and 2000 (Table 1).

Post-Trauma
Multisystem trauma results in a hypermetabolic state result-
ing in an energy expenditure of 120% to 140% of basal levels
(11). Generally speaking, the higher the injury severity score
(ISS), the greater the hypermetabolic state. Without pro-
vision of exogenous substrates, amino acids are leached
from endogenous protein stores including skeletal muscle
and visceral structural elements. The resultant acute
protein malnutrition is associated with cardiac, pulmonary,
hepatic, gastrointestinal (GI), and immunologic dysfunc-
tions. Late infectious complications can prolong the hyper-
metabolic or hypercatabolic state, eventually resulting in
multiple-organ failure (12). Early enteral feeding should
be instituted in all severely injured trauma patients

(ISS . 17) without contraindications.
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Though trauma victims are generally young, well
nourished, and free of pre-existing comorbid diseases,
long-term catabolism can have detrimental effects. Biffl
et al. (12) evaluated the effect of early nutritional support
on patients with major torso trauma. They found early
feeding to be feasible in this population, and that enteral
nutrition resulted in higher total lymphocyte counts, cumu-
lative positive nitrogen balance, and a lower rate of septic
complications versus patients receiving TPN (12). Intensive
study has been performed to determine the optimal route of
nutrition to prevent the breakdown of lean muscle. In
1986, Moore and Jones compared enteral and parenteral
feeding in patients who underwent laparotomy for
severe abdominal trauma. Though nutritional parameters
and overall complications were not different between
groups, septic morbidity was higher in the parenteral
group (11).

Kudsk et al. (13) also reported a decreased rate
of septic complications including pneumonia, intra-
abdominal abscess, and line sepsis in enterally fed patients
with severe abdominal trauma. Furthermore, the sicker
patients’ abdominal trauma index [(ATI) � 24, ISS � 20,
transfusions ¼ 20 units, and reoperation] had significantly
fewer infections when enterally fed (13). In addition,
enteral feeding produced greater increases in constitutive
proteins and greater decreases in acute-phase proteins after
severe trauma (13).

The current EAST guidelines (Fig. 1) recommend
that patients with blunt and penetrating abdominal injuries
be fed enterally because of the lower incidence of septic

complications compared with parenterally fed patients
(11). As trauma patients are hypermetabolic, depletion
of nutrient stores proceeds more rapidly in the case of total
starvation than it does in healthy patients. So, the conse-
quences of starvation evolve more rapidly in stressed, cata-
bolic patients than in healthy individuals. Because of this,
nutritional support in a severely injured patient should be
achieved no later than the seventh day, whether by enteral
or parenteral means, or by a combination of the two (Fig. 1).
Over time, the dose of parenteral nutrition can be incremen-
tally decreased as GI function returns (11).

Burn Injury
The goal in burn patients is to initiate enteral nutrition

within six hours of presentation to prevent body weight
loss of more than 10% of their baseline status (14).

When a person sustains a burn, healing of the wound con-
sumes large quantities of energy (14), resulting in elevation
of the basal metabolic rate and doubling of the resting
energy expenditure (REE) (15). The burn-related hypermeta-
bolism results from elevation in catabolic hormones, cortisol,
and catecholamines as well as from a decrease in the normal
endogenous activity of the anabolic agents (14). This intense
metabolic demand causes loss of body fat stores as well as
loss of visceral and structural protein mass. In addition,
burn injury predisposes to immunosuppression, delayed
wound healing, and generalized muscle weakness, all of
which prolong rehabilitation (15). In severely malnourished
states, lean body mass loss of more than 40% correlates with
imminent mortality, whereas limiting weight loss to less than
10% of baseline state is associated with better outcomes (14).
Finally, the length of time and severity of the hypermetabolic
and catabolic responses persist for over a year following the
initial burn injury (14).

Severely burned children receiving a protein sup-
plemented enteral diet demonstrated a higher survival rateT
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and lower sepsis rate than those on a normal enteral diet
(13). Based on studies such as these, it is not surprising
that the American Society of Parenteral and Enteral
Nutrition (ASPEN) Guidelines of 2002 recommend adminis-
tering adequate amounts of calories and increased protein
following burns (16).

The ASPEN Guidelines of 2002 also recommend
enteral over parenteral nutrition (16). Studies in burn
patients have shown that enteral nutrition provides superior
nutritional support through maintenance of gut mucosal
integrity, prevention of increased secretion of catabolic hor-
mones (14), and higher survival rates (13). Though there is
concern over inadequate splanchnic blood flow to support
the use of the gut in the early postburn period, the immedi-
ate use of high calorie enteral feeding during the postburn
shock phase has a positive effect on splanchnic perfusion.
Conversely, the use of supplemental parenteral nutrition in
burned patients leads to a significantly decreased survival
rate (14). Intraoperative enteral feeding not only is well tol-
erated in burn patients but also leads to more successful
attainment of calorie and protein goals in those requiring
frequent burn wound debridements (11).

Critically ill, anuric ventilated patients on continuous
renal replacement therapy (CRRT) have also been shown
to have better outcomes with enteral compound to parent-
eral nutrition (P ¼ Q 04) (17). The REE tended to be higher
than predicted, and the use of a metabolic cart was found
to be particularly useful in ensuring adequate energy pro-
vision (17), as is common in many burn patients (13–15).

Traumatic Brain Injury
Patients with traumatic brain injury (TBI) are hypermetabolic
and catabolic similar to trauma patients. Numerous studies

have been performed to investigate the effect of TBI on nutri-
tional need. On average, caloric expenditure following TBI
averages 140% of normal REE (18). The increased REE is due
to elevated oxygen consumption (V̇O2) caused by increased
elaboration of stress hormone. Other factors increasing the
metabolic demand include hyperventilation, fever, seizures,
and posturing when present. Patients with decerebrate or dec-
orticate posturing have demonstrated elevations in energy
expenditure of 200% to 250% of the predicted value. TBI
patients with elevated intracranial pressures (ICPs) refractory
to standard therapy benefit from pharmacologic manipulation.
High-dose barbiturates used to induce pharmacologic coma
can decrease REE by as much as 40% below predicted levels.
Other common pharmacologic interventions, such as neuro-
muscular blockade, reduce energy expenditure by 42%
below predicted energy expenditure (11). So, patients requiring
pharmacologic sedation or coma have a lower caloric expendi-
ture of 100% to 120% of the predicted value (18).

To prevent devastating losses of nutrient stores

and improve patient outcome, nutritional supplementation
should begin no later than 72 hours following TBI (18).
Nitrogen loss of 0.2 g/kg/day occurs in TBI patients, which
is two to three times higher than normal fasting nitrogen
loss. After seven days without nutritional supplementation
this rate of nitrogen loss can decrease lean body mass by
10% (18). During the first two weeks after injury, REE rises
regardless of the patient’s clinical course. Undernutrition
during this two-week interval can result in up to 30%
weight loss and increased mortality rate. Although steroids
are a contributing factor for hyperglycemia in the TBI
patient, no difference has been observed in the nutritional
status of these patients who do or do not receive these
drugs (19).

Figure 1 One proposed algorithm for feeding trauma and burn patients. Abbreviations: NJ, naso-jejunal; PID, post-injury day. Source:

From Ref. 11.
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Spinal Cord Injury
Nutritional supplementation is associated with decreased
mortality and disability in patients who have sustained a
spinal cord injury (SCI) (20). Though there is no study
showing a benefit of enteral versus parenteral nutrition in
SCI patients, enteral nutrition is preferred due to decreased
cost and lower rate of complications (11).

After the initial period of increased REE, SCI patients
exhibit a decrease in energy expenditure. During this acute
period, nitrogen excretion is increased, which may be due
to muscle denervation and atrophy in the muscle segments
distal to the injury. Within four weeks of an SCI, patients
can lose up to 10% to 20% of their body weight, 85% of
which is from loss of lean body mass. This loss is extremely
difficult to correct even with aggressive nutritional replace-
ment. Finally, the enforced immobility and nutritional
compromise increase the patient’s risk of infections, respirat-
ory, wound, and urinary, thereby increasing ventilatory
time, antibiotic administration, hospital length of stay, and
recovery (20).

After the acute SCI phase, there is a period of
reduced REE in proportion to the amount of paralyzed
muscle mass. So, the higher the lesion, the lower the REE
measurement; for example quadriplegics require 55% to 90%
of predicted REE and paraplegic patients require 80% to 90%
(11). Although it is imperative to recognize the hypometabolic
response in SCI patients to avoid the adverse effects of over-
feeding, the precise time window when the hypermetabolic
response gives way to the hypometabolic state is often com-
plicated by intercurrent medial problems (e.g., pneumonia),
which themselves increase the REE. Accordingly a metabolic
cart is useful in these patients when their caloric needs are
not obvious on the basis of normal nutritional markers (e.g.,
prealbumin levels) (Volume 2, Chapter 31).

Pancreatitis
Acute pancreatitis begins with a localized inflammatory
process within the pancreas. However, with severe forms
of the disease, extensive surrounding tissue destruction
can occur. This results in profound systemic, metabolic
derangements due to release of hydrolytic enzymes, toxins,
and cytokines (21). The resulting condition is one character-
ized as hypermetabolic, hyperdynamic, systemic inflamma-
tory response syndrome (SIRS), which leads to a highly
catabolic stress state (22). The consequent rapid consump-
tion of nutrient stores is characterized as a negative nitrogen
balance condition. The REE increases by 77% to 139% of
predicted value due to the hypermetabolic state. Catabolism
and proteolysis of skeletal muscle increases by as much as
80% and nitrogen loss increases as much as 20–40 g/day.
Gluconeogenesis increases, and glucose clearance and
oxidation diminish, leading to glucose intolerance. Finally,
development of hypocalcemia is common due to saponifica-
tion, hypoalbuminemia, hypomagnesemia, increased
calcitonin release, and decreased parathyroid hormone
secretion (21).

Historically, the standard of care has involved gut rest
and utilization of TPN for nutritional supplementation (22).
Recent studies have shown that enteral feeding is safe and
well tolerated in severe acute pancreatitis (23), with the
caveat that pancreatic stimulation be avoided (24). Animal
studies have shown that the site of GI feeding determines
whether the pancreas is stimulated (22). With this in mind,
current recommendations include placement of an enteral
feeding tube distal to the ligament of Treitz (24) as jejunal

feeding results in a negligible increase in pancreatic exocrine
secretion of enzymes and bicarbonate, and volume (22).

A recent meta-analysis by Marik and Zaloga (22)
showed that patients who received enteral nutrition had
lower rates of pneumonia, pancreatic and abdominal
abscess, as well as wound and blood stream infections,
than those receiving parenteral nutrition. In addition, enter-
ally fed patients had a lower requirement for surgical inter-
vention and shorter length of hospital stay (23,24).

Severe ileus preventing enteral feeding is common in
the early stages of disease; most patients tolerate continuous
low-volume nasojejunal (N-J) infusion. Enteral feeding
by an N-J tube or percutaneous jejunostomy has largely
replaced TPN in the management of patients with pancreati-
tis (24).

More recently, a randomized study by Eatock et al. (25)
compared elemental tube feeds administered via nasogastric
(N-G) and N-J routes in patients with severe acute pancreati-
tis. The results indicated that N-G feeding was safe when an
elemental diet formula was used with little difference in pain,
analgesic requirements, serum C-reactive protein (CRP)
concentrations, and clinical outcome (25). So, patients with
severe acute pancreatitis without ileus may tolerate N-G
administration of semielemental low-fat feeding. This
would be favored, as the placement of N-G tubes is far
easier and more cost-effective (23). Thus, patients with mod-
erate to severe pancreatitis (Ranson’s score .3) should be
considered for enteral nutrition. Patients with mild pancrea-
titis normally resume oral intake within 48 hours, thereby
negating the benefit of enteral nutrition.

Systemic Inflammatory Response Syndrome
SIRS, as well as sepsis and multiple organ dysfunction syn-
drome (MODS) (Volume 2, Chapter 63), are all associated
with an increased REE and nutritional stress. These conditions
represent a spectrum of illnesses with increasing severity of
catabolism and increasing associated mortalities (26).

Patients with SIRS with or without MODS have
elevated total caloric requirements, increased net protein
catabolism, and increased micronutrient requirements
(27). The REE increases to at least 55% above predicted
levels (28), so caloric requirements may need to be increased
by 10% to 20%. The increased net protein catabolism necessi-
tates an increase in protein administration. In general, nitrogen
retention is promoted with 1.5–2.0 g/kg/day of protein (amino
acids). In addition, hyperglycemia and triglyceride intolerance
are common. Hyperglycemia, even in the absence of diabetes
mellitus, is frequently present and requires tight control (27).

Surgery/Peritonitis
Patients undergoing surgery face many metabolic and physio-
logic challenges that compromise nutrition. Postoperative
nausea, emesis, pain, anorexia, catabolism, infection, and
wound healing tax the patient’s nutritional reserves. Poor
nutritional status in postoperative patients compromises
organ and immune function, as well as muscle strength, and
puts the patients at an increased risk for the development
of infectious complications. In addition, delayed wound
healing leads to prolonged recovery time. All of these factors
contribute to increased length of hospital stay, readmission
rates, and health-care costs (Fig. 2) (29).

Patients with peritonitis were historically treated with
bowel rest and gastric decompression until return of normal
GI function. Recent studies of surgical patients including
those with peritonitis refute this early thinking (30). In an
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analysis of patients with generalized peritonitis, the GI tract
recovers its tone and function within 48 hours (30). Early
enteral nutrition not only is tolerated in these patients but
also results in improved weight gain, nitrogen balance,
and serum albumin (30). Gut perforation after repair gen-

erally remains secure and is not necessarily put at risk of
leakage by enteral nutrition started at 48 hours after
surgery (30).

Malignancy
There is no evidence to support routine use of preoperative
enteral nutrition in well-nourished patients undergoing che-
motherapy or surgery for cancer; but it is indicated in
malnourished patients with a functional GI tract who are
unable to ingest sufficient nutrients orally (31). By virtue of
their location, upper aero digestive tract tumors can pro-
foundly impair swallowing and cause dysphagia (32).
Patients with cancer of the head and neck are predisposed
to malnutrition due to pre-existing alcohol and tobacco
use. It is estimated that up to 57% of patients with cancer
of the head and neck have significant weight loss prior to
beginning treatment (31). In addition, therapies to treat
these tumors, including surgery, radiation, and chemother-
apy, will adversely affect nutritional status (31) and even
when successful may further impair swallowing function
(33). So, most patients with advanced malignancies will
have compromised nutritional status at the initial medical
evaluation (32).

Though the complications from the tumor or therapies
prevent oral intake, the remaining GI tract is usually
functional and enteral nutrition can be administered via a
feeding tube. In addition, numerous studies have shown the
importance of maintaining the patient’s nutritional status
during the treatment of these tumors (33). In a prospective
study of patients with esophageal cancer undergoing
chemoradiation, enteral nutrition effectively prevented
weight loss during therapy. Patients who are better nourished
have been found to have fewer complications and improved
survival (33). For malnourished patients undergoing

resection of their tumor, 7 to 10 days of preoperative
enteral nutrition support is associated with a 10% reduction
in morbidity and improved quality of life (31).

Finally, when a severe, acute insult is superimposed on
the underlying debilitating effects of cancer, malnutrition is
almost unavoidable. It is no surprise that malnutrition is

almost universally present in cancer patients requiring
admission to a surgical intensive care unit (SICU). Enteral
feeding is superior to TPN and can prevent or reverse host
tissue wasting, broaden the spectrum of clinical options,
and possibly improve clinical outcome (31).

Contraindications
The only absolute contraindication to enteral nutrition
associates with intestinal obstruction, perforation, ischemia,
and major ileus. Other contraindications include patients
with intractable vomiting, severe diarrhea, circulatory shock,
and GI hemorrhage. Large-volume (500 mL/day) enterocuta-
neous fistulas represent relative contraindications that can
sometimes tolerate elemental diets and/or tubes that both
administer nutrients and control fistula drainage.

Finally, though a patient may qualify for nutritional
supplementation, it is imperative both to consider the
patient’s wishes (29) and to determine whether enteral nutri-
tion is appropriate for patients whose prognosis does not
warrant aggressive nutritional support due to futility of
the disease process (8) (Volume 2, Chapter 67).

INITIATION AND ADVANCEMENTOF ENTERNAL NUTRITION
Early vs. Late
Historically, delayed institution of feeding was preferred
due to the prevalence of gastroparesis and lack of bowel
sounds in critically ill, injured, and postoperative patients,
both of which were thought to indicate an increased risk of
tube feeding intolerance. However, it is now known that
small-bowel function, including the ability to absorb nutri-
ents, remains intact despite critical illness, gastroparesis,
and lack of bowel sounds. Finally, it has been popularly pro-
pagated that patients can easily tolerate five to seven days of
starvation without clinical detriment. However, it is now
recognized that critically ill trauma and burn patients (as
aforementioned) are hypermetabolic following injury and
are at increased risk of secondary complications (including
infections and wound breakdown) if nutrition is withheld
even for a couple of days following injury (11–16).

Tube Feed Advancement
Tolerance of enteral nutrition advancement is partly depen-
dent upon the formula administered and the route of admin-
istration. When feeding gastrically, the osmolality can be
higher than when feeding into the jejunum. But because of
gastric atony in numerous situations, advancement may be
slower than when fed distally. Gastric tube feeding should
be initiated at a rate of 10–20 mL/hr of volume via a
pump in critically ill patients. After four hours of feeding,
enteral administration is temporarily held and the gastric
contents aspirated to evaluate the residual gastric volume
(RGV). If the RGV is less than 400–500 mL, the tube
feeding should be considered to be tolerated and can be
advanced after readministrating the aspirated volume.
Advancement occurs with 10–20 mL increments every two
to four hours until the goal rate is attained. The implemen-
tation of tube feed advancement can be successfully
increased more rapidly in many patients to more rapidly
attain the goal rate (5).

When small-bowel feeding occurs, the volume should
be increased first using a hypo-osmotic solution followed by
advancement of the osmolality. Administration of solutions
composed of greater than 300–400 mOsm is not tolerated

Figure 2 Variability of the metabolic rate depending on the

level of injury. Source: From Ref. 77.
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and can result in diarrhea. The authors have found that the
jejunum can tolerate up to 110 mL/hr of iso-osmotic enteral
formula with minimal GI distress. As previously discussed,
the presence of bowel sounds and the passage of flatus or
stool are not necessary for initiation of tube feeding (27).

Though full feeding can usually be achieved within
one to three days, many patients remain underfed despite
receiving enteral feeding (1). Reasons include slow tube
feed advancement, feeding interruption due to surgery, pro-
cedures, and patient transport. When patients have tolerated
enteral nutrition well for several days, intermittent bolus
supplementation can often be tolerated to make up for the
lost nutrition due to procedural interruptions.

Continuous vs. Bolus Feeding
Continuous feeding involves administering the total daily
nutritional volume in equal hourly increments. Proponents
note less abdominal distention and regurgitation due to
the lower total stomach volume, and is generally the
optimal method to initiate tube feedings.

Bolus or intermittent feeding involves dividing the
total volume for 24 hours into equal portions to be adminis-
tered as four to six separate feedings given over approxi-
mately an hour each. Adequate free water flushes should
also be provided to meet hydration needs and prevent
clogging of feeding tube. The benefits of this approach
include increased patient mobility and freedom. As such,
bolus feeding is more appropriate for ambulatory (rather
than critically ill) patients. Some patients may note early
satiety, nausea, or emesis, which can be resolved by admin-
istering the bolus over a longer duration (32). Intermittent
feeding is also believed to decrease gastric pH between
feedings, causing bacterial destruction and a decreased
risk of pneumonia after aspiration of regurgitated gastric
contents.

A prospective, randomized study of 41 mechanically
ventilated patients was performed to compare intermittent
gastric feeding, continuous gastric feeding, continuous
jejunal feedings, and the risk of aspiration by Metheny
et al. (34). Though they noted some variability in gastric
pH, there was no difference in the rate of aspiration (34).
The most important factor in determining which patients
best qualify for intermittent versus continuous feeding is
the route of administration. As noted earlier, the small
bowel will not tolerate large volumes, so bolus feeds are
not recommended and continuous feeding is preferred. If
the patient is receiving intragastric feeds then it is possible
to achieve nutritional goals with either intermittent or con-
tinuous feeding (32). However, bolus feeding should only
be considered in patients that have already demonstrated
the ability to tolerate continuous feeds for several days.

Transitional Feeding
When patients are transitioning from parenteral to enteral
nutrition the physician should provide clear weaning pro-
cedures to the nurses. There is no set formula on how to
wean parenteral nutrition and increase enteral goal rate.
However, with parenteral nutrition, trophic feeding of 10–
20 mL/hr should be initiated when GI function is stable. If
the patient is able to tolerate trophic feeding based on pre-
sence of residuals (,400 mL), discontinuing parenteral
intralipids would be the first action. Precise weaning
would be achieved if nutrient calculation is conducted by
the physician or the clinical dietitian; however, as this is
a time-consuming process, equations such as increasing

enteral rate and decreasing TPN rate every two to
four hours to sum the enteral goal rate have been helpful.
When patients are ready for oral intake, a swallowing
evaluation should be ordered to assess for thin liquid
tolerance.

ROUTES OFADMINISTRATION

The route of enteral nutrition administration is influenced
by the patient’s clinical prognosis, anticipated duration
of feeding, gut patency, motility and anatomy, and risk of
aspiration (32). Though there are many forms of access
for enteral feeding, they all result in placement of the nutri-
ent load into either the stomach or small bowel.

Normal Physiology of the Stomach and the Small Intestine
When selecting the appropriate route for feeding, it is
necessary to consider the normal function of the location
selected. The stomach neutralizes and dilutes osmotic
loads. So, when a hyperosmotic fluid enters the stomach,
gastric motility is inhibited to allow time for gastric secretion
to convert the hyperosmotic fluid to an iso-osmotic fluid.
Once the fluid is adequately diluted, it can be transferred
via the pylorus into the duodenum.

The small bowel, unlike the stomach, is unable to tol-
erate large osmotic loads. The small intestine is the primary
area for nutrient absorption. Products of protein digestion,
such as dipeptides, oligopeptides, and single amino acids,
are completely absorbed in the first 120 cm of jejunum.
Carbohydrates are absorbed high in the jejunum. Though
simple sugars are preferred, more complex carbohydrates
are absorbed after additional enzymatic cleavage. Fat is
the most difficult nutrient to absorb, as it is dependent
upon proper release and mixing of bile and pancreatic
enzymes (5).

Short-Term Access
Options for short-term access involve placement of a tube via
either the nose or the mouth with location of the distal tip into
the stomach for gastric feeds or into the duodenum or jejunum
for postpyloric feeding (2). Regardless of the location chosen, it
should be utilized for short-term access of no more than two to
four weeks, after which placement of a long-term device
[e.g., percutaneous endoscopic gastrostomy (PEG)] should
be considered (1).

Larger, 16- or 18-French diameter N-G tubes are satis-
factory for short-term use as they are less likely to clog and
allow for assessment of GI tolerance via checking gastric
residuals (5). Unfortunately, these tubes have been known
to increase the risk of sinusitis, nasopharyngeal ulceration,
nasal septum necrosis, nasal ala necrosis, otitis, hoarseness,
and vocal cord paralysis (1), and can be uncomfortable for
the conscious patient (2).

Smaller-diameter (Dobhoffw and Kaofeedw) feeding
tubes are constructed with a weighted tip and an insertion
stylet to facilitate placement (32). These tubes allow short-
term access but due to the small diameter more easily clog
and do not easily allow evaluation of gastric residuals as
they collapse when aspirating through them. The primary
benefit is greater patient satisfaction and decreased risk of
sinusitis (5). It is appropriate to initiate tube feeding with
the larger-bore feeding tube and convert to a smaller-
bore N-G tube once it has been proven that the patient will
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tolerate gastric feeding. In addition, once the GI tract
becomes functional, it is possible to attempt feeding orally
with an N-G/N-J tube in place (35). Oroenteric tubes,
unlike nasoenteric tubes, involve tube insertion via the
mouth. These tubes are useful in sedated and intubated
patients, but commonly stimulate the gag reflex in conscious
patients (2).

Naso/oroenteric feeding requires tube passage via the
nose or mouth with placement distal to the pylorus. Stan-
dard-length feeding tubes (e.g., Dobhoff and Kaofeed) are
placed with the distal tip in the duodenum, whereas the
longer (Stayputw) tubes allow placement of the distal tip
into the jejunum (5). Methods to assist placement include
use of weighted tubes, administration of prokinetic agents
(i.e., metroclopramide, erythromycin salts) before inserting
the tube, and finally fluoroscopic or endoscopic placement
(1). Some studies have demonstrated that small-bowel
feeding allows the goal rate to be obtained more rapidly,
although these results have not been consistent (36).

If an aggressive advancement protocol is utilized,
naso/orogastrically fed patients receive equivalent amounts
of enteral nutrition as those fed in the duodenum. The only
groups with potential benefit from postpyloric feeding are
those with gastroparesis and gastric atony (35), gastric
outlet obstruction, and possibly those with pancreatitis
(21–25) and those at high risk of pulmonary aspiration due
to elevated gastric residuals (e.g., TBI patients) (37).
Although some investigators have found that jejunal
feeding leads to earlier achievement of daily caloric goal
compared with patients fed intragastrically, overall rates
are similar in those who can tolerate gastric feeds (38).

The primary drawback is the difficulty in positioning
the feeding tube postpylorically and frequent proximal
tube migration. Therefore, these tubes must be monitored
radiographically to avoid gastric feeding, aspiration, and
possible pneumonia in high-risk patients. Other disadvan-
tages of these small-bowel feeding tubes include increased
cost and risk of occlusion (36). To decrease the risk of compli-
cation, tube position should be confirmed by air insufflation
and auscultation of the epigastrium, or aspiration of gastric
contents. Radiologic confirmation is the most accurate test to
assess feeding tube placement (35).

All of the above tubes are associated with potential
complications. Esophageal and gastric erosions (5), esopha-
geal stricture, and esophagitis occur due to mucosal irri-
tation by repetitive contact with the feeding tube.
Pneumothorax and intrapulmonary feeding (35) can occur
when the tip of a metal-weighted feeding tube enters the
trachea and punctures the lung. Patients at the highest risk
have a depressed cough reflex due to sedation or coma.
Some feeding tubes, e.g., Stayput, contain an indwelling,
removable metal stylet to facilitate tube placement.
Malposition of the tube and stylet can cause esophageal
perforation and pneumothorax (5).

Tube occlusion occurs frequently due to inspissated
feedings, pulverized medications (7), and inadequate flush-
ing (35). This is prevented by flushing the tube with 15–
20 mL of fluid (13) every six hours (35) before and after the
instillation of medications (13), avoiding administration of
pill fragments or thick medications, and conversion of medi-
cations to a liquid form when possible (7). Once a tube is
clogged, flushing with warm water, carbonated beverages,
acidic juices, proteolytic enzymes, and meat tenderizer
may clear the obstruction. Although cleaning the tube with
a guidewire is often mentioned, it should be avoided as
there is a risk of tube perforation (13). Finally, the most

common complication is the removal of the feeding tube
by the patient (35).

Intragastric feeding tubes are associated with gastro-
esophageal reflux and pulmonary aspiration. Possible
causes include high residual gastric volumes (RGVs) (5)
and incomplete closure of the lower esophageal sphincter
due to stenting by the feeding tube (2). Occurrence of
aspiration and subsequent pulmonary infection can be
minimized by elevating the head of the bed (.308), radio-
graphic confirmation of feeding tube placement, utilization
of feeding protocols, and monitoring RGVs. Generally,
RGVs less than or equal to 500 mL are tolerated in adults,
whereas larger residual volumes are correlated with
increased risk of reflux into the esophagus. The use of
RGVs is not a reliable marker to predict aspiration in the
critically ill patient (39). As aforementioned, occlusion of
the nasal passages with large-bore tubes increases the risk
of sinusitis (Fig. 5).

Long-Term Access
Patients who require long-term, that is, more than two to

four weeks, enteral nutrition require permanent access for
feeding. Options include gastrostomy, jejunostomy, or a
combination of both, which can be placed via percutaneous
or transabdominal approaches (35).

Gastrostomy
The first option is intragastric feeding with a gastrostomy.
This can be performed surgically or percutaneously (i.e.,
PEG). For this route to be successful, the patient must toler-
ate gastric feeding. Patients with gastroparesis, multiple
episodes of aspiration, esophageal obstruction, wired jaw,
multiple previous laparotomies, and gastric malignancy
are not candidates for this procedure (40). Due to the risk
of aspiration with intragastric feeding, it is recommended
that feeds be discontinued one to two hours preoperatively
with low continuous naso- or orogastric suction (2).

Jejunostomy
An alternative to gastrostomy is jejunostomy placement,
which is appropriate for patients at high risk of aspiration
or with abnormal gastric function (35). A jejunostomy
requires formation of a stoma between a loop of proximal
jejunum and the skin, which can be accomplished surgically
or percutaneously. Thus, nutrients are administered directly
into the upper small intestine while bypassing or resting the
proximal GI tract. Indications for jejunostomy placement
include gastric outlet obstruction, gastroparesis, nonfunc-
tioning gastrojejunostomy, anastomic leak or stricture after
esophagectomy, and aspiration (31). Regardless of the
approach, jejunostomy placement allows prompt attainment
of caloric goals. Though the complications of jejunostomy
placement are very few, they include intraperitoneal leak,
bowel obstruction, wound infection, fistula formation, and
aspiration pneumonitis (41).

Combined Gastrojejunostomy Tube Placement
The final option is placement of a gastrojejunostomy (G-J)
tube. This can be performed surgically or percutaneously.
A G-J tube provides access for concomitant continuous
jejunal feeding as well as gastric decompression with the
gastrostomy. This route allows feeding tolerance in patients
with gastric paresis and does not need to be discontinued for
operative intervention. A disadvantage of these tubes is tube
migration proximally into the stomach, which then requires
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endoscopic repositioning. This tube was proposed to reduce
reflux and aspiration; however, studies have found a higher
rate of tube dysfunction, 50% to 85%, and no reduction in the
risk of aspiration (32).

TECHNIQUES FOR PLACING PERCUTANEOUS FEEDINGTUBES
Open Surgical Technique
The open surgical gastrostomy was first performed in 1876,
by Vernueuil with later modifications in technique by
Witzel, Janway, and Stamm. Although rarely done following
trauma surgery, it can be performed during laparotomy or as
a separate procedure. Open surgical gastrostomies are
mostly indicated in patients with esophageal disease includ-
ing atresia, stricture, or malignancy, as well as cancer
and neuromuscular dysphagia. Relative contraindications
include primary gastric disease, abnormal gastric or duode-
nal emptying, and significant esophageal reflux (35).

The Stamm gastrostomy is the most common surgical
gastrostomy performed. It involves creating two incisions in
the anterior abdominal wall. One is placed midline to access
the intra-abdominal contents, and the other is placed
over the stomach for the gastrostomy tube (Fig. 3A). The gas-
trostomy is passed through the anterior abdominal wall and
inserted into the stomach via a gastrotomy, an incision in the
stomach (Fig. 3B). The feeding tube is secured by balloon
inflation and an inner purse-string suture (Fig. 3C). After
the feeding tube is passed through the anterior abdominal
wall (Fig. 3D), a second purse-string suture is utilized to
reinforce the gastric opening and anchor the anterior gastric
wall to the anterior abdominal wall (42) (Fig. 3E).

An alternative to surgical gastrostomy is a surgical
jejunostomy. Contraindications include Crohn’s disease
and ascites (35). A jejunostomy can be created by performing

a subserosal, “Witzel” tunnel, or with a needle catheter jeju-
nostomy. In the Witzel procedure, an opening is created in
the jejunum for feeding tube insertion. The bowel is then pli-
cated to cover the feeding tube with the external surface of
the jejunum and attached to the undersurface of the anterior
abdominal wall.

The needle catheter jejunostomy is performed by
passing a 16-gauge polyvinyl catheter through the antime-
senteric border of the jejunum, 15 cm distal to the ligament
of Trietz (32). The opposite end of the jejunal feeding tube
is passed through the abdominal wall distant from the lapar-
otomy incision (35). A rare complication of needle jejunost-
omy feeding is bowel necrosis, occurring with an incidence
of 0.15% to 0.29% (41).

Complications for both the surgical gastrostomy and
jejunostomy include local irritation, hemorrhage, skin excoria-
tions, wound infection, wound dehiscence, and intraperitoneal
leakage (35).

Laparoscopic Feeding Tube Placement
General anesthesia is not necessarily required for this pro-
cedure. A prospective randomized study by Duh et al. (43)
compared the use of general anesthesia versus local anesthe-
sia for the placement of laparoscopic feeding tube place-
ment, demonstrating that the use of intravenous sedation
and local injection at the trocar sites allowed adequate relax-
ation of the abdominal musculature and adequate pain and
anxiety control to safely accomplish the procedure. In these
cases, pneumoperitoneum is typically decreased to 6–
8 mmHg from the standard 15 mmHg, thus decreasing
patient discomfort without compromising intra-abdominal
visualization (43).

This procedure is most useful in patients with total or
incomplete obstruction of the hypopharynx or esophagus.

Figure 3 (A) Small incision is made in the midline. (B) Grasp midanterior gastric wall with babcock forceps and a small incision

made in the stomach wall. (C) Gastrostomy tube inserted into the stomach and held in place with a purse-string suture. A second purse-

string suture is placed around the gastrostomy tube. (D) Stab wound made in left midrectus region over the stomach for

passage of the gastrostomy tube. (E) Stomach wall is anchored to the peritoneum with the second purse-string suture. (F) Side view

after gastrostomy procedure is complete. Source: From Ref. 78.
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The procedure utilizes port placement and insufflation of the
abdomen to visualize the intra-abdominal contents. A site for
gastrostomy placement is chosen and must easily reach the
abdominal wall without tension. The stomach is fixed in
four sites with sutures to both elevate and stabilize the
organ (Fig. 4A). A needle with a catheter is inserted into the
stomach and the needle removed. The Seldinger technique
is utilized to insert the feeding tube (Fig. 4B). The gastrostomy
is inserted and held in place with T-fasteners (Fig. 4C) (44).

Percutaneous Techniques
The percutaneous approach was first described in 1979 by
Gauderer (38) and has widely replaced surgical gastrostomies
due to the inherent safety and rapidity of the procedure (2).
This procedure can be performed by multiple specialists in
the GI suite, or at the bedside in the SICU or a step-down
unit. A percutaneous gastrostomy utilizes a single exit
wound and can be performed with local anesthesia and light
sedation or general anesthesia. Combined, these differences
result in a significantly lower cost than that of surgical gastro-
stomy. Enteral feeds can be instituted within 24 hours after gas-
trostomy placement as opposed to waiting for bowel sounds
two to three days postsurgical gastrostomy (38). Both percuta-
neous gastrostomy and jejunostomy placement can be per-
formed with an endoscope or laparoscope, or radiologically.

However, true percutaneous jejunostomies carry a
high rate of complications including dislodgement, occlu-
sion, bowel obstruction, and small-bowel ischemia (5).

Endoscopic
PEG is preferred to surgical gastrostomy due to increased
safety, increased cost-effectiveness, decreased procedure-
related mortality (2%), and complication rate (35). Endoscopic

gastrostomy involves placing an endoscope through the
mouth into the stomach (Fig. 5A). Once the stomach is insuf-
flated, the endoscope is manipulated to view the anterior wall
of the stomach. An assistant locates the area of endoscopic
illumination on the abdominal wall (Fig. 5B) and inserts a
needle with catheter at this site. Once the needle is
removed, a guidewire is passed into the stomach via the cath-
eter and grasped by the endoscopic snare (Fig. 5C). The guide-
wire and endoscope are removed to allow the PEG tube to be
attached to the guidewire. The assistant pulls the extra-
abdominal portion of the guidewire to move the gastrostomy
through the mouth into the stomach until the tube portion of
the gastrostomy passes through the abdominal wall (Fig. 5D).
The extra-abdominal portion of the gastrostomy is cut to attach
to a feeding port. Movement of the gastrostomy is inhibited by
a plastic bolster on the extra-abdominal side, along with a bell
or diaphragm placed against the gastric mucosa (Fig. 5E). This
causes the stomach to become adherent to the inner wall of the
abdomen. A variation of endoscopic gastrostomy placement
includes the push. This procedure is relatively contraindi-
cated in morbidly obese patients, as gastric transillumination

Figure 4 (A) Four sutures are placed to elevate and stabilize

the anterior gastric wall. (B) The needle catheter complex is

inserted into the anterior gastric wall. (C) The feeding tube has

been inserted and the balloon inflated. Finally, the sutures are

tightened with T-fasteners to maintain approximation of the

gastric wall and the peritoneum. Source: From Ref. 44.

Figure 5 (Continued on next page) (A) The endoscope is placed

into the stomach and the stomach insufflated. (B) Once the endo-

scope is in the stomach, the stomach is insufflated with air and the

endoscope positioned to transilluminate through the stomach. (C)

The needle and catheter are passed through the abdominal wall into

the stomach. The needle is removed and the guidewire inserted

into the stomach via the catheter. The guidewire is grasped by the

endoscopic snare. (D) The endoscope, snare, and guidewire are

pulled out via the mouth. The guidewire is attached to the PEG tube

and pulled back through the mouth into the stomach by putting

traction on the guidewire. (E) The PEG is pulled through the

stomach and anterior abdominal wall. The guidewire is cut and the

PEG held in place by the bolster and diaphragm. Abbreviation:

PEG, percutaneous endoscopic gastrostomy. Source: From Ref. 79.
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is often not possible. So, there is an increased risk of inap-
propriate placement and injury to intra-abdominal structures
(32). Other contraindications include occluding pharyngeal
or esophageal tumors, ascites, peritoneal dialysis, and coagu-
lopathy (35). Endoscopic percutaneous jejunostomy requires
placement of an extension through an existing gastrostomy
tube creating a G-J tube (5). These have limited usefulness
due to the difficulty with insertion and common proximal
migration into the stomach (35).

Interventional Radiologic
Interventional radiologically placed feeding tubes are
becoming increasingly used in patients who are difficult to
treat endoscopically. Patients who benefit most from this
approach are morbidly obese, require gastric decompression
(5), have ascites, require peritoneal dialysis (35), or have an
esophageal obstruction or other anatomic features inhibiting
oral endoscopic entry (32).

Radiographic placement can be performed using one
of two methods. In the first, the stomach is inflated with
air via the N-G tube to allow fluoroscopic visualization of
the gas-filled viscous (45). The stomach is then stabilized
with two or three gastropexy T-fasteners placed around the
intended puncture site. A small incision is then made in
the center of the gastropexy fasteners (46) and the stomach
punctured with an 18-gauge needle aimed at the greater cur-
vature. A stiff guidewire is passed through the needle and
looped into the stomach. The percutaneous tract is serially
dilated and a locking loop pigtail catheter or an inflatable
balloon catheter (12–28 French) is inserted. A T-fastener is
utilized to anchor the gastric wall to the anterior abdominal
wall, thereby promoting adherence and preventing leakage
of gastric contents into the peritoneal cavity. Once the tube
is secured to the abdominal wall with either an in-built fix-
ation device or suture (45), the tube may be used after 24
hours. The sutures and T-fasteners can be removed after
two weeks.

The second option mimics the procedure for PEG
placement. After the stomach is insufflated, a small incision
is created in the skin and the stomach punctured with
a single T-fastener. Once the stomach is stabilized, the
stomach is punctured and a guidewire inserted and
advanced toward the G-E junction. The guidewire exits via
the mouth and attached to the gastrostomy mushroom cath-
eter. The gastropexy fastener is cut and the mushroom cath-
eter pulled through the mouth to exit via the stomach and
anterior abdominal wall. It should be noted that the pigtail
catheter has shorter patency rates and a higher likelihood
of dislodgement, peritonitis, and wound infection. So, if
the esophagus is patent, the mushroom catheter appears to
be the superior method (46).

Radiographic jejunostomy placement with fluoro-
scopic guidance involves opacification of the small bowel
with iodinated contrast medium. A loop of jejunum near
the anterior abdominal wall is visualized fluoroscopically
and punctured with a fine needle (20–22 gauge) for
passage of a stiff guidewire into the distal jejunum. The
jejunum is affixed to the abdominal wall by T-fasteners
and a locking pigtail catheter is inserted into the distal
jejunum. Problems of this technique include difficulty in
puncturing the jejunum, because it tends to be pushed
away from an approaching needle. Jejunal puncture can
be facilitated by the use of a target such as a snare or a
catheter which has been passed perorally into the jejunum
to the site of puncture. The target is easily visualized

fluoroscopically to aid percutaneous jejunal catheterization.
A second problem is the difficulty of obtaining appropriate
antegrade positioning in the distal jejunum if the guidewire
is passed retrogradely in the jejunum after the initial
puncture (47).

Radiographic G-J placement requires insufflation and
puncture of the stomach. Next, an angled-tip catheter is
manipulated through the pylorus into the duodenum and
jejunum. An extra stiff guidewire is passed through the cath-
eter into the jejunum and the tract through the abdominal
wall dilated. Finally, a percutaneous G-J tube is inserted so
that the tip is in the proximal jejunum (47).

The technical success of radiographically placed gas-
trostomies and G-J tubes is close to 100% in most series.
This procedure may not be possible in patients with pre-
vious partial gastrectomy and large left lobe of the liver
and in patients in whom it is unable to separate the
stomach and transverse colon (47). In addition, extreme
caution must be exercised in patients with portal hyperten-
sion, as puncture of gastric varices can result in hemorrhage
(45). Major complications such as peritonitis from leakage
into the abdomen, puncture of the transverse colon, and
puncture of the transverse colon occur in 1% to 6% of
cases. Minor complications occur in 3% to 12% of cases
and are due to tube occlusion or dislodgement (47).

Complications
Major complications of gastrostomy placement include gastric
perforation, bleeding, peritonitis, subcutaneous abscess,
necrotizing fasciitis, ileus, and aspiration. Hemorrhage is
due to injury to an abdominal wall blood vessel, erosion
caused by pressure from the gastrostomy bolster on the
anterior wall of the stomach, ulcers caused by balloon gastro-
stomy placement in the posterior gastric wall, and duodenal
ulcer (48).

Minor complications include wound infection, tube
removal, and pneumoperitoneum. A recent meta-analysis
of seven published studies established that a single intrave-
nous dose of a broad-spectrum antibiotic was effective in
reducing the incidence of peristomal wound infections
(32). Inadvertent tube removal by the patient is a frequent
occurrence. Though prevention is not always possible,
attempts can be made by covering the gastrostomy with a
dressing or abdominal binder and covering the hands of
an agitated patient with mitts or restraints (48). Minor com-
plications are usually not life threatening and merely require
tube replacement or exit site care and do not require surgical
intervention (47).

Tube-related complications include small-bowel
obstruction, obstruction of bile flow at the ampulla of vater,
cologastric and colocutaneous fistulas, acute gastric dilation,
and retrograde migration of the gastrostomy tube into the
abdominal wall or sinus tract. Perforation of the colon or
cologastric fistula is a rare but potentially catastrophic com-
plication. If the colon lies between the stomach and the
anterior abdominal wall, gastrostomy placement perforates
the colon. Initially patients may be asymptomatic. Once
symptoms develop, they range in severity from perigastrost-
omy drainage to sepsis with fever, hemodynamic instability,
abdominal tenderness, rebound, and leukocytosis.

In addition, peritonitis and intra-abdominal abscess
can develop from enteral feeds leaking into the abdomen.
Diagnosis is especially difficult in an unconscious patient
in whom symptoms may be masked. So, it is imperative to
have a high index of suspicion (48).
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An alternate presentation occurs when the gastro-
stomy tube migrates into the colon via the gastrocolic
fistula. Huang described a patient who within minutes of
PEG feeding developed sudden, transient diarrhea com-
posed of undigested tube feed formula. Patients may
deposit fecal material in the PEG tube or may present with
foul-smelling eructations or feculent vomiting resulting
from retrograde passage of fecal material from the colon
into the stomach via the gastrocolic fistula.

Diagnosis necessitates performance of a contrast study
by either the gastrostomy tube or per rectum. Urgent operat-
ive repair is indicated in patients with peritonitis (49). In
patients with peritonitis, correction methods include
exploratory laparotomy, resection of the through-and-
through colonic injury, irrigation of the abdomen, and
closure with a colostomy or primary anastomosis (48). As
most patients do not have peritonitis, the gastrostomy can
be removed without the need for operative intervention.
The residual tract to the skin closes within several days. If
a new feeding tube is required, another gastrostomy can be
placed. These complications can be minimized by ensuring
a well-defined transillumination site before insertion of the
needle (35,49).

ENTERAL FORMULA OPTIONS

Nutritional requirements are affected by size, age, and
energy expenditure of the patient. Nutritional requirement
can be calculated using the Harris–Benedict formulas (see
Volume 2, Chapter 31). In a healthy patient, protein require-
ment is 0.8 g/kg/day, but due to the hypermetabolism
associated with critical illness, protein requirements are
increased to 1.5–2 g/kg/day. The goal is to provide adequate
amounts of protein to maintain a positive nitrogen balance
(10). However, protein delivery of more than 2.5 g/kg is
not recommended as it can cause azotemia and exacerbate
metabolic acidosis in critically ill patients. Carbohydrates
provide 50% to 80% of nonprotein calories (50). Carbo-
hydrates act to prevent protein gluconeogenesis for
glucose-dependent tissues, such as bone marrow, erythro-
cytes, and brain tissue, as well as prevent ketogenesis (29).
The remaining nonprotein calories are derived from fat.
A minimum of 2% to 4% of calories from linoleic acid is
necessary to prevent essential fatty acid deficiency. Multivita-
mins, such as vitamins A, B, C, and E, and trace elements, such
as zinc, chromium, and selenium, are provided as well (50).

Obesity is the most common chronic disease in the
United States and the incidence is continuing to increase.
Over 50% of adults are overweight [body mass index
(BMI)] 25 to 29; 15% are obese (BMI 30–34); 5% are seriously
obese (BMI 35–40); and 3% are morbidly obese (BMI .40).
As with any other patient, for a patient who suffers from a
catabolic illness such as trauma, burn, or sepsis, nutritional
support must be instituted expeditiously. Starvation is not
an appropriate strategy as it results in loss of lean body
mass (1). When determining the calorie needs of an obese
patient it is imperative to utilize ideal body weight and
not actual body weight (10). Some institutions have
begun to implement hypocaloric regimens for critically ill
obese patients. Hypocaloric nutritional supplementation
has allowed a positive nitrogen balance to be obtained.
This may occur due to utilization of endogenous fat stores
for energy. In a recent study of obese patients admitted to
surgical or trauma ICUs, patients receiving hypocaloric

nutrition had shorter ICU stay, fewer days with antibiotic
therapy, and fewer ventilator days (29).

When selecting a formula, one must consider the
patient’s nutrient intake, GI function, existence of comorbid
diseases, as well as organ function. Appropriate selection
can be daunting as there are over 100 varieties and brands
of tube feeds available for use (51). The types and use of
tube feeds can be divided into general categories, which
include standard, elemental, immune modulating, and
disease-specific formulas.

Standard Formulas
Standard formulas are the most widely utilized form of

enteral nutrition. They are designed for patients with

normal or near-normal GI function. Due to adequate GI
function, the nitrogen source can be provided by whole
protein. The carbohydrates are composed of partial
enzyme hydrolysates of starch. Due to the number of
lactose-intolerant patients and the prevalence of transient
acquired lactase deficiency in critically ill patients, most for-
mulas do not include lactose as a carbohydrate source (5).
The lipid source is either composed of long-chain triacylgly-
cerols or medium-chain triacylglycerols. These formulas
provide an energy source as well as fluid, fiber, trace
elements, and vitamins (51).

Elemental Formulas
Elemental formulas were created to provide a complete

set of nutrients in a form that required little or no digestion;
thus, it could be utilized in patients with a dysfunctional GI
tract (52). For example, patients with short bowel
syndrome or diseased bowel have difficulty tolerating
complex diets. When presented with complex nutrients,
inadequate luminal hydrolysis and brush border membrane
hydrolysis lead to decreased ability to break down the nutri-
ents to their most basic form (51). The few nutrients that are
successfully processed are inadequately absorbed due to
the markedly decreased area for absorption. In short, the
inadequate amalgamation leads to malnutrition (5).

To facilitate maximal absorption, the nutrients are pro-
vided in their most basic form. Proteins consist of small
peptides of two to three amino acid residues in chains. The
carbohydrates consist of maltodextrins, a heterogenous
mixture of glucose polymers with more than 10 glucose
molecules. As many of these patients suffer from steatorrhea,
the lipids in elemental formulas consist of either long-chain
fatty acids or medium-length fatty acids. Formulas with
long-chain fatty acids use linoleic acid in the hope of pre-
venting essential fatty acid deficiency. Unlike long-chain
fatty acids, medium-chain fatty acids are less complex,
allowing increased absorption (51).

Of great concern are the fluid and electrolyte losses in
patients with diseases of malabsorption. Patients with end
jejunostomies and/or resection of the ileum and large intes-
tine are at the highest risk for loss of large quantities of
sodium, potassium, magnesium, and zinc. Though sodium
absorption is promoted by luminal carbohydrate, bicarbon-
ate, and amino acids, passive secretion down a concentration
gradient overwhelms the active transcellular absorption.
Ingestion of low-sodium products results in net sodium
losses. So it is recommended that these formulas contain
sodium concentrations between 80 and 90 mmol/L (51).
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Immune Modulating Formulas
Immune-modulating formulas were created in an attempt to
modify the impaired immune status of critically ill patients,
which increases the risk of the development of infectious
complications (53), SIRS, and MODS (54). Nutritional deficits
produce atrophy and impaired function of lymphoid organs,
leading to an increased risk of infection. Excessive nutrition,
especially large quantities of fat intake (especially v-6 fatty
acids), can cause immunosuppression as well (9). For this
reason, extensive research has been invested to determine
formula components which would facilitate modification
of the disease-induced immune dysfunction. To date sup-
plements studied include arginine, glutamine, nucleotides,
and v-3-fatty acids (5).

Arginine
Arginine is a nonessential amino acid which modulates the
immune system by promoting normal T-cell proliferation
and function (53), enhancing delayed type hypersensitivity
and lymphocyte blastogenesis as well as stimulating macro-
phages and natural killer cell function (9). In addition, it is a
substrate for several enzymes and is the sole precursor for
the production of nitric oxide (NO). Under normal con-
ditions, arginine is not required for normal growth and
development. In humans, de novo synthesis from citrulline
provides adequate levels of arginine. In periods of stress
induced by trauma or severe sepsis, arginine is depleted
from the plasma and may become essential. A potential
drawback of supplementation with arginine is increased
production of NO, which has been hypothesized to have a
potentially detrimental vasodilatory effect in septic shock.
A decreased level of NO metabolites has been found in the
plasma of trauma patients (53). So it has been hypothesized
that arginine-mediated NO production might lead to an
exacerbation of vasodilation in septic patients (53). Other
studies indicate arginine supplementation can improve
nitrogen balance (29) and aid in wound healing (5).

Glutamine
Glutamine is an oxidative fuel for rapidly replicating cells,
including GI mucosal cells, hepatocytes, lymphocytes, and
macrophages. It also serves as a nitrogen shuttle among
organs (9), and as a substrate for gluconeogenesis (29). It is
also a precursor of the antioxidant glutathione (9), nucleic
acids, nucleotides, amino acids, and protein (55). Though
glutamine is typically considered nonessential, during
stressed states glutamine levels decline as consumption
exceeds synthesis (29). An exogenous source of glutamine is
necessary to avoid catabolism and muscle glutamine
depletion (9). Human studies have shown that glutamine
attenuates gut atrophy in the fasting state, maintains ATP
levels in oxidant injured cells, and preserves immune cellular-
ity of the gut in prolonged parenteral feeding. In addition, a
systematic review of randomized controlled trials in adult
surgical or critically ill patients suggests that glutamine
supplementation may reduce infectious complications, dur-
ation of hospital stay, and possibly mortality (55). However,
glutamine supplementation has also been associated with
elevated levels of liver enzymes (29).

Nucleotides
The purine (adenine, guanine) and pyrimidine (thymidine,
uracil) nucleotides are precursors for DNA and RNA (11).
Purines and pyrimidines are synthesized by the liver from
amino acids. Reduction in dietary nucleotides results in

suppression of cellular immune responses via inability
of T cells to undergo blastogenesis (10). Administration of
nucleotides appears to be essential for cell energetics (adeno-
sine triphosphate) and may also play a role as physiologic
mediators (cyclic adenosine monophosphate). Adminis-
tration of these agents promotes natural killer cell cytotox-
icity and enhances resistance to infection (11). Finally,
they may also increase the disease-free duration of cancer
patients undergoing treatment (56).

Fatty Acids
Dietary lipids are essential components of all living cells
and aid formation of the bilipid structure of cell mem-
branes, are sources of energy, and are precursors to numer-
ous biologically active compounds (57). Linoleic acid, v-6
fatty acid, is metabolized to arachidonic acid. This is
further metabolized to eicosanoid prostanoids responsible
for inflammation and increased immunosuppression and
leukotrienes. Whereas, a-linoleic acid, v-3 fatty acid, is a
precursor of eicosapentaenoic acid which leads to prosta-
noids and leukotrienes, which have anti-inflammatory and
immune-enhancing properties. In addition, v-3 fatty acids
have been shown to inhibit the formation of v-6 fatty acid
products, thereby blocking their immunosuppressive
effects (51). The eicosanoids alter cytokine production and
intracellular signaling. As an example, prostaglandin E2

(PGE2) significantly increases intracellular cAMP levels
and prevents the increase in intracellular calcium that is
an early event in T-cell activation. Both PGE1 and PGE2
are potent inhibitors of interleukin-2 (IL-2) and IL-2 receptor
production, and they modulate protein kinase C (PKC)
activation. In contrast, leukotriene (LT) B4 enhances the
generation of IFNg and IL-2 (57).

Humans can synthesize all the lipids necessary for
health except v-3 and v-6 long-chain fatty acids. Both of
these essential fatty acids are found in common dietary sub-
stances, such as canola oil, soybean oil, and fish oil (57). For
this reason, v-3 fatty acids are being studied in immuno-
nutrition to evaluate their ability to act as substrate for the
synthesis of immune-modulating prostanoids and leuko-
trienes (9). To date, v-3 fatty acid supplementation
has been shown to improve survival after burn injury,
reduce postinjury infectious complications, and diminish
immunosuppression secondary to transfusion.

Initial results indicated that immune-modulating
formulas could decrease infection rates and length of stay.
A multicenter prospective randomized clinical trial
with administration of immune-modulating formula for 7
to 10 days showed reduced rates of infection and wound
complications and shorter hospital stays for critically ill
patients. Another multicenter trial with trauma patients
revealed significantly fewer intra-abdominal abscesses and
less multiple organ failure (8). More recent studies dispute
these findings.

Nonetheless, the immune-enhancing diet summit of
2000 recommended administration of immune-enhancing
diets to patients with blunt and penetrating torso trauma
especially when the ISS is greater than or equal to 18, or
the ATI is greater than or equal to 20. In addition, adminis-
tration of immune-enhancing diets was also recommended
for patients with Glasgow coma score less than 8, patients
with 30% or greater third-degree burns, and ventilator-
dependent nonseptic patients. It is not recommended in
septic patients, as two studies demonstrated increased
mortality in septic patients receiving immune-modulating
diets (16).
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Disease-Specific Formulas
When a patient presents to the intensive care unit critically
ill, pre-existing diseases must be accounted for, as they can
affect the care of the patient and may worsen during the
course of illness. In cases where there were no pre-existing
diseases, patients may develop pulmonary, hepatic, and
renal dysfunction due to their disease process. For this
reason, research has been performed to determine the
effects, if any, of disease-specific enteral formulas.

Pulmonary Formulas
Most patients with isolated respiratory failure will receive
adequate nutrition with the application of standard enteral
formulas. Overfeeding (with a high ratio of calories from
carbohydrates or a total excess of calories) results in excessive
CO2 production and an increased work of breathing which
results in difficulty weaning. This should be considered in
patients receiving nutritional support with difficulty
weaning from the mechanical ventilator, and a metabolic
cart evaluation can be helpful (Volume 2, Chapter 31) (27).

Pulmonary formulas are composed of high fat (50%)
and diminished levels of carbohydrates to reduce CO2 pro-
duction. In preclinical studies, tailored pulmonary formulas
reduced pulmonary neutrophil accumulation and inflamma-
tory cytokines and improved cardiopulmonary hemody-
namics and gas exchange. This disease-specific pulmonary
formulation contains eicosapentaenoic acid, a-linolenic
acid (which modify production of proinflammatory
cytokines), and antioxidants (vitamin E, vitamin C, and
beta-carotene), and is a calorically dense formula, suitable,
in particular, for fluid-restricted patients with ARDS (8).

Hepatic Formulas
The normal functioning liver has many complex functions.
Hepatic Kupfer cells engulf and detoxify intestinal bacteria
and endotoxins. It also clears activated inflammatory
mediators such as leukotrienes and cytokines. When
liver function is impaired, inflammatory mediators are
incompletely filtered, contributing to increased caloric
expenditure, protein catabolism, hyperinsulinemia, hyper-
glucagonemia, and ultimately malnutrition. Depending on
disease severity, patients present with hyperbilirubinemia,
coagulopathy, vasodilation, and alterations in mental status
(58). In addition, patients with liver failure have increased
losses of potassium, magnesium, and zinc (27). As long as
the patient is not at risk of developing encephalopathy, a
standard or elemental formula is appropriate.

Hepatic encephalopathy can occur in both patients
with and without pre-existing liver disease. Acute hepatic
encephalopathy most commonly occurs in patients without
pre-existing hepatic disease due to fulminant viral or toxic
hepatitis. Patients with pre-existing liver disease can
develop acute episodic hepatic encephalopathy due to exces-
sive intake of proteins, from an upper GI bleed, or from other
precipitating conditions, such as spontaneous bacterial per-
itonitis (or other form of sepsis). Possible theories to
explain the occurrence of encephalopathy include inability
of the liver to clear gut-derived substances, such as
ammonia and gamma-aminobutyric acid, due to portosyste-
mic shunting or severe hepatocellular failure, as well as
altered amino acid metabolism, which results in creation of
false neurotransmitters.

Normally aromatic amino acids (AAAs), such as
phenylalanine, tyrosine, and tryptophan, are produced in
the gut during digestion and cleared by the liver. With

hepatic dysfunction, branch chain amino acid (BCAA)
levels decrease while AAA levels increase. The reduction
in the plasma BCAA/AAA ratio favors brain uptake of aro-
matics because they compete for transport across the blood–
brain barrier leading to an influx of false neurotransmitters
(58). So patients with liver failure and risk of encephalopathy
should receive formulas containing high concentrations of
BCAAs (27), and low concentrations of methionine, AAA,
phenylalanine, tyrosine, and tryptophan are indicated (51).
BCAA, leucine, isoleucine, and valine are essential amino
acids required for protein synthesis (27). Infusion of
BCAAs corrects the imbalance between AAAs and BCAAs
in plasma and the central nervous system that contribute
to mental disturbances (8). These modified formulas
permit greater protein intake without inducing encephalo-
pathy unlike standard protein formulas (58), which lead to
improved nitrogen balance (8).

Regardless of the risk of encephalopathy, the nonprotein
energy content is predominantly carbohydrate rather than
lipid, as many patients have cholestatic jaundice and are
unable to assimilate long-chain triacylglycerols. In elemental
formulas, 5% of the energy content is linoleic acid to prevent
central fatty acid deficiency. The sodium content is low as
most patients have high total body sodium content due to
underlying hyperaldosteronism (51). In addition, patients
with ascites benefit from fluid restriction (27).

Renal Formulas
Renal failure is characterized as fluid intolerance and elev-
ated plasma levels of potassium, magnesium, and phos-
phate. Frequent monitoring of these electrolytes is
required and the amounts administered reduced to main-
tain appropriate plasma levels. In the ICU, patients may
require continuous renal replacement therapy (CRRT)
(which tends to decrease phosphate levels), and the use of
high-protein or standard formula to provide up to 2.5 g/
kg/day is recommended, as a large percentage of protein
is lost through the filtration process (59).

Patients with end-stage renal disease commonly have
malnutrition and muscle catabolism, resulting in muscle
wasting and fatigue. Blood levels of essential amino acids,
especially BCAAs, are lower in patients than in control sub-
jects with the same protein intake (56). In chronic renal
failure, large protein and volume loads must be avoided.
For this reason, enteral formulas have been created which
consist of higher total calories (1.5–2 cal/mL) in a smaller
total volume. These formulas provide the calories with
increased proportions of fat and less protein (e.g., Nepro,
Nutrirenal, Novasource Renal) (5). The protein dose of
0.5–0.8 g/kg/day is associated with preservation of renal
function (27). Finally, maintaining an arterial blood pH of
7.35 is associated with reduced net catabolism.

Acute renal failure (ARF) occurs most commonly in
the setting of shock, trauma, sepsis, or multiple organ
failure. It is characterized by excessive protein catabolism
and negative nitrogen balance. This is most likely due to
the toxic effects of high metabolic byproduct concentration,
altered levels of catabolic hormones, circulating cytokines
and serum proteases, insulin resistance, metabolic acidosis,
and inadequate supply of nutritional substrates.

Mitigation of the hypermetabolic state can be accom-
plished by controlling infection, optimizing oxygen trans-
port, and providing adequate metabolic and nutritional
support. If unsuccessful, the generalized nutritional
deficiency can progress to MODS (60).
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Similar to patients with chronic renal failure, those
with ARF have a high prevalence of malnutrition which
increases the likelihood of in-hospital complications and
death (61). Unlike patients with chronic renal failure, there
is no demonstrable advantage to limitation of protein load
in patients with acute renal insufficiency (27), in fact, pro-
longed delivery of protein-restricted diets can lead to
increased skeletal muscle protein breakdown (13). Protein
intake should be between 1.2 and 1.5 g/kg/day in patients
with ARF to maintain a neutral nitrogen balance (61).

For patients with both chronic and acute renal failure,
dialysis therapy further complicates nutritional supplemen-
tation. Adjustment of glucose administration is often needed
in patients receiving peritoneal dialysis, which contains a
significant amount of glucose, thereby increasing the risk
of hyperglycemia. In addition, peritoneal dialysis, hemodia-
lysis, and hemodilution remove considerable amounts of
amino acids (27). The study by Scheinkestel et al. (17) evalu-
ated the effect of improved nitrogen balance on the outcome
in critically ill patients on CRRT. They found that nitrogen
balance was inversely proportional to REE, that is, higher
levels of stress cause an increase in REE, which results in
decreased nitrogen balance. In addition, nitrogen balance
correlates with both hospital and intensive care unit out-
comes. So, patients with positive nitrogen balance were
more likely to survive, and every 1-g/day increase in nitro-
gen balance correlated with a 21% increased probability of
survival (17).

The Kidney Disease Outcome Quality Initiative rec-
ommends protein intake in maintenance dialysis patients
who are acutely ill to be at least 1.2 g/kg/day for hemodialy-
sis and 1.3 g/kg/day for peritoneal dialysis. Due to the
highly catabolic state associated with critical illness, patients
with sepsis or CRRT may have greater protein requirements.
This is supported by the fact that during CRRT 10% to 15% of
amino acids are lost in the dialysate (60). In the critically ill
patients, a positive nitrogen balance is attained with a
protein ingestion of 2 g/kg/day or more (17).

Oral Dietary Supplements
Canned liquid meal replacement beverages are widely avail-
able commercially. The oral dietary supplements are true

supplements, that is, they are not nutritionally complete.
The use of these products is as an additional, highly con-
centrated nutritional source for individuals who are unable
to ingest adequate nutrients with a standard oral diet (1).

Unlike tube feed formulas, these products must be pala-
table for patient tolerance. In general, they are packaged in
200–250 mL containers as a liquid, and a few are produced
in semisolid or solid form. The products are composed of
whole proteins, and nonprotein calories are derived from
carbohydrates and long-chain triacylglycerols. They usually
lack fiber, lactose, and gluten, making them safe for those
who are lactose intolerant and have celiac sprue (51).

Use of Probiotics and Functional Fibers
Probiotics are live microorganisms (e.g., Lactobacillus species,
Bifidobacterium species, and normal GI yeasts) that can be
administered with enteral nutrition to restore the intestinal
microflora balance, which is often disturbed in critically ill
trauma patients. Some desirable properties resulting from
probiotic strains when they colonize the human intestine
include resistance to acid and bile, production of antimicro-
bial substances, and antagonism against pathogenic
bacteria. Probiotics also produce nutrients and antioxidants,

participate in growth regulation, reduce endotoxins, and
activate mucosa-associated lymphoid tissues (MALT) (62).

Probiotic effects on humoral processes include stimu-
lating IgA and NO, inhibiting IgE, and modulating cytokines
(62). On the cellular level, probiotics stimulate macrophage
function, natural killer cell activity, growth, regeneration,
and apoptosis (62). Putative clinical effects include
decreased incidence and severity of sepsis in ICU and
major surgery patients, decreased duration or prevention
of diarrhea, Clostridium difficile infections, and decreased
septic manifestations in pancreatitis.

Prebiotics or dietary fibers (i.e., fructooligosaccharides,
glycomannans, insulin, algal fibers, and pectin) have been
supplemented into a variety of enteral nutrition solutions
to help control diarrhea and maintain fluid absorption in
the colon. A recent prospective multicenter study evaluated
the effects of a high-protein formula enriched with artinine,
fiber, and antioxidants compared with a standard high-
protein formula for early enteral nutrition in 200 critically
ill patients. The supplemented group had a lower incidence
of catheter-related sepsis than the control group (63).

The combined use of probiotics with prebiotics has
been recently coined “synbiotics.” The beneficial effects of
synbiotics have been studied in arteriosclerosis, Crohn’s
disease, chronic liver disease, acute pancreatitis, abdominal
surgery, liver transplantation, the ICU, and ulcerative
colitis (64).

For the critically ill patients, the stress, extensive medi-
cation treatment, antibiotic variety, all contribute to the
depletion of invaluable gut flora and the overabundance of
pathogenic harmful bacteria. Synbiotics in the twenty-first
century may become the main foundation for the nutrition
therapy of the sickest patients.

Though these specialty products are available, they are
markedly more expensive than standard formulas. There-
fore, clinicians should be challenged to evaluate both the
appropriate macronutrients and micronutrients as well as
to justify the additional cost in relation to the patient’s
outcome (29).

TUBE FEED INTOLERANCE

The enteric nervous system consists of GI neurons that can
function independently of the central nervous system to
control motility, exocrine and endocrine secretion, and gut
microcirculation. The enteric nervous system communicates
with the CNS via sympathetic and parasympathetic afferent
and efferent neurons. Normally when a food bolus enters the
small intestine, serotonin is released due to mucosal stimu-
lation or mechanical distention of the gut lumen, which trig-
gers activity of intrinsic afferent neurons. Above the site of
intraluminal stimulus, ascending cholinergic interneurons
relay the signal to excitatory motor neurons that contain
acetylcholine and substance P. This results in contraction of
the circular muscle layer above the stimulus. At the same
time, descending cholinergic interneurons activate inhibi-
tory motor neurons that contain NO, vasoactive intestinal
polypeptide, and adenosine triphosphate, causing relaxation
below the stimulus. The resultant forces propel the bolus in
an antegrade direction also called peristalsis (65).

Disruption of this complex process (i.e., inadequate
mucosal stimulation, altered neurotransmitter production,
inhibitors to neurotransmission) can result in diminished
gut motility. Acute gastric and intestinal ileus can also
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result from selective suppression of excitatory motor reflexes
via sympathetic nerves or sustained intrinsic inhibitory
neural overactivity. Dopamine-2 receptors in the gut
decrease gastric emptying and intestinal motility. Increased
production of NO due to activation of the nonneuronal
inducible NO synthase or decreased production of motilin
may result in ileus. Other putative causes include use of con-
tinuous liquid enteral feeding (which decreases mucosal
stimulation) and decreased production of adenosine
triphosphate, or substance P (65).

Though many critically ill patients suffer from tube
feed intolerance (5), or gastroparesis, the exact cause is
often unknown. Numerous etiological agents have been
shown to depress gastric motor activity, including pain,
anxiety, recent abdominal surgery, peritonitis, sepsis, pan-
creatitis, diabetes mellitus/hyperglycemia, head injury,
increased intracranial pressure, burn injury, and medications
(beta agonists, anticholinergic agents, dopamine, and
opioids). Gastroparesis leads to increased gastric residuals
and predisposes the patient to gastroesophageal reflux,
emesis, and aspiration. Also, it impairs absorption of drugs
and nutrients administered into the stomach (66). So, the
required nutritional demands of the patient cannot be met,
leading to inadequate protein and calorie administration (5).

It is important to note that although gastric residuals
are measured to determine tube feed tolerance, this corre-
lation has yet to be validated. It is thought that high
gastric residuals (.500 mL) correlate with tube feed intoler-
ance and increased risk of aspiration. Low residuals of less
than 100 mL should indicate a low risk of aspiration.
Though GRVs are frequently associated with comorbidities
such as vasopressor use, sedation, sepsis, and emesis,
GRVs alone have little independent clinical utility. A pro-
spective study by McClave and associates showed no
relationship between GRVs and risk of aspiration or regurgi-
tation as well as no association between aspiration or regur-
gitation and pneumonia. Of note, there was no difference in
regurgitation or aspiration and pneumonia in patients with
gastric residual cutoffs of 200 or 400 mL (39). As there is
no consensus on the safe or normal GRV utilized, the
higher value (400–500 mL) to determine tube feed tolerance
can be used safely.

The least labor-intensive adjustments to promote GI
motility include control of pain, anxiety, and blood sugar
levels (66), and adjusting the level of the head of the bed
(67). In the management of the polytrauma or postoperation
surgical patient, opioid administration is often required. If
opioids are thought to impair gastric motility, the use of dilau-
did (less gastroparesis) should be considered with supplemen-
tal sedation using dexmedetomidine (on a-2 agonist with
opioid sparing properties). When these adjustments fail
to alleviate gastroparesis, institution of promotility agents,
metoclopramide and erythromycin, can be utilized.

Promotility Drugs
Metoclopramide is a well-known prokinetic medication
with an unclear mechanism of action. Studies have shown
that it facilitates the release of acetylcholine from gut
cholinergic neurons, antagonizes the inhibitory effects of
dopamine on GI motility, and has a direct effect on lower eso-
phageal smooth muscle. In high concentrations, it blocks 5-
hydroxytryptamine (5-HT) receptors in the upper GI tract.
Finally, it enhances antropyloroduodenal coordination and
propagation of duodenal contractions (66). Through these
physiologic effects, metoclopramide facilitates peristalsis and

gastric emptying (68), as well as esophageal and small intestine
promotility (13). It has been proven effective in diabetic
patients with gastroparesis as well as critically ill patients
(65). Metaclopramide is administered IV, as a tablet, or
syrup (13).

In a normal patient, the enterochromaffin cells of the
proximal small intestine produce a 22-amino acid peptide
called motilin. Motilin binds motilin receptors found on
cholinergic nerves. Motilin receptor activation causes
release of acetylcholine, which acts on cholinergic pathways
in the enteric nervous system to mediate motility.

In the esophagus, motilin increases lower esophageal
sphincter tone and esophageal peristalsis to assist propul-
sion and avoid reflux. It is thought that motilin release is
inhibited in critically ill patients and results in gastroparesis.
Erythromycin, a macrolide antibiotic, affects gastric motility
by activating the motilin receptors in the gut. Erythromycin
has been found to improve gastric emptying in patients with
diabetic gastroparesis, vagotomy, chronic intestinal pseudo-
obstruction, and denervated whole stomach after esophageal
resection.

Chapman and colleagues investigated the effect of ery-
thromycin in critically ill patients with depressed gastric
emptying. They assessed gastric residuals to determine the
effect of erythromycin on gastric emptying in 20 mechanically
ventilated patients being given enteral nutrition.

Erythromycin significantly diminished gastric residuals,
presumably by increasing gastric emptying. Enteral feeding
was subsequently successful in 90% of the erythromycin
patients versus 50% of the control patients (65). Erythromycin
can be administered IV, IM, or orally. The optimum dose has
not been clearly established, but 250 mg IV every six hours is
commonly utilized (36). Patients in the ICU will occasionally
have large gastric residuals regardless of receiving metoclopra-
mide. The addition of erythromycin frequently improves
gastric emptying in these patients (65). Though there are no
studies supporting it, there is concern that erythromycin
therapy in critically ill patients may alter native bacterial
flora, increase the risk of infection, and promote antibiotic
resistance, especially to Streptococcus pneumoniae (69). Also,
there is concern that erythromycin may increase the risk of
cardiac dysrhythmias (36).

Postpyloric Feeding
A final option involves institution of postpyloric feeding.
Spontaneous duodenal passage of weighted feeding tubes
occurs in approximately 95% of general ward surgical
patients, but only in 61% of critically ill patients (68).
Manipulation of the tube into the duodenum or jejunum
can be enhanced in some patients with metoclopramide,
but predicting which patients will be assisted is difficult
(68). Erythromycin is a second option for pharmacologic
manipulation of feeding tubes. Three adult studies have
shown that erythromycin facilitates passage of feeding
tubes in both healthy and critically ill patients (65). The
highest success rates for feeding tube placement involve
the use of endoscopy, which is an expensive solution.
Another option utilizes feeding tube manipulation with
fluoroscopic guidance (also expensive). Recent modifi-
cations in tube feed catheters involve the addition of flaps
to facilitate placement into the jejunum by allowing peristal-
sis to gently drag the catheter into the small bowel. This
tube is promoted as allowing rapid bedside placement by
clinicians without the additional cost of endoscopy or
fluoroscopy (36).
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Although distal tubes allow feeding in the small bowel
in patients who do not tolerate gastric feeding, studies do not
show a reduction in the incidence of aspiration between those
fed postpylorically and those fed intragastrically (68).

In a recent study comparing the efficacy of gastric
feeding supplemented with prokinetic agents to distal
small-bowel feeding tubes, it has been demonstrated that
gastric feeding with erythromycin (200 mg intravenously
every eight hours) was equivalent to distal feeding both
in terms of meeting nutritional goals and in overall clinical
outcomes (36).

Prone Positioning Considerations
Some critically ill patients with ARDS will require prone
positioning during mechanical ventilation. There is an
increased risk of regurgitation in this position compared
with the supine position with 308 of head of bed elevation.
Enteral nutrition should be stopped at least two hours
before proning to prevent aspiration pneumonia, vomiting,
and GI distress. According to a 71-patient, prospective, com-
parative study, enteral nutrition during the prone position
was poorly tolerated, and postpyloric feeding tube place-
ment with promotility agents was recommended for
optimal enteral feeding tolerance (70). Tube feeding goal
rate adjustments should be made in order to provide ade-
quate calories and protein for patients during the nonprone
portion of the SICU care.

COMPLICATIONS OF ENTERAL NUTRITION
Aspiration and Pneumonia
All critically ill tube-fed patients are at risk of tube feed
aspiration due to altered level of consciousness, abnormal
gastric motility, emesis, and reflux. Decreased level of con-
sciousness is due to patient sedation from iatrogenically
administered medications, alcohol, and drug ingestion. In
addition, a GCS less than 9 is a significant risk factor for
aspiration and pneumonia. Patients with decreased level of
consciousness have a depression of upper airway reflexes
(cough and gag) and a reduction of lower esophageal
sphincter pressure. Absence of these safeguards for airway
protection allows accumulated oropharyngeal secretions
and regurgitated gastric contents to be aspirated into the
lungs. For critically ill patients requiring mechanical venti-
lation, cuffed endotracheal tubes were designed to seal the
lower airway and prevent the entry of materials from
the upper airway. Unfortunately they often fail to provide
a consistent barrier against aspirated materials (34).

Decreased gastric motility is a frequent problem in
critically ill patients because of underlying disease or
injury. Dive et al. utilized manometry to compare gastroduo-
denal motility in 12 critically ill, mechanically ventilated
patients with that in 12 healthy control volunteers. The
frequency of contractions was significantly decreased in
the critically ill group, and more importantly the loss of
peristaltic activity was greater in the stomach than in the
duodenum. Factors that decrease GI motility include neuro-
logic impairment with elevated ICP and medications.

For example, propofol is a visceral smooth muscle
relaxant. In healthy persons the effect is insignificant, but
it may contribute to delayed gastric emptying in patients
receiving other medications that slow gastric motility.
Low-dose dopamine slows gastroduodenal motility in
mechanically ventilated, critically ill patients. Opioids can
delay gastric emptying, through both central and peripheral

mechanisms. The enteral administration of opioid antagonists
has been suggested as a possible method to improve gastric
emptying and decrease the frequency of aspiration in
mechanically ventilated patients receiving opioid analgesia.

When gastric motility is moderately or seriously
impaired, feedings accumulate in the stomach along with
gastric secretions and predispose patients to reflux and
aspiration. Another risk factor is recurrent episodes of
emesis; in these patients tube feedings should be held or
reduced and antiemetic medications administered (34).
Aspiration can result from refluxed tube feedings or oro-
pharyngeal secretions that are unrelated to feedings (32).
Pulmonary aspiration of tube feed can result in hypoxia
and/or pneumonia (67).

To determine whether tube feeds are contaminating
the lungs, the color of respiratory secretions can be assessed
after adding several drops of blue food coloring to the
feeding formula. However, one study showed that the sensi-
tivity of blue dye for the detection of aspiration was only
15%, and a study in animals determined that the sensitivity
of blue dye detection of aspiration decreased after multiple
aspiration events. However, the FDA in a public health bul-
letin in 2003 noted an association between the use of blue
dye in enteral feedings and discoloration of body fluids
and skin as well as serious metabolic complications includ-
ing death. The FDA suggested that patients at risk for
increased intestinal permeability, including those with
sepsis, burns, trauma, shock, surgical interventions, renal
failure, celiac sprue, and inflammatory bowel disease,
appear to have an increased risk of absorbing blue dye
from tinted enteral feedings.

An alternative for detecting tube feed aspiration is the
use of glucose oxidase reagent strips. Proponents believe
glucose strips are safer and more accurate than blue dye.
Drawbacks of glucose strips include the possibility of false
positives in the presence of blood in tracheobronchial aspi-
rates and the possibility of false negatives in patients receiv-
ing low-glucose enteral feeding. In addition, glucose reagent
strips were not designed to test for pulmonary aspirate, cost
more than blue dye, and may require certification before
clinicians can integrate them into care (71).

When trauma or surgery causes significantly delayed
GI motility, small-bowel function usually returns before
gastric or colonic activity. Also, small-bowel activity may
be less adversely affected than either gastric or colonic func-
tion in acute medical conditions such as pancreatitis. So if
gastric motility is significantly slowed, small-bowel feedings
are preferred (34). Though small-bowel feeding is thought to
decrease the risk of aspiration, it has not been proven in
studies (32). Studies have revealed that feeding the duode-
num or jejunum results in stimulation of gastric secretions
and duodenogastric reflux. So utilizing a postpyloric
feeding tube to insert feeds and a separate nasogastric tube
(NGT) to aspirate gastric contents or a combination gastroje-
junostomy tube may be the safest option. Finally, if bolus or
intermittent gastric feedings are not tolerated, continuous
feedings may be better tolerated. There are no studies that
demonstrate a reduced rate of aspiration with adminis-
tration of continuous feeding, yet this is more commonly
used in critically ill patients.

Continuous subglottic suction appears to help prevent
or delay the development of nosocomial pneumonia in
mechanically ventilated patients by removing pooled
secretions that may leak around the endotracheal tube cuff.
A sleep study suggested that continuous aspiration of sub-
glottic secretions could decrease bacterial colonization of
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the respiratory tract, but may also result in mucosal damage
at the level of the suction port (34).

Bacterial Contamination
Microbial contamination of enteral feeds is associated with
pneumonia (35), diarrhea (72), and sepsis. Anderson et al.
compared locally prepared, manipulated, and nonmanipu-
lated formulas and the development of diarrhea. As would
be expected, the locally prepared and manipulated formulas
contained a significantly higher number of organisms than
the nonmanipulated formulas. The risk of contamination in
manipulated or reconstituted tube feeding has been sup-
ported in numerous studies. Manipulated formulas have a
30% to 60% risk of preadministration contamination,
whereas Okuma et al. (72) found sterile ready-to-use for-
mulas have a 2% risk. Okuma et al. (72) studied liquid
ready-to-use enteral feeds and found 10 of 48 postadminis-
tration samples were contaminated. Though there were a
high number of contaminated samples, only two patients
developed diarrhea (72).

Due to the high morbidity and mortality due to infec-
tion in the critically ill, recommendations have been created
to decrease the risk of bacterial contamination in tube feeds.
Use of a closed enteral nutrition delivery system, where the
tube feed is prepackaged with a tube for administration,
may carry the lowest risk of contamination (72).

Diarrhea
GI side effects of tube feeding include nausea and vomiting,
abdominal pain, and diarrhea (32). Diarrhea is the most
common complication, with a rate of 30% to 50% of critically
ill patients receiving tube feedings being affected (72). As
diarrhea results in ongoing GI protein, electrolyte, fluid
losses, and malabsorption, control is mandatory. Numerous
causes of diarrhea exist and include medications (promotility
agents, antibiotics, sorbitol-containing elixirs/suspensions),
hyperosmolar formulas, prolonged bowel rest, severe
hypoproteinemia, infection, and increased dietary fat (10).
Additional causes include infected diets, lactose intolerance,
ingestion of laxatives, and hypoalbuminemia (51).

The most rapid intervention involves a review of
medications, and all prokinetic agents should be discontin-
ued (73). A common pharmacologic cause of diarrhea in
tube-fed patients is administration of large doses of nonab-
sorbable carbohydrate such as sorbitol (32). Sorbitol is a
component of common medicinal elixirs, such as acetamino-
phen, theophylline, and cimetidine, to improve palatability
and results in osmotic shifts and diarrhea (7). Finally, the
combination of antibiotics and infection is responsible for
three-quarters of the cases of diarrhea (13). Antibiotic use
can lead to proliferation of C. difficile and development of
pseudomembranous colitis. In a normal patient, short-
chained fatty acids (SCFAs) have multiple functions. In the
colon, they enhance water and electrolyte absorption, increase
colonocyte proliferation and metabolic energy production,
enhance blood flow, stimulate the autonomic nervous
system, and increase GI hormone production (51). When
C. difficile occurs, it blocks the conversion of carbohydrates
to SCFAs, causing diarrhea development (32). It is manda-

tory that clostridial infection as the cause of diarrhea be
eliminated, as pharmacologic manipulation of gut motility
in an infected patient can result in severe toxicity.

Once infectious causes of diarrhea have been elimi-
nated, enteral formula, concentration, and rate of adminis-
tration can be altered. If the diarrhea persists, trials of

antidiarrheal agents such as diphenoxylate or loperamide
are justified in an effort to maintain adequate delivery of
nutrients (32). In some cases, administration of opiates
may be necessary. They act by slowing intestinal motility,
but are contraindicated in patients with infectious diarrhea,
or they may lead to prolonged retention of the toxins.
Only in the most severe cases will discontinuation of
enteral feeding and temporary administration of parenteral
nutrition be necessary (10).

Overfeeding/Hyperglycemia
Though catabolic patients require higher levels of nutritional
supplementation, care must be taken to avoid overfeeding.
When this occurs, the high-carbohydrate diet leads to
accumulation of increased fat mass without changes in
lean body mass. In addition, the overfed patient commonly
suffers from hyperglycemia, which leads to an increased
insulin requirement. Hyperglycemia has also been associ-
ated with a negative influence on the outcome of septic
and critically ill patients. Detrimental effects of hyperglyce-
mia include a predisposition to severe infections, MODS,
and death. In addition, the elevated plasma levels of
glucose impair immune function by altering macrophage
cytokine productions, diminishing lymphocyte prolifer-
ation, and depressing intracellular bactericidal activity of
leucocytes. So, preventing hyperglycemia results in
improved immune response and wound healing (14). In
addition, recent studies have revealed reduction in mortality
rate of critically ill patients treated aggressively with insulin
(Volume 2, Chapter 60) (10).

It is important to note that overfeeding is associated
with inability to wean patients from mechanical ventilation.
Administration of excessive carbohydrate loads (.500 g/
day or .50% total calories from carbohydrate) results
in overproduction of CO2. When ability to excrete CO2

by the lungs is overwhelmed, hypercapnia results (10).
Therefore, ensuring adequate but not excessive feeding is
mandatory.

Small-Bowel Necrosis
A dreaded yet rare complication of both gastric and small
bowel feedings is nonocclusive small-bowel necrosis (34).
To date, nonocclusive bowel necrosis has been reported in
0.3% of critically ill patients who are given tube feedings.
Bowel necrosis is hypothesized to be due to a combination
of factors which cause ischemia, or compromised blood
flow to the bowel. Factors include hypotension and the use
of vasoconstrictive medications. The body responds by
shunting the blood flow from the small intestine to maintain
cerebral and cardiac perfusion. In general, the remaining
blood flow to the bowel is adequate to maintain perfusion
in the resting state (32). Addition of an iatrogenic stressor,
which increases the metabolic demand of the intestine,
increases the flow necessary to provide adequate bowel per-
fusion. Ischemia is induced which, if uncorrected with fluid
resuscitation and discontinuation of tube feeding, may result
in necrosis (41).

Patients with ischemia commonly have abdominal
pain and tenderness, but it is difficult to detect as many of
the patients at risk are typically sedated and mechanically
ventilated. Furthermore, both enteral feed intolerance and
paralytic ileus are common in this group of patients (74).
So, any critically ill patient who experiences abdominal dis-
tention, pain (34), tachycardia, temperature elevation (13),
and possibly increasing GRVs while receiving either
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continuous gastric or small-bowel feedings must be evalu-
ated for tube feed necrosis. The use of gastric tonometry
may be useful for detecting nonocclusive small-bowel
necrosis; for example, low mucosal pH (,7.30) measure-
ments were detected in three patients who demonstrated
this condition during enteral feeding advancement. If
there is concern of tube feed necrosis, enteral feeding
should be immediately discontinued. If the ischemia pro-
gresses, the patient may continue to deteriorate and show
signs of hypotension and septic shock with fever, tachycar-
dia, and abnormal white blood cell count. Emergent surgi-
cal intervention often is mandated (34).

A study by Desai et al. found ischemic intestinal path-
ology to be a common autopsy finding in patients with large
burns, being present in more than 50% of those patients who
succumb to their injury, although it was clinically identified
in less than 1%. In addition, the mortality rate associated
with ischemic enterocolitis is extremely high (60–69%)
(74). So, a high index of suspicion is mandatory for this
unusual complication.

Refeeding Syndrome
Refeeding syndrome is a common condition in previously
malnourished patients, where aggressive nutritional sup-
plementation increases the basal metabolic rate with the
use of glucose as the primary energy source. As minerals
shift intracellularly, the serum levels fall precipitously (35).
The resulting hypophosphotemia, hypokalemia, thiamine
deficiency, and hypomagnesemia (50) lead to cardiorespira-
tory and neurologic dysfunction. Patients develop conges-
tive heart failure, respiratory failure, lethargy, confusion,
coma, convulsions, and death (35). Patients most at risk
have a history of anorexia, chronic alcoholism (50), chronic
malnutrition, prolonged fast, or intravenous hydration
only (35). In addition, increased insulin levels result in an
antinaturetic effect and fluid retention. The sudden expan-
sion of extracellular fluid leads to cardiac decompensation.
On the other hand, the dextrose load can result in hypergly-
cemia, osmotic diuresis, and dehydration (1). So, it is
imperative to closely monitor electrolyte and glucose
serum levels so as to diagnose and treat refeeding syndrome
rapidly.

NUTRITIONAL MONITORING

Once nutritional supplementation is instituted, it is
mandatory to evaluate the adequacy of the supplementation.
Many of the common markers of nutritional deficiency
such as weight loss and anthropometric measure-
ments are not useful in trauma patients due to massive
fluid shifts.

Of the laboratory values currently available clinically
to assess nutritional status, albumin, transferrin, and preal-
bumin are the most common. In addition, collecting a
24-hour urine urea nitrogen, indirect calorimetry, estimating
nutritional needs via energy formulas, and monitoring
overall improvement in medical condition help determine
if the nutritional care plan is appropriate and effective
(refer to Volume 2, Chapter 31 for additional information
on nutritional monitoring).

EYE TOTHE FUTURE

Though the ideal enteral feeding formula has yet to be ident-
ified, it is clear from research over the last 20 years that the
gut is the preferred method with which to restore nutritional
integrity in both trauma and critically ill patients. The import-
ance of various strains of fibers and beneficial bacteria or syn-
biotics continues to peak interest in hopes to help fight infection
and nutrient absorption. Astaxanthin, a reddish-orange caro-
tenoid pigment, has been studied in animal models and
shown to have antioxidative and anti-inflammatory effects,
bringing promise to human health (75).

Increased interest in polyphenol and its antioxidant
capacity, especially Curcumin, has brought promise to the
treatment of atherosclerosis, cancer, diabetes, respiratory,
liver, pancreatic, gastric, and intestinal diseases when sup-
plemented in the oral diet (76). Synbiotic therapy also
brings promise to improving nutrient absorption for the
critically ill patients.

Future research will concentrate on improved modes
of delivery and attempts at identifying immune-enhancing
substances that can prevent the deleterious effects of
nutritional depletion and starvation.

SUMMARY

Due to the prevalence of pre-existing malnutrition and the
risk of developing malnutrition in critically ill patients, it is
imperative to consider early nutritional supplementation.
When the patient’s GI tract is functional, the enteral route
is preferred. Again, the route of administration and the
formula used should take into account the patient’s clinical
state, anticipated duration of feeding, gut patency, and risk
of aspiration. Care must be taken to minimize the interrup-
tion of nutritional administration, and efficacy of nutritional
supplementation should be determined with weekly
measurements of metabolic parameters.

KEY POINTS

In situations where full enteral nutrition is not toler-
ated, as little as 20% of overall nutrient calories admi-
nistered to the gut can be sufficient to show benefits
as opposed to TPN alone (5).
Patients most likely to benefit from nutritional
support are those with baseline malnutrition in
whom a protracted period of starvation would other-
wise occur (8).
Early enteral feeding should be instituted in all severely
injured trauma patients (ISS . 17) without contraindi-
cations.
The current EAST guidelines (Fig. 1) recommend that
patients with blunt and penetrating abdominal injuries
be fed enterally because of the lower incidence of septic
complications compared with parenterally fed patients
(11).
The goal in burn patients is to initiate enteral nutrition
within six hours of presentation to prevent body weight
loss of more than 10% of their baseline status (14).
To prevent devastating losses of nutrient stores and
improve patient outcome, nutritional supplementation
should begin no later than 72 hours following TBI (18).
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After the acute SCI phase, there is a period of reduced REE
in proportion to the amount of paralyzed muscle mass.
Enteral feeding by an N-J tube or percutaneous jeju-
nostomy has largely replaced TPN in the management
of patients with pancreatitis (24).
Patients with SIRS with or without MODS have
elevated total caloric requirements, increased net
protein catabolism, and increased micronutrient
requirements (27).
Gut perforation after repair generally remains secure
and is not necessarily put at risk of leakage by enteral
nutrition started at 48 hours after surgery (30).
For malnourished patients undergoing resection of
their tumor, 7 to 10 days of preoperative enteral nutri-
tion support is associated with a 10% reduction in mor-
bidity and improved quality of life (31).
The route of enteral nutrition administration is influ-
enced by the patient’s clinical prognosis, anticipated
duration of feeding, gut patency, motility and
anatomy, and risk of aspiration (32).
Patients who require long-term, that is, more than two
to four weeks, enteral nutrition require permanent
access for feeding.
Standard formulas are the most widely utilized form of
enteral nutrition. They are designed for patients with
normal or near-normal GI function.
Elemental formulas were created to provide a complete
set of nutrients in a form that required little or no
digestion; thus, it could be utilized in patients with a
dysfunctional GI tract (52).
The oral dietary supplements are true supplements,
that is, they are not nutritionally complete. The use of
these products is as an additional, highly concentrated
nutritional source for individuals who are unable to
ingest adequate nutrients with a standard oral diet (1).
When these adjustments fail to alleviate gastroparesis,
institution of promotility agents, metoclopramide and
erythromycin, can be utilized.
It is mandatory that clostridial infection, as the cause of
diarrhea be eliminated, as pharmacologic manipulation
of gut motility in an infected patient can result in severe
toxicity.
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INTRODUCTION

The concept and implementation of parenteral nutrition
(PN) began nearly a century ago. In 1912, Fohn and Denis
(1) reported that protein hydrolysis led to gut absorption.
These findings fostered the idea that the gut could be
bypassed to provide nutrition, and inspired Henriques and
Anderson (2), in 1913, to administer hydrolyzed protein
intravenously in an animal study. PN was actively investi-
gated following that study. A significant breakthrough
occurred in 1925 when Seibert (3) discovered that pyrogens,
elicited from bacteria, were responsible for the fever and
chills associated with the infusion of intravenous (IV) sub-
stances. In 1939, Elman and Weiner (4) reported on the first
successful use of total parenteral nutrition (TPN) in man.
However, TPN did not become widely accepted until 1967
when Dudrick et al. (5) at the University of Pennsylvania
demonstrated that normal growth and development could
occur solely with the administration of TPN [without any
enteral nutrition (EN) at all].

TPN became the predominant route of nutrition
administration in the 1970s, because it was widely available,
and could be used regardless of the patient’s gastrointestinal
(GI) function. In the 1980s, however, several unique advan-
tages of EN became more apparent, including the benefit
of direct nourishment of the gut endothelium by enteral
amino acids such as glutamine, the first-pass effect of EN
through the liver, decreased nitrogen losses compared to
TPN, less glucose intolerance, and so on. Furthermore,
data began to emerge demonstrating a survival advantage
with EN in certain trauma conditions (especially the burn
patient; see Volume 1, Chapter 34), as well as a decrease in
complication rates (e.g., line sepsis; see Volume 2, Chapter
49). According to a meta-analysis of prospective, random-
ized clinical trials among 27 studies, TPN is associated
with a higher rate of infection than EN in both malnourished
and nonmalnourished patients (6). PN is expensive because
of cost of admixture, placing venous access, laboratory
monitoring, and costs to treat complications (7). Protection
against gut atrophy, preservation of gut flora, and improved
immunocompetence became even greater positive attributes
of EN, and in the early 1990s the trend had reverted back
toward using EN whenever possible (Volume 2, Chapter 32).

Although the enteral route remains the favored portal
for nutritional administration to critically ill patients, TPN is
still required for patients who cannot be fed enterally. This
chapter reviews the indications for PN, the routes of

administration, and nutritional requirements in terms of
macronutrients (protein, carbohydrate, and fat) and micro-
nutrients (vitamins, trace elements, and electrolytes). Next,
the clinical applications of PN are discussed in terms of
initiation, maintenance, and withdrawal. The complications
of PN are then reviewed, followed by a brief summary of nutri-
ent monitoring considerations for patients receiving PN
(Volume 2, Chapter 31). Special disease states that are
common in critical illness (e.g., diabetes, renal failure, and
liver failure) are also reviewed in terms of their effect on
TPN. In the section “Eye to the Future,” current areas of
research are discussed.

INDICATIONS

EN (Volume 2, Chapter 32) represents the preferred route of
nutrition administration when the gut is functional and can
be used, whereas TPN remains the mainstay of nutritional
support whenever EN is contraindicated (Table 1), or gut
function is impaired either due to injury or ileus (from surgi-
cal manipulation, infection, or medications, especially
opiates) (Table 2). In these settings, TPN should be considered
after three to four days of starvation in previously healthy cri-
tically ill patients. In previously ill, malnourished, or severely
injured patients with a nonfunctioning GI tract or no enteral
feeding access, TPN should be considered earlier in their
care, that is, immediately postresuscitation when prolonged
critical care is anticipated. For example, patients who suffer
from small-bowel obstruction or malabsorptive capacity
such as inflammatory bowel disease or short gut syndrome,
and are expected to be nil per os (NPO) for greater than
seven days should be considered for TPN as soon as possible.

In a large study, TPN was only shown to benefit
severely malnourished patients, whereas TPN was associ-
ated with a worse risk benefit ratio in previously healthy
patients (i.e., complications including infections were
greater than nutritional benefits) (8). Thus, the risks of TPN
(line-related infections, hyperglycemia, refeeding syndrome,
hepatic dysfunction) must be weighed against the presumed
harm of a short-term (three to seven days) fasting.

ROUTES OFADMINISTRATION

Vein location, macronutrient concentration, and volume
capacity of the patient need to be carefully reviewed before
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the initiation of PN. Central vessels are able to handle
higher macronutrient concentrations compared with per-
ipheral vessels without the risk of thrombophlebitis or

vessel damage (9). True peripheral veins can tolerate no
more than 900 mOsm/L. Concentrations of calcium
�5 mEq/L and potassium �40 mEq/L should be used
whenever possible, and the infusion of lipids to decrease
osmolarity (10). As TPN solutions are hyperosmolar, a
large-diameter vein with adequate flow rate is required to

allow for rapid dilution of TPN products within the vessel.
Common peripheral PN (PPN) solutions contain no

more than 10% dextrose and 4% amino acids for safe admin-
istration. Full calorie and protein needs can only be met
when a patient is able to tolerate larger volumes of dilute
(compared with centrally administered) PN. Peripheral
veins can be used to administer isotonic fat emulsions and
hypocaloric dextrose solutions (i.e., ,10% dextrose).
However, their use is limited to merely preventing starvation
adaptation and minimizing nitrogen loss, because they
cannot accommodate the high osmolar load needed to
provide calories and nutrients required for TPN. Accord-
ingly, the authors recommend that TPN be administered
through either a standard central line or a peripherally
inserted central catheter line.

Owing to the anatomical location of the large veins
where central lines are placed, complications such as pneu-
mothorax, arterial cannulation, and air embolism can
occur. In addition, catheter-associated sepsis can be a poten-
tially lethal complication of this procedure in combination
with TPN use. Therefore, experienced personnel utilizing
proper sterile technique are recommended for placement
of central lines for PN.

Practical Considerations Regarding IV Site Selection
The technical details of central vein insertion are reviewed in
Volume 1, Chapter 10 and infectious considerations are pro-
vided in Volume 2, Chapter 49; these topics are beyond the
scope of this chapter, but certain practical considerations
warrant inclusion here.

The preferred site of central venous catheter place-

ment for PN is the subclavian vein. This route is most com-
fortable for the patient, following insertion, and is less easily

Table 1 Indications for Total Parenteral Nutrition

TPN indication

Issue and relative

importance

Exceptions—

recommendations

SBO Distended bowel Rest gut—no exception

Ischemic colon May not tolerate

feeding

Rest gut—until POD#1

surgical revision or

with improvement

Pancreatitis Feeding causes

pancreatic

enzymes to be

elaborated

Recent data support

trophic enteral feed-

ing, some believe

full EN is indicated

providing the tube is

in the jejunum

Short

gut syndrome

Inability to absorb

nutrients

Need jejunum to

absorb water, need

distal ileum to

absorb vitamin B12,

lack of colon, not as

devastating as lack

of small bowel?

Pancreatitis (now

controversial)

Feeding causes

pancreatic

enzymes to be

elaborated

Recent data supports

trophic enteral feed-

ing, some believe

full EN is indicated

providing the tube is

in the jejunum

The authors believe that the above total parenteral nutrition (TPN)

indications encompass the major clinical situations where enteral nutrition

is contraindicated. Whenever the gut can be used, the authors recommend

providing enteral nutrition (EN) rather than administering TPN.

Abbreviations: EN, enternal nutrition; POD, postoperative day; SBO, small

bowel obstruction.

Table 2 Reasons Why Physicians May Halt Enteral Nutrition

Reason to halt Enteral Nutrition Cause Treatment

High residuals 7 cm3/kg

(after 4–5 hr of tube feeding)

Gastric atony, small bowel obstruction,

ileus, rate of feeding too fast

Rule out obstruction (rectal exam,

KUB and lateral decub or upright

abdominal film); if no obstruction,

resume feeding, at slower rate; if high

residuals occur second time, provide a

brief period of bowel rest (4–24 hr),

then resume enteral feeding; also,

attempt to reduce opiates, and add or

increase reglan or cisapride

Vomiting All above, plus hypotension, improper

tube placement, TF osmolality too

high, medications coadministered,

critical illness

Same as above, except rest till patient no

longer vomiting; also, consider anti-

emetics, including odansatron

Diarrhea Sorbitol elixirs, intolerance of medi-

cations (e.g., antibiotics), bacterial

infection (e.g., Closridium difficile)

Omit offending agents, provide bulk,

treat infection (e.g., C. difficile Rx

with Flagyl or oral vancomycin)

Constipation Opiates, dehydration, lack of fiber Limit opiates (e.g., switch to nonsteroi-

dal antiinfilamatory drugs), hydrate,

suppositories, fiber

Abbreviations: KUB, kidneys, ureter, bladder; TF, tube feeds.
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dislodged as compared with the internal jugular route. Fur-
thermore, the subclavian site has the lowest infection rate of
the common central line access locations (Volume 2, Chapter
49). When the subclavian site is unavailable, the internal
jugular (uncomfortable) or the femoral vein (increased risk
of lower extremity deep vein thrombosis and limitation of
mobility) may be used.

If a pulmonary artery (PA) catheter is placed, some
recommend against infusing through the distal PA port,
with the concern that this may lead to pulmonary infiltrates.
However, there are no published data to support this asser-
tion. Consequently, PN can be instilled through any of the
ports not being used for other drugs (typically the right
atrium or right ventricle infusion ports, but even the PA
distal port can be used for short durations when needed).

Skin Site Preparation and Maintenance
The skin site should be scrubbed with a chlorhexidine prep-
aration and permitted to dry for at least 30 seconds prior to
catheter insertion. Surgical caps, mask, sterile gown, and
gloves are mandatory. In addition to the site drape provided
in the kit, a sterile full body sheet should be draped across
the patient in order to minimize contamination.

After the catheter is inserted and sutured in place, the
skin should be thoroughly washed with a saline-soaked
gauze and dried with a clean sterile gauze to eliminate any
residual blood—which can become a nidus for infection.
Next, a clear adhesive dressing should be placed over the
venepuncture and catheter suture sites, in order to further
decrease the infection rate (11). A postprocedure chest radio-
graph is obtained to confirm placement and assure proper ana-
tomical location. Dressings should be sterilely changed daily.

The catheter should be used solely for PN, to minimize
the possibility of contaminating an entry port to the catheter.
The catheter should be routinely changed per standard
protocols (Volume 2, Chapter 49).

ENERGY, FLUID, AND MACRONUTRIENT REQUIREMENTS
Energy Requirements
There are several methods that can be used to determine
energy expenditure (Volume 2, Chapter 31). Indirect
calorimetry is considered as the golden standard for the
measurement of metabolic rate and substrate utilization.

The measurement of inspired oxygen (O2) and expired
carbon dioxide (CO2) are used to calculate resting energy
expenditure and respiratory quotient (RQ). The RQ is the
ratio of CO2 production (V̇CO2) and O2 consumption
(V̇O2), and reflects the net substrate utilization of carbo-
hydrate, protein, and fat. The goal of normal RQ in parent-
eral nutrition and TPN is to obtain mixed fuel utilization,
which is demonstrated by an RQ of approximately 0.8,
within the range 0.85–0.95 (7). A low RQ �0.7 indicates fat
oxidation, and a high RQ (.1.0) indicates lipogenesis,
which occurs with excess total calorie or carbohydrate
administration (12). However, the low specificity and sensi-
tivity of RQ may be an unreliable tool in the assessment of
under- or overfeeding the critically ill patient (13).

Limitations to indirect calorimetry include inaccura-
cies in the measurement of gas exchange, cost, and avail-
ability of the apparatus. When indirect calorimetry is not
available, the use of predictive equations is necessary to
determine energy requirements.

The Harris–Benedict equation is commonly used to
estimate basal energy expenditure (BEE) (14). Developed in

1919, the equation was derived from indirect calorimetry
measurement of healthy men and women:

Men: BEE ¼ 66þ 13:8(wt in kg)þ 5(ht in cm)� 6:8(age)

Women: BEE ¼ 655þ 9:6(wt in kg)

þ 1:8(ht in cm)� 4:7(age)

Activity and stress factors, which add to the BEE, have
also been studied (15). The overaddition of these factors may
cause an overestimation of energy requirements and over-
feeding (16). Therefore, hypermetabolism and nutrition
requirements in critically ill patients should be carefully
scrutinized, with the goal of providing adequate calories,
but not overfeeding.

In general, the increases observed in metabolic rate are
reported to be 110% to 120% in elective surgery and medical
patients, 135% to 150% in trauma, and 150% to 170% in burns
and sepsis (17–22). Comparisons between the Harris–
Benedict equation and measured energy expenditure have
demonstrated that these formulas only provide a good first
approximation, and that actual measurements (e.g., indirect
calorimetry) are required to provide conclusive caloric
requirements and expenditure data. Other methods may
be used to determine the adequacy of nutrition (see sub-
sequently, and Volume 2, Chapter 31).

General recommendations for most acutely ill patients
are to provide a range of 25 to 30 nonprotein calories per
kilogram per day (23,24), and 1.25–2 g protein per kilogram
per day (25). The caloric requirements should be individua-
lized with respect to the degree of stress and/or sepsis, organ
failure, percentage of ideal body weight (IBW) or BMI, age,
pharmacological therapy, and presence of quadri- or para-
plegia. IBW may be derived by using the Hamwi method.
For men: 106 lb (for first 5 ft)þ 6lb (for each additional
inch past 5 ft). For women: 100 lb (for first 5 ft)þ 5 lb (for
each additional inch past 5 ft). For example, the IBW for a
6-ft 1-in male would be 106 lbþ 6(13 in) ¼ 178 lb. IBW
,90% is considered underweight, .125% overweight,
.130% obese, and .150% morbidly obese. The calories
should be provided in the form of protein, carbohydrate,
and fat as described subsequently.

Fluid Requirements
The fluid management in PN depends upon the hydration
status of the patient. Solutions may be concentrated or
volume expanded as necessary. In the acute care setting,
supplemental IV fluids can be provided in case of dehydration
or resuscitation. In terms of baseline fluid requirements,
administering the equivalent milliliter of fluid as the patient’s
calculated basal caloric requirements generally provides the
appropriate hydration (e.g., approximately 30 mL/kg/day in
a 70-kg patient equals about 2.1 L of TPN solution per day).

Generally TPN orders should be written twice daily, so
that changes in electrolytes or acid base status can be
addressed on an every 12-hour basis, without wasting
too much of the costly TPN solution. Additional fluid
requirements are supplemented via additional IV fluid. In
the hemodynamically stable patient, this is administered as
one-half normal saline. In hemodynamically unstable
patients, larger fluid volumes with higher sodium-containing
formulations are utilized.

Macronutrients
Protein

The provision of adequate protein as an energy

source is necessary for proper utilization of amino acids.
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Healthy adults require 0.8–1.0 g of protein per kilogram per
day (26).

The role of protein administration in critical illness is
to decrease muscle catabolism, aid wound healing, and
support/enhance immune function. Recommendations for
hospitalized patients vary with disease state (Table 3).
Critically ill patients without renal or hepatic dysfunction
generally require �1.5 g of protein per kilogram per day
(27–29). Patients with protein-losing medical conditions
such as burns, large wounds, or high, output GI fistulas
may require additional protein of up to 2.0 g of protein per
kilogram per day.

Patients with chronic renal failure should have their
protein restricted to 0.6–0.8 g/kg/day (30). In patients who
are dependent on hemodialysis or peritoneal dialysis,
protein requirement may be increased from 1.2 to 1.3 g/kg/
day (31,32). Patients who receive renal replacement
therapy (CRRT, CVVHD, or CVVHDF) have daily protein
requirements of up to 2.5 g/kg/day in order to achieve nitro-
gen balance due to the hypercatabolic nature of acute renal
failure and protein losses during filtration (33).

In hepatic disease, protein restriction is not
recommended (in the absence of encephalopathy) due to
the prevalence of catabolism and malnutrition. In acute
hepatic encephalopathy, a temporary restriction of protein
to 0.8 g/kg/day may be warranted (34,35). Furthermore,
patients with hepatic encephalopathy have an impaired
ability to metabolize aromatic amino acids (AAAs) and
may have a depressed concentration of branched chain
amino acids (BCAAs). Accordingly, BCAAs should be used
rather than AAAs in the case of chronic hepatic encephalo-
pathy unresponsive to protein restriction and pharmacother-
apy. BCAAs by themselves, as a specific treatment for
hepatic encephalopathy, have not been shown to decrease
mortality (36–39).

Currently, parenteral protein is provided as crystal-
line amino acids. This formulation does not promote
microbial growth and has improved nitrogen balance
when compared to previously used casein solutions (40).
The amino acid profile is based on the recommendations
of the World Health Organization (WHO) for adequate
essential amino acid (EAA) proportions (41). The concen-
tration of the solutions ranges from 2.25% to 15%. Gener-
ally, 1 g of protein provides four calories in PN solutions.

There are several modified amino acid profiles that are
available for certain diseases or conditions. In renal failure, it
was hypothesized that if only EAAs were provided it would

result in improved urea recycling and conversion to
nonessential amino acids. Studies have challenged the
theory of urea recycling and have demonstrated that syn-
thesis of all amino acids is not accomplished (42–44).
Several studies have not shown improvement in renal
function, catabolism, or mortality when parenteral EAAs
are provided (44–47).

In sepsis and injury, exogenous BCAAs may improve
protein synthesis as they are used preferentially by skeletal
muscles when plasma levels are depressed. Several studies
on parenteral BCAAs in critical illness have yielded
varying results. Some have shown improved protein
synthesis, however, mortality was not improved (48–51).
The use of parenteral BCAAs is therefore controversial.

Glutamine is a conditional EAA during hyper-
catabolic states, such as stress, trauma, or burns
(52,53). Glutamine is involved in protein synthesis, trans-
port, and supports rapidly dividing cells such as lympho-
cytes and enterocytes. Glutamine is absent from
commercially available parenteral feeding formulas
because it is unstable, and is degraded to the toxic pyroglu-
tamic acid when stored in aqueous solution. In experimental
protocols, glutamine has been added successfully to the PN
solution, and is available for parenteral use in Europe as a
dipeptide. In parenteral solutions, glutamine has recently
been shown to be stable, and dipeptides have been included
in PN (54,55). Glutamine in EN has been shown to stimulate
the gut luminal mucosa, however, in the parenteral form
this has not been shown.

Several recent studies regarding parenteral sup-
plementation of L-glutamine or L-alanyl-L-glutamine in criti-
cal illness have shown improved nitrogen balance, decreased
length of stay, decreased infection, and in some studies,
reduced mortality (56–63). However, not all studies have
been able to replicate these results (64). The level of glutamine
supplementation varied and thus the role of parenteral gluta-
mine remains controversial.

Glutamine is absent from commercially available par-
enteral formulas because of its aforementioned instability
and degradation to pyroglutamic acid (toxic in aqueous
solution). However, parenteral glutamine is mainly useful
for gut luminal nutrition when administered enterally;
hence, its absence from parenteral formulas is not con-
sidered problematic. In protocol settings, glutamine may
be added to parenteral solutions. Further research and
development is required to consider glutamine as part of a
commercially mandatory supplement in PN solution.

Table 3 Water and Nutrient Requirements for Total Parenteral Nutrition

Water/nutrient Per kg basis

Average amount for 70-kg

patient over 24 hr

Water 4 cm3/kg/hr (first 10 kg) 960 cm3

2 cm3/kg/hr (second 10 kg) 480 cm3

1 cm3/kg/hr (subsequent kg) 1200 cm3 2640 mL/24 hr

Carbohydrate (D20) 4–6 g/kg/min (GIR); D20 ¼ 200 g glucose L 2 mg/kg/min GIR

Protein 0.8–1 g/kg/day—healthy 56–70 g/day

1–1.2 g/kg/day—mild stress 70–84 g/day

1.2–1.5 g/kg/day—moderate stress (i.e., dialysis, trauma) 84–105 g/day

1.5–2 g/kg/day—severe stress (i.e., CVVHD/HDF, burns) 105–140 g/day

Fat (240 mL/day,

20% intralipid)

,1 g/kg/day or ,0.1 g/kg/hr 0.8 g/kg/day or 0.03 g/kg/hr

Abbreviations: CVVHD, continuous veno-venous hemodiafiltration; GIR, glucose infusion rate; HDF, hemodialysis filtration.
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Carbohydrate
Within 24 hours of metabolic stress, glycogen stores in the
liver and skeletal muscle are depleted. The body converts
skeletal muscle protein (primarily glutamine and alanine)
to glucose via gluconeogenesis to meet basal metabolic
demand. The minimum requirement of glucose is 100–
150 g/day to fuel the brain, renal medulla, and white and
red blood cells (65). The maximum glucose utilization rate
in critical illness is 5–7 mg/kg/min (66,67). Providing
carbohydrate in excess can lead to hyperglycemia, hyper-
triglyceridemia, and an increased RQ (.1.0).

The primary purpose of parenteral carbohydrate is to
provide an energy source. The parenteral carbohydrate
approved and commonly used in the United States is
glucose. Parenteral glucose solutions are in the form of
dextrose monohydrate, which is available in concentrations
of 2.5% to 70%. A 5% dextrose solution contains 5 g/100 cm3

or 50 g/L. Most TPN regimens utilize �25% dextrose
(D25) and most PPN regimens utilize �10% dextrose (D10)
for safe osmolarity infusion. One gram of dextrose pro-
vides 3.4 calories. Thus, 1 L of D25 provides 250 g or 850 cal-
ories, and most 70-kg patients would receive about 2 L of
this solution at a glucose infusion rate of 2.5 mg/kg/min
(Table 3). Owing to the high osmolarity of parenteral dex-
trose, concentrations .10% require infusion through a
central line. Other forms of carbohydrate have been
studied, including fructose (68), sorbitol (which is converted
to fructose), xylitol (69,70), and glycerol in traumatized
patients (71,72). Alternate carbohydrate sources are not
available in the United States.

Fat
Lipids in parenteral solutions provide calories and prevent
essential fatty acid deficiency (EFAD). EFAD can develop in
three weeks of fat-free PN. Providing approximately 2%

to 4% of total calories as linoleic acid can prevent the occur-
rence of EFAD (73,74). The use of topical vegetable oils to
prevent EFAD is controversial (75–78). Additional topics
relating to EFAD are discussed subsequently.

The type of parenteral lipid available in the United
States is composed of long-chain triglycerides (LCTs).
There have been studies suggesting LCTs impair the
immune system, specifically the reticuloendothelial system
(RES) (79). Current recommendations are to limit lipids to
1 g/kg/day or ,0.1 g/kg/hr (Table 3). Alternatively, patients
can receive 25% to 30% total calories as lipids as a result of
concern over the impact of immune suppression in hospital-
ized patients (80,81).

In the United States, parenteral lipids contain soybean
and/or safflower oil, egg yolk phospholipid, and glycerol
emulsifiers. The concentrations available are 10%, 20%, and
30%, with the latter available only in total nutrient admix-
tures. The 10% emulsion contains 1.1 calories per mL, the
20% contains 2 calories per mL, and the 30% contains 3 cal-
ories per mLl.

Owing to the impairment of the RES with LCTs, inves-
tigations into alternative lipid sources are ongoing. The
“structured lipids” commonly studied are a mix of LCT
and medium-chain triglycerides (82,83). Structured lipids
are not commercially available in the United States. The out-
comes reported are improved liver function tests, no
increase in low-density lipoprotein:high-density lipoprotein
cholesterol ratio, and correction of fatty acid pattern imbal-
ance. Additional alternatives to LCTs are omega-3 fatty
acids (84) and short-chain fatty acids (85).

The maximum infusion time of intralipids for 2-in-1
PN solutions should be limited to less than 12 hours as
recommended by the Centers for Disease Control, due to
reports of gram-negative sepsis associated with IV fat emul-
sions infusing for periods .12 hours (86). However, intrali-
pids composed in TNA or 3-in-1 mixtures have decreased
the risk of bacterial growth because of the low pH environ-
ment (87).

MICRONUTRIENT REQUIREMENTS
Electrolytes
Electrolytes are added to PN for maintenance or repletion.
The quantity will vary depending on the clinical condition
of the patient and prescribed medications. Electrolytes
provided in PN are sodium, potassium, magnesium, chlor-
ide, lactate, and phosphorus. Sodium and potassium can
be provided as acetate or chloride if an acid–base imbalance
exists. In situations where the patient is noted to have a
hyperchloremic metabolic acidosis (e.g., large diarrhea
output, fistulas, or renal tubular acidosis, or iatrogenic),
then acetate should be provided in larger quantity than
chloride. Typically, calcium is provided as gluconate, and
magnesium is provided as sulfate due to improved solubility
and compatibility (88). Phosphorus may be provided as the
sodium or potassium salt.

Guidelines for the quantity of electrolytes to be pro-
vided in parenteral solutions vary (Table 4). Generally, the fol-
lowing range of electrolytes are recommended per liter:
sodium 100–150 mEq, potassium 60–120 mEq, magnesium
8–24 mEq, calcium 9–22 mEq, and phosphorus 15–30 mEq
(89). A sum of less than 40 mEq/L should be used for
calcium and phosphorus to prevent precipitation. Manage-
ment of electrolytes should be assessed with clinical judgment.
Medical situations such as renal failure, cardiac issues,
hydration status, and intestinal losses should be considered.

Vitamins
The current recommendation for the vitamin solutions for
PN is from the Nutrition Advisory Group of the American
Medical Association (AMA) in 1975 (Table 5) (90). The
recommendations were created to prevent clinically signifi-
cant deficiency or toxicity. Most multivitamin preparations
are formulated to meet the recommendations. The multivita-
min preparation (MVI-12) was studied and found to provide
adequate amounts of vitamins except for ascorbic acid in a
few of the subjects (91). There has been concern over the
possibility of increased vitamin requirements in critically
ill or injured patients. Individual vitamin preparations are
available, if needed. Parenteral multivitamin preparations
are being reformulated to include vitamin K; however, cur-
rently vitamin K should be added to the parenteral solution
weekly.

Trace Elements
The most commonly supplemented trace elements are zinc,
chromium, manganese, selenium, and copper, based in
part on 1977 AMA recommendations (Table 6) (92). Other
elements may be additionally supplemented, if needed.
There are commercially available trace element preparations
for PN. Molybdenum is not routinely supplemented;
however, there is one single case of deficiency in a patient
on long-term PN (93).
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In patients with hepatic dysfunction, withholding
manganese and copper may be warranted as they are
excreted in bile (94–99). Iron has not been included in
trace element preparations due to the potential for anaphy-
lactic reaction. If a patient is on long-term PN and NPO,
small amounts of iron dextran may be added to parenteral
solutions containing amino acids and dextrose (100). There
are conflicting reports on the compatibility of iron with
lipid-containing parenteral solutions (101,102).

IMPLEMENTATION OF PARENTERAL NUTRITION
Initiation
Before initiation of PN, abnormal electrolytes must be
corrected. Once electrolytes are within normal limits, there
are a variety of ways to initiate PN. Important factors to
consider are the patient’s ability to tolerate fluid volume,
glucose intolerance, and renal function (i.e., electrolyte
status). If fluid tolerance is not known, initiation of PN with
1000 mL of fluid may be prudent. For patients without
known diabetes or glucose intolerance, dextrose may be
started at 200 g. If diabetes or glucose intolerance is a
concern, dextrose may be restricted to 100–150 g and
sliding scale regular insulin ordered with blood glucose mon-
itored every four to six hours (67,103). Regular insulin

may then be added to the parenteral solution at one-half to
two-thirds the previous day’s total sliding scale insulin cov-
erage. Asthedextroseisincreasedtogoal,theinsulinrequire-
ments will increase. If a patient is unstable, septic or otherwise
physiologically stressed [common in the surgical intensive care
unit (SICU) setting], a separate insulin infusion line will better

control glucose due to fluctuations from changes in clinical
status. The goal range of blood glucose in the hospital setting
has been recently studied (Volume 2, Chapter 60), and tighter
glucose control has been observed to improve outcomes, and
shown decreased rates of infection, ventilator days, renal
failure, length of stay, and mortality (104–106). Current rec-
ommended goals in critically ill patients are glucose levels
between 80 and 110 mg/dL (Volume 2, Chapter 60).

Amino acids may be given at goal on the first day of
PN if renal function is normal, and the patient is hemodyna-
mically stable. Lipids may also be given on the first day if
serum triglycerides are less than 400 mg/dL and remain at
this level after lipids are infused (107).

Advancement and Maintenance
The limits to advancing PN are hyperglycemia and fluid
tolerance. If these factors are controlled, PN may be
advanced on the second day. If hyperglycemia persists, the
dextrose content may be increased to goal in increments as
insulin is increased.

Cyclic Feeding Strategies
Cycling PN may be beneficial in stable patients on long-term
support. In addition to allowing a patient time-off of an infu-
sion pump at home, cycling can also decrease hepatic com-
plications (108). The potential benefit is derived from
mimicking the physiologic fast and feed states. Cycling
usually occurs gradually over a two- to three-day period to
monitor tolerance to fluid volume and glucose load (109).
Patients with impaired renal, cardiac, or hepatic function
may not tolerate the rapid volume infusion. Depending

Table 4 Electrolyte and Mineral Requirements for Total Parenteral Nutrition

Electrolyte

Recommended daily intake

(adults) Effects of serum deficiency Effects of serum excess

Sodium 100–150 meq Generalized edema, confusion,

hypotension, irritability,

lethargy, seizures

Decreased skin turgor, mild

irritability in some cases,

elevated BUN and hematocrit

Potassium 60–120 meq Cardiac dysrhythmias (U-

waves), multiple irritable

dysrhythmias

Cardiac dysrhythmias (peaked

T-waves), may not be able to

resuscitate without calcium

chloride

Chloride/acetate 100–150 meq to maintain acid/
base balance

Seen in contraction alkalosis Non-gap metabolic acidosis

Bicarbonate Not added to PN: precipitates

with calcium and magnesium;

changes pH with solution

Metabolic acidosis Metabolic alkalosis

Calcium 10–15 meq Parasthesias, irritability, tetany,

ventricular arrhythmias

Confusion, dehydration, muscle

weakness, nausea, vomiting,

coma

Phosphorus 400–900 mg Muscle weakness, (muscle injury

when severe), red blood cell

rigidity, leftward shift in the

Oxy-Hbg curve (increased O2

affinity for oxygen and

decreased release at tissues)

Parasthesias, flaccid paralysis,

mental confusion, hyperten-

sion, cardiac arrythmias, soft-

tissue calcification with

prolonged elevated levels

Magnesium 120–240 mg Cardiac dysrhythmias, neuro-

logical irritability (including

seizures), neuromuscular irrit-

ability (including tetany)

Respiratory paralysis, hypoten-

sion, premature ventricular

contractions, lethargy, cardiac

arrest, coma, liver dysfunction

Abbreviations: BUN, blood urea nitrogen; Hbg, hemoglobin; PN, parenteral nutrition.

610 Bochicchio et al.



on patient tolerance, PN can be cycled down to 12 hours, a
one-hour taper up and down with either 50 mL or one-half
of the goal infusion rate is recommended. Patients with dia-
betes or glucose intolerance will require slow down (at least
a two-hour taper) to prevent hypoglycemia.

COMPLICATIONS
Refeeding Syndrome
Refeeding syndrome may occur in malnourished or under-
fed patients. Hospitalized patients at risk of refeeding syn-
drome are those who have sustained significant recent
weight loss, been kept NPO for greater than 7 to 10 days,
as well as those with chronic medical conditions, or
alcoholism (110,111). Refeeding syndrome is character-
ized by hypophosphatemia, hypomagnesemia, hypokale-
mia, and hyperinsulinemia. Hypophosphatemia is the
most frequently observed. Refeeding syndrome is the
result of the body shifting from utilizing stored fat to

carbohydrate as the primary energy source. As a result,
insulin levels increase and as the body shifts to anabolism,
electrolytes are consumed via intracellular pathways (112).
Thiamine deficiency may contribute to the effects of refeed-
ing syndrome. Fluid retention occurs due to hypoalbumine-
mia, elevated sodium levels, and carbohydrate metabolism
(113,114). Signs and symptoms of refeeding syndrome may
include lethargy, weakness, edema, respiratory depression,
and cardiac dysrhythmias.

Reducing the occurrence of refeeding syndrome
should be considered in patients at risk of developing symp-
toms. It is ideal to correct electrolyte imbalances prior to
initiating nutritional support. Patients with a history of
alcoholism should receive vitamin repletion including
supplemental thiamine (115). The patient’s actual weight
should be used in determining calorie and protein require-
ments. In addition, energy goals for PN should be achieved
over the course of several days. When PN is initiated,
additional phosphorus, magnesium, and potassium may
be added to the solution. During advancement of PN, elec-
trolytes, fluid volume status, and the general condition of
the patient should be monitored closely.

Glycemic Control
Difficulty in managing glucose levels is frequently encoun-
tered during PN. Critical illness and stress may compound
the problem. Hypoglycemia and, more frequently, hyper-
glycemia can occur.

Table 5 Vitamin Requirements for Total Parenteral Nutrition

Vitamin

Recommended

daily Intake Effects of serum deficiency

A 4500 IU Infections/sepsis

Thiamine

(B1)

5 mg Wernicke’s encephalopathy and

Korsakoff’s psychosis acidosis,

inability to metabolize nutrients

via Kreb cycle

Pyridoxine

(B6)

6 mg Neuropathy, dermatitis, irritability

B12 3 mg Megaloblastic anemia, glossitis

C 50 mg Scurvy

D 400 IU Ricketts but exposure to sunlight

recommended rather than IV

vitamin D which causes bone

pain and fractures

E 15 IU Increased oxidants, and dermatitis

K Up to

10 mg/day

Decreased vitamin K-dependent

coagulation factors: II, VII, IX,

X, and decreased anticoagula-

tion factors: protein C, protein S

Folic acid 400 mg Neuropathy, glossitis

Niacin 15 mg Delerium, confusion, dermatitis

pelagra: dark red erethema of

exposed skin, cracked skin,

stomatitis, diarrhea

Riboflavin 1.8 mg Glossitis, cheilosis, pruritis,

anogenital inflammation

Pantothinic

acid

15 mg Listlessness, fatigue, irritability,

restlessness, malaise, sleep

disturbances, nausea, abdominal

cramps, vomiting, diarrhea,

neuromuscular disturbances,

hypoglycemia, increased insulin

sensitivity

Biotin 60 mg Anorexia, pallor, glossitis, nausea,

vomiting, depression, lethargy,

muscle pain, hair loss, erythe-

matous seborrheic dermatitis,

elevated bile pigments/
cholesterol

Abbreviation: IV, intravenous.

Table 6 Trace Element Requirements for Total Parenteral

Nutrition

Trace element

Recommended daily

intake Effects of deficiency

Zinc 2–4 mg/L (catabolic) Dermatitis, alopecia,

impaired wound

healing, impaired

immune function,

psychiatric disturb-

ances, gonadal

atrophy

12.2 mg/L (small

bowel losses)

17.7 mg/L (ileostomy

or rectal losses)

Copper 300–500 mg Anemia, demineraliza-

tion of bone, vascu-

lar aneurysms

Iron 0.5–1.5 mg/day in

fat-free PN in the

form of iron dextran

Anemia

Selenium 50–100 mg Cardiomyopathy,

myositis, arthritis,

hair, and nail

changes

Chromium 10–15 mg Glucose intolerance,

peripheral neuropa-

thy, hyperlipidemia

Manganese 2–5 mg Bleeding disorders,

impaired wound

healing

Molybdenum 10–50 mg Amino acid intolerance

Abbreviation: PN, parenteral nutrition.
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Hyperglycemia is a common complication of PN. The
causes include stress, insulin resistance or diabetes, steroids,
infection, organ failure, and high dextrose concentrations.

Morbidity and mortality are affected by untreated or
poorly treated hyperglycemia (Volume 2, Chapter 60), there-
fore controlling glucose is a priority (104–106). If a
patient is a known diabetic, or has elevated glucose values
prior to initiation of PN, sliding scale regular insulin and
blood glucose monitoring should be started. If a patient
has normal glucose values, monitoring blood glucose
changes for the first three days of PN may be prudent. The
use of insulin drips in the ICU or monitored setting may
be beneficial in achieving tight control.

Hypoglycemia is a complication of PN when exogen-
ous insulin is provided in excess of need. Symptoms
include dizziness, impaired vision, diaphoresis, headache,
and confusion. If a patient has labile glucose values, an
insulin drip may improve glucose control. When insulin is
added to the parenteral solution, caution should be used in
determining the quantity. Insulin adsorbs to glass bottles,
polyvinyl chloride bags, and tubing used for PN infusion
and therefore, insulin requirements may be increased and
bring a challenge to excellent blood sugar control (116).
Insulin availability may be increased when a combination
of MVIs and trace elements are present in the PN solution
(117). Changes in medical condition or medications, such
as resolution of an infection or tapering of steroids, should
be monitored. Whenever PN is discontinued or cycled,
insulin infusion should be likewise turned down. Tapering
the PN solution for one to two hours may prevent rebound
hypoglycemia. When unplanned interruptions in PN
infusion occur, administering a dextrose-containing IV
fluid such as dextrose 10% at the same rate for up to four
hours may prevent hypoglycemia from abrupt termination
of the high dextrose infusion.

Essential Fatty Acid Deficiency
The occurrence of EFAD with PN in the United States is pri-
marily the result of allergic reactions to IV lipids, or in
patients with a contraindication for lipids for several
weeks both resulting in lipid-free solutions. In hospitalized,
stressed patients, reports of EFAD occurred in one to three
weeks (75,76). In stable patients, EFAD may occur within
one month (78). The symptoms include dermatitis, alopecia,
poor wound healing, increased platelet aggregation,
increased capillary fragility, and hepatic dysfunction (118).

Providing 2% to 4% total calories as fat prevents
EFAD. There are reports of using topical vegetable oils to
correct EFAD, however the results varied (75–78). If EFAD
is suspected as a result of lipid-free PN for .1 month, asses-
sing fatty acid status should be completed. A sensitive diag-
nostic indicator is the triene:tetraene ratio (119). A ratio
above 0.4 indicates EFAD.

Hepatic Dysfunction
The hepatic dysfunction that develops during PN is multi-
factorial, contributes to morbidity, and it is not well under-
stood. With long-term PN, in particular, there exists a
pattern of hepatic dysfunction and potentially hepatic
failure. Laboratory abnormalities develop in succession,
initially with aspartate animotransferase, then alkaline phos-
phatase (AP), and finally with bilirubin (120). Malnourished
patients reveal an early rise in AP in addition to cholestasis
(121). The incidence of laboratory abnormalities varies from
25% to 100% (122). Both intrahepatic and extrahepatic

abnormalities and complications may occur. Generally, the
pathophysiology is reversible after the discontinuation of
PN. When long-term PN is given with a modest amount of
macronutrients and a minimal amount of fat emulsions,
abnormal liver enzymes are common, but severe liver
dysfunction is unusual (123).

The most common and earliest intrahepatic compli-
cation from PN in adults is steatosis (124). Steatosis can
occur as early as five to seven days after the initiation of
PN with elevation of liver enzymes with in the first three
weeks. The causes may include EFAD, choline deficiency,
carnitine deficiency, glutamine deficiency, bacterial translo-
cation, and excessive caloric or carbohydrate provision.

The development of cholestasis is more common in
infants than adults. Cholestasis generally follows steatosis if
PN is not discontinued. Other risk factors for cholestasis
include sepsis, EFAD, particular amino acid deficiencies, and
length of time on PN. The pathogenesis in adults is unknown.

Although treatment for hepatic dysfunction remains
under investigation, there are proposed options for reducing
the risk and potentially reversing steatosis and cholestasis.
Cycling PN may improve laboratory values and resolve hepa-
tomegaly (108). Providing PN over a shorter duration of time
allows for the conversion to fat oxidation, which promotes
lipid mobilization and transport (125–127). The addition of
a lipid emulsion to PN in place of carbohydrates has
decreased the incidence of hepatic dysfunction (128), and it
allows one to avoid excessive caloric or dextrose loads. Mod-
ifying the amino acid content to include taurine may be ben-
eficial, especially in pediatric PN (129–131). Supplementing
PN with choline (132,133), glutamine (134,135), and/or carni-
tine (136) have been proposed as treatment options for hepatic
steatosis. Choline may be mandatory for the synthesis of lipo-
proteins used in triglyceride transport from the liver to per-
ipheral locations (137). Glutamine may minimize hepatic fat
uptake and increase alanine flow through the portal route,
thereby promoting ideal hepatic metabolism. Carnitine sup-
plementation (1 g/day for home PN patients) has not shown
improvement in steatosis although carnitine deficiency has
been proposed as a possible cause of steatosis (136). Of
course any amount of enteral feeding, if possible, may
decrease hepatic dysfunction (138).

Micronutrient Deficiencies
Once PN tolerance of macronutrients is established, the daily
focus of management shifts to electrolyte balance, and
potential deficiencies of electrolytes, vitamins, and minerals.
In critical illness, deficiencies may occur due to GI losses,
organ dysfunction, surgery, injury, and certain medications.
Increased need for zinc due to GI losses should be
considered (Table 6) (12). In long-term PN, there have been
reports of vitamin and mineral deficiencies. This became
apparent during the nationwide multivitamin shortage
when several cases of thiamine deficiency and death were
reported (139,140). In addition, reports of selenium
deficiency due to long-term, selenium-free PN were docu-
mented (141,142). Clinical judgment and laboratory values
should be used to prevent or treat potential deficiencies in
patients who are at risk.

NUTRITIONMONITORING

When initiating PN support, the patient’s baseline nutritional
status should be evaluated, and the ongoing nutritional

612 Bochicchio et al.



adequacy must be monitored and assured. Volume 2, Chapter
31 covers this topic in greater detail, but it will be briefly dis-
cussed here in general terms. A simple and relatively inexpen-
sive way to evaluate nutritional status is to measure serum
proteins. The most common proteins that are measured
include albumin (half-life ¼ 21 days), transferrin (half-life¼
8–9 days), and prealbumin (half-life ¼ 2–3 days) (143).

The most accurate reflection of a critically ill patient’s
current nutritional state is obtained from the prealbumin
level. Of course, multiple factors can impact on the concen-
tration of these proteins including resuscitation, hemoglobin
level, and degree of liver failure. Accordingly, following the
trend of these proteins in addition to the absolute value is
most beneficial. It is optimal to institute standard protocols
for obtaining monitoring of nutritional status; for example,
every Monday and Thursday, so that the level of progress
can be assessed. If the albumin, transferrin, and prealbumin
levels have increased, this represents a positive trend and
the nutritional plan should be maintained. If the trend is
negative or improvement continues at a slow rate, one
must reassess the nutritional needs in order to determine
an alternative plan to reverse the negative trend. In addition
to prealbumin levels, triglyceride levels and liver function
enzymes should be monitored on a weekly basis. Triglycer-
ide levels of ,250 mg/dL after four hours and ,400 mg/
dL after continuous infusion are acceptable (144). If levels
remain elevated, providing intralipids of 250 mL two to
three times weekly to prevent EFAD is appropriate. An
increased trend of liver function enzymes may suggest the
need for cycling PN, decreasing macronutrient concen-
trations, and minimizing trace elements to zinc, chromium,
and selenium (see subsequently for more information).

SPECIAL DISEASE STATES AND PARENTERAL NUTRITION

Disease processes such as diabetes, renal failure, and hepatic
failure present special concerns and considerations for PN.
Tailoring the parenteral prescription for each individual is
vital when meeting nutrient needs.

Diabetes Mellitus
Diabetes mellitus (DM), one of the most common but devas-
tating metabolic diseases, affects more than 16 million
Americans. Diabetes is marked by abnormal glucose metab-
olism, insulin deficiency, and/or irregular insulin response
which cause short- and long-term consequences that
include hyperglyceridemia, hyperlipidemia, obesity, heart
disease, retinopathy, nephropathy, and vascular damage.
Appropriate glucose control is imperative for patients with
DM due to risk for catheter infection, wound healing, and
mortality. Conservative action may be taken when formulat-
ing macronutrient composition. Maximum glucose infu-
sion rate for nondiabetic patients may be 4–6 mg/kg/min.

This rate allows peripheral glucose uptake to be maxi-
mized and hepatic glucose production to be minimized
(66). As mentioned earlier, dextrose in the initial PN infusion
may be limited to 100–150 g (103). Once glucose levels are
stable and less than 200 mg/dL, dextrose content may be
increased by 50–75 g/day. Close attention and adjustments
should also be made for outside sources of dextrose (i.e.,
dextrose intravenous piggybacks and dextrose absorbed
from dialysate). In addition, lipid infusion of less than or
equal to 30% of nonprotein calories is safe and may decrease
exogenous insulin requirements.

Sliding scale insulin is adequate for stable floor patients
on PN if blood glucose levels are .140 mg/dL, and one-third
to one-half of the previous day’s sliding scale insulin dose
may be subsequently added to the parenteral bag. For criti-
cally ill DM patients, intensive insulin therapy managed
with an insulin drip is usually the best choice to achieve
glucose between 80 and 110 mg/dL, hence decreasing risk
of sepsis, condensing antibiotic therapy, decreasing mechan-
ical ventilation dependence, reducing endogenous glucose
production, and further preventing lean body catabolism
(106,145). Improved glucose tolerance has been reported in
populations with chromium deficiency receiving chromium-
supplemented PN solutions. Thus, strong clinical suspicion
should accompany any decision to supplement above
currently recommended levels (146).

Renal Failure
Renal failure rapidly causes nutritional imbalances, thereby
shifting a patient to a hypercatabolic state. Hypercatabolism
in patients with renal failure may be due to inadequate use
of nutrients, increased production of catabolic factors, drug
therapy, protein losses via dialysis membrane, and toxic-
related symptoms such as nausea, vomiting, and anorexia.
Renal failure patients in the ICU challenge the entire
health team because these patients are in negative nitrogen
balance, and the presence of infection intensifies their under-
lying malnutrition (147,148). PN may be indicated for the
renal failure patients who do not tolerate enteral support.
Nutrition therapy varies with both the presence of dialysis
and type of dialysis [i.e., hemodialysis (HD), CVVHD, peri-
toneal dialysis (PD)]. Benefits of commercially available
renal parenteral formulations have been controversial
because patients with renal failure are highly variable
based on their renal function, hypermetabolism, and hyper-
catabolism (45,47,149). Despite the increased need for
macro- and micronutrients, supplementing trace minerals
in the parenteral solution for patients with renal failure

must be carefully evaluated. Moreover, trace mineral
excretion is minimal in CVVHD (150).

Hepatic Failure
Hepatic failure results in a number of different metabolic
dysfunctions, such as the ability to metabolize ammonia
into urea thereby triggering hepatic encephalopathy. The
specific etiological factors related to HD that result in
hepatic failure have not been clearly identified; however,
they may be associated with increased dietary protein
intake, GI bleeding, infections, electrolyte imbalances, surgi-
cal procedures, and drugs (151,152). PN support is appropri-
ate for hepatic failure patients who cannot receive enteral
support due to active GI hemorrhage or small-bowel
obstruction. Central PN is preferred over peripheral
because less volume is required to provide adequate calories
and protein. According to Plauth et al. (153), parenteral
amino acids are less likely to precipitate encephalopathy,
however, most patients will accept standard tube-feeding
formulas (refer to Volume 2, Chapter 32). Abnormal amino
acid profiles have been present under conditions of hepatic
encephalopathy: AAA (i.e., tyrosine, tryptophan, and
phenylalanine) levels are elevated, whereas BCAA (i.e., iso-
leucine, valine, and leucine) levels are depressed. Significant
liver dysfunction may be seen in patients with a molar ratio
of BCAA: AAA of 1.4:2.0 and those encephalopathic patients
with a ratio �1.0 (144). Five of the nine randomized con-
trolled studies reviewed in a meta-analysis by Naylor et al.
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(39) showed significant improvement in mental recovery
from acute encephalopathy with parenteral BCAA formu-
lation and a significant decrease in mortality. However,
due to mortality differences and short-term follow-up time
among trials, the authors concluded that using parenteral
BCAA over standard therapy is not suggested. Most

hepatic encephalopathy patients suffer from protein-
calorie malnutrition and have been supported with standard
solutions under careful awareness of protein intake.
HepatAminew (B. Braun, Irvine, California, U.S.A.) is the
only modified amino acid solution that contains high
amounts of BCAA versus AAA and should be reserved for
patients who have refractory HE. Strict criteria should be
implemented to prevent the inappropriate use of hepatic
parenteral formula which is more costly than standard sol-
utions. As with renal failure, trace element supplementation
(especially copper and manganese) should be minimized to
prevent hepatic toxicity.

EYE TO THE FUTURE

In future research, two areas of focus that are particularly
interesting include the use of PN as an enteral growth stimu-
lant and as a cancer-inhibitory factor. Glucagon-like peptide-
2 (GLP-2) is an intestinal trophic enteroendocrine peptide
that is associated with intestinal adaptation following resec-
tion. Martin et al. (154) demonstrated that GLP-2 alone in
PN, without enteral feeding, stimulated indices of intestinal
adaptation in an animal study. Further studies are warranted
to establish the mechanisms of action and therapeutic poten-
tial of GLP-2 in animal studies prior to the initiation of
human studies.

Jordan et al. examined the effects of a fish oil (FO)-
based lipid emulsion rich in omega-3 fatty acids, which is
used in humans as a component of PN, on the growth of
the colon cancer cell line Caco-2. The authors concluded
that FO has a potent antiproliferative effect on Caco-2 cells,
at least in part due to a decrease in the progression of the
cell cycle and the induction of apoptosis. The combination
of FO with 5-fluorouracil resulted in an additive growth
inhibitory effect (155).

Dipeptide glutamine and alanyl-glutamine parenteral
supplementation helped improve nutrition status (weight,
plasma proteins, urinary accumulated creatinine, and nitro-
gen retention) in rats and may be a helpful supplementation
in critically ill patients with moderate or severe stress (156).
PN support has been shown to preserve body protein com-
position for patients with severe acute pancreatitis who are
unable to meet nutritional needs solely on EN (157). Patients
suffering from severe GI diseases and with irreversible
intestinal failure have been supported with long-term PN.
Small-bowel transplantation, in addition to development
of immunosuppressant medication, has been a life-saving
procedure for those who can no longer be maintained on PN.

The growth of digestive disease and intestinal rehabilita-
tion centers in collaboration with new techniques and phenom-
ena such as gut trophic factors, natural additives, small-bowel
transplantation, restorative surgery, and PN have helped the
specific patient population receive the safest and physiologi-
cally appropriate treatment while improving quality of life.

SUMMARY

Over the past 100 years, there has been significant advance-
ment in the field of nutrition, in which PN has clearly been

one of the most significant. Indirect calorimetry has
become the golden standard for energy assessment and
nutritional requirements. However, serum proteins still
play a major role in the daily clinical practice of nutrition
providers. Although there are complications of PN, the
benefits clearly outweigh them for patients that cannot toler-
ate enteral feeds.

Continuing nutrition assessment and monitoring
should be practiced in order to potentially wean patients
from PN support and begin trophic enteral or oral feeds
(Volume 2, Chapters 31 and 32). The three macronutrients
of PN, such as carbohydrates, proteins, and fats, should be
individualized based on the patient’s medical condition
and adjusted regularly. Vitamins and minerals should be
supplemented and reviewed for appropriateness in order
to prevent deficiency, toxicity, and help meet metabolic
needs. Lastly, the best PN prescription may be accomplished
by proactive efforts made by each health-care team player.

KEY POINTS

As TPN solutions are hyperosmolar, a large-diameter
vein with adequate flow rate is required to allow for
rapid dilution of TPN products within the vessel.
The preferred site of central venous catheter placement
for PN is the subclavian vein.
Indirect calorimetry is considered as the golden stan-
dard for the measurement of metabolic rate and sub-
strate utilization.
The provision of adequate protein as an energy source
is necessary for proper utilization of amino acids.
Healthy adults require 0.8–1.0 g of protein per kilo-
gram per day (26).
In acute hepatic encephalopathy, a temporary restric-
tion of protein to 0.8 g/kg/day may be warranted
(34,35).
Glutamine is a conditional EAA during hypercatabolic
states, such as stress, trauma, or burns (52,53).
Providing carbohydrate in excess can lead to hyper-
glycemia, hypertriglyceridemia, and an increased RQ
(.1.0).
Most TPN regimens utilize �25% dextrose (D25), and
most PPN regimens utilize �10% dextrose (D10) for
safe osmolarity infusion.
Providing approximately 2% to 4% of total calories as
linoleic acid can prevent the occurrence of EFAD (73,74).
Regular insulin may then be added to the parenteral
solution at one-half to two-thirds the previous day’s
total sliding scale insulin coverage.
Refeeding syndrome is characterized by hypophospha-
temia, hypomagnesemia, hypokalemia, and hyperinsu-
linemia.
Morbidity and mortality are affected by untreated or
poorly treated hyperglycemia (Volume 2, Chapter 60),
therefore controlling glucose is a priority (104–106).
Maximum glucose infusion rate for nondiabetic
patients may be 4–6 mg/kg/min.
Despite the increased need for macro- and micronutri-
ents, supplementing trace minerals in the parenteral
solution for patients with renal failure must be carefully
evaluated.
Most hepatic encephalopathy patients suffer from
protein-calorie malnutrition and have been supported
with standard solutions under careful awareness of
protein intake.
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HISTORYAND INTRODUCTION

Compartment syndrome is defined as a “condition in which
increased pressure in a confined anatomical space adversely
affects the circulation and threatens the function and viability
of the tissues therein” (1). Compartment syndromes have
been traditionally described to occur within the closed
fascial spaces of the extremities. However, in the past
20 years the term has been appropriately extended to
include the abdomen. Although the term abdominal com-
partment syndrome (ACS) was first used by Kron et al. (2)
in 1984, the pathophysiology of elevated intra-abdominal
pressure (IAP) has been recognized for nearly a century.
This review of ACS represents an organizational summation
of the factors that have been recognized over that duration to
cause critically elevated IAP causing morbidity and mortality.

In 1876, Wendt (3) described the reduction of urinary
blood flow which occurs in response to elevated IAP (4).
Emerson (5) was the first to describe the cardiovascular
derangements associated with elevated IAP in 1911.
Although intra-abdominal hypertension (IAH) was shown
to increase mortality in animal models by the late nineteenth
century, it was the fashioning of a rudimentary ventilatory
support device that allowed Emerson to do his work (6).
Since that time, the effects of elevated IAP on nearly every
organ system have been described. The classic presentation
remains the “high-risk” patient with decreasing urinary
output and increasing peak inspiratory pressures.

In the late 1940s and early 1950s, pediatric surgeons
attempting to repair omphaloceles and gastroschisis discov-
ered that although primary repair was possible, there was a
high mortality rate, and these neonates usually died of acute
respiratory failure (7,8). These were the first descriptions of
ACS in children. By the late 1960s, the need for a staged
reduction of abdominal contents was described by Allen
and Wrenn (9) with the creation of plastic silos or chimneys,
which allowed for temporary abdominal closure (TAC) until
the loss of abdominal domain could be overcome. This is the
basis for modern decompressive laparotomies with TAC.

With the evolution of laparoscopy in the 1970s, the
cardiovascular effects of elevated IAP on patients was
increasingly recognized, observed, and further characterized
in animal models (10–12). In 1984, with this foundation
already laid, Kron coined the term, ACS. In addition, he
described an easy, reproducible method for measurement
of IAP, and the successful treatment of ACS with decompres-
sive laparotomy (2). After this report, there has been a

plethora of literature describing and characterizing the etiol-
ogy, diagnosis, and pathophysiology of ACS.

ETIOLOGY

With improved understanding and recognition of ACS, the
reported etiologies have become increasingly varied
(Table 1). Because of the numerous etiologies, a high
index of suspicion is required to consider the diagnosis of

ACS. Despite the disparate etiologies, a simple unifying
classification scheme has been developed. The initial classi-
fier is the rapidity with which the process develops (acute
or chronic). In the acute setting, IAH/ACS is further subclas-
sified as a primary abdominal process (18 ACS), or second-
ary to accumulation of “third space” fluid; as occurs with
massive resuscitation secondary to capillary leak without
a primary abdominal process (28 ACS). Regardless of the
etiology, if the diagnosis of acute ACS is made, prompt treat-
ment must be undertaken to minimize the morbidity and
mortality associated with this condition. Because of this,
the recognition and increasing incidence of acute ACS
have paralleled the evolution of damage control surgery
(Volume 1, Chapter 21) first described in 1983 by Stone et
al. (13). Individuals with chronic IAH have had time for
the abdomen to accommodate and therefore are usually
compensated; however, this baseline IAH may become
exacerbated in the setting of acute illness.

Acute Intra-abdominal Hypertension
A rapid rise in IAP, over hours, which does not allow for
accommodation by the abdominal wall results in acute
IAH. With progressively increasing IAP, patients have the
physiological consequences of IAH which cause progression
to ACS. A grading system has been proposed and prospec-
tively evaluated by Meldrum et al. (14) as shown in
Table 2. Although this is useful in considering IAH as
mild, moderate, or severe, the absolute cutoffs used in cre-
ation of the grading scale are somewhat arbitrary. The tran-
sition from IAH to ACS is a continuum which is dependent
upon many factors including the etiology of the IAH,
medical condition of the patient, and the physiological
response to the IAH. The exact incidence of ACS in all
patients is not known given the wide variety of etiologies.
A prospective study reviewing all trauma patients admitted
to the intensive care unit (ICU) at the University of Miami
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found that of 706 patients, 15 (2%) developed IAH. Of
these 15, six patients (40%) progressed to ACS with derange-
ment of physiologic parameters, reversed by abdominal
decompression (15). A patient with initially mild IAH
(grade I) can rapidly progress into severe (grades III and IV)
ACS; therefore, in the high-risk patient frequent re-evaluation
is indicated. Given the morbid consequences of IAH and ACS,
it is better to treat more aggressively if in doubt.

Primary
As the name suggests, primary ACS is an acute process with
an intra-abdominal etiology. The majority of patients seen
with ACS will fall into this category. In the trauma setting,
hemorrhage (intra-abdominal, retroperitoneal, or pelvic) is
the most common etiology. In the severely injured, this sets
the stage for shock with massive resuscitation of crystalloid
and blood products, which in turn leads to acidosis,
hypothermia, and coagulopathy, also known as the “triarchy
of death.” This is the setting in which trauma surgeons
developed the concept of damage control surgery, as these
patients are at very high risk of developing ACS. The abdo-
mens of these patients are often edematous and unable to be
closed without developing IAH; in this setting TAC should
be employed. Indeed, every patient requiring an abbreviated
or damage control laparotomy must be considered at
increased risk of developing ACS. In a study examining
patients who underwent damage control surgery, 37% sub-
sequently developed ACS requiring decompression (16).
This is significantly greater than the 2% incidence in all
trauma patients admitted to the University of Miami ICU
(15). This disparity underscores the reason why many con-
sider the need for damage control surgery and the likelihood
of developing of ACS linked. A prospective study examining
the risk factors for developing ACS following trauma found
that shock requiring significant crystalloid resuscitation,
acidosis, hypothermia, and anemia were all independent
predictors of primary ACS (Table 3) (17). Similarly, another
study found that a protocol for supranormal resuscitation
which required administration of larger quantities of crystal-
loid and blood products resulted in a higher than conven-
tional resuscitation, and an increased incidence of IAH and
ACS (18).

In the general surgery patient, a multitude of etiolo-
gies can lead to the development of ACS. Devastating
intra-abdominal catastrophes are the most common cause
(e.g., ruptured aortic aneurysm, significant intra-abdominal
infection/peritonitis, severe pancreatitis, bowel obstruction).
Similar to the trauma patient, many of these can be predicted
at the primary laparotomy with the observation of visceral
edema, and an abdomen that would be difficult to close, neces-
sitating TAC. As in the trauma patient, when initial closure
in a high-risk patient is possible, diligent re-evaluation is
required to avoid missing the development of ACS.

Secondary
Although occurring less frequently, ACS is also seen in the
absence of abdominal trauma or pathology and is referred
to as secondary ACS. A very common setting is the patient
with significant extra-abdominal trauma or burns, requiring
significant volumes of crystalloid and blood resuscitation,
resulting in visceral and retroperitoneal edema and ascites
(19,20). Studies examining this subgroup of acute ACS
patients reveal that treatment with decompression reversed
the immediate physiological consequences of IAH (21).
However, Maxwell et al. (22) found the overall incidence of
secondary ACS was 0.5% (6 in 1216 surgical ICU patients)
with an overall mortality of 67%. While examined for mor-
tality based on etiology, there was 38% mortality for
trauma patients and 100% mortality for nontrauma patients
with the development of secondary ACS (21). However,
centers which use supranormal resuscitation [goal to maintain
oxygen delivery index (ḊO2I) �600 mL/min m2] have shown
that this results in a significantly increased incidence of IAH
and ACS (18,23). This is because to achieve supranormal

Table 1 Etiologies of Intra-abdominal Hypertension

Timing and

categorization Etiology

Acute primary

Intraperitoneal

origin

Intraperitoneal hemorrhage (137)

Blunt hepatic trauma (127)

Bowel obstruction (138)

Ileus (139)

Acute gastric dilation (46)

Pneumoperitoneum (38)

Abdominal packing (140)

Abscess (141)

Ascites (125)

Visceral edema (137)

Mesenteric revascularization (142)

Transplant kidney (143)

Retroperitoneal

origin

Pancreatitis (133)

Pelvic or retroperitoneal hemorrhage (134)

Contained abdominal aortic aneurysm

rupture (107,135)

Abscess (136)

Abdominal wall Rectus sheath hematoma (144,145)

Burn eschar (146)

MAST trousers (147)

Repair of large hernia with loss of domain

(140)

Repair of gastroschisis or omphalocele

(148)

Laparotomy closure under extreme tension

Acute secondary Burns (19)

Significant nonabdominal trauma (20,149)

Chronic Obesity (29,150)

Ascites (122)

Pregnancy (151)

Large abdominal tumors (121)

Peritoneal dialysis (152)

Abbreviation: MAST, military anti-shock trousers.

Table 2 Treatment of Intra-abdominal Hypertension/Abdominal

Compartment Syndrome Based on Grade

Grade

Bladder

pressure (mmHg) Recommended treatment

I 10–15 Maintain normovolemia

II 16–25 Hypervolemic resuscitation

III 26–35 Decompression

IV .35 Decompression and re-exploration

Source: From Ref. 14.
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resuscitation, significantly greater volumes of crystalloid
and blood resuscitation are required. In another study, inde-
pendent predictors of secondary ACS were found to include
significant crystalloid or blood requirement and shock, as
measured by gastric tonometry (Table 3) (17).

Chronic
With the increasing awareness of the effects and multifactor-
ial prevalence of IAH, it was recognized that chronic con-
ditions could produce IAH and in the proper setting ACS.
Examples of conditions that can cause chronic IAH include
morbid obesity, ascites, large abdominal tumors, peritoneal
dialysis, and pregnancy. Chronic conditions result in slow
increases in IAP which are compensated by increasing com-
pliance of the abdominal wall (24). Therefore, these patients
usually do not experience the acute deterioration seen with
ACS. Despite this, chronic IAH is not benign, as some of
the morbidity associated with these conditions is secondary
to IAH. For example, some of the ventilatory dysfunction as
well as pseudotumor cerebri seen in patients with morbid
obesity have been linked to chronic elevation of IAP (25–
27). Most importantly, some of these morbidities can be ame-
liorated by successful therapy (e.g., surgical treatment of
morbid obesity, delivery of fetus) (6,28,29).

DIAGNOSIS
Clinical Features
Depending on the clinical scenario, the onset and presen-
tation of IAH and ACS can range from insidious to expected.
This means that diagnosis of ACS often requires a high index
of suspicion, because if missed, the consequences can be dis-
astrous, priming the patient for multiple organ failure or
even death. Therefore, it would be beneficial to predict
which patient is at a higher risk for the development of
ACS. McNelis et al. (30) looked at a cohort of surgical ICU
patients who developed ACS and found that using multi-
variate analysis only 24-hour fluid balance and an elevated
peak airway pressure were correlated with the development
of ACS. The elevated peak airway pressure is usually a side

effect and not the primary cause of ACS. However, a high
peak airway pressure can contribute to IAH. A predictive
equation was created to estimate the risk of ACS based
upon the 24-hour fluid balance, P ¼ 1/(1þ e2z), where
z ¼ 26.7291þ 0.005 (net 24-hr fluid balance). Looking at
trauma patients, as they are at the highest risk of developing
ACS, factors as early as three hours postinjury can predict
the development of ACS (17). Independent predictors of
ACS are listed in Table 3. Markers indicating a need for sig-
nificant crystalloid resuscitation, hypoperfusion, and need
for urgent/emergent surgery (more likely to be damage
control) are seen as independent risk factors for the develop-
ment of ACS.

In a patient with IAH progressing to ACS, the first
signs are decreasing urinary output, respiratory failure,
and decreased lung compliance, reflected as an elevation
in peak airway pressure. However, even with this clinical
suspicion, physical examination has a minimal role in the
diagnosis of IAP or ACS, as studies looking at physical
examination have shown poor sensitivities and specificities.
Looking prospectively at abdominal girth, there is a poor
correlation (R2 ¼ 0.12) between abdominal girth and IAP
(31). This is because there can be significant increase in
IAP without significant changes in girth. Palpation of the
abdomen has also been shown to have a sensitivity of 40%
in diagnosing ACS (32,33). Therefore, when the possibility
of IAH or ACS exists, “if you don’t measure IAP you
cannot make a diagnosis of IAH or ACS” (34).

Measurement of Intra-abdominal Pressure
Because of the limitations of clinical examination in diag-

nosing ACS, measurement of IAP is essential to making the
diagnosis. The abdomen is normally a compliant
cavity with minimal pressure. Although overdistended, the
compliance decreases and the abdomen becomes a fixed com-
partment which is relatively noncompressible. The contents of
the abdomen can be considered fluid and therefore is subject to
Pascal’s law (34). Therefore, IAP can be measured in almost
every part of the abdomen, resulting in the myriad of tech-
niques described for IAP measurement. Normally, IAP
is equal to atmospheric or subatmospheric pressure with

Table 3 Independent Predictors of Abdominal Compartment Syndrome in Trauma Patients During Initial Emergency Department

Resuscitation and Subsequent 24 Hours in the Intensive Care Unit

Emergency department Intensive care unit

ACS category Independent predictor Odds ratio Independent predictor Odds ratio

All ACS Crystalloid �3 L 23 GAPCO2
�16 .999.9

SBP ,86 4.9 Crystalloid �7.5 L 166.2

UO �150 mL 89.8

Hb �8 g/dL 252.5

CI �2.6 L/min/m2 12.5

18 ACS To OR �75 min 102.7 GAPCO2
�16 54.3

Crystalloid �3 L 69.8 Temperature �348C 22.9

Hb �8 g/dL 206.1

BD �12 meq/L 3.5

28 ACS Crystalloid �3 L 15.8 GAPCO2
�16 .999.9

No urgent surgery 0.3 Crystalloid �7.5 L 38.7

PRBC �3 units 5.6 UO �150 mL 64.1

Abbreviations: ACS, abdominal compartment syndrome; BD, base deficit; Hb, hemoglobin; CI, cardiac index; GAPCO2
, gastric regional carbon dioxide;

OR, operating room; UO, urine output; PRBC, packed red blood cell; SBP, systolic blood pressure.

Source: From Ref. 17.
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spontaneous respiration (6,35). In a study examining hospi-
talized patients with indwelling bladder catheters, the
mean IAP was 6.5 mmHg, with a range of 0.2–16.2 mmHg
(35). With positive pressure ventilation, IAP is nearly equal
to end expiratory pressure with positive end expiratory
pressure (PEEP) (36).

Direct Intra-abdominal Catheter Placement
Earlier experiments used either a metal cannula/wide-bore
needle or catheter directly inserted into the peritoneal
cavity connected to a pressure transducer for measurement
of IAP (12,37). The only modern application of direct IAP
measurement is that of real-time IAP measurement during
laparoscopic surgery (38). The direct measures of IAP were
largely abandoned in the mid-1980s, and replaced by indir-
ect techniques once IAP measurements began to be obtained
frequently for clinical purposes and used as a criterion for
abdominal decompression (2).

Inferior Vena Cava Pressure
A central venous catheter placed via the femoral route can be
used to measure pressure in the inferior vena cava. This
pressure has good correlation with IAP measured either by
direct measurement or urinary bladder pressure (39,40).
This method carries the risks of central venous catheters
including thrombosis and infection. However to date, no
human studies have validated its use prospectively in the
setting of ACS.

Gastric Pressure
Intragastric pressure can be used as a measure of IAP. A
nasogastric or gastrostomy tube is placed and the stomach
instilled with 50–100 mL of water. The proximal end is
held perpendicular to the floor or attached to a pressure
transducer with the mid-axillary line being used as the
zero point (41). Alternatively, a balloon catheter can be
placed on the tip of a nasogastric tube with measurement
of the balloon pressure as a surrogate to IAP still using the
mid-axillary line as a zero point (42). Human studies show
correlation between gastric pressure and urinary bladder
pressure. No large series have validated the use of this tech-
nique in the setting of a patient with suspected ACS.
However, this may be a valid alternative for measurement
of IAP in patients with bladder trauma in whom bladder dis-
tension may be contraindicated.

Urinary Bladder Pressure
Despite the variety of methods described for measure-

ment of IAP, the gold standard continues to be urinary

bladder pressure. Originally described by Kron et al.
(2), the urinary bladder pressure technique requires a
supine patient with an indwelling Foley catheter (Fig. 1).
After complete drainage of urine, the bladder is instilled
with 50–100 mL of sterile saline to form a continuous
column of fluid (without distending the bladder which
might cause detrussor spasm). The tubing of the drainage
bag is clamped and a 16-gauge needle is inserted through
the aspiration port while connected to a pressure transducer
or water manometer. The zero reference for the transducer is
the pubis symphysis. Many variations on this original tech-
nique have been described to eliminate the need for a needle
or repeated breaks of the sterile urinary drainage system;
however, the basic principle of using a column of fluid to
conduct intravesicular pressure which correlates to IAP

has not changed (43–46). Critics of this method cite the
potential errors from using a fluid-filled transduction
system, loss of accurate urinary output measurement, and
the risks of infection by breaking a sterile system (34).
Despite this, urinary bladder pressure has become the gold
standard due to its relative ease of measurement, minimal
invasiveness, reproducibility, and the wealth of literature
validating its use.

Other Measurements of Intra-abdominal Pressure
Literature describes the use of fluid balloons or open cath-
eters with slow continuous flow for transduction of rectal
or uterine pressures as a surrogate for measuring IAP
(34,40,47,48). These are more difficult with no validation in
the ICU setting and therefore have no clinical implications
at this time. Work has also been done to evaluate micro-
chip-tipped catheters as a source of continuous real-time
IAP measurement which could be introduced by any of
the above mentioned routes (49). Although this may be
promising in the future, currently these catheters are expens-
ive, not readily available, and have not been validated for
use in the clinical arena.

PATHOPHYSIOLOGY

The physiological consequences of IAH and ACS are almost
as numerous as the etiologies which cause it. Renal dys-
function is the most common presentation, however the

morbidity of ACS is not limited to intra-abdominal organs,
and has the potential to effect nearly every major system.

The pathophysiological implications of IAH/ACS on
the most commonly impaired organ systems are summar-
ized in Figure 2 (50). Most of the pathophysiologic

effects of ACS are reversible, making early diagnosis and
prompt treatment imperative.

Renal
The classical effect of IAH/ACS on the renal system is oliguria
progressing to anuria with increasing IAP (39,51,52). An
IAP of 15–20 mmHg may result in oliguria, while IAP
greater than 30 mmHg can lead to anuria. The mechanism
of renal dysfunction is multifactorial. ACS results in cardio-
vascular derangements including decreased cardiac output
(Q̇) (as discussed subsequently), decreased renal arterial

Figure 1 Setup for measurement of urinary bladder pressure.
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flow, increased renal vascular resistance, decreased glomer-
ular filtration, and compression of the renal vein (51,53,54).
All these factors contribute to the pathophysiology because
maintenance of a normal or supranormal Q̇ with resuscita-
tion in the face of IAH, renal dysfunction persists, and

only corrects after abdominal decompression (39). In
addition, the decreased glomerular filtration secondary to
arterial, venous, and direct parenchymal compression
results in the elaboration of antidiuretic hormone, rennin,
and aldosterone. This compensatory endocrine response

Figure 2 Pathophysiology of end-organ dysfunction secondary to intra-abdominal hypertension. Abbreviations: CAPD, long term ambulatory

peritoneal dialysis; IL, interleukin; PEEP, positive end-expiratory pressure; TNF-a, tumor necrosis factor a. Source: From Ref. 50.
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further contributes to the clinical renal dysfunction in ACS
(55). Compression of the ureter has been ruled out as a
potential etiology as stenting of the ureters has not improved
renal function (39,56).

Pulmonary
The pulmonary dysfunction resulting from IAH is sec-

ondary to elevation of bilateral hemidiaphragms in response
to the pressure (57). This results in secondary com-
pression atelectasis, creating a potential for pulmonary infec-
tions and barotrauma. However, more importantly, this
results in a reduction in the pulmonary compliance with
increasing peak inspiratory pressures seen in patients with
volume control ventilation (58). This also results in a
reduction of the functional residual capacity, total lung
capacity, and residual volume (25,59). Similarly, patients
receiving pressure control ventilation will have smaller
tidal volumes generated by the same driving pressure.
Studies have shown that the overall decreased compliance
of the respiratory system is due primarily to decreased com-
pliance of the thoracic cavity and not due to a change in the
compliance of the lung itself (60). These changes manifest as
hypoventilation, ventilation-perfusion mismatch, and event-
ual hypercarbia hypoxia (43,57,59). This also causes
increased vascular resistance (61).

The elevated IAP results in a direct elevation of
intrathoracic pressure (62). To counteract the effects, increased
ventilatory pressures and specifically increased PEEP are
required, exacerbating the increased intrathoracic pressures
caused by the IAH (63). This can result in falsely elevated
central venous pressure (CVP) and pulmonary capillary
wedge pressures (PCWPs), parameters used for patient man-
agement, including determination of the onset of acute respir-
atory distress syndrome (ARDS). This pathophysiology
complicates the standard treatment of ARDS which requires
lung-protective strategies including decreased tidal volumes,
and limiting peak and plateau inspiratory pressures (64). In
patients with elevated intrathoracic pressures secondary to
IAH, accurate determination of central pressures becomes
increasingly difficult and therefore some have suggested sub-
tracting the IAP from the inspiratory pressure as a better judge
of therapy (50). All these effects are effectively treated with
abdominal decompression.

Cardiovascular
The primary cardiovascular derangement seen secondary

to IAH is reduction of CO (36,39,59,62,65–67). Multiple
etiologies factor into this end result (including decreased
preload and contractility with concomitant increased sys-
temic and pulmonary vascular resistance). First, increased
IAP causes decreased blood flow in the inferior vena cava
and retroperitoneal veins (68,69). This decrease in flow can
be seen with IAP of 15 mmHg but continues to decreases
with increasing IAP. The area of maximal resistance to
caval flow is at the IVC just below the diaphragm. It has
been hypothesized that this is secondary to the transition
between the high-pressure abdomen and the low-pressure
thoracic cavity, as well as possible mechanical stretching of
the diaphragmatic crura with protrusion secondary to IAH
(68). This is attenuated by decreased venous return from
the lower extremities secondary to IAH (70). This decreased
venous outflow from the lower extremities can be overcome
with the use of intermittent pneumatic compression devices
during laparoscopic cholecystectomy (71). In addition, the
secondarily increased intrathoracic pressure (i.e., elevated

diaphragms as described aforementioned) result in decreased
flow in both the inferior and superior vena cava, thereby
causing decreased cardiac preload.

The elevated intrathoracic pressures also result in
decreasing ventricular compliance and stroke volume
(59,72). At mild elevations of IAP, the heart is able to com-
pensate with increasing rate (73). However, with increasing
pressures, there is a concomitant increase in pulmonary vas-
cular resistance (as discussed previously) as well as systemic
vascular resistance (69). The exact etiology for the increased
systemic vascular resistance is unclear, but it is likely the
result of sympathetic stimulation resulting from the rela-
tively low effective circulating blood volume. However,
others have also postulated that it is secondary to direct
arterial compression (as well as compression of many of the
capillary beds) resulting from the increased intra-abdominal
and intrathoracic pressures. In addition, IAH results in
increased intracranial pressures (ICPs) (see subsequently),
which cause the release of vasoconstricting agents such as
vasopressin and catecholamines from the central nervous
system in order to maintain cerebral perfusion pressure
(CPP) by increasing systemic vascular resistance (74). The
net result of this decreased preload, decreased cardiac com-
pliance, and increased afterload is a marked reduction in Q̇
seen with increasing IAP, eventually leading to cardiovascular
collapse as described by Emerson almost a century ago (4).

In the face of significantly increased IAP, false
elevation of CVP and PCWP measurements are seen
(57,59,62). When this is taken in context with decreased
stroke volume and Q̇, the clinical picture can resemble
cardiac failure. However, the setting of increased inspiratory
pressures and increased IAP measurements, the diagnosis of
ACS can be surmised. Confirmation of intraventricular
volume status and contractility is easily achieved with the
use of transesophageal echocardiography.

In the early stages of IAH/ACS, the cardiovascular
derangements can be overcome with fluid resuscitation,
in contrast to congestive heart failure which can be exacer-
bated by this therapy (6). In a porcine model of IAH, intra-
vascular volume depletion was seen secondary to
prolonged (24-hour) IAH despite elevated CVP (75).
Some authors have suggested using volumetric Swan-
Ganz catheters to help guide resuscitation in this setting,
as all pressure measurements are altered (76). All of
these derangements are reversed with treatment of the
elevated IAP.

Hepatic
Diminished hepatic arterial, portal venous, and microcir-

culatory blood flow have all been associated with IAH
(77). When anesthetized pigs had IAP increased to
20 mmHg, despite constant Q̇ and mean arterial pressure,
hepatic arterial flow was decreased by 55%, portal vein
flow was decreased by 35%, and hepatic microcirculatory
flow was decreased 29% compared to controls. Similar
decreases in hepatic microcirculatory flow have been seen
in patients undergoing laparoscopic cholecystectomy (78).
Trauma patients may be at increased risk secondary to the
alterations in visceral and portal blood flow occurring
during shock (4). Although it is theorized that this in addition
to the ischemia-reperfusion injury seen in treated ACS, results
in a secondary decrease in hepatic function, commonly
referred to as “shock” liver, detailed studies on the effects of
ACS on hepatic dysfunction have not been published.
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Splanchnic
Similar to effects seen on the liver, kidney, and the inferior
vena cava, the predominant effect of elevated IAP is that of
decreased splanchnic perfusion. Splanchnic hypoperfusion
can be seen with IAP as low as 15 mmHg, with case
reports of intestinal ischemia requiring operative interven-
tion after elective laparoscopy maintaining 15 mmHg pneu-
moperitoneum (79). This is a rare occurrence and has been
hypothesized to require pre-existing vascular compromise
to have this outcome. However, mesenteric arterial, intesti-
nal mucosal, and portal venous blood flows have shown to
be decreased with elevation of IAP. This can be measured
in the clinical setting with gastric tonometry indicating
decreased perfusion to the stomach, which has been
described by many authors (80–83). One study showed
that the decrease in gastric perfusion as inferred by gastric
pHi was decreased earlier than the traditional signs of
ACS (oliguria, increased peak inspiratory pressures) (84).
This decreased gastrointestinal perfusion occurs independent
of a decreased Q̇ as it can be shown to occur even when
Q̇ is held constant (85). This is a factor to be considered
in deliberating the creation of gastrointestinal anastomoses
in patients at high risk of developing IAH and secondary
complications of the anastomosis.

Elevated IAP has also been shown to increase portal
venous pressure (77). This may be a contributing factor in
the pathophysiology of esophageal varices in patients with
liver failure. Increasing IAP by 10 mmHg resulted in an
increase in variceal pressure, radius, volume, and wall
tension. Therefore, the elevated IAP that many cirrhotics
have secondary to ascites may be a causative factor in the
development of variceal hemorrhage (86).

In animal models, there has been suggestion of
increased incidence of bacterial translocation in rats as a
result of IAH (87). However, this finding has not been repro-
duced in a larger porcine model (88). In addition, the
decreased splanchnic perfusion and reperfusion injury has
been shown to result in the production of cytokines from
the gut (89). These may play a role in the development of
septic complications and or subsequent systemic inflamma-
tory response syndrome (SIRS) and multiple organ failure
(Volume 2, Chapter 63).

Central Nervous System
Although ACS does not cause central nervous system
failure, there is a strong relationship between IAH and
increased ICP with secondary reduction in CPP shown
both in animal models (90–93) as well as humans (92,94).
The proposed mechanism for this is the elevated intrathor-
acic pressures, which result from the IAH, mediated
elevation of the diaphragms. The increased intrathoracic
pressures, in turn, increase the jugular venous pressure
and ICP. This is demonstrated in a porcine model when
the effects of IAH on ICP are completely ameliorated by a
sternotomy, thereby releasing increased intrathoracic
pressure (91).

In humans, Citerio et al. (92) showed that inducing
IAH by placing 15-L water bags on the abdomen of patients
with moderate-to-severe head injury, a significant increase in
intracranial and internal jugular pressures resulted. Patients
with clinical ACS and elevated ICP have had correction of
ICP with decompressive laparotomy (94). Therefore, moni-
toring of IAP is recommended in patients with neurotrauma
and abdominal injury or reason to suspect IAH, with con-
sideration to decompression in refractory elevation of ICP

(95). In addition, chronic IAH associated with morbid
obesity has been implicated in intracranial hypertension
and even the development of pseudotumor cerebri
(28,94,96). In these cases, weight loss by bariatric surgery
results in improvement in the chronic intracranial hyperten-
sion (28,94,96).

Abdominal Wall
Increased IAP causes hypoperfusion of the abdominal wall
secondary to a direct compressive effect. In a porcine
model, Diebel et al. (97) showed decreased abdominal wall
perfusion at all levels of IAH despite maintenance of con-
stant Q̇ and blood pressure. This results in localized ische-
mia and reperfusion. This has been implied in the high
rate of abdominal wound complications (infection, hernia,
and dehiscence) in this population. In addition, similar
increase in abdominal wall complications have been seen
in patients with stable peritoneal dialysis with increased
rates of leaks and hernias with increased IAP being an inde-
pendent risk factor (98).

Multiple Organ Dysfunction Syndrome
Studies have shown that ACS is an independent predictor
for multiple organ dysfunction syndrome (MODS) and that
prevention of ACS can decrease the incidence of MODS
(17,99,100). In addition to the direct pressure-related effects
of IAH on these organs, the process of ACS has been
shown to prime the immune system as a result of activating
neutrophils and increasing the elaboration of cytokines
(89,101). This can set the stage for SIRS and subsequent
MODS (Volume 2, Chapter 63) (100,101). In a porcine
model, a modest elevation of IAP to 15 mmHg for only 24
hours has been shown to result in MODS (102). The
priming of the immune system and the resultant enhanced
inflammatory response may predispose patients with ACS
to MODS even after abdominal decompression. This
may relate to ACS being one of the hits in the two-hit theory
of multiple organ failure (99). Because of this, prevention of
ACS is paramount in the treatment of the high-risk patient.

TREATMENT

These diverse affects of ACS, although potentially life-
threatening, can be abrogated with early recognition and
appropriate treatment. Depending on the clinical scenario,
the appropriate treatment strategy may entail resuscitation,
minimally invasive decompression, surgical decompression,
and the use of TAC as an initial potential preventative
measure.

Prevention
An ounce of prevention is worth a pound of cure. This is as
true for ACS as it is for a compartment syndrome of the
extremity. Similar to the patient with a significant vascular
injury or long-bone fracture who should receive a prophy-
lactic fasciotomy, a patient at high risk of developing IAH
or ACS at the time of laparotomy, as is often seen in
trauma patients requiring damage control surgery, it is best
not to close the abdomen, but instead to treat with a prophy-
lactic “open abdomen,” or TAC. This is the cornerstone of
“damage control” trauma surgery. The classic presentation
is the patient with severe injuries who is becoming hypother-
mic, coagulopathic, and acidotic, and requiring massive
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resuscitation. Paradoxically, the fluid repletion needed to
bring the patient back from the so-called “death spiral,” is
the very thing that makes these patients at greatest risk for
developing ACS (99,103). Therefore, damage control (Volume 1,
Chapter 21) aims to abbreviate definitive control and
usually incorporates a TAC both as prophylaxis for ACS as
well as lessening operative time and allowing for more
prompt return to the ICU for resuscitation.

Numerous TAC techniques have been described in the
literature including towel clip closure, Bogota bag, mesh
closure, and vacuum packs (104,105). The specific TAC
used is less important than to understand and feel comforta-
ble with at least one of these methods for surgeons who may
potentially treat patients at risk for or with ACS. When
used in appropriately selected patients, the use of TAC
can be effective in preventing the development of ACS

(106). Although level I data for improved survival is not
available, case–control studies have shown that patients
treated at initial laparotomy for potential ACS have a
lower incidence of multiple organ failure and lower mor-
tality as compared to those who develop ACS and require
a second decompressive laparotomy (107,108). When
abdominal swelling continues following TAC, it is still poss-
ible to develop ACS despite the theoretical “open
abdomen”; therefore, in the setting of a patient with signifi-

cant risk for developing ACS, regular IAP measurements
should still be obtained (109).

Resuscitation
Although decompressive laparotomy is the gold standard
for the treatment of patients with ACS, the exact IAP at
which that is indicated is less clear. A grading system for
IAH/ACS was proposed and prospectively evaluated by
Meldrum et al. (14), and this is shown in Table 2. Grade I
IAH usually requires no intervention and has subsequently
been shown to be within the upper range of IAPs measured
in “normal” hospitalized patients. Patients with grade II
IAH may respond to hypervolemic resuscitation. Depending
on the etiology in a given patient, this may be sufficient with
careful observation and repeated measurement to track the
trends of the IAP. However, as previously discussed, supra-
normal resuscitation can lead to visceral and retroperitoneal
edema, thereby worsening IAH. In a study of trauma
patients matched for severity of illness, the patients who
progressed toward ACS did not respond to fluid loading
and did not demonstrate a significant increase in Q̇ to crys-
talloid/colloid boluses (110). The conclusion of this study
was that fluid resuscitation could not overcome impending
ACS, much as fluid resuscitation, by itself, will not overcome
cardiac tamponade. Other authors have argued that given
the poor sensitivity of IAP to predict ACS, that a surrogate
marker of abdominal perfusion pressure (APP), which is
equal to IAP minus mean arterial pressure, be used to
drive resuscitation. The argument being that APP is a
measure of overall abdominal perfusion and therefore a
better indicator of the end effects of IAH. They recommend
that APP be maintained greater than 50 mmHg and that if
this is not possible, decompressive laparotomy be performed
(111). However, although this may be a useful guide, APP
has not been validated in multiple trials. Therefore, the
overall clinical picture (oliguria, increased peak inspiratory
pressure, worsening of acidosis) and trends in the IAP
should guide therapy rather than relying upon any single
absolute number. There is a suggestion that abdominal
muscular tone may play a role in elevating IAP, and
therefore case report exists of the treatment of ACS with

neuromuscular blockade with resulting decreased IAP pre-
venting the need in that patient for decompressive laparot-
omy (112). If in doubt, err toward decompressive
laparotomy as it is the only therapy for all of the pathological
consequences of elevated IAP.

Abdominal Decompression
Considerations Prior to Laparotomy

The mainstay of treatment of suspected or confirmed
ACS is laparotomy with abdominal decompression and
TAC. Realizing that this may result in an initial drop in
systemic and pulmonary vascular resistance as well as
venous pooling prior to decompressing the abdomen, the
patient’s intravascular volume should be restored and meta-
bolic perturbations corrected (acidosis, hypothermia, coagulo-
pathy) prior to decompression if at all possible. However,
decompression should not be delayed if this is not easily
achieved (65). Fluid resuscitation should be continued after
decompression as an ischemia-reperfusion washout syn-
drome can occur with the possibility of instability, dysrhyth-
mias, or cardiac arrest. Cases of asystole have been reported
with an incidence as high as 12% in some series (113).
Because of this, the authors recommend having a cardiac
arrest cart at the bedside prior to undertaking decompression
in patients with advanced (grade IV) ACS.

During mesenteric reperfusion immediately follow-

ing abdominal decompression, a washout of the products of
anaerobic metabolism occurs, and can lead to significant
hypotension (113). Because of this, preparation for
abdominal decompression involves maneuvers similar to
those taken immediately prior to aortic cross-clamp removal
after aneurysm repair: (i) large-bore intravenous access; (ii)
warm intravenous fluids infusing prior to decompression
with availability of a rapid infuser; (iii) dopamine or other
vasopressors prepared and in line (only to be used when intra-
vascular volume replacement is inadequate to treat the hypo-
tension resulting from reperfusion product-mediated venous
pooling and decreased vascular resistance); (iv) prepare to
compensate for the washout of lactate (and CO2) from the
gut and lower extremities by temporarily increasing the
overall minute ventilation; (v) because acidosis is anticipated,
sodium bicarbonate should be immediately available if
needed; (vi) calcium chloride 250–500 mg should be prophy-
lactically administered immediately following decompression
to protect against myocardial irritability from potassium
washout during reperfusion, as well as to bolster the transient
hypocalcemia associated with sodium bicarbonate adminis-
tration. Morris et al. (114) recommend 2 L of normal saline,
with 50 g mannitol and 50 meq sodium bicarbonate per liter
intravenous fluids prior to decompression.

Fortunately, with abdominal decompression there is a
sudden increase in pulmonary compliance with a resultant
increase in tidal volume delivered to the patient. Although
beneficial to blow-off CO2 in the severely debilitated patients
with anticipated acid washout, this can eventually result in
respiratory alkalosis after the acute decompression, and
should be adjusted as needed, after stabilization.

The other consideration prior to decompression is
whether the ACS is secondary to or associated with signifi-
cant hemorrhage. The importance of this is determining
the ideal location for abdominal decompression. Patients
with full ACS are difficult to ventilate and unstable,
making bedside ICU decompression an attractive option.
However, recognizing that a significant portion of these
patients will have significant hemorrhage especially in the
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trauma setting, if the patient is stable for transport, decom-
pression should be undertaken in the operating room. If
the patient is unstable, bedside decompression can be per-
formed, with operating room standby. If significant hemor-
rhage is encountered, temporary hemostasis is achieved
with packing and following stability the patient is trans-
ported to the operating theater for definitive surgical
hemostasis.

Temporary Abdominal Closure
Once a decompressive laparotomy is performed, the ques-
tion as to the ideal TAC arises. There is a wide variety of
TAC described in the literature and a complete review of
these is beyond the scope of this discussion. In brief, the
goal is to open the fascia, releasing pressure, and allowing
the intra-abdominal volume to expand into the new space,
while still providing coverage of the bowel and abdominal
contents preventing desiccation. The original TAC was the
towel clip closure of the skin, however, this still limits the
amount that the intra-abdominal compartment can expand
and is therefore rarely used in cases of ACS (Fig. 3) today
(115). One of the easiest methods of achieving TAC is

using the Bogota bag technique, a variation of the silos
created by pediatric surgeons in the treatment of gastro-
schisis and omphaloceles. First described by Londoni
while he was a chief resident in Bogota, Colombia, this
involves suturing a sterile plastic 3-L urologic irrigation
bag to either the fascia or skin to allow visualization of the
bowel as well as ample volume for the intra-abdominal con-
tents to expand (Fig. 4) (116).

Recently, the vacuum pack closure has also gained
popularity in which a polypropylene sheet is tucked into
the abdomen on top of which a towel is tucked into the

abdomen. This is covered with drains and sealed with
plastic adhesive drape. The drains are then placed to con-
tinuous suction, allowing for an easily created TAC (117).
A variety of commercial TAC devices are now available,
including Velcro, zippers, vacuum-assisted devices, and
others, but availability and experience with these are still
institution dependent (118,119). The important point is that
the surgeon is to be familiar and experienced with at least
one of these techniques if the need for TAC arises. In the
case of a patient with a TAC who develops ACS, abdominal
reexploration with a wider/looser TAC is required (109).

Once a TAC or “open abdomen” is created, the goal is
to correct the factors causing the ACS and closure of the
abdomen. This requires correction of the initial disease
process (coagulopathy, acidosis, etc.), and usually mobiliz-
ation of visceral and abdominal wall edema to facilitate
closure. Of note, all the open abdomen techniques result in
colonization of the skin and open wound, and therefore if
fascial closure is possible, the skin should be left open
because of the high rate of wound complications if closed.
If this is not possible in a single operation, staged procedures
may be needed with gradual approximation of the abdomi-
nal fascia. In some patients, fascial closure is impossible,
necessitating closure with absorbable mesh with eventual
skin graft to create a controlled ventral hernia (Figs. 5 and 6).
These patients will eventually require abdominal wall
reconstruction six months to a year after all the inflam-
mation has resolved and the intra-abdominal adhesions are
remodeling (120).

Percutaneous/Laparoscopy
Although the gold standard for the treatment of ACS is
decompressive laparotomy, in selected circumstances a less
invasive method may be adequate. The most common circum-
stance in which a percutaneous approach may be a viable
option is that of ACS secondary to ascites or a large loculated
fluid collection (121,122). In cases of ascites secondary to
hepatic failure, this is the preferred method as a laparotomy
carries a risk of a persistent ascites leak. In addition, there
are reports of using percutaneous decompression in cases of
28 ACS with significant ascites in burn patients and trauma
patients, although there is some data to suggest that this is
less effective in patients with .80% total body surface area

Figure 3 Towel clip closure of the abdomen. As the skin is

still approximated, the increase in abdominal domain is modest.

Figure 4 The “Bogota bag” method of temporary abdominal

closure. A urological irrigation fluid bag is sutured to the

skin and external drains are placed for control and quantification

of leaking fluid or hemorrhage.

Chapter 34: Abdominal Compartment Syndrome 627



(TBSA) burns (123–125). Even in the setting of secondary ACS
secondary to burn, the frequency of being able to treat with
percutaneous techniques is limited. In a retrospective review
of 1014 consecutive burn patients, 10 developed ACS requir-
ing surgical interventions, only two cases (both with isolated
ascites) were amenable to percutaneous drainage (19). Case
reports also exist of the use of laparoscopy or percutaneous
drainage for the treatment of ACS secondary to blunt
hepatic trauma (126,127). This should only be used in cases
of isolated injury where ACS is secondary to hemoperitoneum

without edematous bowel from resuscitation; and therefore
application of this technique is limited. If one of these mini-
mally invasive methods fails to correct the IAH, then decom-
pressive laparotomy should naturally be performed.

EYE TOTHE FUTURE

In the future, real-time IAP measurement may be possible
using microchip-tipped catheters allowing earlier diagnosis
and treatment of IAH or impending ACS in high-risk
patients rather than intermittent bladder pressure (34). The
future of ACS therapy will be in prevention rather than treat-
ment. Once ACS has occurred, significant mortality results,
and therefore the optimal goal will be prevention by better
predictive models and prophylactic decompressive celiot-
omy before the onset. In addition, improved resuscitative
techniques and modalities (i.e., synthetic blood substitutes)
may reduce the amount of crystalloid needed and therefore
the incidence of ACS (128,129). Once ACS has set in, work in
animal models using pharmacological therapy with either
octreotide or vasopressin is showing potential for being
able to attenuate the effects of the ischemia/reperfusion
after abdominal decompression, and therefore potentially
decreasing the incidence of MODS and mortality (130,131).
Finally, improvements in the management of open abdo-
mens may result in fewer patients requiring a planned
ventral hernia and delayed abdominal reconstructions (132).

SUMMARY

IAH and ACS are relatively common phenomena with a
wide range of etiologies. Given the often subtle and insi-
dious onset, and the potentially grave consequence when
the diagnosis/treatment is delayed or missed, a high index
of suspicion is required. If the possibility of IAH is enter-
tained, IAP must be measured, as objective measurement
is the only method to diagnose or rule out ACS. The result
of IAH is seen most readily in the renal and respiratory
systems, however, almost every organ system can be
affected. In trauma or other patients at high risk for develop-
ing ACS on the basis of perioperative findings, the best treat-
ment is the use of a TAC to decrease the incidence (if not
completely prevent) the development of ACS. If ACS devel-
ops, prompt treatment with decompression will afford the
best therapy with resolution of cardiovascular, pulmonary,
and renal derangements, although the stage may be set for
subsequent multiple organ failure.

KEY POINTS

Because of the numerous etiologies, a high index of sus-
picion is required to consider the diagnosis of ACS.
Because of the limitations of clinical examination in
diagnosing ACS, measurement of IAP is essential to
making the diagnosis.
Despite the variety of methods described for measure-
ment of IAP, the gold standard continues to be
urinary bladder pressure.
Renal dysfunction is the most common presentation,
however, the morbidity of ACS is not limited to intra-
abdominal organs, and has the potential to effect
nearly every major system.

Figure 5 In cases where primary closure of the fascia is not

possible at reoperation, temporary abdominal closure is accom-

plished using an absorbable mesh fascial closure. This allows

coverage and the formation of granulation tissue to occur over the

bowel and omentum.

Figure 6 Once adequate granulation has occurred with an

absorbable mesh closure, the mesh is removed and the abdomen is

“closed” with a split thickness skin graft to create a controlled

ventral hernia.
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Most of the pathophysiologic effects of ACS are revers-
ible, making early diagnosis and prompt treatment
imperative.
An IAP of 15–20 mmHg may result in oliguria, while
IAP greater than 30 mmHg can lead to anuria.
The pulmonary dysfunction resulting from IAH is sec-
ondary to elevation of bilateral hemidiaphragms in
response to the pressure (57).
The primary cardiovascular derangement seen second-
ary to IAH is reduction of Q̇.
Diminished hepatic arterial, portal venous, and microcir-
culatory blood flow have all been associated with IAH.
The priming of the immune system and the resultant
enhanced inflammatory response may predispose
patients with ACS to MODS even after abdominal
decompression.
When used in appropriately selected patients, the use
of TAC can be effective in preventing the development
of ACS.
When abdominal swelling continues following TAC, it
is still possible to develop ACS despite the theoretical
“open abdomen”; therefore, in the setting of a patient
with significant risk for developing ACS, regular IAP
measurements should still be obtained.
The mainstay of treatment of suspected or confirmed
ACS is laparotomy with abdominal decompression
and TAC.
During mesenteric reperfusion immediately following
abdominal decompression, a washout of the products
of anaerobic metabolism occurs, and can lead to signifi-
cant hypotension (113).
One of the easiest methods of achieving TAC is using
the Bogota bag technique, a variation of the silos
created by pediatric surgeons in the treatment of gastro-
schisis and omphaloceles.
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INTRODUCTION

The hepatobiliary system plays a major role in energy
metabolism, bilirubin metabolism, coagulation, digestion,
and the immune response. The liver receives a large
portion of the cardiac output and, as such, critically ill
patients with any combination of trauma, hemodynamic
instability, and sepsis are subject to hepatic dysfunction.
Most critically ill patients are administered multiple medi-
cations which may affect hepatic function, and hepatic dys-
function may require alterations in drug dosing. Knowledge
of the etiologies of hepatic dysfunction, hepatic function
in disease states, and alterations in drug metabolism in
the critically ill patient will aid the clinician in the general-
ized support of the critically ill patient with hepatic
dysfunction.

OVERVIEWOF NORMAL HEPATIC ANATOMY
Hepatic Anatomy and Blood Supply
The liver weighs approximately 1500 g, is enclosed within a
fibrous sheath (Glisson’s capsule), and is located in the right
upper quadrant of the abdomen. The upper border of the
liver lies approximately at the level of the nipples. The
lower border corresponds to the costal cartilage of the right
ninth and left eighth ribs.

The liver receives approximately 25% of the total
cardiac output. The blood supply to the liver is situated to
process, modify, and detoxify nutrients and metabolic fuels
from the intestinal lumen (1). Blood supply to the liver is
derived from two sources, the portal vein and the hepatic
artery. Blood in the portal vein drains blood from
the digestive tract between the proximal stomach to the
upper rectum, spleen, pancreas, and gall bladder (2,3). The
portal vein accounts for 75% of the total hepatic blood
flow (1–4).

The common hepatic artery is one of three major
branches of the celiac axis, and provides branches to the
gall bladder via the cystic arteries (2,3). Although the
hepatic artery accounts for only 25% of hepatic blood flow,
it provides 50% of the oxygen requirements to the hepato-
cytes, and hepatic arterial flow may become predominant
in a cirrhotic liver with decreased portal vein perfusion
(2,3). Hepatic collateral circulation can be dilated in cases
of cirrhosis or thrombosis of portal or hepatic veins. The
most common sites of increased collateral portal circulation
are the submucosal vessels of the esophagus and stomach
(Fig. 1).

Hepatic Microcirculation
Hepatocytes are polyhedral cells with a central spherical
nucleus, arranged in plates one cell in thickness with blood-
filled sinusoids on each side of the plates (2,3). Hepatocytes
comprise 65% of the cells in the liver, have specialized oxi-
dative activities, and are spatially arranged to achieve
these functions (2,3).

The liver is classically divided into lobules (1–2 mm
hexagons) oriented around a central vein (the terminal
hepatic vein) which drains into the hepatic vein. At every
other apex of the hexagonal lobule is a portal triad, which
includes a bile duct, a branch of the hepatic artery, and
a branch of the portal vein. The portal venous blood and
the hepatic arterial blood mix and bathe the hepatocytes via
sinusoids.

Sinusoids are the major site for blood-flow regulation,
hepatic capacitance, and solute exchange between blood and
hepatocyte (4). The flow of mixed portal vein blood and
hepatic arterial blood is in the opposite direction of the bile for-
mation. The hepatic sinusoids eventually empty into the term-
inal hepatic venule. Hepatic sinusoids are fenestrated with
scanty subendothelial stromal material, permitting passage
of large macromolecules (2,3). Sinusoids bridge the gap
between terminal portal venules (inflow) and hepatic
venules (outflow) (2–4). This low-pressure system results in
a constant, sluggish blood flow through the sinusoids (2,3).

The three-dimensional organization of the functional
liver anatomy can be further described by the Acinar
model, in which hepatocytes surround a terminal central
hepatic vein which forms the pericentral zone (Fig. 2) (2,3).
Pericentral hepatocytes differ from the hepatocytes that sur-
round the central vein in synthetic capabilities, enzymes,
and susceptibility to liver injury (Fig. 3) (2,3). Hepatocytes
that are further away from the portal blood supply are
more prone to hypoxic effects of ischemia and react differ-
ently to toxin exposure. The geographic position of hep-
atocytes and their exposure to gradients of nutrients and
waste products leads to location-related variations in sus-
ceptibility to ischemia and drug toxicity (2).

Biliary System
Bile drains from each hepatic segment through bile canali-
culi, to small hepatic ducts, to right and left hepatic ducts,
which eventually form a common hepatic duct (Fig. 4).
The common hepatic duct joins with the cystic duct to
form the common bile duct (CBD) emptying into the duode-
num via the ampulla of Vater. The function of the gall
bladder is to concentrate and store bile during fasting; and
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having a volume of 30–70 mL may add this stored bile fol-
lowing a large fatty meal (1).

NORMAL HEPATIC FUNCTION
Energy Metabolism
Carbohydrate Metabolism
The liver is responsible for maintenance of normal glucose
levels through regulation of glycogenolysis and gluconeo-
genesis (5). In the fed state, glucose is stored as glycogen
or converted to fatty acids that are then stored in adipose
tissue (5). Hepatic glycogen is the main storage site for
glucose-dependent organs [brain, red blood cells (RBCs),
retina, and renal medulla] (1). The normal liver has a 24- to
48-hour supply of glycogen. Alcoholics and malnourished
patients have little or no stored glycogen and are more

Figure 3 The complex acinar structure as conceived by Rappa-

port. The preterminal vessel is the proximal portion of the mixed

hepatic arterial and portal venous sinusoidal blood, and the term-

inal portion is the distal end. The terminal hepatic venule is labeled

as efferent vein. The margins of the shaded zones represent planes

of equal blood pressure (isobars), oxygen content, or other

characteristics. Periportal tissue (zone 1) receives blood that is

higher in oxygen content than perivenular (zone 3) tissue. The

acinus is bulb shaped, and the classic lobule is composed of

several wedge-shaped portions, (called primary lobule, not

indicated). The hepatic microcirculatory subunit is the smallest

functional unit in which there is the potential for countercurrent

flow. Source: From Ref. 85.

Figure 1 Diagram of the portal circulation. The most important

sites for the potential development of portosystemic collateral

vessels involve the areas where systemic veins join the portal

system. (i) Esophageal submucosal veins, supplied by the left

gastric vein and draining into the superior vena cava through the

azygos vein. (ii) Paraumbilical veins, supplied by the umbilical

portion of the left portal vein and draining into abdominal wall

veins near the umbilicus (not shown). These veins may form a

caput medusa at the umbilicus. (iii) Rectal submucosal veins,

supplied by the inferior mesenteric vein through the superior rectal

vein and draining into the internal iliac veins through the middle

rectal veins. (iv) Splenorenal shunts: created spontaneously or

surgically. (v) Short gastric veins communicate with the esopha-

geal plexus. Source: From Ref. 84.

Figure 2 Three-dimensional architectural drawing of the normal

human liver. The major components of the portal tract (or canal)

include a branch of the portal vein, a hepatic arteriole, a bile duct,

and some lymphatics (not shown). Also shown in the figure are

cholangioles that carry bile from the canaliculi to the bile duct

(listed as lymphatic). The hepatic arterial blood empties into the

interlobular sinusoids mixing with the portal venous blood which

enters the sinusoids via inlet venules. This nutrient-rich blood

eventually empties into the central hepatic veins. The perisinu-

soidal space of Disse separates the sinusoidal blood from the

hepatocytes. The hepatocytes empty their bile on the opposite side

of their cells into the bile canaliculi. Source: From Ref. 85.
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prone to hypoglycemia. Insulin stimulates the formation of
glycogen and inhibits gluconeogenesis (5). Glycogenolysis
and gluconeogenesis are stimulated by glucagon and epi-
nephrine. Precursors for glucose formation are lactate, pyru-
vate, and amino acids (1,2).

Lipid Metabolism
The liver plays a central role in fatty acid metabolism (1). Oxi-
dation of fatty acids to carbon dioxide and water yields the
highest production of adenosine triphosphate (1). In the fed
state, the liver esterifies fatty acids to triglycerides and other
esters, which provide energy for the liver. In the fasting state,
fatty acid synthesis is inhibited. Obesity, diabetes mellitus,
corticosteroid therapy, and ethanol ingestion can result in
fatty liver, an excess accumulation of triglyceride. Alcoholic
ketosis occurs secondary to ethanol or acetaldehyde-mediated
impairment of fatty acid oxidation (5).

Amino Acid and Protein Metabolism
The liver is the major site for the synthesis of proteins
involved in coagulation, transport, and acute phase reac-
tants. Plasma protein synthesis accounts for 80% of all

hepatic protein synthesis, and is regulated by multiple
factors, including availability of nutritional components,
genetic determinants, drugs, toxins, as well as the presence
of inflammatory or catabolic states (5). Acute hepatic
disease will have a greater effect on proteins with rapid turn-
over (i.e., coagulation factors) than those that turn over

more slowly, such as albumin (5).

Bilirubin Metabolism
Almost 70% of bilirubin is derived from the heme moiety of
hemoglobin from erythrocytes sequestered in the spleen,
liver, and bone marrow. The remaining bilirubin results
from the breakdown of nonhemoglobin protein, cytochrome
P-450, in the liver. Unconjugated bilirubin is water insolu-
ble, highly bound to albumin, and not excreted in the
urine. Following transport to the liver, carrier proteins
mediate passage through large fenestrations in the cells of
the sinusoidal lining and contact the hepatocyte plasma
membrane. Bilirubin is conjugated with glucuronic acid,
becoming water soluble, and secreted into the bile canalicu-
lus. Serum bilirubin is normally at least 70% conjugated
(Fig. 5) (4–8).

Bile Formation
Bile is composed of conjugated bile acids, cholesterol, phos-
pholipids, and protein. In the initial formation of bile, bile
acids and bilirubin are taken up at the sinusoidal membrane
(4). Bile is formed at a rate of 0.42 mL/min (4). Eighty percent
of bile is secreted by hepatocytes and 20% by the bile duct
epithelial cells (4). Inhibition of the sphincter of Oddi by
cholecystokinin stimulates expulsion of preformed bile into
the duodenum (1,4).

The formation of bile is a high-energy expenditure
process. To conserve energy and maintain the large stores
of bile required for digestive purposes, an enterohepatic cir-
culation recirculates bile 6 to 15 times per day (4). Active
secretion of bile salts across the canalicular membrane is
the primary metabolic pump of the enterohepatic circulation
(4). Malfunction of the enterohepatic circulation leads to a
decreased bile acid pool, which predisposes to gall stone for-
mation (4).

Vitamin Metabolism
The liver is vital to the uptake, storage, and mobilization of
many vitamins. Bile salts are required for absorption of the
fat-soluble vitamins A, D, E, and K. Vitamin D conversion
to 25-hydroxycalciferol, the first step of vitamin D activation,
occurs in the liver (4). Vitamin K is essential for the activation
of the coagulation factors II, VII, IX, and X (4).

BIOCHEMICAL EVALUTION OF HEPATIC DYSFUNCTION

The liver is one of the most frequently damaged organs in the
body, but also has one of the greatest regenerative capacities,
and has enormous functional reserve. Only 10% of hepatic
parenchyma is required for normal liver function. Thus, evi-
dence of liver injury does not necessarily mean that hepatic
dysfunction is occurring.

The most common method of assessing hepatic health
is to obtain a measure of liver function tests (LFTs). The
common LFTs include hepatic enzymes called bilirubin.
When liver injury occurs, hepatic enzymes leak into the
circulation, and bilirubin levels increase. An additional

Figure 4 Gallbladder and biliary system. The right and left

hepatic ducts coalesce to form the common hepatic duct which can

empty into the CBD or into the cystic duct for storage in the

gallbladder for later use. The CBD joins the pancreatic duct at the

ampulla of Vater and empties into the duodenum via the duodenal

papilla. This anatomy explains why the passage of gall stones can

either cause obstruction of the CBD and result in dilation of

intrahepatic ducts (causing cholestatic jaundice), or obstruct pan-

creatic exocrine function resulting in gall stone pancreatitis. When

the stone is only obstructing the cystic duct (simple cholelithiasis),

the patient may complain of pain, and could later develop sec-

ondary infection related to the obstruction, but will not necessarily

have an elevation of either bilirubin levels or pancreatic enzymes.

Abbreviation: CBD, common bile duct. Source: From Ref. 85.
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measure of liver function is provided by assessing the syn-
thetic function of the liver (e.g., albumin, prealbumin, and
coagulation factors). These various methods of evaluating
liver injury and viability with biochemical measurements
will be reviewed in the following sections.

Hepatic Enzymes
Aminotransferases
The aminotransferases, aspartate aminotransferase (AST,
formerly serum glutamic oxaloacetic transaminase), and
alanine aminotransferase (ALT, formerly serum glutamic
pyruvic transaminase) measure liver injury (Table 1).
While ALT is relatively specific to the liver, AST is found
in the liver as well as skeletal and cardiac muscle, kidney,
brain, pancreas, and blood (7). Absolute elevations of AST
and ALT reflect leakage from damaged liver cells (7), as
well as the early phase of acute biliary obstruction (8).

The level of elevation of aminotransferases may be an
indication of the etiology of hepatic dysfunction. ALT and
AST levels less than 300 IU/L are seen in alcoholic hepatitis
and biliary obstruction. Patients with advanced cirrhosis
may have normal or near normal levels of aminotrans-
ferases (7).

Mild to moderate elevations of aminotransferases
(250–1000 IU/L) are seen with viral infection, drug-
induced hepatitis, nonsteroidal antiinflammatory agents,
cocaine, modest hepatic inflammation, steatosis, drugs,
alcohol, chronic viral hepatitis, and cirrhosis (7). Amino-

transferase levels of greater than 1000 IU/L are almost
always due to hepatocellular injury, and can be seen with
drug- and or toxin-induced hepatic injury, ischemic liver
injury, and acute viral hepatitis (7).

The level of elevation of aminotransferases correlates
poorly with the extent of necrosis, and is not predictive of
outcome (7,8). Aminotransferase levels may fall during
the course of massive hepatic necrosis, and a rapid fall
in enzyme levels in combination with a rising bilirubin
and prolonged prothrombin time may portend a poor
prognosis (7,8).

In most hepatic injuries, the ratio of AST to ALT is
usually 1:1; however, ratios of 2:1 or greater are common in
alcoholic hepatitis. A high AST to ALT ratio in the
absence of alcohol abuse may represent cirrhosis (7).

Alkaline Phosphatase
Alkaline phosphatase (AP) is present mostly in liver and
bone. Hepatic AP is present in the hepatocyte plasma mem-
brane and the lumen of the bile duct epithelium (7).
Elevations of AP are secondary to increased synthesis and
release of enzyme into the circulation (7). Hepatocyte
plasma membranes are solubilized by bile acids, which are
retained in settings of cholestasis. The retention of bile
acids facilitates the release of AP, thus the rise of AP after
acute biliary obstruction (7). Because elevations of AP
require synthesis of new enzymes, AP may not increase for
one to two days after biliary obstruction (7). The half-life
of AP is approximately one week, thus levels may remain
elevated for days to weeks after resolution of biliary obstruc-
tion (8).

Levels of AP of 3 to 10 times normal are seen in both
intrahepatic and extrahepatic obstruction of bile flow.
Slight to moderate increases in AP may be seen in hepatitis
and cirrhosis. Higher levels may be seen with infiltrative
hepatic disorders secondary to intrahepatic bile duct com-
pression (7,8). Severe bacterial infection is also associated
with an isolated rise in AP (7).

Lactate Dehydrogenase
Elevations of lactate dehydrogenase (LDH) are seen in many
different tissue injuries, including skeletal and cardiac
muscle, hemolysis, stroke, and renal infarct. LDH is
especially high in ischemic hepatitis. A sustained elevation
of LDH with AP is indicative of malignant infiltration of
the liver (7).

Gamma-Glutamyl Transpeptidase
Gamma-glutamyl transpeptidase (GGTP) is present in many
tissues, but not in bone, and thus may be useful in confirm-
ing hepatic elevations of AP (7,8). GGTP is inducible by
alcohol, and thus may be useful in detecting alcohol abuse.
GGTP is also elevated in biliary obstruction, but is not as sen-
sitive for obstruction as 50-nucleotidase (NT).

Figure 5 Schematic diagram summarizing the structural and

biochemical pathways involved in bilirubin metabolism. During its

carriage in the plasma, bilirubin is strongly, but reversibly bound to

albumin. In hepatic sinusoids, this complex comes in direct contact

with the basolateral domain of the hepatocyte plasma membrane

through fenestrae of the specialized hepatic endothelial cells. At

the hepatocyte surface, dissociation of the albumin-bilirubin

complex occurs, and bilirubin enters hepatocytes by a specific

uptake mechanism. A fraction of the bilirubin is also derived from

catabolism of hepatocellular heme proteins. Storage within the

hepatocyte is accomplished by binding of bilirubin to a group of

cytosolic proteins, glutathione-S-transferases (GSTs) (also termed

ligandin or Y-protein). Binding to these proteins keeps bilirubin in

solution and inhibits its efflux from the cell, thereby increasing the

net uptake. Conjugation of bilirubin in the endoplasmic reticulum

is catalyzed by bilirubin-UDP-glucuronosyltransferase, forming

bilirubin monoglucuronide and diglucuronide. Both conjugates

may bind to GSTs in the cytosol. Conjugation is obligatory for

efficient transport across the bile canaliculus. This process is nor-

mally rate-limiting in bilirubin throughput, and is shared by other

organic anions, but not bile salts. Source: From Ref. 85.
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50 -Nucleotidase
50-NT is present in small quantities in numerous organs, but
is only present in high concentrations in liver tissue (7,8).
The enzyme is located in the hepatocyte sinusoidal and
canalicular bile membranes and may reflect bile obstruction
(7,8). Because 50-NT is predominantly located in or near the
bile canalicular membrane, its elevation is more specific for
biliary obstruction than either AP or GGTP, both of which
are diffusely distributed throughout the liver.

Bilirubin
Normal Serum Bilirubin Levels (in Health)
Bilirubin results from the metabolism of the porphyrin ring
component of heme-containing proteins (chiefly hemo-
globin and myoglobin). Bilirubin exists in the blood in

two forms, conjugated (water soluble) and unconjugated
(water insoluble, bound to albumin). Most clinical labs
use the Van den Bergh assay to determine the conjugated
“direct” reacting component (reacts prior to addition of
alcohol) and the total bilirubin (the amount that reacts
after the addition of alcohol). The indirect amount is the
total minus the direct, and correlates with the unconju-
gated portion. Normally, the total bilirubin is less than

1 mg/dL, and at least 70% is conjugated (direct reacting).
The rate-limiting step in bilirubin metabolism is not

conjugation (a property which remains intact even with
severe liver disease). Rather, transport of conjugated
bilirubin into the bile canaliculi is the rate limiting step,
explaining why elevated bilirubin is seen in all forms of
acute liver disease including that due to ischemia and
shock liver.

Table 1 Biochemical Liver Function Tests

Test/basis of abnormality Normal range Level of elevation Extrahepatic sources

Aminotransferases/leakage

from damaged tissue

AST 10–40 U/L Modest—many types of hepatic disease ALT—relatively specific for

hepatocellular necrosis

ALT 10–55 U/L Marked—hepatitis (ischemic, viral,

toxic)

AST—skeletal and cardiac

muscle; kidney, brain,

pancreas, RBCs

Levels ,300 U/L with AST:ALT ratio

.2:1—alcoholic hepatitis, cirrhosis

AP/Overproduction and

leakage into serum

45–115 U/L Modest—many types of hepatic disease

Marked—extra and intrahepatic cho-

lestasis, diffuse infiltrating disease

(tumor); occasional alcoholic

hepatitis

Bone growth or disease (tumor,

fracture, Paget’s disease);

placenta, intestine, tumors

Gammaglutamyl transpepti-

dase/overproduction and

leakage into serum

0–30 U/L Same as AP

Induced by ethanol, drugs

GGTP:AP ratio .2.5 suggestive of

alcoholic liver disease

Kidney, spleen, pancreas, heart,

lung, brain

50NT/overproduction and

leakage into serum

0–11 U/L Same as AP Relatively specific for liver

disease

Bilirubin/decreased hepatic

clearance

0–1.0 mg/dL Modest—many types of

hepatic disease

Increased breakdown of

hemoglobin

0–17 mmol/L Marked—extra and intraheptic

cholestasis; alcoholic, drug-induced

or viral hepatitis

Prothrombin time/decreased

synthetic activity

10.9–12.5 sec Acute or chronic liver

failure (unresponsive to

vitamin K)

Biliary obstruction (responsive to

vitamin K)

Vitamin K deficiency (malab-

sorption, malnutrition,

antibiotics); consumptive

coagulopathy

Albumin/decreased synthetic

activity; increased

catabolism

4.0–6.0 g/dL Chronic liver failure Decreased in nephrotic

syndrome, protein losing

enteropathy, vascular

leak, malnutrition,

malignancy, inflammatory

states

Abbreviations: AST, aspartate aminotransferase; ALT, alanine aminotransferase; RBC, red blood cells; GGTP, gamma-glutamyl transpeptidase; AP, alkaline

phosphatase; 50NT, 50-nucleotidase.

Source: From Ref. 1, p. 1127.
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Causes of Hyperbilirubinemia (Jaundice)
Overproduction of Bilirubin
In the trauma patient, the administration of multiple blood
transfusions may result in a bilirubin load that overwhelms
the conjugation and excretory capacity of the liver (9,10). In
an effort to rotate stocks of packed RBCs, those first released
from the blood bank are usually the oldest ones on the shelf.
These older, more fragile RBCs lyse quickly within the reti-
culoendothelial system, and the resultant increase in uncon-
jugated bilirubin is analogous to any other source of
hemolytic anemia. The normal rate of bilirubin production
is approximately 250–300 mg/day, an amount equal to a
500 mL transfusion of RBCs.

Resorption of hematomas is another common cause of
unconjugated hyperbilirubinemia, in patients with major
trauma or those undergoing major aortic procedures (7,10).
Drug-induced or immune-mediated hemolysis, mechanical
damage to RBCs (mechanical heart valves), or hemoglobino-
pathies (sickle cell anemia) may also result in overproduc-
tion of bilirubin (7,9,10). The inability to respond to an
increased bilirubin load is accentuated with underlying
liver disease or acute ischemic injury (9).

Acute Hepatocellular Injury
Acute hepatocellular injury may occur secondary to hypo-
perfusion, ischemia, iatrogenic injury to blood vessels of
the liver, following toxic exposure (acetaminophen,
Amanita phalloides) and to many classes of medications
(10). Conjugated hyperbilirubinemia results from impaired
hepatic excretion and regurgitation of bilirubin from hepato-
cytes into the serum. However, in the setting of “ischemic
hepatitis” or “shock liver,” the predominant picture is hepa-
tocellular necrosis, with extremely high enzyme elevations.

Cholestasis
Cholestasis describes any disturbance of the bile secretory
process (extrahepatic or intrahepatic). Extrahepatic refers
to an obstructor at the bile duct level. Obstruction may occur
from cholelithiasis, inflammatory processes, or extraluminal
compression (11,12). Intrahepatic cholestasis is more
common than extrahepatic in the trauma and critical care
setting. Intrahepatic cholestasis is sometimes referred to as
benign postoperative jaundice, and may be secondary to pro-
longed hypotension and multiple blood transfusions among
other causes. Intrahepatic inflammatory disorders such as
sepsis, primary biliary cirrhosis, infiltrative or granuloma-
tous disease, drug toxicity, and viral or alcoholic hepatitis
may result in cholestasis (11,12).

Serum bilirubin can be elevated as high as 40 mg/dL
in cholestasis (10). AP levels are elevated; however, amino-
transferase levels, prothrombin time, and albumin levels
are not initially altered in pure cholestasis. Although this
process is usually self-limited, patients can progress to
sepsis and multiorgan failure (10). In prolonged cholestasis,
the delta fraction of circulating conjugated bilirubin is tightly
bound to albumin, and may account for the prolonged resol-
ution of bilirubin when other parameters are improving (7).

Tests of Hepatic Synthetic Function
Albumin and Prealbumin
Albumin is the predominant serum binding protein with a
half-life of approximately three weeks (2,8). Production is
100–200 mg/kg/day, and is influenced by nutritional
state, the presence of systemic disease, toxins, liver disease,
and thyroid and glucocorticoid hormones (8). Albumin

levels reflect hepatic synthesis and volume of distribution,
and may decrease with nephrotic syndrome, protein-losing
enteropathy, severe burns, traumatic blood loss, peritoneal
losses, exfoliative dermatitis, and gastrointestinal bleeding
(2,8) Thus, the albumin concentration is limited as an acute
indicator of liver disease severity (8). Prealbumin has a
half-life of three to four days. However, a low prealbumin
level is not specific for hepatic disease. Indeed, malnutrition
in a patient with a normal liver will result in decreased pre-
albumin.

Prothrombin Time
The prothrombin time measures the rate of conversion of
prothrombin to thrombin, and reflects the activity of
factors II, VII, IX, and X, the factors involved in the extrinsic
coagulation pathway (7). Elevations of prothrombin time
occur with vitamin K deficiency, warfarin, disseminated
intravascular coagulation (DIC), acute and chronic liver
disease, and chronic cholestasis with fat malabsorption (7).

The coagulation factors have a short half-life, especially
factor VII (five to seven hours); thus prothrombin time is a
useful indicator of hepatic synthetic function providing

vitamin K levels are normal (4,8).

ETIOLOGYOF LIVER DYSFUNCTION IN THE TRAUMA/
INTENSIVE CARE UNIT PATIENT
Ischemic Hepatitis
Etiology and Pathogenesis
Trauma and Shock
Ischemic hepatitis, or “shock liver,” refers to acute circula-
tory failure of the liver in the setting of trauma, major
surgery, and critical illness (13–17). Liver cell necrosis
occurs secondary to prolonged cellular hypoxia, due to
arterial hypotension, hypoxemia, or passive venous
congestion (16). Hypotension is the most important factor
contributing to post-traumatic liver dysfunction and jaun-
dice (13,17). Hypotension may be secondary to, or
accompanied by, hypovolemia, hypoxemia, prolonged
surgery, and anemia with the requirement for massive
transfusion (13). Multiple etiologies are usually present in
such situations.

Patients with ischemic hepatitis may present clinically
with jaundice, encephalopathy, hepatomegaly, or acholic
stools (13). Marked elevations of aminotransferases and
LDH are common, with lesser elevations of AP (two to
three times normal) and bilirubin (5–20 mg/dL) (14–16).
Prothrombin time may be elevated two to three seconds
(14). Elevations in LFTs occur within the first 12 to 24
hours, peak within one week of the inciting event, and
resolve to normal in 7 to 10 days (Fig. 6) (15,16).

Ischemic Hepatitis in Cardiac and Medical Patients
Cardiogenic ischemic hepatitis occurs in the setting of overt
cardiogenic shock or in heart failure patients with an acute
decline in cardiac function (18–22). Elevations of serum
ALT, AST (usually 10–20 times normal values) and bilirubin
occur, as well as prolongation of prothrombin time. Abnor-
mal values decrease by 50% within 72 hours.

Congestive liver fibrosis and congestive cirrhosis
(cardiac cirrhosis) occur secondary to elevated venous
pressure, hypoxia or hepatocellular necrosis, with varying
degrees of fibrosis in different regions of the liver (18). The
diagnosis is suggested by the triad of right heart failure,
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hepatomegaly, and ascites with high protein content.
Aminotransferases, AP, bilirubin, and albumin levels are
usually initially normal (18).

Pathology and Pathophysiology
The hepatic arterial buffer response (HABR) is a compen-
sation mechanism by which hepatic arterial dilation com-
pensates for inadequate portal blood flow (19,22). Hepatic
oxygen consumption is maintained due to the higher
oxygen saturation of hepatic arterial blood (22). Following
injury, splanchnic blood flow decreases as splanchnic vascu-
lar resistance is increased. Hepatic oxygen consumption may
be maintained by an increase in oxygen extraction, which
may actually exceed oxygen extraction in other areas of the
body (17). Although the HABR is maintained early in hemor-
rhage, as blood loss exceeds 30%, splanchnic vasoconstric-
tion becomes significant, and hepatic oxygen supply
decreases (22).

Patients with acute circulatory failure secondary to
organic heart disease demonstrate both hepatic hypoperfu-
sion and hepatic venous congestion, which may further pre-
dispose the liver to ischemic injury (22).

Ischemic hepatitis is associated pathologically with
centrilobular necrosis. This is described histologically as
necrosis to hepatocytes surrounding the central vein (furthest
away from the nutrients supply) and hence, most susceptible

to ischemic damage (16). The reticular framework of the
lobule is preserved, however, and allows for regeneration
after recovery of the hypoperfusion (16).

Biochemical Liver Tests in the Differential
Diagnosis of Ischemic Hepatitis
Many other conditions that cause abnormalities of liver func-
tion may be present in the critically ill patient. These include
viral hepatitis, sepsis, intravascular hemolysis, and venous

congestion. The time course and level of hepatic enzyme
increases suggest an ischemic etiology. In benign postopera-
tive cholestasis, bilirubin and AST levels will be lower and
AP levels higher than in ischemic hepatitis. LDH levels
may be useful in differentiating ischemic from viral hepa-
titis, as only a moderate rise in LDH occurs in viral hepatitis
(16). Viral hepatitis has a longer time course than ischemic
hepatitis (viral titers are required to make that diagnosis).

Treatment
Treatment of ischemic hepatitis is entirely supportive,
including resuscitation, antibiotic treatment of infection
and sepsis, control of gastrointestinal bleeding, nutritional
support, and adjustment of medications for hepatic dysfunc-
tion (13,18). Mortality is increased when ischemic hepatitis
occurs in patients with pre-existing chronic liver disease (16).

Hepatic Response to Infection and Sepsis
Hepatic Blood Flow and Oxygen Consumption
There is conflicting evidence related to hepatic blood flow in
sepsis (Volume 2, Chapters 47 and 63). Several studies have
demonstrated decreased hepatic blood flow secondary to
mesenteric vasoconstriction, or to the hypovolemia and
cardiac dysfunction that occurs with sepsis (22–24).
Hepatic hypoperfusion may occur in the absence of hypoten-
sion, and may persist despite fluid resuscitation (25). In
addition, there may be alterations in the regional distri-
bution of hepatic blood flow that may lead to areas with
decreased oxygen utilization (22). In some models of
sepsis, there has been speculation that hepatic hyperperfu-
sion may occur due to increased cardiac output and
decreased systemic vascular resistance (25,26). In these
models, hepatic hypoxia is postulated to occur from
increased flow of desaturated portal blood (25).

Oxygen consumption is increased in sepsis. Increased
splanchnic uptake of lactate, amino acids and free fatty
acids, and concomitant increased splanchnic glucose
output has been demonstrated after endotoxin bolus in
humans (27). Because of increased amino acid and lactate
concentrations, gluconeogenesis and glucose uptake are
upregulated. The mismatch of hepatic blood flow and meta-
bolic demand is a major etiology of sepsis-induced hepatic
dysfunction (22–29).

Hepatic Cellular Response to Bacteremia and Endotoxemia
The hepatic cellular response to sepsis involves Kupffer
cells, hepatocytes, and sinusoidal endothelial cells
(24,30,31). The majority of the body’s reticuloendothelial
system surface area is contained within the liver, primarily
the macrophage Kupffer cells that line the sinusoidal vascu-
lar network (24,30,31). The Kupffer cells scavenge and filter
bacteria and endotoxins from portal vein blood, preventing
them from entering the systemic circulation. Kupffer cells
also limit the systemic inflammatory response by scavenging
inflammatory mediators and cytokines (24,30). Spillover of
bacterial, endotoxin, and inflammatory mediators leads to
activation of the coagulation, kallikrein, and complement
cascades, leading to generalized microvascular injury, the
systemic inflammatory response syndrome, and when
severe, irreversible shock and multiple organ dysfunction
syndrome (Volume 2, Chapter 63) (24).

Figure 6 The course of aspartate aminotransferase (AST)

elevation and normalization in ischemic hepatitis. Each of nine

individual patients is represented by a separate symbol. All but one

had AST values sore above 2000 U/L by postinsult day 3 (most

reaching above 4–6000 U/L). All but one had values return to

normal by day 10, with most demonstrating values below 250 U/L

by day 7. Source: From Ref. 15.
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Hepatic Mediator Production and Secondary
Cellular Dysfunction
Kupffer cells produce and release mediators such as proin-
flammatory cytokines such as tumor necrosis factor-alpha
(TNF-a), and interleukins-6 (IL-6), as well as nitric oxide,
reactive oxygen products, and granulocyte colony stimulat-
ing factors (24,30,31).

Secondary hepatic dysfunction occurs in Kupffer cells
as a result of tissue factor–induced fibrin deposition and
microcirculatory disturbances, with resultant hepatocyte
and endothelial cell injury. Endotoxin and TNF may
induce cellular dysfunction, even without microcirculatory
changes (24). Consumption of fibronectin as a result of reti-
culoendothelial system phagocytosis of particulate material
may impair reticuloendothelial system efficiency (30).
Mediators of reperfusion injury may cause additional
injury to endothelial and parenchymal cells following resus-
citation (21).

Effects of Infection and Sepsis on the Immune Response
and Coagulation
Hepatocytes have receptors for endotoxin, cytokines, inflam-
matory mediators, and vasoactive substances (24). Hepato-
cytes demonstrate increased synthesis and release of
coagulation factors, complement and antiproteolytic
enzymes (24). Acute-phase proteins such as C reactive
protein, alpha-one antitrypsin, fibrinogen, and prothrombin
are also increased. There is an overall procoagulant response
secondary to enhanced inhibition of protein C, lower protein
S, decreased synthesis of protein C and antithrombin III,
increased tissue factor, and enhanced inhibition of fibrinoly-
sis (24).

Lactate and the Liver
While lactate production increases in settings of hypoperfu-
sion, the presence of lactate in sepsis may represent the
hypermetabolism that is stimulated by inflammatory
mediators. The liver is both a source of lactate as well as
the primary organ responsible for lactate clearance.
Hepatic production of lactate is based on the presence of
macrophages in the liver, increased hepatic neutrophil
sequestration, and endotoxin-induced glucose uptake and
synthesis of free radicals in hepatic phagocytes (32).
Lactate metabolism by the normal liver usually results in
negative lactate balance. However, lactate balance can be
positive in the presence of underlying hepatic dysfunction
or sepsis-induced hepatic dysfunction due to increased
lactate production. The major source of hyperlactatemia

in sepsis results from dysfunctional clearance of lactate by
the liver (31,32).

Sepsis and Cholestasis
Intrahepatic cholestasis is the most common finding in bac-
teremic patients with jaundice (12,31,33). There are a number
of mechanisms by which sepsis results in cholestasis. Bile
flow and biliary excretion are reduced after exposure to
endotoxin. Endotoxemia impairs the transport of organic
anions at the sinusoidal and canalicular membranes. Endo-
toxin and proinflammatory cytokines may also lead to
increased neutrophil migration and adhesion, resulting in
hepatocyte injury and portal tract inflammation (12,30). It
is likely that both decreased hepatic perfusion and decreased
urinary excretion of conjugated bilirubin play a role.

Biochemical Liver Tests in the Hepatic Response to Infection
and Sepsis
In sepsis, LFTs commonly demonstrate intrahepatic choles-
tasis (12,30,34). Elevations of serum bilirubin occur in a
high percentage of septic patients (34–36). Although peak
serum bilirubin usually is in the 5–10 mg/dL range,
mostly conjugated, levels may reach as high as 40 mg/dL.
Often, there are only modest elevations of aminotransferases
(34–37). The level of elevation of serum bilirubin and serum
enzymes are often discrepant (33,35,36). AP is elevated
one to three times normal, and rarely 5 to 10 times
normal (34–37).

The differential diagnosis of sepsis-induced cholestasis
includes gall stone disease, sludge, acute acalculous chole-
cystitis (AAC), drug-induce hepatitis, hemolysis, and choles-
tasis or jaundice associated with total parenteral nutrition
(TPN) (30). Sepsis should be considered when fever and
jaundice occur without aminotransferase elevations or
evidence of primary hepatic or biliary tract disease.
Although the level of bilirubin is not always predictive of
outcome, persistent hyperbilirubinemia portends a poor
prognosis (34–37).

PHARMACOLOGYAND HEPATIC DYSFUNCTION
Hepatic Biotransformation
Pathways of Drug Elimination
Three phases of drug elimination are accomplished by the
liver. Phase I involves alteration of the parent molecule by
oxidation, reduction, and hydrolysis. Phase II includes con-
jugation of a drug or metabolite with small, endogenous
molecules such as glucuronic acid, glutathione acetate or
glutathione sulfate, making the products water soluble,
allowing excretion into the bile or urine. Conjugation
usually detoxifies active metabolites. Phase III involves
excretion of the parent compound or metabolite from the
hepatocyte (37–40). Any or all of these three steps may be
involved in drug elimination (37–40).

Cytochrome P-450 System
The cytochrome P-450 proteins (P-450) are responsible for
most phase I reactions (37–40). In the reaction cycle,
oxygen is bound and reduced, resulting in activated
oxygen, which is incorporated in lipophilic substrates
(drugs, toxins, fatty acids, and steroid hormones) (37–41).
Chemically reactive intermediates (e.g., free radicals) are
formed and reduced. There are more than 20 P-450 isozymes
in the liver (37,41). Patient variation in drug metabolism is due
to polymorphisms in the genes coding for P-450 (Volume 2,
Chapter 4) (38). There are decreased P-450 levels in severe
liver disease, with resultant decrease in drug clearance (38).

Enzyme induction is the synthesis of new enzyme
proteins secondary to exposure of the P-450 system to lipo-
philic substances. Enzyme induction occurs with medi-
cations such as isoniazid, phenytoin, rifampicin, and
St. John’s wort, as well as commonly used agents such as
alcohol, tobacco, and cannabis. Enzyme induction affects
the metabolism of other drugs, as well as drug–drug
interactions (37).

Mechanisms of Drug Toxicity
Intrinsic (Direct) Hepatotoxicity
Toxic hepatic injury occurs with agents that damage liver
cells of all exposed patients (intrinsic toxicity) (Table 2).
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Intrinsic hepatotoxins cause predictable liver injury, either
from the drug itself (as with Amanita phalloides mush-
room, chloroform, and carbon tetrachloride) or from a
toxic metabolite of the agent (as with acetaminophen tox-
icity), and are usually not related to host factors (Volume 1,
Chapter 31). Most toxic hepatic injury results from the
actions of active metabolites of the drug (37,41,42). Electro-
philic radicals, the probable mechanism for injury from
acetaminophen and isoniazid, bind to molecules of cell
membranes and lead to necrosis (41). Most cases of acute
drug-induced liver disease occur within days of a direct
hepatotoxin (37,41).

Idiosyncratic Toxicity
The majority of drugs associated with drug-induced liver
disease are idiosyncratic hepatotoxins (37,38,40). Unstable
drug metabolites may bind to cellular proteins or macromol-
ecules that cause a direct toxic effect on hepatocytes (38,40).
Idiosyncratic agents may be due to aberrant metabolism of
the drug to a toxic intermediate that induces liver injury in
the susceptible patient, or may be immunologic in nature
(37,38,40–42).

Metabolic Idiosyncracy
Metabolic idiosyncracy is the susceptibility of agents to for-
mation of intrinsic toxins, resulting in hepatic cellular injury.
These reactions usually result from genetic or acquired
differences in drug metabolism (37,40,42). Agents associated
with metabolic idiosyncracy include isoniazid, fluconazole,
troglitazone, fluoxitene, paroxitene, and trazodone.

Immunoallergic or Hypersensitivity Reactions
Immunoallergic or hypersensitivity reactions involve the
covalent binding of the drug to enzymes, forming adducts,
which can serve as immune targets (40). Adducts can
induce the formation of antibodies or induce direct cytolytic
T-cell responses (40). The pattern of liver disease can
be hepatitic, cholestatic, or mixed (38,40,42). This reaction

occurs after a predictable sensitization period, usually one
to five weeks (42). Rash, fever, and eosinophilia may accom-
pany immunoallergic reactions.

Immunoallergic reactions have been reported with
sulfonamides and anticonvulsants (37,40). Rare cases have
occurred from barbiturates, beta-blocking agents, calcium-
channel blockers, nifedipine, verapamil, diltiazem, and
gastric acid suppression drugs such as cimetidine, raniti-
dine, and famotidine (37).

Targets of Cellular Injury
Drug-induced hepatic injury can be classified by clinical, his-
tologic or laboratory features, and depends on the area of the
hepatobiliary tree that is injured. Covalent binding of a drug
to intracellular proteins may occur and migrate to the cell
surface, resulting in cell lysis. Enzyme-drug adducts can
migrate to the cell surface and serve as targets for cytolytic
T-cells or cytokines. Disruption of the actin filaments near
the canaliculus, or interruptions of transport proteins that
affect bile flow, may result in cholestasis. Interruption of
transport pumps may prevent excretion of bilirubin and
other compounds. Drugs may activate apoptotic pathways
via TNF-a. Others may affect fatty acid oxidation and respir-
atory chain enzymes, leading to lactic acidosis and reactive
oxygen species. Triglyceride accumulation within cells leads
to steatohepatitis (aforementioned) (40). Many drugs cause a
spectrum of features, however, and some produce mixed
disorders (37).

Presentations of Hepatic Injury
Hepatic Adaptation
Hepatic adaptation refers to alterations in hepatic function
without significant liver injury. Patients are frequently
asymptomatic (42). Drugs commonly involved include
phenytoin, warfarin, and the statin class of cholesterol-
lowering agents (37,42). Rash, eosinophilia, and fever are
uncommon (37).

Table 2 Mechanisms of Drug-Induced Liver Disease

Idiosyncratic toxicity

Mechanism

Direct/indirect

physiochemical destruction

Aberrant metabolism

leading to toxic metabolite

Hypersensitivity

(drug allergy) reaction

immune-mediated

Examples Acetaminophen Isoniazid Halothane

Ketoconazole Phenytoin

Troglitazone Carbamazepine

Valproate

Sulfonamides

Clinical features Fulminant (acute hepatitis) Elevated LFTs,

acute hepatitis, jaundice

Fever, rash, eosinophilia,

arthralgias accompany hepatitis

Risk of injury Very high (predictable) Low (unpredictable) Low (unpredictable)

Latency Hours (acute) Weeks-months (variable) 1–5 wk (fixed)

Dose dependency Yes No No

Morphologic

injury pattern

Usually necrosis Broad spectrum Broad spectrum, granulomas

Positive response

to rechallenge

No Possibly, delayed Expected, prompt

Animal models Yes No No

Abbreviation: LFTs, liver Function tests.

Source: From Ref. 43.
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Hepatocellular Necrosis
Acute hepatocellular necrosis is characterized by marked
elevations in ALT and AST (8–100 times normal), with
normal or minimally elevated AP (,3 times normal)
(41,43). Serum bilirubin levels always increase, but the
degree of elevation is quite variable. Patients with drug-
induced hepatocellular necrosis may progress to fulminant
hepatic failure, which carries a poor prognosis (41,43).

Steatosis and Steatohepatitis
Steatosis is fatty liver, whereas steatohepatitis is fatty liver
with inflammation of the hepatic cells. Steatosis is typically
divided into two types, microvesicular (owing to mitochon-
drial problems), and macrovesicular (hepatic export/import
and manufacturing abnormality). Steatosis can progress to
steatohepatitis, fibrosis, and cirrhosis. Steatohepatitis may
present with jaundice and elevations of aminotransferases,
but levels are typically less than those seen with hepatocellu-
lar necrosis (41,42).

Cholestatic Liver Injury
Drugs associated with cholestatic liver injury presumably
result from immunologic activities against the bile ducts.
The predominant histologic features are portal inflammation
and biliary injury (38).

Cholestatic liver injury may present with anorexia,
malaise, fatigue, jaundice, dark urine, and pruritis
(37,38,40,42,43). Elevations of AP, GGTP, and 50NT may indi-
cate bile duct injury (37,43). There are modestly elevated
aminotransferases and conjugated hyperbilirubinemia
(37,41,42). The ratio of ALT to AP is ,2:1 in cholestasis
(37). Drug-induced cholestatic injury has a better prog-

nosis than hepatocellular injury, but may become fatal if
the drug is continued after appearance of symptoms
(40,41).

Common Drugs Associated with Hepatoxicity in the
Trauma/Intensive Care Unit Patient
Antibiotics
Acute hepatic necrosis and liver failure may occur with iso-
niazid, rifampin, ketoconazole, and oxacillin (43,44). Sulfona-
mides are associated with hepatitis, especially in combination
agents, such as sulfamethoxazole/trimethoprim (37). Fatal-
ities have occurred with trovafloxacin (44). Ceftriaxone and
linezolid have been associated with hyperbilirubinemia (44).
Cholestasis may occur with erythromycin, trovafloxacin,
sulfonamides, angiotensin converting enzyme (ACE) inhibi-
tors, and tricyclics (37,44). Tetracycline hepatotoxicity is
dose related (44). Many of the antiretroviral agents
prescribed to HIV-positive patients are also associated with
hepatotoxicity (37).

Acetaminophen
Acetaminophen overdosage is well known to cause liver
failure. Liver toxicity is common with acetaminophen
doses of 15 g or more, but doses as low as 6–10 g can also
be toxic. Glutathione binds with acetaminophen metabolites,
and acetaminophen overdose causes the amount of metab-
olite to exceed the amount of glutathione. Due to cytochrome
induction, there are higher levels of a toxic quinone metab-
olite (37,43). Hepatic injury occurs at about 48 hours after
ingestion. Elevations of AST and ALT to greater than
10,000 U/L can be seen (43). A characteristic feature is a large
increase in AST compared with ALT (41). Acetaminophen

toxicity results in higher levels of aminotransferases than
in viral hepatitis (40). Centrilobular necrosis and hepatic
failure result.

Acetaminophen toxicity is exacerbated in patients
with regular intake of alcohol, and therapeutic doses of acet-
aminophen in alcohol users can lead to severe toxicity (45).
This enhanced reaction may be secondary to induction of
cytochrome P-450 by ethanol, depletion of glutathione,
alcohol-induced malnutrition, and the fasting state (45,46).
Enhanced P-450 activity also occurs with isoniazid, rifam-
pin, anticonvulsants, and zidovudine, and increases aceta-
minophen toxicity (43).

Acetylcysteine causes a repletion of glutathione (41),
and can ameliorate liver injury if administered within 12 to
24 hours (37,41). Later administration of acetylcysteine can
still reduce the mortality of hepatotoxicity (37). Some
patients may require hepatic transplantation (47).

Aspirin
Aspirin (ASA) injury is dose–dependent, at 4 to 6 g/day or
with blood levels of 25 mg/dL (37,43). ALT levels rise.
Recovery is usually rapid following prompt discontinuation
of the drug without occurrence of chronic liver disease (37).
ASA has been identified in inducing Reye’s syndrome in
febrile children (37).

Amiodarone
Hepatotoxicity from the antidysrhythmic agent, amiodar-
one, has been described (37,48,49). The most common
abnormality is a mild elevation of serum AST and ALT
levels in 15% to 80% of patients. Acute liver failure occurs
in 0.6% of patients. Most changes resolve spontaneously
without discontinuation of the agent. Fatalities from liver
dysfunction are rare (37,48).

The most typical lesion is steatohepatitis (37). Pro-
gression of the disease may occur even with discontinuation
of the agents. Chronic liver disease may occur with pro-
longed use of amiodarone. Clinical presentation includes
fatigue, nausea, vomiting, malaise, weight loss, ascites,
hepatomegaly, jaundice, and bruising (37). Use of oral amio-
darone may be safe in some patients who demonstrate acute
hepatitis with the parenteral form of this agent (49).

Anticonvulsants
Carbamazepine, phenytoin, and phenobarbital have been
associated with cytotoxic hepatic injury (37,38,50,51).
These reactions occur with intermediate (usually one to
eight weeks) or long latency (up to 12 months) after
exposure, and may occur with rash, fever, eosinophilia,
and lymphadenopathy (37,38,41–43). Aminotransferase
levels are high (38), and fulminant hepatic failure may
result (50). Effects may not be seen until after the drug is
discontinued, or may be nonspecific; thus the drug is not
discontinued. Diagnosis is made by a rechallenge of the
agent. The incidence is 1/3000 exposures (43). Valproic
acid is associated with severe hepatotoxicity, but usually
in young children (37).

Drugs of Abuse
Phencyclidine, cocaine, angel dust, and 3,4 methylenedioxy-
methamphetamine (MDMA) (ecstasy) have been associated
with hepatic injury. Associated hyperthermia, rhabdomyoly-
sis, respiratory, and renal failure may occur. Cocaine-induced
liver injury is usually secondary to hypoxia, hypotension, and
hyperthermia (37).
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Anesthesia-Induced Hepatotoxicity
(Exceedingly Rare)
General anesthetics are not common sources of hepatitis.
However, fulminant hepatic failure, secondary to immune-
mediated toxicity, occurs very rarely. The oxidative metab-
olism of halothane by cytochrome P-450, to trifluoroacetyl
chloride, leads to trifluoroacetylation of specific proteins
which idiosyncratically act as antigens in the immune
response. It is thought that patients who develop halothane
hepatitis either produce unusually large amounts of hepato-
toxic metabolites or have an idiosyncratic immunologic
response that initiates the hepatic damage (52). An allergic
etiology is suggested by the occurrence after repeated
exposure in certain patients, and the occurrence of fever,
rash, and eosinophilia (52). Halothane hepatitis is exceed-
ingly rare and is a diagnosis of exclusion. Treatment is
entirely supportive (38,52). Enflurane, isoflurane, and des-
flurane undergo less oxidation, and are thus associated
with fewer cases of hepatotoxicity. There has not yet been
any reported association between sevoflurane and hepato-
toxicity (52).

Clinical Aspects of Drug-Induced Hepatic Disease
The trauma/intensive care unit (ICU) patient may have
numerous factors that influence the effects of drugs on the
liver, such as age, previous excessive use of alcohol, poor
nutritional status, and shock (37). In addition, the recognition
of drug-induced liver disease in the surgical and trauma
patient is complicated by the effects of surgery, trauma and
hemodynamic instability on hepatic function, underlying
medical conditions which impact on liver function, and the
large number of medications which are used in the critically
ill patient.

A drug reaction should be considered in any critically
ill patient with hepatic dysfunction. Eliminating other causes
of liver disease is essential. Temporal associations with new
agents, and improvement after drug cessation, may aid in
the diagnosis (40). If the offending agent is discontinued,
acute hepatocellular injury is reversible and heals without
sequelae (43).

Dechallenge and rechallenge may be used, but puts
the patient at risk for severe injury (40,42). Findings on
liver biopsy that suggest drug-induced hepatotoxicity
include eosinophils in an inflammatory infiltrate, granulo-
matous hepatitis, hepatitis-like hepatocellular injury, chole-
static hepatitis, severe acute injury with zonal, and
submassive or massive hepatic necrosis (42).

There is little effective treatment for drug-induced
hepatotoxicity (37). Prevention, detection, and discontinu-
ation of any possible hepatotoxic agents are critical (37).
There is no data that corticosteroids are useful in immunoal-
lergic reactions (40). Mortality may approach 10% in cases of
hepatocellular necrosis or toxic steatosis. Agents that
produce cholestatic injury rarely produce fatalities (43).

The presence of jaundice worsens the prognosis in
hepatocellular injury. Patients with coagulopathy or with
encephalopathy may be candidates for hepatic transplan-

tation (40).

Alterations in Drug Dosing in the Trauma/Intensive
Care Unit Patient with Hepatic Dysfunction
Hepatic Drug Metabolism
Hepatic clearance depends primarily on hepatic blood flow,
enzyme activity and, to a lesser extent, protein binding. The

effects of changes in hepatic blood flow and enzyme activity
are synergistic, not additive. When drug clearance is
reduced, drugs can reach a higher steady-state concen-
tration. Drugs with a high hepatic extraction rapidly
undergo biotransformation and biliary excretion, and are
sensitive to changes in hepatic blood flow. Thus, conditions
associated with hepatic hypoperfusion, such as hemorrhagic
shock, sepsis, application of positive end-expiratory
pressure, and use of alpha-adrenergic agents, may prolong
the metabolism of such agents (39).

Drugs with a low hepatic extraction are sensitive to
variations of the activity of drug-metabolizing enzymes,
and not to hepatic blood flow changes. Hepatic enzyme
activity is an important factor in metabolism of drugs with
low hepatic extraction, and may be altered in the absence
of liver injury. Oxidative metabolism of drugs is primarily
catalyzed by enzymes of the P-450 system, some of which
are more susceptible to liver disease than others. Binding
of drugs to albumin and alpha-1 acid glycoprotein is affected
in critical illness, and thus drugs that are highly protein
bound may have altered metabolism (39).

Analgesics
The liver is responsible for the metabolism of many analgesic
agents. Morphine metabolism is dependent on liver blood
flow. Prolonged clearance can occur in severe cirrhosis and
septic shock. The metabolite morphine-6-glucronide can
have a prolonged duration of action, especially in patients
with renal failure or insufficiency (53).

Fentanyl is more highly lipid soluble, with increased
volume of distribution and longer limitation half-life than
morphine. Fentanyl is metabolized to inactive metabolites,
which are eliminated by the kidney. Metabolism is affected
by liver blood flow, thus decreased hepatic perfusion can
affect clearance (53).

Meperidine is metabolized in the liver to normeperi-
dine, and is renally excreted. Central nervous system toxicity
limits its use in ICU patients with renal failure (53).

Hydromorphone is metabolized in the liver to hydro-
morphone-3-glucuronide. This metabolite may accumulate
in renal failure and cause central nervous system toxicity.
Metabolism is dependent on hepatic blood flow.

Sedatives
Diazepam is highly lipid soluble and protein bound. The
drug is metabolized to the active compound, desmethyldia-
zepam, which has a long half-life (100–200 hours) and is
eliminated by the kidney. Diazepam metabolites are con-
verted by oxidation, which undergo conjugation before elim-
ination. The elimination half-life is thus prolonged in
patients with liver disease (54).

Lorazepam is five to six times more potent than diaze-
pam, and is 90% protein bound. It is metabolized to inactive
products by hepatic glucuronidation, and thus there are
fewer drug interactions than with other benzodiazepines.
The half-life of 10 to 20 hours is prolonged in liver disease.
Lorazepam clearance has shown variability, depending on
the underlying trauma mechanism, increased after head
and thermal injury, decreased after spinal cord injury (39).

Midazolam is 95% protein bound and three to four
times more potent than diazepam. It is metabolized by
hepatic microsomal oxidation (5). Midazolam has a pro-
longed clearance and half-life with severe liver disease (54).

Propofol has the largest volume of distribution of
any sedative, with rapid return to consciousness after
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discontinuation. Although metabolized by the liver, propo-
fol recovery is not affected by liver disease (55).

Muscle Relaxants
The effects of vecuronium, pancuronium, mivacurium,
rocuronium, and d-tubocurarine are prolonged in patients
with liver disease (56). A metabolite of vecuronium, 3-
desacetylvecuronium, has muscle relaxant properties, and
prolonged muscle relaxation can occur in renal failure (56).

Miscellaneous Agents
Agents used in the ICU, which are also affected by liver
disease, include metoclopramide and ondansetron. Cirrhosis
can markedly affect the metabolism of the proton pump
inhibitors lansoprazole, pantoprazole, and omeprazole.
Patients with cirrhosis may have decreased sensitivity to
loop diuretics.

Although clearance of many drugs has been
shown to be diminished after trauma, phenytoin and loraze-
pam clearance are normally increased after head trauma
(39).

SELECTED CLINICAL ISSUES IN LIVER DYSFUNCTION
IN THE TRAUMA/SURGICAL PATIENT
Total Parenteral Nutrition and Hepatic Function
Steatosis
Steatosis (fatty liver), the most common hepatic abnormality
in adult patients receiving TPN, is reversible and benign pro-
viding additional insults do not occur, and duration is short
(57,58). Onset is usually one to four weeks after initiation of
TPN. Hepatic function tests reveal mild-to-moderate
elevation of aminotransferases, and less pronounced
elevations of serum AP and bilirubin (57). However, long-
term steatosis may progress to steatohepatitis, fibrosis, and
cirrhosis (57,58). Excessive calories from carbohydrates can
stimulate insulin-induced lipogenesis, essential fatty acid
deficiency, and choline deficiency (58). Reducing the calories
of TPN solutions, cycling of TPN, and choline supplemen-
tation have been shown to reduce hepatic steatosis (58).

Cholestasis
Long-term TPN is a risk factor for cholestasis (57,58). A
mechanism in adults may relate to inadequate stimulation
of cholecystokinin release, with resultant bile stasis in the
gall bladder. Intestinal stasis may lead to small intestinal
bacterial overgrowth, which results in transformation of che-
nodoxycholate to lithocholate. Lithocholate has been shown
in animals to impair bile flow and induce cholestasis (57).
Lack of enteral nutrition may lead to intestinal hypoplasia,
which increases lithocholate absorption and promotion of
bacterial translocation across the gastrointestinal tract. Treat-
ment options include the use of metronidazole to suppress
bacterial overgrowth, and ursodeoxycholic acid to improve
the fluidity of the bile (58). Cholestasis can lead to calculous
gall bladder disease. Sludge is present in all patients after six
weeks of TPN. Acalculous cholecystitis can occur in a small
percentage of patients on long-term TPN (57,58).

Acalculous Cholecystitis
Definition and Incidence
AAC is an acute inflammation of the gall bladder that occurs
in the absence of gallstones (9,16,59,60). AAC occurs in the
setting of trauma, burns, major intra-abdominal surgery,

and sepsis, often in patients who require mechanical venti-
lation, hemodynamic support, and multiple blood transfu-
sions or TPN (9,16,59). As opposed to the equal incidence
of calculous cholecystitis in men and women, the incidence
of the acalculous form of cholecystitis is more common in
men and in children (9,59).

Etiology and Pathogenesis
The pathogenesis of ACC is multifactorial, and includes bile
stasis, infection, and ischemia. Prolonged fasting can lead
to bile stasis secondary to reduced gallbladder emptying,
and volume depletion may result in concentration of bile
(9,59,61). Hypoperfusion secondary to sepsis, the use of
vasoactive agents, and splanchnic vasoconstriction, combined
with an increased metabolic requirement of the gall bladder
epithelium, can result in ischemia of the gall bladder
(9,16,59,60). Increased intraluminal pressure from inspissated
bile can further exacerbate gall bladder ischemia (9,16,60).
Mechanical ventilation may contribute to biliary stasis and
decreased portal blood flow when continuous positive air
way pressure (CPAP) is applied for prolonged periods or
high levels (62). Multiple arterial occlusions are present histo-
logically (63), and gangrene is present in 50% of the cases (9).

Clinical Manifestations and Diagnosis
The clinical presentation of AAC is usually nonspecific, and
requires a high index of suspicion. Any combination of fever,
leukocytosis, elevated hepatic function tests, and hyperbilir-
ubinemia may be present. Patients may be septic, yet this
may be a cause or a result of AAC. Perforation may occur
in 10% to 20% (9,16,59).

Abdominal findings may be absent or difficult to
ascertain in this patient population secondary to critical
illness, endotracheal intubation, use of narcotics and seda-
tives, and the presence of previous abdominal pathology (9).

Ultrasound is the diagnostic test of choice. Findings
are nonspecific, and may include a thickened gall bladder
wall, gall bladder distention, biliary sludge, pericholecystic
fluid, and a sonographic halo around the gall bladder
without gallstones (9,59,64). Hepatic scintigraphy has a
high incidence of false negative and false positive results.
Prolonged fasting with decreased bile production and
absence of gall bladder contraction, narcotic-induced con-
traction of the sphincter of Oddi, and biliary stasis secondary
to TPN leads to nonvisualization of the gall bladder (64,65).
CT has not been shown to be more accurate, and requires
transport from the ICU, thus limiting its utility in diagnosing
AAC (61,65).

Treatment
Cholecystectomy should be performed, but carries a high
rate of complications and mortality. Thus, percutaneous cho-
lecystostomy may be an option in an unstable critically ill
patient. Percutaneous drainage has been shown to be effec-
tive as both a diagnostic and treatment modality in critically
ill patients (66,67). The cholecystostomy tube is left in place
for three weeks so a tract can form.

Antibiotic therapy should be directed against the
common bacterial isolates, including Escherichia coli, Kleb-
siella, and Enterococcus faecalis (59). In patients with previous
antibiotic therapy, resistant bacteria may be encountered.
Pseudomonas, staphylococci, enterobacter, and anaerobic
organisms may be recovered in such patients (59).
However, patients with documented AAC may have nega-
tive bile cultures (64,66,68).
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Coagulopathy Associated with Liver Failure
Etiologies of Coagulopathy
The liver is the site of synthesis of all the major coagulation
factors except for factor VIII and vWF. In addition, antith-
rombotic factors protein C and protein S are synthesized
by the liver. Antithrombin is produced in the liver, and can
be decreased in patients with acute hepatic failure and cir-
rhosis. Decreased platelet counts are common in liver
disease, but rarely result in bleeding (69).

The prothrombin time depends on prothrombin and the
clotting factors synthesized in the liver, factors II (fibrinogen),
V, VII, and IX (6,69). Vitamin K, a fat-soluble vitamin found
in many foods and produced by intestinal bacteria, is required
for many of these factors, and may be deficient in cases of mal-
nutrition and malabsorption. Deficiency of vitamin K may
occur in cases of biliary obstruction, cholestasis, and with anti-
biotic suppression of intestinal bacteria (2,6,70).

Coagulopathy can occur in cases of hepatic necrosis.
Etiologies include increased tissue factor activity, decreased
clearance of activated factors, and decreased synthesis of
inhibitors (69). Patients with liver disease may demonstrate
a reduction of coagulation factors and a quantitative or
qualitative platelet defect.

DIC may be difficult to differentiate from bleeding sec-
ondary to advanced hepatic disease. DIC results from unop-
posed thrombin generation and action resulting from
endothelial or tissue injury (69).

Clinical bleeding is unusual in toxic hepatitis, unless
the hepatitis becomes fulminant or hepatic failure occurs
(69). Coagulation factor deficiencies, especially factor VII,
may occur. Hyperfibrinolysis can occur in patients with
liver disease in whom there is increased reduction of physio-
logic inhibitors alpha 2-antiplasmin and PAI-1 combined
with decreased clearance of activated factors (70).

Coagulopathy Evaluation and Management
Coagulopathy is multifactorial in the patient with liver dys-
function. The plasma half-life of most coagulation factors is
short, and thus prothrombin time is helpful in following
the course of acute liver failure. When prolonged prothrom-
bin time is secondary to vitamin K deficiency, administration
of vitamin K will decrease prothrombin time by 30% within
24 hours (8). Vitamin K can be administered as a single dose

of 10 mg IV, at a rate of 1 mg/min (69). Intramuscular injec-
tion is not recommended in cases of coagulopathy (69). In
cases of parenchymal liver disease, there may be minimal or
absent response to vitamin K.

Evaluation of Hepatic Dysfunction in the Trauma/Intensive
Care Unit Patient
The etiology of post-traumatic and postoperative jaundice is
often multifactorial. Critically ill patients have experienced
any combination of hemodynamic instability, infection
and/or sepsis, multiple blood transfusions, and have been
exposed to potentially hepatotoxic medications.

Evaluation of Biochemical Liver Function Tests
The initial step in the investigation of jaundice is to identify
the pattern of biochemical LFTs. Jaundice may be classified
on the basis of etiology, pathophysiology, or time course of
appearance of jaundice. Evaluations based on pathophysiol-
ogy would differentiate between increased pigment load,
hepatic parenchymal disease, or intrahepatic or extrahepatic
cholestasis (Table 3).

Unconjugated hyperbilirubinemia suggests hemolysis,
resorption of hematomas or, less likely, inherited defects of
conjugations (e.g., Gilbert’s syndrome).

Patients who are critically ill usually have an element of
hepatocellular dysfunction, and bilirubin is predominantly
conjugated. Unconjugated bilirubin is always bound to
albumin and is not filtered by the kidney (except in protenuria
states). Accordingly, bilirubin in the urine is conjugated and
indicates hepatobiliary disease (6) in the absence of protenuria.

Hepatocellular injury is characterized by elevations in
direct bilirubin and amino-transferases, with only modest
elevations of AP. A rise in conjugated bilirubin without an
increase in AP suggests alcohol, drugs, viral hepatitis, or
inherited disorders of bilirubin excretion (Dubin Johnson,
Rotor’s syndrome) (6). Cholestasis is identified by jaundice
with bilirubin levels 2–10 mg/dL, a mild to moderate rise
in AP, and smaller elevations in aminotransferases. Clinical
evidence of encephalopathy does not occur.

Ischemic hepatitis and drug-induced liver disease are
usually associated with higher levels of aminotransferases.
Sepsis, extrahepatic biliary obstruction, calculus cholecysti-
tis, and TPN should be considered.

Table 3 General Patterns of Biochemical Liver Tests

Test Hepatocellular necrosis Biliary obstruction Hepatic infiltration

Causative agent Toxin/ischemia Complete Partial

Viral Alcohol

Examples Acetaminophen,

shock liver

Hepatitis A or B Pancreatic

carcinoma

Hilar tumor Primary or

metastatic

carcinoma,

TB, sarcoid,

amyloidosis

Amino-transferases 50–100 5–50 2–5 1–5 1–5 1–3

AP 1–3 1–3 1–10 2–20 2–10 1–20

Bilirubin 1–5 1–30 1–30 1–30 1–5 1–5; often normal

Prothrombin time Prolonged and unresponsive to vitamin K

in severe liver disease

Often prolonged and

responsive to vitamin K

Usually normal

Albumin Decreased in subacute or chronic disease Usually normal; decreased

in advanced disease

Usually normal

Abbreviation: AP, alkaline phosphatase.

Source: From Ref. 1.
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Measurements of conjugated and unconjugated biliru-
bin are of limited utility in distinguishing between intrinsic
liver disease and biliary obstruction (6,8). Isolated marked
elevations of AP with conjugated hyperbilirubinemia, is con-
sistent with partial biliary obstruction and hepatic infiltra-
tion. Both GGTP and AP are typically elevated in
cholestasis; the combination of an elevated AP and normal
GGTP suggests that the AP is from bone (8). An isolated
elevation of GGTP may result from certain drugs (8). In pro-
longed homeostasis, the delta fraction of circulating conju-
gated bilirubin is tightly bound to albumin, and may
account for the prolonged resolution of bilirubin when
other parameters are improving (6).

Unrecognized pre-existing liver diseases, including
viral hepatitis, alcoholic hepatitis, and cirrhosis, are possible
in the trauma population, and may contribute to hepatic
dysfunction.

Timing of hepatic dysfunction is important. While
ischemic hepatitis has a short latent period and character-
istic biochemical pattern, drug-induced liver disease may

occur further into the patient’s hospital course.

Diagnostic Imaging
Ultrasound or computed tomography can reveal the presence
of dilated ducts. If dilated ducts are present, endoscopic retro-
grade cholangiopancreatography (ERCP) can be performed
(10). The advantage of ultrasound is that it is noninvasive
and portable. No contrast agents are required. However,
bowel gas may obscure visualization. Abdominal CT is also
noninvasive, and has a higher resolution than ultrasound.
However, the patient requires transport, and only calcified
gallstones may be visualized. Contrast may be contraindi-
cated in the patient with hypovolemia or renal dysfunction.
ERCP provides direct imaging of the bile ducts and periam-
pullary region. This test is technically difficult in the critically
ill patient. Percutaneous cholangiography provides direct
imaging of the bile ducts, but interpretation may be difficult
with nondilated intrahepatic ducts (8).

Management Goals of the Trauma/Intensive Care Unit
Patient with Hepatic Dysfunction
Many trauma and ICU patients have abnormalities of bio-
chemical LFTs with evidence of hepatic dysfunction. Pro-
longed elevations in biochemical LFTs may only reflect the
severity of the patient’s underlying condition, rather than
intrinsic hepatic dysfunction. Most critically ill patients are
at risk for intrahepatic cholestasis, which may persist as
long as the patient remains critically ill. It is essential to con-
tinually review medications for possible drug-induced
hepatic disease. Stabilization of the patient’s hemodynamic
status is essential in preserving hepatic blood flow. Meta-
bolic and coagulation abnormalities should be treated as
they arise. Medication doses should be adjusted for
changes in hepatic function.

EYE TO THE FUTURE
Evaluation of Hepatic Function in Critical Illness
and Injury
Patients who are critically ill or injured are at risk for mul-
tiple organ dysfunction, including hepatic failure. However,
abnormal tests of hepatic function are often nonspecific
and reflect multiple mechanisms of hepatic injury. Two

studies may prove to be useful in the early detection of dis-
orders of hepatic function.

Indocyanine Green Clearance as an Evaluation
of Hepatic Injury
In an attempt to investigate hepatic perfusion, indocyanine
green clearance was measured in patients with sepsis, and
showed that indocyanine green elimination failed to increase
in survivors. Measurement of indocyanine green clearance
may be able to identify reversible liver injury early in the
course of septic shock, and may predict patients with a
poor outcome (71).

Cytochrome P-450 Activity as a Monitor for Liver
Dysfunction in Trauma Patients
Alterations in CYP activity can be evaluated by measuring
metabolism of medications specific for CYP isoforms. The
metabolism of medications that test different CYP isoforms
were administered following resuscitation, stabilization
and initial treatment of a group of critically injured adult
patients. The metabolizing capacity of the some of the CYP
isoforms were found to be altered compared with control
subjects, and several of these alterations correlated with
measures of organ dysfunction and illness severity (72).

Improving Hepatosplanchnic Perfusion in Sepsis
N-Acetylcysteine (NAC)
The properties of NAC which make it a potentially useful
agent in sepsis have been reviewed, including its antioxidant
properties, modulation of the activity of inducible nitric oxide
synthase, decreased formation of proninflammatory cyto-
kines, and inhibition of neturophil activation (73). Animal
studies have shown positive effects of NAC on hepatos-
planchnic perfusion (75), and clinical trials have demon-
strated increased liver blood flow and function (74–76).
However, other studies in human subjects have shown dele-
terious effects on cardiac and respiratory function (73).
Further studies will be required to assess the utility of NAC
on hepatic function and other organ systems in sepsis.

Fenoldopam and Dopexamine
Studies using fenoldopam, a dopamine-1 receptor agonist,
and dopexamine, an inotoropic agent have shown conflict-
ing results in improving hepatosplanchnic perfusion
(22,77,78).

Bioartificial Support
Bioartificial hepatic support has been in development since
the 1950s. Extracorporeal liver perfusion, transplantation of
hepatocytes, and hybrid liver support devices are among
the modalities being studied (80–83). Meta-analysis has
shown conflicting results in the effect of bioartificial liver
support on mortality in acute-on-chronic liver failure and
in hepatic encephalopathy (82). A prospective, randomized,
multicenter controlled trial of the Hepatassist liver support
system, an extracorporeal porcine hepatocyte-based BAL,
has demonstrated improved survival in patients with fulmi-
nant and subfulminant hepatic failure (83). (Also see
Volume 2, Chapter 38.)

SUMMARY

Trauma and critical illness may affect all aspects of hepatic
function, including energy, bilirubin and vitamin metab-
olism, biliary function, and production of plasma proteins
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and coagulation factors. The trauma/ICU patient is at risk
for hepatic ischemia secondary to hepatic hypoperfusion
from hypotension and anemia. The liver of the septic, criti-
cally ill patient is subject to hypoperfusion and mismatch
of oxygen delivery and consumption. Sepsis can result in
Kupffer cell spillover of bacteria and inflammatory
mediators, hepatic mediator production with secondary
hepatocullular dysfunction, and a procoagulant response.

Jaundice is commonly seen in the critically ill
patient, and may be secondary to bilirubin overload,
hepatocellular dysfunction, or cholestasis. Elevations of
aminotransferases reflect hepatocellular damage. Intrahepa-
tic cholestasis is common in patients with sepsis. The level of
elevation of serum bilirubin and serum enzymes are often
discrepant. Persistent hyperbilirubinemia portends a poor
prognosis.

Hepatic injury can occur from direct injury by intrinsic
hepatotoxins, causing predictable hepatic injury, or from
idiosyncratic reactions related to aberrant metabolism or
immunoallergic reactions against drugs or their metabolites.
Although drugs may affect hepatic function tests without
significant liver injury, hepatocellular necrosis, steatosis, or
cholestasis may occur. Drug effect must be considered in
any critically ill patient with hepatic dysfunction.

Hepatic dysfunction may affect the pharmacokinetics
and pharmacodynamics of many drugs. Analgesics, seda-
tives, and muscle relaxants may have prolonged metabolism
in patients with hepatic dysfunction.

Identifying the pattern of biochemical LFTs is the
initial step in investigating hepatic dysfunction in the criti-
cally ill patient’s. Timing of hepatic dysfunction in relation
to the patient course of illness may help differentiate etiolo-
gies of hepatic dysfunction. Measurements of conjugated
and unconjugated hyperbilirubinemia are of limited value
in distinguishing between intrinsic liver disease and biliary
obstruction. Sepsis, extrahepatic biliary obstruction, acalcu-
lous cholecystitis, TPN, and drug effect should be considered
as etiologies for hepatic dysfunction in critically ill patients.

KEY POINTS

The geographic position of hepatocytes and their
exposure to gradients of nutrients and waste products
leads to location-related variations in susceptibility to
ischemia and drug toxicity (2).
Acute hepatic disease will have a greater effect on pro-
teins with rapid turnover (i.e., coagulation factors) than
those that turn over more slowly, such as albumin (5).
Aminotransferase levels of greater than 1000 IU/L are
almost always due to hepatocellular injury, and can
be seen with drug- or toxin-induced hepatic injury,
ischemic liver injury, and acute viral hepatitis (7).
In most hepatic injuries, the ratio of AST to ALT is
usually 1:1; however, ratios of 2:1 or greater are
common in alcoholic hepatitis.
Normally, the total bilirubin is less than 1 mg/dL, and
at least 70% is conjugated (direct reacting).
The coagulation factors have a short half-life, especially
factor VII (five to seven hours); thus prothrombin time is
a useful indicator of hepatic synthetic function provid-
ing vitamin K levels are normal (4,8).
Ischemic hepatitis is associated pathologically with cen-
trilobular necrosis. This is described histologically as
necrosis to hepatocytes surrounding the central vein

(furthest away from the nutrients supply) and hence,
most susceptible to ischemic damage (16).
The major source of hyperlactatemia in sepsis results
from henobarbital clearance of lactate by the liver (32,33).
Drug-induced cholestatic injury has a better prognosis
than hepatocellular injury, but may become fatal if the
drug is continued after appearance of symptoms (40,41).
The presence of jaundice worsens the prognosis in
hepatocellular injury.
Although clearance of many drugs has been shown
to be diminished after trauma, phenytoin and lora-
zepam clearance are normally increased after head
trauma (39).
In cases of parenchymal liver disease, there may be
minimal or absent response to vitamin K.
While ischemic hepatitis has a short latent period and
characteristic biochemical pattern, drug-induced liver
disease may occur further into the patient’s hospital
course.
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INTRODUCTION

Acute fulminant hepatic failure (FHF) is the abrupt onset of
hepatocyte dysfunction, typically associated with massive
necrosis of the liver, resulting in hepatic encephalopathy
and multiple organ system dysfunction (MODS). It is a
devastating condition associated with mortality rates as
high as 80% in the absence of liver transplantation (1,2).
Affected patients are often previously healthy, and thus
without the typical stigmata of chronic liver disease or cir-
rhosis (Volume 2, Chapter 37), prior to illness.

Care is mainly supportive, however, a small number of
important etiologies have specific treatments that will limit
disease if begun early, and the full course of therapy is com-
pleted (e.g., N-acetylcysteine for acetaminophen toxicity). In
addition, newer methods of extracorporeal support are
being investigated to temporarily serve the function of the
liver while it recovers. However, liver transplantation
remains the only long-term life-saving therapy when
hepatic failure is severe. Indeed, emergent liver transplan-
tation has improved survival significantly for those eligible
for the procedure, and FHF now accounts for 6% of adult
liver transplants in the United States (3).

This chapter reviews the various etiologies of FHF, then
discusses the diagnosis, classification, and prognosis. Next,
the associated nonliver organ dysfunction syndromes are
reviewed with a focus on both the pathophysiology and
current management principles. Specific sections reviewing
extracorporeal hepatic support and liver transplantation are
also provided. The “Eye to the Future” section summarizes
some of the new discoveries in diagnosis, monitoring, and
management of liver failure currently on the horizon.

ETIOLOGIES OFACUTE FULMINANT HEPATIC FAILURE

A variety of causes can trigger acute FHF including
infection, toxic ingestion, drug reactions, malignancy, veno-
occlusive disease, and ischemia, among others (Table 1).
Drug toxicity, idiosyncratic drug reactions, and viral infec-
tions produce the majority of cases of FHF. Recent data

indicate that acetaminophen toxicity has become the
leading cause of FHF in the United States. This is an
example of drug-induced liver injury that results from a
direct hepatotoxic agent acting in a dose-dependent
manner (4,5). Acetaminophen-induced liver failure typically
results from intentional overdose; although significant tox-
icity can occur unintentionally with therapeutic doses of
the drug in chronic ethanol abusers and those exposed to
other enzyme-inducing medications such as phenytoin or
isoniazid (6,7).

The majority of drugs that produce liver failure do so
in an unpredictable, dose-independent pattern through a
variety of mechanisms including immune-mediated allergic
reactions and the production of toxic metabolites. Phenytoin
and halothane represent examples of compounds that can
produce such idiosyncratic drug reactions. There are mul-
tiple viruses capable of producing severe liver injury. The
incidence of viral etiologies varies geographically with hepa-
titis B virus (HBV) being most common in the United States
and other Western countries (5). Liver failure resulting from
chronic hepatitis C virus (HCV) is also one of the most
common causes of end-stage liver disease requiring liver
transplant; however, it is an uncommon cause of FHF in
Western countries.

A rapid diagnosis and identification of the etiologic
agent increases the likelihood that specific therapy will be
beneficial in the treatment of FHF. Determining the etiol-
ogy is particularly important in cases of acetaminophen tox-
icity as early treatment with N-acetylcysteine can be life-
saving. The same is true for other toxic exposures that may
benefit from temporary support by extracorporeal blood
cleansing technologies (Volume 2, Chapter 38).

DIAGNOSIS, CLASSIFICATION, AND PROGNOSIS

The diagnosis of FHF is based on the clinical findings of
jaundice and encephalopathy with associated laboratory
abnormalities such as elevated aminotransferases, bilirubin,
ammonia, coagulopathy, and/or hypoglycemia. Histology is
helpful in determining etiology in some circumstances, but
the use of liver biopsy is limited by the risks imposed by
coexisting coagulopathy.
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Classification systems for FHF denote subdivisions
based on the interval from the onset of jaundice to encepha-
lopathy, a defining characteristic of FHF (Table 2). A short
jaundice to encephalopathy interval has been correlated
with a better outcome in some series (8,9). Other factors
associated with survival include age, etiology, coagulation
factors, pH, bilirubin, renal function, grade of hepatic ence-
phalopathy, and neurologic status.

Accurate assessment of severity and prognosis in
FHF is particularly important for identifying those patients
requiring liver transplantation. Several schemes have
been proposed to aid in transplant decision making, and
the King’s College Hospital criteria are perhaps the best
known and most widely used (10). The influence of acetami-
nophen as the cause of FHF is particularly important in this
evaluation system (Table 3).

SUPPORTIVE CARE TARGETING ASSOCIATED ORGAN
SYSTEM DYSFUNCTION

FHF exerts its effects on multiple organ systems in the body
through loss of the synthetic, metabolic, and immune-
protective functions of the liver (Table 4). Herniation from
intractable intracranial hypertension and sepsis with
MODS remain important causes of death.

Central Nervous System
Hepatic encephalopathy is a defining feature of fulmi-

nant liver failure. The reversible metabolic encephalopa-
thy that accompanies FHF manifests a broad range of
neuropsychiatric abnormalities. Encephalopathy related to
FHF is more complex than that associated with chronic
liver disease in part because of elevations in intracranial
pressure (ICP) and the neurologic sequelae of MODS that
accompany FHF.

The severity of hepatic encephalopathy is tradition-
ally classified into four stages (Table 5) (11). Behavioral
changes in hepatic encephalopathy range from subtle per-
sonality disturbances to profound coma (stage IV). Motor
changes include hypertonia and hyperreflexia in earlier
stages and hypotonia and loss of deep tendon reflexes
with progression. Asterixis, the classic “liver flap,” may be
seen in early stages.

Pathophysiology
The pathogenesis of encephalopathy in FHF is complex, multi-
factorial and includes cerebral edema as well as the effects of
accumulating gut-derived encephalopathic substances that

Table 2 Classification Systems of Fulminant Hepatic Failure

Number

of stages Classification

Jaundice–encephalopathy

interval (wk)

2 FHF �2

Sub-FHF 2–12

3 Hyper-ALF 1

Acute liver failure 1–4

Subacute liver failure 5–12

Abbreviations: ALF, acute liver failure; FHF, fulminant hepatic failure.

Source: From Refs. 8, 9.

Table 3 King’s College Criteria for Nonsurvival in Fulminant

Hepatic Failure

Acetaminophen etiology

Arterial pH ,7.30 (with adequate volume resuscitation)

or arterial serum lactate level .3 mmol/L (6 mg%)

or association with any of the following:

INR .6.5 (PT .100 sec)

Serum creatinine level .3.4 mg%

Hepatic encephalopathy of grade 3 or 4

Non-acetaminophen etiology

INR .6.5 or any three of the following:

Age ,10 or .40 yr

Interval between jaundice and encephalopathy .7 days

Etiology of “drug-induced” or sero-negative hepatitis

INR .3.5 (PT .50 sec)

Total bilirubin .17.5 mg/dL

Abbreviations: INR, international normalization ratio; PT, prothrombin

time.

Source: From Ref. 10.

Table 1 Etiology of Fulminant Hepatic Failure

Type Toxic agent

Infectious Viral hepatitis: HAV, HBV, HCVa,

HDV, HEV, HSV1, HSV6, EBV,

CMV

Bacterial toxin: Bacillus cereus,

Leptospirosis

Drug toxicity Direct

Acetaminophen

Alcohol

Idiosyncratic

Isoniazid

Halothane

Phenytoin

Statins

Sulfonamides

Many others reported

Toxins Amanita phalloides

Organic solvents, for example,

carbon tetrachloride

Phosphorous

Many others reported

Vascular/hemodynamic Budd–Chiari syndrome

Congestive heart failure

Shock/ischemia

Infiltrative disease Lymphoma

Leukemia

Metastatic carcinoma

Other Acute fatty liver of pregnancy

Wilson’s disease

Reye’s syndrome

Hyperthermia

Autoimmune hepatitis

aHCV is virtually unheard of as a cause of FHF in Western countries, but

has been occasionally reported to cause FHF in Asia.

Abbreviations: CMV, cytomegalovirus; EBV, Epstein–Barr virus; HAV,

hepatitis A virus; HBV, hepatitis B virus; HCV, hepatitis C virus; HDV,

hepatitis D virus; HEV, hepatitis E virus; HSV1, herpes simplex virus

type 1; HSV6, herpes simplex virus type 6.
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are normally cleared by the liver. Ammonia is often implicated,
and most patients will have elevated blood levels of this
substance that crosses the blood–brain barrier (12). The role
of ammonia in the pathophysiology of hepatic encephalopathy
has been unclear in the literature, as plasma levels correlate
poorly with severity, and many of the clinical and neurophysio-
logic disturbances induced by ammonia in other settings
are not characteristic of hepatic encephalopathy (13,14).
However, ammonia may exert some of its effects in FHF by
potentiating gamma aminobutyric acid (GABA)-mediated
neuronal depression and contributing to cerebral edema
via increased conversion of glutamate to glutamine (15). Fur-
thermore, arterial plasma ammonia levels have been shown
to correlate with cerebral herniation (16).

Many other substances have been proposed as causa-
tive agents in hepatic encephalopathy. For example,
increased concentrations of mercaptans, fatty acids,
phenol, tryptophan, octopamine, phenylethanolamine, and
taurine have been found in increased concentrations in the
setting of liver failure. The role, if any, for these substances
in the pathogenesis of FHF-induced encephalopathy has
not been well established (17).

GABA activity is believed to be very important in
the pathogenesis of hepatic encephalopathy. Increased
GABA activity in FHF has been demonstrated secondary
to increased synaptic availability and increased synthesis
(18). Increased concentrations of endogenous benzo-
diazepine receptor agonists have been found in the brain
and plasma of patients with hepatic encephalopathy, and
benzodiazepine receptor antagonists such as flumazanil
provide transient improvement in clinical and electro-
physiologic abnormalities in some patients (19,20). As
noted above, ammonia may enhance GABA-receptor
activity as well.

Many factors can exacerbate the neurologic dysfunc-
tion associated with hepatic encephalopathy. Use of central
nervous system (CNS) depressants such as benzodiazepines
for sedation can worsen the encephalopathic state, presum-
ably via GABA-receptor activity. Gastrointestinal (GI) bleed-
ing and excess protein loads present more substrate to the
gut for the production of encephalopathic substances. Alka-
losis further promotes the movement of ammonia into the
brain. Sepsis, electrolyte abnormalities, and hypoglycemia
are also common in FHF and impart additional neurologic
dysfunction.

Table 5 Hepatic Encephalopathy

Grade Neurologic status

I Mild confusion, euphoria, depression, slowing of mental

tasks, slurred speech, irritability, abnormal sleep

pattern

II Drowsiness, lethargy, gross deficits in mental tasks,

personality change, inappropriate behavior,

disorientation

III Somnolent, unable to perform mental tasks, persistent

disorientation to time and/or place, amnesia,

incoherent speech, profound confusion, agitation

IV Coma with or without response to painful stimuli

Source: From Ref. 2.

Table 4 Organ Dysfunction in Fulminant Hepatic Failure

Organ Dysfunction Treatment/comments

CNS Hepatic encephalopathy Lactulose, neomycin (or rifaxamine),

aromatic amino acid, and protein restriction

Cerebral edema, elevated ICP Minimize (ammonia), elevate HOB, avoid

hypotension, hypercarbia and hypoxia; ICP

monitoring does not improve survival

Cardiovascular Hyperdynamic circulation, vasodilation,

hypovolemia, dysrhythmias, sepsis, septic

shock, MODS

Fluid resuscitation (if hypovolemic) with

invasive monitoring (if unstable) systemic

vasopressor support if needed

Respiratory Hyperventilation, aspiration, pneumonia,

ARDS

Intubation, mechanical ventilation with PEEP

Metabolic Hypoglycemia, metabolic acidosis,

hypokalemia, hypomagnesemia

Glucose drip (if # [glu]). Repletion of

electrolytes feedings with low aromatic

amino acid diet

Renal ATN, functional renal failure (hepatorenal

syndrome)

Maintenance of hemodynamics to preserve

renal perfusion, avoid nephrotoxic drugs

and infection; CVVHD if dialysis is needed

Hematologic Coagulopathy, depletion of clotting factors,

thrombocytopenia, platelet dysfunction,

accelerated fibrinolysis, DIC, bleeding/
anemia

Repletion of coagulation factors, treatment of

infection, TEG monitoring may be useful,

especially during OLT

GI bleed Worsens organ failure and hypovolemia H2RA or PPI

ID/immune Impaired phagocyte function

Bacterial and fungal infections are easily

acquired leading to sepsis and MODS

Surveillance for infection, prompt treatment of

infections; there is a role for prophylactic

antibiotics

Abbreviations: ARDS, acute respiratory distress syndrome; ATN, acute tubular necrosis; CNS, central nervous system; CVVHD, continuous venovenous

hemodialysis; DIC, disseminated intravascular coagulation; H2RA, histamine 2 receptor agonist; HOB, head of bed; ICP, intracranial pressure; MODS, mul-

tiple organ dysfunction syndrome; OLT, orthotopic liver transplant; PEEP, positive end expiratory pressure; PPI, proton pump inhibitor; # , decreased; [glu],

plasma glucose concentration; TEG, thromboelastogram;

Chapter 36: Acute Fulminant Hepatic Failure 653



Cerebral edema is the most prominent feature of FHF,
occurring in up to 80% of patients with stage IV encephalo-
pathy (21). Elevated ICP distinguishes encephalopathy in
FHF from that associated with chronic liver disease, and a
short jaundice to encephalopathy interval is associated
with a greater risk of cerebral edema. Uncontrolled ICP pro-
duces ischemic neurologic injury as well as the potential for
herniation, a common event in nonsurvivors (22). Clinical
signs of intracranial hypertension in encephalopathic
patients may be difficult to detect. Computed tomography
(CT) is useful in detecting abnormalities such as intracranial
hemorrhage but unreliable in diagnosing elevated ICP (23).

Because of the potential for complications, ICP monitor-
ing remains controversial in managing patients with stage III
and IV encephalopathies. Although it is important for
optimizing patient’s management, ICP monitoring via an
epidural transducer is associated with fewer complications,
whereas an intracranial transducer offers a higher fidelity
and more reliable signal (24). Techniques to control serum
ammonia levels may be beneficial, because arterial
ammonia levels .200 mmol/L have been shown to predict
cerebral herniation within 24 hours after the development
of stage III/IV encephalopathy (Fig. 1).

Measurements of cerebral blood flow (CBF) vary
widely in patients with FHF-induced encephalopathy (25).
As encephalopathy worsens, uncoupling of cerebral metab-
olism and CBF develops. Autoregulation to blood pressure
is lost, rendering CBF more passively pressure-dependent
and the brain more sensitive to hypotension (26). An absol-
ute hyperemia develops in some and has been correlated
with worsening edema and mortality (27).

Cerebral oxygen utilization and CBF can be inferred
from jugular venous oximetry monitoring which is a more
practical bedside technique than measurement of regional
CBF. Increases in arterial-jugular venous oxygen (AjVdO2)
content difference imply low CBF and cerebral ischemia
when oxygen utilization is constant. The assumption that
cerebral oxygen consumption is constant in FHF may not
be correct in all cases, however (25). A narrowed AjVdO2

correlates with relative or absolute hyperemia. CBF has
also been measured noninvasively with transcranial
Doppler, although the utility of this technique has not
been established relative to the use of jugular venous
oximetry (28).

Electroencephalogram monitoring is useful in more
severe cases, as subclinical seizure activity has been ident-
ified in FHF patients with advanced encephalopathy. It is
also essential in managing patients who require barbiturate
coma for control of intracranial hypertension (29).

Management
The most important aspect of treatment for encephalopa-

thy in FHF is control or elimination of factors known to
increase ICP and cerebral edema. Maintaining an ade-
quate cerebral perfusion pressure (CPP), the difference
between mean arterial pressure (MAP) and ICP, is critical
to preventing ischemia. A CPP less than 50 mmHg has
been associated with poor outcome after hepatic transplan-
tation, and values of 50 to 60 mmHg have been advocated
as therapeutic targets (30–32). Efforts to improve CPP
include reducing elevated ICP as well as increasing blood
pressure with vasoconstrictors and/or inotropes. Maintain-
ing adequate intravascular volume is important in maintain-
ing cardiac output and MAP, but the optimum fluid regimen
to use in patients with hepatic encephalopathy is unknown.
Unnecessary free water is avoided, as it will exacerbate cer-
ebral edema.

Although CPP improvement results from both ICP
reduction and MAP augmentation, control of ICP also pre-
vents herniation. Osmotherapy with mannitol is effective
in reducing ICP in many patients, while corticosteroids
have not been found to be helpful (33). Barbiturates are
used to reduce refractory intracranial hypertension,
however, hypotension from barbiturate-induced vasodila-
tion and myocardial depression can compromise CPP.
Therefore, aggressive hemodynamic monitoring and
support may be necessary. Clinical neurologic examination
is lost with barbiturate coma, and the drug effects can
persist for a prolonged period of time in the face of impaired
hepatic metabolism.

Hypothermia has emerged as an integral suppor-

tive maneuver in the care of FHF patients. Hypothermia
has been used in other settings of intracranial hypertension
(32–348C) and mild hypothermia has been shown to reduce
cerebral edema in animal models of FHF (34,35). Tech-
niques employed to achieve hypothermia include use of
cooling blankets, reducing room temperature, and reducing
ventilator circuit temperature settings. Reductions in
ICP with commensurate improvement in CPP have been
reported in patients with liver failure treated with
hypothermia although prospective outcome data are
lacking (34,35).

A head-up position has been advocated by some to
decrease ICP, although the optimal head position has not
been established as CPP may actually be compromised
despite the reduction in ICP. Phenytoin reduces subclinical
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Figure 1 Arterial plasma ammonia concentration in 30

patients with acute liver failure (ALF) who did not develop

cerebral herniation (No CH), and 14 patients who died from

cerebral herniation (CH). Left side: open circles indicate patients

who underwent liver transplantation; full circles indicate

patients who died from other reasons. Source: From Ref. 16.
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seizure activity as well as cerebral edema in some patients
(29). Monitoring of phenytoin levels if used is warranted
given the potential for alterations in hepatic metabolism
and plasma protein levels in FHF.

Airway control and mechanical ventilation are
required in comatose patients, and neuromuscular blockade
can be necessary to prevent coughing and ventilator bucking
with consequent increases in ICP and to protect the airways
in patients considered for liver transplantation. Routine
hyperventilation should be avoided as it may further
reduce CBF in brain areas that are already marginally per-
fused. Lowering the PaCO2 should be reserved for the
subset of patients with hyperemia as identified by jugular
venous saturation or CBF measurement.

Lactulose is commonly used to treat encephalopathy
in patients with chronic liver disease. It is not clear
whether there is any benefit in acute liver failure (ALF).
However, ammonia exerts neurotoxicity via accumulation
of glutamine within astrocytes (Fig. 2), and this rapid
increase in astrocyte osmolarity triggers cerebral edema
and cerebral hyperemia via unknown mechanisms (36).

The benzodiazepine receptor antagonist flumazenil
has been shown to improve clinical and electrophysiological
derangement in a significant proportion of patients with
encephalopathy in both FHF and chronic liver disease (37).
Unfortunately, the effects are transient (consistent with the
drug’s pharmacokinetics) and there is no improvement in
prognosis.

Supportive measures also include correction/preven-
tion of hypoxemia, hypoglycemia, and electrolyte abnormal-
ities. N-Acetylcysteine improved oxygen transport in some
studies of liver failure independent of its effects on acetami-
nophen metabolism and is used by some in FHF of any cause
(31). The beneficial effect of N-acetylcysteine on oxygen
transport has been challenged, and is currently under inves-
tigation in a multicenter clinical trial (38).

Cardiovascular
Circulatory abnormalities in liver failure include a

decreased effective intravascular volume, vasodilation,
and a hyperdynamic circulation. The decreased effective
intravascular volume results from altered intake (par-
ticularly in encephalopathic patients), bleeding, and

venodilation and third space of fluid due to circulating
inflammatory mediators, hyponatremia, and later hypoalbu-
minemia. Systemic arteriolar dilation and afterload
reduction contribute to the supranormal cardiac index in
FHF. Supervening sepsis will exacerbate this vasodilated,
hyperdynamic, state. Additionally, barbiturate therapy, if
used for intracranial hypertension produces myocardial
depression, vasodilation, and hypotension. Dysrhythmias
occur frequently in FHF and include ventricular ectopy,
A–V block, and atrial fibrillation (39).

Pathophysiology
The pathophysiology of the cardiovascular changes in FHF
is unknown. The decreased systemic vascular resistance
(SVR) was first reported in 1953 by Kowalski and Abelmann
(40). Since then, it has been documented that systemic shunts
open up and that much of the increased cardiac output is cir-
culating in muscle and skin, rather than through the liver.
However, investigators have yet to determine if these
shunts are opened up because of a substance that is elabo-
rated by the injured liver, or by some substance that is
not being cleared by the injured liver, or by the absence
of some factor which is normally produced by a well-
functioning liver.

Following liver transplantation, the shunts will close
down and the SVR will subsequently normalize. In many
patients, the increased cardiac output and decreased SVR
has little deleterious impact. However, in the elderly, or
those with severe coronary artery disease, the hyperdynamic
circulatory state can trigger myocardial ischemia or low
perfusion-related renal failure.

Management
Hemodynamic management in ALF is aimed at providing

adequate cerebral perfusion in the setting of intracranial

hypertension, avoiding hemodynamically mediated deterio-
ration in hepatic function, and preventing multiple organ
failure. Continuous intra-arterial blood pressure monitor-
ing identifies hypotension quickly while facilitating blood
gas analysis and calculation of parameters such as CPP. Pul-
monary artery catheterization (PAC), while controversial,
can help guide fluid and vasoactive drug therapy via
preload assessment and cardiac output measurement when
patients are unstable, and particularly when the cardiovas-
cular parameters are confusing. However, there is no role
for the PAC in routine management of stable patients with
liver failure.

Maintaining intravascular volume and therefore
cardiac preload is essential to preserve cardiac output and
oxygen delivery. In contrast, overly zealous fluid
therapy risks exacerbation of cerebral edema, hepatic con-
gestion, and worsening pulmonary edema in patients with
acute respiratory distress syndrome (ARDS). Fluid choice
is controversial and there is no clear evidence supporting
the use of colloid over crystalloid solutions, although, as
noted previously, excess free water should be avoided
when cerebral edema is present. Red blood cell transfusion
is indicated in bleeding and anemic patients and represents
the ideal volume expander in such settings. A target hemato-
crit of 30% is advisable given the ongoing risks for multiple
organ ischemia by providing a reasonable balance between
oxygen carrying capacity and peripheral oxygen delivery.

Hypotension not responding to fluid therapy
should be treated with vasoactive drug infusion. Norepi-
nephrine is being used more often as it combines potent

Figure 2 Astrocytic incorporation of ammonium into

L-glutamine as first step for development of cell swelling,

cerebral edema, and hyperemia. Source: From Ref. 36.
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inotropy with vasoconstriction. Many other vasoactive drug
and drug combinations have been used, however. The end-
points for resuscitation include maintenance of adequate
CPP in patients with elevated ICP, restoration/maintenance
of renal function, and relief of lactic acidosis. The practice
of resuscitation to target values of oxygen delivery and con-
sumption has been called into question in other settings and
a role, if any, in FHF has not been established. Correction of
electrolyte abnormalities, for example, hypokalemia and
hypomagnesemia, may ameliorate cardiac dysrhythmias.

Respiratory
Severe encephalopathic patients are at risk for pulmonary
aspiration and upper airway obstruction. Respiratory
alkalosis is often present early secondary to central hyper-
ventilation, which can increase ammonia. Hypercapnic res-
piratory failure is more likely in later stages of hepatic
encephalopathy.

Pathophysiology
Gas exchange abnormalities in FHF result from

transpulmonary shunting, and in some cases aspiration
pneumonia, atelectasis, acute lung injury, or hepatopulmon-
ary syndrome. Patients with intracranial hypertension will
be particularly sensitive to episodes of hypoxemia. The ARDS
occurs in a significant number of patients and produces
hypoxemia and reduced compliance (Volume 2, Chapter 24)
(41). Ventilatory therapy in ARDS, particularly high PEEP
levels, can exacerbate intracranial hypertension.

Management
Endotracheal intubation for airway protection and patency
will be necessary for comatose patients and those with intra-
cranial hypertension who require mechanical ventilation
while receiving paralytics, barbiturates, or hyperventilation
therapy. Hypoxemia will exacerbate cerebral ischemia and
should be treated aggressively with supplemental oxygen
and ventilatory support. Mechanical ventilation has the
potential to adversely affect hepatic function, particularly
when high levels of positive end-expiratory pressure
(PEEP) are used which impede hepatic venous drainage.
High PEEP levels may also adversely affect ICP. Such
patients should receive close ICP monitoring as ventilatory
support is titrated.

Coagulation System
Pathophysiology
Coagulopathy in acute hepatic failure results from a variety
of causes. Loss of hepatic synthesis of the major plasma clot-
ting factors is a prime reason. Levels of factors I, II, V, VII, IX,
and X are reduced, ultimately leading to a prolonged pro-
thrombin time (PT), and consequent elevated international
normalization ratio (INR). Indeed, the PT serves as an
important diagnostic and prognostic role. Platelet counts
are reduced as is platelet function (42). Plasminogen,
protein C, and protein S levels are reduced with evidence
of disseminated intravascular coagulation (DIC) in many.
Simultaneously, accelerated fibrinolysis is present, further
contributing to the risk of hemorrhage (43).

Management
Correction of coagulation and platelet abnormalities

is necessary in bleeding patients and those undergoing

invasive procedures such as ICP monitor placement or

surgery. Routine correction of clotting factor deficiencies
with fresh frozen plasma (FFP) and/or factor VII infusion is
unnecessary and concern has been raised regarding the sub-
sequent loss of the PT as a prognostic sign (36). Vitamin K
should be administered, as biliary absorption of this clotting
cofactor may be impaired. Prophylaxis with H2 antagonists
can reduce the risk of GI bleeding.

Renal
Acute renal failure occurs in FHF with an incidence ranging
from 30% to 70% and is associated with poor outcome particu-
larly in those with severe encephalopathy (44–46). Avariety of
etiologies can contribute to renal failure singularly or as collec-
tive insults. Chief among these are prerenal states, hepatorenal
syndrome, and toxin-induced acute tubular necrosis (ATN).

Pathophysiology
Renal dysfunction in the setting of FHF is often multifactorial
in origin but prerenal factors are implicated in the majority of
cases. Potentially reversible hepatorenal syndrome
occurs in a significant proportion of FHF patients with

renal dysfunction. The hepatorenal syndrome is associ-
ated with the same laboratory findings as the prerenal
state, for example, elevated blood urea nitrogen/Cr ratio,
and low fractional excretion of sodium (FeNa), that is, typi-
cally ,1.0. In contrast to the prerenal state, patients with
hepatorenal syndrome will not improve their renal function
following the restitution of intravascular volume alone.
Rather, the hepatorenal state will only resolve if the liver
injury recovers, or following liver transplantation. Hypovo-
lemia and vasodilation are often present in patients with
FHF. This state is often exacerbated by secondary sepsis,
leading to further reductions in renal blood flow which can
progress to ATN.

Renal injury can also result from a toxic ingestion that
is the primary cause of liver failure (e.g., acetaminophen tox-
icity). Furthermore, numerous nephrotoxic drugs, such as
aminoglycosides, and radiocontrast are utilized in the care
of FHF patients, and can contribute to renal injury.

Management
Prevention of acute renal failure is a major goal of the critical
care management of patients with liver failure, and close
monitoring of urine output via an indwelling bladder cath-
eter is warranted. Cardiovascular resuscitation with fluids,
prior to institution of supplemental vasoconstrictors and
inotropes, is the best way to prevent acute renal failure. Fur-
thermore, this therapy should be guided by hemodynamic
monitoring data aimed at maintaining normal renal blood
flow and perfusion pressure.

Nephrotoxic drugs such as aminoglycosides and
nonsteroidal antiinflammatory drugs should be avoided
whenever possible. N-acetylcysteine therapy for acetamino-
phen-induced FHF has been reported to reduce the incidence
and severity of renal failure (47).

Patients who develop ATN often require some type of
renal replacement therapy. Intermittent hemodialysis pro-
duces significant reductions in blood pressure and ICP eleva-
tions in the setting of FHF encephalopathy. Continuous renal
replacement therapy (typically venovenous hemodialysis) is
a better option than intermittent hemodialysis in patients
with elevated (or potentially elevated) ICP because of the
reduced risk of hypotension and ICP spikes (Volume 2,
Chapter 43) (48).
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Metabolic
Patients with ALF develop multiple metabolic and elec-

trolyte abnormalities including hypoglycemia, hypokalemia,
hypomagnesemia, hypophosphatemia, and metabolic

acidosis.

Pathophysiology
Hypoglycemia occurs frequently as a result of impaired glu-
coneogenesis, persistent insulin effects, and decreased glyco-
genolysis. Neurologic dysfunction induced by low blood
glucose can exacerbate or be confused with hepatic encepha-
lopathy.

Metabolic acidosis is a poor prognostic factor in ALF.
Lactate accumulation results from impaired hepatic metab-
olism as well as increased production by the liver and per-
ipheral tissues. Uncorrected hemodynamic derangement
and persistent hypoperfusion will exacerbate lactate pro-
duction (49,50).

Management
Frequent monitoring of blood glucose is necessary in FHF
patients. Hypoglycemia is treated aggressively with intrave-
nous 50% dextrose solution by bolus followed by continuous
glucose infusions. Ten percent dextrose infusions are used
commonly, whereas some patients may require more con-
centrated glucose solutions. Phosphate levels may dramati-
cally decrease, following the administration of large
volumes or high concentrations of dextrose solutions.

Improvement in lactic acidosis will follow adequate
hemodynamic resuscitation, control of secondary sepsis,
and improved liver function. Treatment of low pH levels
with bicarbonate is only recommended when severe and
associated with hyponatremia. Potassium and magnesium
repletions are required to treat and prevent cardiac dys-
rhythmias.

Infectious Disease
Sepsis is an ever-present risk in FHF that can be difficult to
recognize. Serious infection contributes to the development
of hyperdynamic shock, multiorgan failure, and death.

Pathophysiology
Susceptibility to infection is increased due to poor phagocyte
function, low complement levels, and invasive therapies
(51). Staphylococcus and Candida species have become
increasingly important causative organisms (52).

Management
A high index of suspicion is necessary to detect and treat
new infections. Whenever possible, therapeutic antibiotic
choice should be based on culture results and sensitivities.
Some centers advocate the use of prophylactic parenteral
antibiotics for all FHF patients. Enteral decontamination
does not appear to add additional protection (31).

SPECIFIC DRUGTHERAPY

Treatment and support strategies targeted directly at the
liver in acute hepatic failure include prevention or attenu-
ation of toxic liver injury with resuscitative drugs (e.g., for
acetaminophen toxicity, antiviral, etc.) and extracorporeal
substitution of hepatocyte function (following section).

AcetaminophenToxicity
Overdosage of acetaminophen should be treated with gastric
lavage and activated charcoal within two hours of ingestion,
the period of GI absorption. N-acetylcysteine is indicated in
any case of known or suspected acetaminophen toxicity. Oxi-
dation of acetaminophen by the cytochrome P-450 enzyme
system produces N-acetyl-p-benzoquinoeimine (NAPQI), a
highly reactive compound which binds to intracellular hep-
atocyte proteins producing injury and subsequent necrosis
(53). N-acetylcysteine prevents or attenuates hepatocyte
injury by serving as a glutathione source and substitute to
which NAPQI binds producing nontoxic metabolites. Insti-
tution of therapy may be beneficial as late as 24 hours after
ingestion (54). N-acetylcysteine is currently available in the
United States as an oral or intravenous form, which is the pre-
ferred way of treatment. For oral use, it is given as a loading
dose of 140 mg/kg, which is followed by 70 mg/kg mainten-
ance doses at four-hour intervals. The duration of treatment is
somewhat controversial. Food and Drug Administration
(FDA) guidelines prescribe 17 doses of oral N-acetylcysteine
given at four-hour intervals following the loading dose,
however, shorter duration protocols using the intravenous
form is preferred.

Antiviral Therapy
Specific antiviral treatment markedly improves survival of
herpetic hepatitis in immunocompetent patients. In a study
of 93 patients, without antiviral therapy survival was only
11% with vidarabine, survival improved to 38% and with
acyclovir survival was 57% (55). More recent results demon-
strate approximately 40% survival rate (55). Patients with
hepatitis caused by herpes virus may benefit from acyclovir
therapy. Likewise, patients with cytomegalovirus (CMV)
may benefit from gancyclovir.

There are four FDA approved treatments for hepatitis
B infection in the United States, interferon alpha-2b, which is
contraindicated in cases with HBV-FHF, lamivudine, adefo-
vir dipivoxil, and entecavir (56). In cases of acute exacer-
bation or flare of hepatitis B, these drugs are the choice for
therapy; however, in patients on long-time lamivudine
who develop a flare, other drugs such as adefovir are prob-
ably better, as the flare likely represents a lamivudine-resist-
ant mutation in the virus (57).

Hepatitis C is an uncommon cause of fulminant
hepatitis, but a recent report demonstrated improved
survival with a combined treatment of alpha interferon and
ribavirin (58).

MushroomToxin Support
The numerous syndromes associated with mushroom poi-
sonings, along with their associated diagnostic and manage-
ment principles, have recently been reviewed (Volume 1,
Chapter 31) (59). Amanita mushroom poisoning has been
treated with penicillin, which displaces amatoxin from
protein-binding sites and may inhibit penetration into hep-
atocytes. Silibinin, which inhibits toxin binding, has also
been used in amanita poisoning (60).

Combined treatment with silibinin and N-acetylcysteine
appears to be more effective than other medical treatments in
amatoxin poisoning (61). As a bridge to transplantation, and
occasionally as a successful therapy in its own right, extracor-
poreal liver-cleansing techniques are beginning to show
promise following mushroom intoxication as well as following
other hepatic injuries (Volume 2, Chapter 38) (62,63).
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Other Specific Therapies
Autoimmune hepatitis has been treated with prednisone
and azathioprine for over 30 years. However, there are a
variety of types of autoimmune hepatitis, and more specific
therapies are on the horizon (64). Each specific autoimmune
disease has a specific regulatory dysfunction that can be
targeted (65).

Galactosemia and fructosemia are etiologies of FHF,
which are treated with dietary elimination. Hereditary tyro-
sinemia type I is treated with dietary elimination and 2-(2-
nitro-4-trifluoromethylbenzoyl)-1,3-cyclohexanedione.

EXTRACORPOREAL SUPPORT

A variety of techniques have been used in patients with ALF to
temporarily replace hepatic function while awaiting spon-
taneous recovery or liver transplantation. Plasmapheresis
decreases plasma concentrations of substances such as biliru-
bin, aminotransferases, and ammonia (66). In combination
with plasma exchange, plasmapheresis can correct coagulation
abnormalities and has been associated with improved survival
in noncontrolled studies (67). Charcoal hemoperfusion and
hemodiafiltration with charcoal or an albumin adsorbent
circuit, the so-called “molecular absorbent recirculating
system” have also demonstrated improvement in various clini-
cal and biochemical parameters (Volume 2, Chapter 38) (68).

Bioartificial livers incorporate hepatocyte cells in a syn-
thetic framework through which whole blood, plasma, or a
dialysate are perfused via an extracorporeal circuit. The hep-
atocytes used in these devices are derived from human hepa-
toblastoma cells [extracorporeal liver-assist device (ELAD)] or
porcine livers (“Bioartificial Liver”). Improvement in mental
status with the ELAD has been reported, however, a random-
ized, controlled trial did not show reduced mortality (69).
Similarly, the bioartificial device has been associated with
improved neurologic function, but improved survival has
yet to be demonstrated (Volume 2, Chapter 38).

Extracorporeal perfusion of both human and porcine
livers has been undertaken with improvement in encep-
halopathy and prolonged survival in small numbers of
patients (70).

LIVER TRANSPLANTATION

Liver transplantation offers the best hope for survival for
patients with FHF. Given the limited availability of human
donors, replacement of liver tissue has also been undertaken
by implantation of hepatocytes, auxiliary liver transplan-
tation, and xenotransplantation; techniques which have not
had the success of allotransplantation.

TransplantationTypes and Nomenclature
Hepatocyte Transplantation
Implantation of hepatocytes into the splenic bed has been
carried out in a limited number of patients, and decreased
ammonia levels, improved neurologic function, and a
slight mortality advantage over controls have been
described (71). Randomized trials have not been performed
to date, however.

Xenotransplantation
Transplantation of animal livers has been performed as a
bridge to human organ transplant in a very small number

of patients. Baboon, chimpanzee, and pig livers have been
implanted with variable success including reports of graft
function as long as 70 days (72). Rejection of the xenograft
remains a significant problem along with concerns about
transmission of infectious agents.

Allotransplantation
Allotransplantation denotes a species-to-species transplant,
in this usage human-to-human. Liver transplantation with
a human allograft has significantly reduced the mortality
for patients with liver failure. Although survival following
transplantation for patients with FHF is less than in other
settings, one-year survival rates of 60% to 70% in FHF
have been achieved (73). Patients with liver failure from acet-
aminophen fare somewhat better than those with FHF from
other causes.

When the diseased liver is totally removed, and the
transplanted allograft is positioned in the location of the
native liver, it is referred to as an orthotopic liver transplant
(OLT). OLT is the most commonly employed liver transplant.
Heterotopic grafts refer to situations where the native dis-
eased liver is left in place (because it might recover) and
the transplanted liver is placed in another location (e.g.,
below the native liver) in the abdomen, and all connections
are shared.

The shortage of donor organs remains the biggest
hurdle to OLT. In response to the shortage of cadaveric
donors, transplant centers have begun using “higher-risk”
donor livers such as those from non-heart-beating donors
(NHBDs) or with ABO incompatibility or from older
donors or donors with fatty liver. Split-liver grafts from a
single donor and living-donor transplantation are also
being used (31).

Auxiliary transplantation allows the native liver to
remain in place with the hope of eventual recovery and dis-
continuation of immunosuppressive therapy. While reported
survival rates for the partial technique are similar to OLT,
complications are more frequent with auxiliary transplan-
tation (74). Although acute cellular rejection is a compli-
cation that is associated with a longer hospital stay, it
rarely occurs in a severe form with the current immunosup-
pression protocols.

Perioperative Considerations for OLT in Acute
Liver Failure Patients
Liver transplantation is the second most common transplant
surgery, accounting for 21% of all organ transplants in the
United States (75). In the period from 1997 to 2001, acute
hepatic necrosis accounted for 9% of cadaveric liver trans-
plants (76,77). In the last 20 years, emergency liver transplan-
tation has emerged as the most beneficial therapeutic
intervention for patients with ALF (78). Most of these are
OLTs. Living donor transplants have increased since 1999.
Management considerations for living donors will not be
included in this discussion.

Recipient Selection
Accurate prediction of successful transplantation is an
important goal in patient selection due to a small organ
donor pool, lack of proven alternatives to transplantation,
and lifelong complications secondary to immunosuppres-
sion (79).

The commonly used King’s College Hospital critera
are the most utilized, and studies evaluating these criteria
have shown positive predictive values ranging from 70%
to 100% in predicting outcome as compared to other
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prognostic scoring systems (80,81). In a recent meta-analy-
sis, various prognostic criteria (Table 3) were compared in
ALF patients (82). This included King’s College Hospital
criteria, elevated serum creatinine, encephalopathy, PT
elevations, decreased factor V levels, the acute physiology
and chronic health evaluation II scores, and Gc-globulin
(vitamin D-binding protein, a liver-derived component of
the actin scavenging system). The analysis indicated that
King’s College Hospital criteria and pH ,7.3 alone were
both fairly specific in predicting a poor outcome. Other pro-
posed prognostic criteria include: (i) the severity of systemic
inflammatory sepsis syndrome, (ii) alpha feto protein (AFP)
levels, (iii) ratios of factors VIII and V, (iv) liver histology, (v)
CT scanning of liver, (vi) cytokine levels, (vii) serum phos-
phate levels, and (viii) adrenal insufficiency. Further research
is needed to determine the validity of each of these aforemen-
tioned prognostic variables.

Potentially helpful indicators of poor prognosis
include: (i) based on etiology: drug injury, acute hepatitis B
and autoimmune hepatitis, mushroom poisoning, Wilson’s
disease, Budd, Chiari syndrome (hepatic vein thrombosis),
and grades III and IV encephalopathy on admission; (ii)
based on King’s College criteria (Table 3); (iii) model for
end-stage liver disease (MELD) score (a logarithmic
grading system based upon serum bilirubin, creatinine,
and INR), introduced by the United Network for Organ
Sharing in 2002 to prioritize organ allocation (83). MELD is
an objective measurement that unlike the Child–Pugh
scoring system, was not influenced by subjective assess-
ments like hepatic encephalopathy. The MELD score has
become a widely used tool for recipient selection and
organ allocation but despite its objectivity and reliability,
more studies regarding short-term and long-term outcomes
are needed; (iv) the U.S. ALF group criteria is also predictive
of mortality and categorizes the presence of three values:
stage 3 or 4 hepatic encephalopathy, serum creatinine �2.0;
and INR �3.0. ALF patients with zero criteria have 4%
mortality; 1 factor ¼ 15% mortality; 2 factors ¼ 50% mor-
tality; and all 3 factors ¼ 80% mortality (84).

In summary, currently available prognostic scoring
systems do not perfectly determine recipient selection or
predict outcome for liver transplantation; however, they
are useful when combined with clinical judgment, and
factored in with donor selection.

Donor Selection
Standard criteria for donor selection initially excluded
advanced age, obesity (body mass index .30), donor hyper-
natremia (serum sodium .155 meq/L), prolonged intensive
care unit stay, large doses of vasopressor requirement, posi-
tive hepatic serologies, and the use of NHBDs.

However, over the last 20 years there is a growing dis-
parity between demand and supply of organs. The expanded
criteria for donors or marginal donors now include older
livers, organs from the opposite gender, grafts with steatosis
(obesity, alcohol use, diabetes), NHBDs, HCV-positive liver
grafts, hepatitis B core antibody-positive grafts, donor hyper-
natremia, split liver grafts from deceased donors, and pro-
longed cold ischemia time (85). Marginal grafts have shown
poorer immediate graft function, but careful matching of
donors and recipients with these grafts has shown promising
results in some centers.

Preoperative Preparation
All patients with clinical or laboratory evidence of severe
acute hepatitis should have the coagulation status evaluated
and alterations in mental status closely monitored. If the

diagnosis of liver failure is established, transfer to the ICU
facilitates optimum management, and in a center with a
liver transplant program preparation for OLT. Exposure to
viral infections, drugs or toxins, and history of chronic
liver disease and alcohol intake is determined and all medi-
cations and supplements the patient used are reviewed.

A detailed history from the patient or the family and a
physical examination is performed. The physical examin-
ation includes an assessment of neurologic status, the pre-
sence of jaundice, and stigmata of acute and/or chronic
liver disease, right upper quadrant tenderness and palpable
mass, ascites, edema, and congestive heart failure.

Laboratory examination consists of routine chem-
istries, complete blood counts, renal function tests, arterial
blood gas measurements, blood typing and cross-matching,
drug screens, viral hepatitis serologies, AFP levels, tests for
Wilson’s disease, autoimmune antibodies, HIV testing, and
a pregnancy test in females. Plasma ammonia levels,
lactate levels, and a liver biopsy via the transjugular route
may also be indicated in certain clinical situations.

All the above is done to determine a precise etiology to
help guide further management decisions. Once the etiology
is determined, specific therapies should be initiated. A key
factor for improving survival is early contact with a trans-
plant center for transfer of patients.

Therapy
Apart from focused therapy for the specific etiology, general
supportive management should continue. Attention to fluid
balance is of primary importance. Hemodynamic status
should be monitored and treatment of infection should be
carried out promptly. Metabolic parameters should be eval-
uated and GI prophylaxis for bleeding provided.

Management of Raised Intracranial Pressure
In early stages of FHF, sedation should be avoided. Nonab-
sorbable disaccharides (e.g., lactulose) and antibiotics may
be used, keeping in mind the possibility of bowel distention.
If evidence of intracranial hypertension is present, the head
should be elevated 308 and mannitol infusion is given.
Patients progressing into grade III or IV hepatic encephalo-
pathy should have airway protection and ICP monitoring
established, particularly if they are considered for liver
transplantation. Prompt treatment of seizures with benzo-
diazepines is recommended. Short-acting barbiturates and
hyperventilation are temporary measures and are used
only for short-term management of severe intracranial
hypertension. Moderate hypothermia has been effective in
reversing cerebral edema in some patients and is currently
the subject of a clinical trial (34).

Infection Screening and Antibiotic Prophylaxis
Patients with FHF are vulnerable to bacterial or fungal
sepsis. This may preclude transplantation; hence periodic
surveillance cultures should be performed and treated
accordingly. Prophylactic antibiotics and antifungals have
not been shown to improve overall outcomes.

Coagulopathy
Patients are at increased risk for bleeding complications due
to decreased synthesis and increased consumption of clot-
ting factors. In preparation for liver transplant, use of FFP,
vitamin K, platelet transfusions, and recombinant factor
VII has been administered with temporary correction of
coagulopathy. There are no reliable predictors of periopera-
tive bleeding. It is known that patients who require more
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perioperative transfusions are associated with lower graft
and patient survival rates. This may be due to increased
proinflammatory cytokine release, which worsens bleeding
and worsens graft and patient survival.

The effort taken to temporarily normalize the coagu-
lation status immediately prior to transplantation is generally
worthwhile. Indeed all three phases of OLT are associated
with metabolic and hemorrhagic derangements that can
worsen any pre-existing coagulopathy. Sudden massive
blood loss can occur intraoperatively and this in conjunc-
tion with baseline hyperfibrinolysis, coagulation factor

deficiencies, and thrombocytopenia results in the need for
massive blood and blood product transfusions with that
have potentially severe consequences. Use of thromboe-
lastogram (TEG) intraoperatively (Volume 1, Chapter 17) has
been shown to decrease transfusion requirements during
OLT surgery.

Intravascular Volume Status
The high cardiac output, low SVR caused by a hyperdy-
namic circulation causes hypotension which may require
inotropes and vasoactive drugs. Supportive therapy with
fluid resuscitation and attempt to maintain intravascular
volume is paramount. Monitoring should include an arterial
blood pressure and pulmonary artery catheter to help guide
fluid management perioperatively. Systemic vasopressor
support with epinephrine, norepinephrine, or dopamine is
preferred.

Intraoperative Management
Monitoring
Invasive monitoring devices include a radial or femoral
arterial line placed prior to induction. A pulmonary artery
catheter is used routinely for perioperative fluid and hemo-
dynamic management and for monitoring PA pressures. A
transesophageal echocardiography (TEE) lead is placed for
monitoring left ventricular filling, detection of air emboli
during reperfusion, and assessing global left ventricular
function. TEE is increasingly being used without reports of
variceal bleeding after insertion.

Venous access is obtained with two 9-French introdu-
cers centrally. At UCSD, a rapid infuser circuit incorporating
a cardiotomy reservoir, roller pump, heat exchanger, and
safety features for monitoring air embolism and occlusion
is set up by a cardiovascular perfusionist. Use of the rapid
infusion device allows rapid administration of warmed
blood and fluids through large-bore central lines. Usual
rates of transfusion are 200 cm3/min, but more rapid rates
up to 1000 cm3/min can be administered.

The volume of infusion is guided by blood pressure,
CVP, PA, and TEE. The composition of fluid replaced is
determined by Hct, platelet count, PT/PTT, and TEG, as
evaluated by the anesthesiologist.

Veno-venous Bypass
Venovenous bypass is used by some surgeons during liver
transplantation to provide hemodynamic stability, decrease
splanchnic congestion, improve renal perfusion, and
decrease metabolic acidosis when the vena cava is
clamped. Venous return from the femoral circuit and portal
circulation is returned to the internal jugular/subclavian/
axillary veins. In our center, percutaneous venovenous
bypass lines are placed by the anesthesiologist prior to incision.
A 17-French cannula is placed in the internal jugular vein and
can be used for both bypass and for rapid infusion. Problems

with venovenous bypass include air embolism, thromboembo-
lism, and inadvertent decannulation.

Factor VII
Recombinant factor VIIa seems to enhance local hemostasis
by a local thrombin burst effect. Recombinant factor VIIa
might have the potential to be an effective hemostatic
measure in patients undergoing liver transplantation (86).
This impression is based on clinical data from a limited
number of case histories and small clinical trials. A recent
study in patients undergoing hepatectomy showed that
rfactor VIIa (rFVIIa) did not result in a statistically significant
reduction in either the number of patients transfused or the
volume of blood products administered (87).

Clinical trials are ongoing to determine the safety
and efficacy of rFVIIa in patients undergoing OLT surgery,
but no conclusive information has been obtained yet
(Volume 2, Chapters 58–59) (88).

Thromboelastogram
In FHF patients receiving transplantation, pre-existing
coagulopathy is often present secondary to decreased syn-
thesis of coagulation factors and platelets, increased utiliz-
ation of these, and decreased platelet function. During
transplantation, this is complicated by fibrinolysis due to
reduced clearance of activators of coagulation and after
reperfusion of the grafted liver. A heparin-like effect is
observed in one-third of patients following transplantation,
and intraoperative changes in blood coagulation and TEG
monitoring are also observed during liver transplantation.

Heparin used during venovenous bypass, heparin
present in the grafted organ, and persisting fibrinolysis
from poor graft function all may contribute to severe bleed-
ing after reperfusion if the newly grafted liver is functioning
poorly. TEG gives a global evaluation of clotting function
and helps in assessing response to administration of correc-
tive factors such as cryoprecipitate, platelets, or protamine
(89,90). The TEG is also useful in detecting a prothrombotic
state, as some patients are at a risk for hepatic arterial throm-
bosis after liver transplantation.

Anesthetic Drugs
Anesthetic induction incorporates a rapid sequence tech-
nique after three to five minutes of preoxygenation due to
the increased risk of aspiration secondary to abdominal dis-
tension from ascites. Fentanyl is the opioid of choice and is
useful to blunt the sympathetic response. Midazolam with
its minimal hemodynamic effects is useful for amnesia. A
balanced anesthetic technique is used in most centers, and
volatile agents like isoflurane are used in low concentrations
to minimize hypotension in patients with FHF. Isoflurane
preserves splanchnic blood flow and is the preferred agent.
Cisatracurium because of its organ-independent elimination,
is used for neuromuscular blockade.

Antifibrinolytics
Reperfusion can trigger severe fibrinolysis, which requires
cryoprecipitate and possibly antifibrinolytics. Earlier
studies did not show any advantage to the use of prophylac-
tic antifibrinolytics, but a European multicenter study
showed decreased transfusion requirements with aprotonin
and no thrombotic events in the aprotonin group (91).
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Stages of Liver Transplant Surgery
Preanhepatic Stage (Phase of Dissection)
The preanhepatic stage begins with surgical incision and
ends with cross-clamp of portal vein, supra- and infrahepa-
tic parts of the inferior vena cava, and hepatic artery
(Table 6). Dissection and mobilization of the liver along
with pre-existing coagulopathy result in blood loss and
hypovolemia. Transfusions of blood and blood products
are administered based on hematocrit, coagulation profile,
platelet count, and TEG.

Metabolic parameters are monitored and treated.
Citrate intoxication in the absence of hepatic function
causes hypocalcemia from infusion of blood products.
Hypoglycemia in acute hepatic failure and hyperkalemia
secondary to renal dysfunction worsened by massive
blood transfusion all need to be frequently monitored and
corrected. Hypothermia should be avoided and hourly
urine output monitored closely.

Anhepatic Stage
This begins with occlusion of vascular inflow and ends with
perfusion of the grafted new liver. Hemodynamic changes
dominate this stage when vena caval cross-clamping
causes significant decreases in venous return, splanchnic
congestion, metabolic acidosis, and decreased renal per-
fusion pressure.

Hemodynamic stability is maintained by adminis-
tration of blood and blood products and correction of coagu-
lopathy. This is important as the combined effect of absent
clotting factors and fibrinolysis due to the unopposed

action of tissue plasminogen activator can cause severe coa-
gulopathy in this stage.

Neohepatic Stage (Reperfusion Stage)
Reperfusion of the new liver through the portal vein begins
the neohepatic stage and is associated with hypotension,
hyperkalemia, acidosis, and hypothermia. One-third of
patients experience profound hypotension after reperfusion.
This can be due to metabolic abnormalities, vasodilatation,
emboli (air or thrombotic), hypothermia, arrhythmias, or
myocardial dysfunction (92,93). Some risk factors for this
include suboptimal grafts and prolonged graft cold ischemia
time. Hepatic artery followed by biliary tree anastomosis is
done following portal vein anastomosis. Improvement in
acidosis, decreasing requirements for calcium, improvement
of coagulation function, rise in core body temperature, and
bile output from the graft are indicators of a healthy graft.

Postoperative Complications
Early postoperative hemorrhage due to anastomotic leaks or
laceration of the liver surface or coagulopathy results in reo-
peration in about 10% of transplanted patients. Vascular
obstructive complications, particularly hepatic artery throm-
bosis, are a dreaded complication with the incidence ranging
up to 10% in adults and 20% in children (due to the smaller
vessel diameter). Other surgical and medical complications
following OLT are shown in Table 7.

Postoperative management includes correction of coa-
gulopathy, maintaining adequate volume status for vital
organ perfusion, monitoring urine output, and prevention
of infection. Immunosuppression is needed to prevent

Table 6 Stages of Liver Transplantation

Preanhepatic (stage of dissection) Anhepatic (stage of no liver) Postanhepatic (stage of reperfusion)

Surgical incision to cross-clamp PV,

HA, IVC

Occlusion of vascular flow to perfusion of

grafted liver

Perfusion of new liver to completion of

biliary reconstruction and closure of

surgical incision

Blood loss Hemodynamic changes due to clamping

and then unclamping IVC

Hypotension

Hypoglycemia Splanchnic congestion Acidosis

Hypocalcemia Decreased renal perfusion Hypothermia

Coagulopathy Hypocalcemia Hyperkalemia

Blood loss

Abbreviations: HA, hepatic artery; IVC, inferior vena cava; PV, portal vein.

Table 7 Postoperative Complications after Hepatic Transplantation

Surgical complications Medical complications Immunological complications

Anastomotic or implantation site bleed Early postoperative infections causing

pneumonia and sepsis

Acute rejection

Hepatic artery/portal vein thrombosis Acute cholangitis Subacute rejection and graft

dysfunction

Supra/infra hepatic vena caval

obstruction

Viral infections especially CMV Recurrence of Hep B and C

Biliary leakage/strictures Immunosuppression-related toxicity Recurrence of autoimmune hepatitis,

primary biliary cirrhosis, and primary

sclerosing cholangitis

Wound infections, injury to bowel or

other intra-abdominal organs

Acute renal failure Chronic rejection

Abbreviations: CMV, cytomegalovirus; Hep, hepatitis.
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allograft rejection. These include corticosteroids, antimeta-
bolites, calcineurin inhibitors, and monoclonal antibodies
(Table 8).

Success of liver transplantation for FHF patients
depends upon the status of both, the recipient, and the
graft. A review has shown that the severity of multiorgan
failure at the time of transplantation was the single best pre-
dictor of patient survival. Another analysis of 116 patients
showed markedly poor outcomes in patients receiving
marginal, size reduced, or ABO incompatible grafts.

EYE TO THE FUTURE

Patient survival for deceased donor liver transplant recipi-
ents based on the annual report by the OPTN/SRTR registry
was 86% by one year, 78% at three years, and 72% at five
years after transplantation (94). The shortage of grafts, com-
pared to the long list of waiting recipients, is causing many
to expire prior to transplant.

Marginal and split grafts, living related donation,
xenotransplantation, and stem-cell-derived organs are
future options that need to be further explored due to the
small pool of donor organs and the ever-increasing
demand for organs. In reduced size liver transplantations,
the left lateral segments and left lobe grafts are used for
pediatric recipients. In split liver transplantation, the left
graft is used for a pediatric patient and the right graft is
placed into an adult recipient. The use of a single donor
for two recipients has clear advantages, and some centers
have shown improvement in outcomes with this technique.
Long-term prevention of graft rejection is an important
goal of liver transplantation and aside from refinement of
pre-existing drugs there are several new drugs with specific

mechanisms of action under investigation. Basiliximab, a
chimeric monoclonal antibody, has shown favorable out-
comes, and may potentially reduce the need for maintenance
immunosuppressants following transplantation (95). Gene
therapy may soon open unexpected possibilities of immedi-
ate and long-term survival of the transplanted organ.

Continued evaluation and development of support
technologies such as the biological and nonbiological
liver support systems will allow more patients to survive
long enough for spontaneous recovery of liver function or
successful hepatic transplantation. Improving the supply
and distribution of donor livers for patients with FHF is
another area requiring ongoing emphasis.

SUMMARY

FHF is a life-threatening condition that requires prompt diag-
nosis and rapid initiation of therapy to avoid deterioration in
liver function, particularly in cases of acetaminophen toxicity.
FHF patients require complex, coordinated critical care which
is best provided in specialized centers especially for those
patients who require liver transplantation.

Aggressive treatment of hepatic encephalopathy with
control of ICP and management of cerebral perfusion is
crucial in severe cases. This is accomplished in concert
with adequate hemodynamic resuscitation and respiratory
support. Six areas in which treatment advances have led to
improved outcomes over the last 10 years include: aware-
ness of ICP considerations, airway protection, infection
standards, metabolic control (aggressive pharmacologic
treatment of hypoglycemia), maintenance of MAP (avoid-
ance of hypo- and hypertension), and institution of moderate
hypothermia. More recently, additional measures have been

Table 8 Immunuosuppressive Medications after Liver Transplantation

Drugs Mechanism of action Side effects

Corticosteroids Suppress macrophage activation, powerful anti-

inflammatory effect which suppresses immune

response and acute graft rejection

Dose-related; fluid retention diabetes mellitus,

osteoporosis, osteonecrosis, cataract, skin thinning

Main concern: cardiovascular complications and

promotion of virus replication in patients with viral

hepatitis

Antimetabolites

Azathioprine Cytotoxic agents interfere with DNA and RNA syn-

thesis of T and B lymphocytes

Bone marrow suppression, nausea, diarrhea

Mycophenolate Interferes with synthesis of guanine nucleotides and

DNA replication

Calcineurin inhibitors

Cyclosporine A Inhibits calcineurin affecting T-cell activation Renal dysfunction, diabetes, hypertension, headache

and GI problems

Tacrolimus Blocks T-cell proliferation and thereby interleukin

synthesis

Rapamycin Blocks ligation of interleukin 2 to its receptor Thrombocytopenia and hyperlipidemia

Monoclonal antibodies

OKT3 Directed against CD3 complex of T cells Diarrhea, nausea, myalgia, fever, tachycardia,

dyspnea

Chimeric basiliximab Selectively target the IL 2 receptor on activated

T cells

Low toxicity and minor side effects

Humanized

Daclizumab

Abbreviations: DNA, deoxyribonucleic acid; RNA, ribonucleic acid.
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recognized as important for improving outcomes in all criti-
cally ill patients: use of high-intensity physician staffing,
small tidal volume mechanical ventilation, use of low-dose
corticosteroids, monitoring activated protein C, “tight”
glucose control, and low-dose vasopressin. By using these
measures in liver disease, improvements can be made to
overall patient care (96).

Although early recognition and aggressive medical
management may improve outcomes in subsets of FHF
patients, liver transplantation has significantly improved
the survival odds in these patients. Following investigation
of etiology and careful consideration of prognostic indi-
cators, all patients with FHF should be evaluated for trans-
plant suitability although only 30% get transplanted.

KEY POINTS

A rapid diagnosis and identification of the etiologic
agent increases the likelihood that specific therapy
will be beneficial in the treatment of FHF.
Accurate assessment of severity and prognosis in FHF
is particularly important for identifying those patients
requiring liver transplantation.
Hepatic encephalopathy is a defining feature of fulmi-
nant liver failure.
Because of the potential for complications, ICP monitor-
ing remains controversial in managing patients with
stage III and IV encephalopathies.
The most important aspect of treatment for encephalo-
pathy in FHF is control or elimination of factors known
to increase ICP and cerebral edema.
Hypothermia has emerged as an integral supportive
maneuver in the care of FHF patients.
Circulatory abnormalities in liver failure include a
decreased effective intravascular volume, vasodilation,
and a hyperdynamic circulation.
Hemodynamic management in ALF is aimed at provid-
ing adequate cerebral perfusion in the setting of intra-
cranial hypertension, avoiding hemodynamically
mediated deterioration in hepatic function, and pre-
venting multiple organ failure.
Maintaining intravascular volume and therefore
cardiac preload is essential to preserve cardiac output
and oxygen delivery.
Hypotension not responding to fluid therapy should be
treated with vasoactive drug infusion.
Gas exchange abnormalities in FHF result from trans-
pulmonary shunting, and in some cases aspiration
pneumonia, atelectasis, acute lung injury, or hepatopul-
monary syndrome.
Correction of coagulation and platelet abnormalities is
necessary in bleeding patients and those undergoing
invasive procedures such as ICP monitor placement
or surgery.
Potentially reversible hepatorenal syndrome occurs in a
significant proportion of FHF patients with renal dys-
function.
Patients with ALF develop multiple metabolic and elec-
trolyte abnormalities including hypoglycemia, hypoka-
lemia, hypomagnesemia, hypophosphatemia, and
metabolic acidosis.
Sudden massive blood loss can occur intraoperatively
and this in conjunction with baseline hyperfibrinolysis,
coagulation factor deficiencies, and thrombocytopenia

results in the need for massive blood and blood
product transfusions that have potentially severe conse-
quences.
Early postoperative hemorrhage due to anastomotic
leaks or laceration of the liver surface or coagulopathy
results in reoperation in about 10% of transplanted
patients.
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INTRODUCTION

Cirrhosis is the irreversible, final common pathway of many
chronic progressive liver diseases. The incidence of cirrhosis
in Western countries is approximately 15 to 25 per 100,000
people (1). It is the 10th leading cause of all mortality, and in
individuals aged 45 to 64 years it is the fifth leading cause of
death. Finally, cirrhosis is implicated in approximately
30,000 deaths each year in the United States alone (2,3).

Although patients with chronic liver diseases are often
managed in the outpatient setting with occasional acute hos-
pitalizations, it is not uncommon for the cirrhotic patient to
be hospitalized in the surgical intensive care unit (SICU).
Life-threatening conditions such as variceal hemorrhage,
hepatic encephalopathy, or hepatorenal syndrome (HRS) fre-
quently necessitate SICU management. If not involved
earlier, critical care physicians may become involved with
a cirrhotic patient postoperatively. Additionally, such phys-
icians will manage a cirrhotic patient who has been involved
in a trauma. In general, individuals with chronic liver
disease and cirrhosis who require admission to an intensive
care unit often have poor outcomes, as can be predicted by
established scoring systems such as Child–Pugh or acute
physiology, age, and chronic health evaluation (APACHE)
(4,5).

In an era of rapidly expanding medical knowledge
and rising healthcare costs, the critical care physician is
expected to care effectively and efficiently for the cirrhotic
patient. This chapter provides an overview of the pathophy-
siology, underlying conditions, presentation, complications,
and management critical to caring for the critically ill cirrho-
tic patient.

PATHOPHYSIOLOGY
Basic Science
Cirrhosis is a fibrosis of the liver parenchyma that occurs as a
response to liver injury from a variety of agents and results
in a broad range of clinical manifestations. It is classified
histologically as either macronodular (.3 mm nodules) or
micronodular (,3 mm nodules) (6).

The normal liver has an extracellular matrix consisting
of collagens, glycoproteins, and proteoglycans. This matrix
is critical to the functions of the liver. The development of
fibrosis in chronic liver injury causes this matrix to transform
from a low-density matrix to a high-density matrix (Fig. 1).
There are several factors involved in this process. During
injury, there is a downregulation of matrix metalloprotei-
nase-1 and upregulation of gelatinase A and gelatinase B,

resulting in breakdown of basement membrane collagen
and an amassing of interstitial collagens. As the hepatic
environment changes, stellate cells become activated.

Stellate cells are found in the subendothelial space of
Disse and are the principal storage site for retinoids. Stellate
cells can also migrate to areas of injury through several
potential chemoattractants including platelet-derived
growth factor (PDGF) and monocyte chemotactic peptide-1
(7). Upon activation, the stellate cell transitions into a pro-
liferative, fibrogenic, and contractile myofibroblast (8). This
may be initiated by paracrine stimuli from surrounding
cells. Endothelial cells may convert latent transforming
growth factor-b1 (TGF-b1) to a profibrogenic form through
the activation of plasmin (Table 1) (9). Hepatocytes
produce lipid peroxides that may also promote activation.
Kupffer cells can stimulate matrix synthesis, cell prolifer-
ation, and release of retinoids by stellate cells (10). Platelets
produce and release several important mediators including
PDGF, TGF-b1, and epidermal growth factor. In addition,
during early activation there is an upregulation of the NF-
kappa-gene expression, which can lead to the activation of
a number of genes, including the transcription factor AP-1,
c-Jun kinase, and matrix metalloproteinase-2 (11,12).

The hepatic stellate cells can progress into a perpetu-
ation stage (13). This may result from an upregulation of
many mitogenic factors and their receptors. In addition,
PDGF, a potent mitogen, and its receptors are upregulated
during injury. Other mitogens that may be involved
include endothelin-1, thrombin, and fibroblast growth
factor (11,12).

The contraction of hepatic stellate cells is likely the
mechanism for the development of portal hypertension by
impedance of portal blood flow. Endothelin-1 appears to
be an important contractile stimulus to stellate cells (14).
Nitric oxide (NO) is a physiologic antagonist to endothe-
lin-1 and may be less active in portal hypertension (15,16).
Alpha smooth muscle actin levels have also been found to
be increased during stellate cell activation and may partici-
pate in their contractility.

The fibrotic tissue in cirrhosis consists of extra-
cellular matrix molecules, collagen types I and III, sulfated
proteoglycans, and glycoproteins. TGF-b1 is the most
potent fibrogenic factor in the liver and is upregulated
during injury (17).

Etiologies
There are a large number of potential causes of cirrhosis
(Table 2). Major categories include toxins (such as alcohol),
viral hepatitis, metabolic disorders, autoimmune etiologies,
nonalcoholic steatohepatitis (NASH), and miscellaneous
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causes, the common thread being injury to hepatocytes
followed by scarring of residual tissue.

Fibrosis is a normal component of repair following
injury. It provides a structural scaffold and temporary
support during repair, and also interacts with other cells
to signal remodeling and other events involved in the
healing process. When injury is limited in duration,
the fibrotic scaffolding is dismantled by matrix proteinases
during final stages of healing at six to seven weeks
(Fig. 2). However, in the setting of multiple recurrent
injuries, or chronic inflammation, pathologic fibrosis is pro-
pagated, and residual fibrous remains when the next cycle
of injury occurs. Ultimately fibrotic processes become domi-
nant and too extensive for suitable remodeling, and cirrho-
sis results. A discussion of the major causes of cirrhosis is
offered.

Alcohol-Induced Cirrhosis
Consumption of ethanolic [exposed to alcohol (ETOH)]
alcohol can lead to a variety of hepatic changes, ranging
from fatty liver to cirrhosis. Steatosis or fatty liver can
develop after even a single ETOH binge and is likely to pro-
gress with continued alcohol use (18). Accumulation of
membrane-bound fat droplets, proliferation of smooth endo-
plasmic reticulum, and gradual distortion of mitochondria
can occur (19). Increased lipolysis and reduced oxidation

of hepatic fatty acids contribute to its development (20).
Alcoholic hepatitis may develop with continued alcohol
ingestion. Patients may present with fever, hepatomegaly,
jaundice, and anorexia. The hallmarks of this disease
include liver cell necrosis, the presence of Mallory bodies
and neutrophils, and a perivenular distribution of
inflammation (21). In alcoholic cirrhosis, perivenular inflam-
mation becomes fibrosis and can progress to panlobular cir-
rhosis (6).

Figure 1 Fibrotic changes occurring in the space of Disse in cirrhosis. The figure shows the morphologic changes associated with

stellate cell activation and collagenization of the space of Disse, namely loss of endothelial fenestrae and flattening of the microvillus

border of the hepatocyte. Source: From Ref. 174.

Table 1 Summary of Cirrhosis Pathophysiology

The stellate cell is the major cell involved in the process of liver

fibrosis. It becomes a proliferative, fibrogenic, and contractile

myofibroblast

TGF-b1 is the most potent fibrogenic factor in the liver

Example of alcohol induced cirrhosis

Alcohol! fatty liver! alcoholic hepatitis! alcoholic

cirrhosis

Hallmarks of alcoholic cirrhosis

Liver cell necrosis

Presence of Mallory bodies and neutrophils

Perivenular distribution of inflammation

Abbreviation: TGF-b1, transforming growth factor-b1.

Table 2 Causes of Cirrhosis

Cause Examples

Drugs Alcohol

Amiodarone

Isoniazid

Methyldopa methotrexate

Vitamin A

Infection Hepatitis B

Hepatitis C

Schistosomiasis

Syphilis

Biliary obstruction Cholangiocarcinoma

Cystic fibrosis

Pancreatitis (chronic)

Pancreatic carcinoma

Primary biliary cirrhosis

Sclerosing cholangitis

Strictures

Cardiovascular Budd–Chiari syndrome

Right heart failure (chronic)

Veno-occlusive disease

Metabolic Alpha-1-antitrypsin

E. protoporphyria

Hemochromatosis

Wilson’s disease

Miscellaneous Sarcoidosis

Hereditary hemorrhagic telangiectasia

Cryptogenic

Nonalcoholic steatohepatitis

Autoimmune hepatitis
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There are several theories related to the pathogenesis
of alcohol-mediated liver injury. The metabolism of ethanol
acetaldehyde increases lobular oxygen consumption which
may cause hypoxia and cell damage in the pericentral
zones. The neutrophils present during alcohol-induced
fibrosis may cause hepatocyte injury via cytokines and
proteases. Additionally, acetaldehyde–protein adducts
may serve as neoantigens causing an autoimmune reaction
against hepatocytes. Alternative pathways for ethanol
metabolism may also generate free radicals (6).

Infections
A number of infectious agents have been reported as poten-
tial etiologies for the development of cirrhosis. The most
important infectious causes of cirrhosis in the United
States include the hepatotropic viruses, hepatitis B and C.
Less common, but important other viral etiologies of hepa-
titis include cytomegalovirus, Epstein-Barr, herpesvirus-6,
and varicella zoster. Additionally, tertiary Syphilis and Schis-
tosoma japonicum have been reported to cause hepatic fibro-
sis and cirrhosis; however, these infectious agents are
infrequent causes of cirrhosis in the United States.

Chronic infections with both the hepatitis B and C
viruses can lead to liver cirrhosis. Approximately 85% of
patients infected with hepatitis C will develop a chronic
infection, with up to 50% of these developing cirrhosis
(22–24). The development of cirrhosis is most often
silent until complications of significant hepatic dysfunction
occurs (22). Several host factors are important determi-
nants of disease progression in hepatitis C virus (HCV)-
infected individuals. Coinfected HIV patients may progress
more rapidly (25,26). Infection via blood transfusion has
been reported to increase the risk of disease progression
(27,28). Infection after the age of 40 years may be associated
with a more rapid course (29,30). Coinfection of hepatitis C
with hepatitis B is likely to accelerate the progression.
Alcohol consumption has also been reported to promote
the progression of chronic hepatitis C infection and should
be avoided in all patients with this infection (29).

Chronic hepatitis B virus infection results in cirrhosis
less commonly than hepatitis C in the United States. It is esti-
mated to occur in approximately 15% to 40% of individuals
infected with hepatitis B. The rate of progression to cirrhosis
is determined by the replicative activity of the virus and
whether there is a superinfection with another hepatotropic
virus, such as hepatitis delta virus or hepatitis C (31).

Drug-Induced
Liver damage from pharmacologic agents accounts for about
2% to 5% of patients requiring hospitalization for jaundice
and 10% of cases of hepatitis in all adults (32). Drug-
induced injury can result in severe necrosis with the devel-
opment of cirrhosis. Some agents are intrinsic hepatotoxins
and may result in both aminotransferase elevations up to
500 times normal. Examples are carbon tetrachloride,
chloroform, tannic acid, and troglitazone, which have been
voluntarily removed from the market (33). Other drugs
show a dose-related toxicity. These include acetamino-
phen, ethanol, methotrexate, intravenous tetracycline, and
azathioprine (34). In addition, a hypersensitivity reaction
may occur with many pharmacologic agents, resulting in
eosinophilic or granulomatous inflammation with hepato-
cyte necrosis and cholestasis. These may include phenytoin,
amoxicillin-clavulanate, sulfonamides, halothane, and
dapsone (35). Liver injury may also be secondary to abnor-
mal drug metabolism in which toxic metabolites may
accumulate and lead to cellular necrosis. Agents such as
ketoconazole, diclofenac, valproate, propylthiouracil, isonia-
zid, and amiodarone may cause hepatic toxicity through
abnormal drug metabolism (33,36).

Hereditary (Inborn) Errors of Metabolism
There are multiple metabolic causes of liver disease. Heredi-
tary enzymatic abnormalities can lead to accumulation of
toxic substances resulting in liver damage, injury, and
cirrhosis. Hemochromatosis, Wilson’s disease, and alpha-1-
antitrypsin (AAT) deficiency are the most often cited meta-
bolic abnormalities that cause cirrhosis. Erythropoietic proto-
porphyria has also been reported as an etiology of cirrhosis.
Other causes of cirrhosis in pediatric patients include galac-
tosemia, hereditary fructose intolerance, glycogen storage
disease type IV, and tyrosinosis.

Hereditary Hemochromatosis
Hereditary hemochromatosis (HHC) leads to an abnormal
accumulation of iron in parenchymal organs, including the
liver, heart, and pancreas. It is the most common genetic
disorder among caucasians and is inherited as an autoso-
mal-recessive trait on chromosome 6. Although the exact
pathophysiology is unknown, the mutation may cause
abnormal cell interaction with b2-microglobulin resulting
in increased iron absorption with accumulation in the
liver. Classically, patients present in the third and fourth
decades with hepatomegaly, skin pigmentation, arthritis,

Figure 2 Schematic representation of inflammation (lighter area) and fibrosis (darker area) in acute or chronic liver injury. When

inflammation is limited in time (acute injury), fibrosis resolves completely after approximately seven weeks. When inflammation

is chronic with recurrent exacerbations, the level of fibrosis varies but rises over time. Examples of chronic exposure causing

cirrhosis include heavy alcohol use with periods of heavy binges, or recurrent hepatitis from chronic active hepatitis B.

Source: From Ref. 175.
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and weakness. A fasting serum transferrin saturation greater
than 60% in men or 50% in women is highly specific for HHC.
Serum ferritin is often elevated. Liver biopsy with a measure-
ment of hepatic iron concentration is the most sensitive diag-
nostic test. Individuals with HHC are at �200-fold increased
risk for developing hepatocellular carcinoma. Early diagno-
sis is essential to prevent progression to cirrhosis in the
patient with hemochromatosis. Therapeutic phlebotomy
remains the mainstay of therapy. Iron chelation, with
agents such as deferoxamine, may be useful in anemic
patients. Newer oral agents, such as deferasirox, are also
being investigated (37). Liver transplantation is indicated
for individuals who progress to end-stage liver disease (38).

Wilson’s Disease
Wilson’s disease is an autosomal-recessive disorder of
reduced biliary excretion which results in copper accumu-
lation. It is estimated to occur worldwide in 30 people per
million population (39). Copper is normally incorporated
into copper-containing enzymes, including ceruloplasmin,
in the liver. Excess copper is normally excreted in the bile.
The defective gene product is a P-type ATPase which is
referred to as Wilson’s disease. This is normally a copper
transporter and is necessary for copper incorporation into
ceruloplasmin and excretion into bile. In Wilson’s disease,
ceruloplasmin levels and copper bile concentrations are
reduced. Copper eventually appears in dense granules in
lysosomes and leads to chronic hepatitis and fibrosis. Over
time the liver is progressively damaged and eventually
becomes cirrhotic. Liver disease is often the presenting mani-
festation, but neuropsychiatric disease may also be the pre-
senting feature in up to 10% of cases. The type of the liver
disease can be highly variable, ranging from only biochemi-
cal abnormalities to fulminant hepatic failure.

Fulminant hepatic failure, sometimes referred to as a
Wilsonian crisis, has characteristic features which include
Coombs-negative hemolytic anemia with bilirubinemia,
coagulopathy, renal failure, low alkaline phosphatase
(Alk phos), and elevated aminotransferases. A useful clue
to this disease may be the ratio of Alk phos (IU/L) to total
bilirubin (T-bili) (mg/dL) of less than 2 (40).

Measurement of hepatic tissue copper concentration
will provide the diagnosis in most patients, however, this
requires a biopsy. A low ceruloplasmin is supportive,
but not specific. An elevated serum copper and 24-hour
urine copper level may be helpful as a screening test.
Kayser–Fleischer rings may support the diagnosis, but
such ophthalmologic findings may be absent in 50% of
patients (40). Copper chelators, such as penicillamine and
trientine, are the mainstays of therapy and are more effective
when combined with a low copper diet (41). Patients with
fulminant hepatitic failure require urgent liver transplan-
tation to survive.

Alpha-1-Antitrypsin
AAT deficiency is a homozygous disorder affecting multiple
organ systems. In adults, the most common manifestation is
asymptomatic cirrhosis. Although there are many different
alleles in AAT, the M and Z alleles have been shown to
confer a risk for the development of liver disease. From
10% to 15% of at-risk newborns develop hepatic disease
(42). Although the exact mechanism is unclear, the patho-
genesis is thought to be related to the accumulation of
AAT molecules in the rough endoplasmic reticulum of
hepatocytes (43).

Autoimmune Hepatitis
Autoimmune hepatitis is a chronic inflammation of the liver
of unknown etiology. There is continued hepatocellular
injury that can progress to necrosis, with fibrosis that may
ultimately lead to cirrhosis and liver failure. It may present
with a variety of clinical features, histologic findings, immu-
nogenetic phenotypes, and circulating autoantibodies. It
most often occurs in female adolescents and women,
although the disease can occur in males. The classic charac-
teristic laboratory feature is an elevation in antinuclear or
antismooth muscle antibodies with elevated serum globu-
lins, particularly gamma globulins (44). Immunosuppressant
therapy with steroids and/or azathioprine is the mainstay of
therapy.

Biliary Obstruction
Diseases that cause chronic biliary destruction can result in
hepatocellular injury with fibrosis that can progress to
cirrhosis. Primary biliary cirrhosis (PBC) and primary scler-
osing cholangitis (PSC) are presumed immunomediated dis-
eases can that result in significant hepatocellular injury.
Other acquired disorders that produce chronic biliary
obstruction can also result in cirrhosis.

Primary Biliary Cirrhosis
Primary biliary cirrhosis is an immune-mediated disorder
that is characterized by a T-lymphocyte-mediated injury
affecting the intralobular bile ducts (6). The presence of anti-
mitochondrial antibodies is the hallmark of this disorder.
The cause of this injury remains unknown, but most likely
involves both genetic and environmental factors. As the
biliary ducts are destroyed, impairment of biliary flow
develops. This can result in portal and parenchymal
inflammation, liver cell necrosis, scarring, and eventually
to cirrhosis and liver failure (45). The mainstay of therapy
includes ursodeoxycholic acid and liver transplantation.

Primary Sclerosing Cholangitis
PSC is a chronic cholestatic disease affecting the liver and
bile ducts. Patients will often present with pruritus, steator-
rhea, and symptoms of vitamin deficiencies. Antinuclear
and anticytoplasmic antibodies with a perinuclear staining
pattern (P-ANCA) occur in up to 80% of patients with
PSC. There is a strong association with inflammatory
bowel disease, particularly ulcerative colitis. The diagnosis
can often be made by cholangiography that shows diffuse,
multifocal strictures, and focal dilation of the bile ducts
(46). At present there are no pharmacologic agents that
have been conclusively proven to decrease the progression
of the disease; however, high-dose ursodeoxycholic acid
(20–30 mg/kg/day) is being further studied based on
encouraging preliminary results (47,48).

Nonalcoholic Steatohepatitis (NASH)
With rising obesity rates in the United States and other
industrialized countries, about 20% to 30% of adults have
excess fat in the liver, called nonalcoholic fatty liver
disease (NAFLD). At least 10% of these individuals meet his-
tologic criteria for NASH (49). The prevalence of this disease
may be markedly higher in select patients with the risk
factors of severe obesity, diabetes mellitus, hyperlipidemia,
and metabolic syndrome (50). By definition, patients do
not drink significant amounts of alcohol. There is great varia-
bility as to what is considered significant intake, however, a
level of two drinks per day has been suggested (49).
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Although progression to cirrhosis is rare in mild
NAFLD, excess fat accumulation in the liver may sensitize
the liver to injury from other causes. This is summarized
by the multihit hypothesis, in which insulin resistance is
believed to be central to the first hit of hepatic steatosis
(51). There is no conclusive therapy for NASH, although
modification of risk factors, such as obesity, hyperlipidemia,
and poor diabetic control are generally used. Lifestyle
modification being a challenge, sustained liver injury leads
to progressive fibrosis and cirrhosis in up to one third of
patients with NASH (49).

The evolution of NAFLD to NASH and subsequently
cirrhosis may be accompanied by a loss of the typical
histologic features, which include hepatic steatosis with
mixed lobular inflammation and hepatocellular ballooning
(49,52,53). Thus, as much as 80% of cases of cryptogenic
cirrhosis likely represent burned-out NASH (52,54–56).

PHYSICAL EXAM AND STUDIES

An assessment of the cirrhotic patient begins with obtaining
a thorough history. The patient will frequently be able
to provide information that can offer insight into the
etiology of the liver disease. Details regarding comorbid
medical conditions, medications, previous blood transfu-
sions, alcohol and intravenous drug use, and toxin exposure
may also assist in the differential diagnosis of possible etiol-
ogies. Family history can be important to assess for potential
familial disorders, such as Wilson’s disease, hemochromato-
sis, or autoimmune liver diseases. Important key points in
the history are summarized in Table 3. A review of
systems should seek symptoms of malignancy such as
weight loss or anorexia.

There are several physical stigmata on the examin-
ation of the cirrhotic patient that may indicate the presence
of liver disease. (Fig. 3) The patient’s mental status may
be altered due to advanced liver disease and hepatic
encephalopathy. A flapping tremor of asterixis can be
seen. Jaundice, including icterus, typically occurs when
the total serum bilirubin is above 3 mg/dL. Clubbing
can also occur with advanced liver disease. Purpura
and bruising can be present in the cirrhotic patient with
coagulopathy.

In men, cirrhosis results in hypogonadism with a
decrease in serum testosterone and a relative increase in cir-
culating estrogens. The clinical features of this feminization
can be demonstrated by decreased muscle mass, testicular
atrophy, gynecomastia, and reduced secondary sexual hair.
Telangectasias, known as spider angiomas, may be seen
on the upper body while erythema is seen on the thumbs,
proximal phalanges, and palms.

Portal hypertension with resultant portosystemic
shunting through umbilical and paraumbilical veins causes
the classically distended abdominal wall veins, or “caput
medusae,” seen radiating outwards from the umbilicus.
Less commonly, hemorrhoidal varices can be appreciated.
Hypoalbuminemia will exacerbate any degree of peripheral
edema, and when the serum albumin is low enough, edema
develops de novo. The liver may be enlarged in early cirrho-
sis, but is more commonly shrunken in advanced disease.
Auscultation over the liver, xiphoid process, or umbilicus
may reveal a venous hum signifying portal hypertension.
Splenomegaly may also occur in individuals with portal
hypertension (57,58).

Laboratory abnormalities frequently seen in the
routine investigation of the cirrhotic patient may include
abnormal aspartate amino transferase (AST), alanine amino-
transferase (ALT), Alk phos, and T-bili (Table 4). The ratio
of AST to ALT can often be a clue to the underlying
etiology of the disorder as an AST/ALT ratio greater than
two is classically seen in acute alcoholic hepatitis. AST/
ALT is usually less than one in patients with other etiologies
of chronic hepatitis and cholestatic liver diseases, however
the transaminases can return to near normal values in
patients with cirrhosis. In this setting, the AST/ALT is
often greater than 1 (59). Anemia, thrombocytopenia, elev-
ated prothrombin time (PT), and an extended bleeding
time are also not uncommon. The definitive diagnosis
of cirrhosis is made by histologic exam of liver biopsy
specimen.

Table 3 Important Historical Clues to Cirrhosis

Patient’s understanding of the etiology

Comorbid medical conditions

Medications

Transfusion history

Use of alcohol

Use of intravenous drugs

Family history of liver disorders

Recent weight loss or anorexia

Figure 3 Physical stigmata found in cirrhosis. Every organ

system is affected, and many of the stigmata are seen in the body

habitus, and external surface of the patient. Others (e.g., varices)

are seen within the gastrointestinal tract. Source: Drawing by Todd

N. Witte.
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ASCITES

Ascites, the accumulation of fluid in the peritoneal cavity,
is the most common complication of cirrhosis (60). It can
be complicated by spontaneous bacterial peritonitis (SBP),
hyponatremia, HRS, and other fluid collections (e.g.,
pleural and pericardial effusions).

Pathophysiology
Portal hypertension is present in all patients with ascites. A
portal pressure gradient greater than 12 mmHg is required
for ascites to develop (61). There are three major theories
regarding the pathogenesis of ascites formation. These
theories are the underfill theory, the overflow theory, and
the arterial vasodilation hypothesis. Although each theory
may be relevant, the arterial vasodilation hypothesis has
become the most accepted.

The underfill theory suggests that fluid is collected in
the splanchnic vascular bed. The kidneys then act upon a
perceived decrease in intravascular volume, resulting in
sodium and water retention. The overflow theory proposes
that the primary abnormality is in the kidneys. It is hypoth-
esized that despite a normal intravascular volume, the
kidneys retain sodium and water (62). The arterial vasodila-
tion hypothesis is based upon hemodynamic findings in cir-
rhotic patients. Both the systemic vascular resistance (SVR)
and mean arterial pressure (MAP) are decreased, whereas
their cardiac output (Q̇) is increased (63). Vasodilation of
the splanchnic circulation is likely responsible for these
pressure changes (64). Several mechanisms of vasodilation
have been proposed. Opening of portosystemic collaterals
may contribute to decreases in SVR, as well as the presence
of multiple circulating vasodilators (65). Agents such as glu-
cagon, vascoactive intestinal peptide, substance P, platelet-
activating factor, prostaglandins, prostacyclin, and NO
have all been studied (61,66). The vasodilation results in an
apparent hypovolemia, activating the renin-angiotensin
system, the sympathetic nervous system, and the release of
antidiurectic hormone (67). This results in sodium and
water retention. Renal sodium excretion may fall to less
than 10 meq/day and may result in an increased total body
sodium with a dilutional hyponatremia (68).

Additional factors that may play a role in ascites
development include increased central sympathetic outflow,
increased hydrostatic pressures within the splanchnic capil-
lary bed and hypoalbuminemia from decreased synthesis
with reduced plasma oncotic pressure.

Treatment
The mainstays of ascites management consist of dietary

sodium restriction and diuretics. When dietary sodium
intake exceeds urinary sodium output, total body sodium,
and water may further increase resulting in worsening
ascites and peripheral edema. A diet with �88 meq, or
2000 mg, of sodium each day is a practical initial goal.
Reducing dietary intake to 44 to 66 meq/day may be necess-
ary to manage ascites in up to 10% of patients (69).

When pharmacologic intervention is necessary, the
most successful diuretic regimen consists of spironolactone
and furosemide. Spironolactone 100 mg a day and furose-
mide 40 mg a day is a common initial dose (70). However,
these doses may be doubled if there is no obvious response
after several days. Spironolactone inhibits the sodium–
potassium exchange in the distal tubule, thereby increasing
sodium excretion. Furosemide will potentiate this effect by
blocking the Na–K–2Cl cotransport in the loop of Henle.
Furosemide alone will deliver more sodium to the distal
tubule and typically should not be used as a sole agent to
manage ascites (69). The maximum recommended doses
are spironolactone 400 mg/day and furosemide 160 mg/
day (71).

Ten to twenty percent of patients with ascites will be
refractory to diet and diuretic therapy. One therapeutic
option in these patients is large volume paracentesis. The
removal of five or more liters as often as necessary is an
effective means of ascites management. Controversy exists
regarding the necessity to administer albumin with para-
centeses that remove more than 5 L. Several studies have
shown more stable renin and aldosterone levels after large
volume paracentesis with the addition of albumin, with
concomitant decreases in morbidity or mortality (69).

Distal surgical portosystemic shunts are an option for
individuals with ascites who are refractory to diuretic
therapy, and those with recurrent variceal hemorrhage.
There is a high incidence of hepatic encephalopathy, and a
high mortality following portosystemic shunts. Further-
more, central portosystemic shunts should be avoided if
the possibility of liver transplantation exists. Another
effective shunting procedure is the transjugular intrahepatic
portosystemic shunt (TIPS). These procedures reduce sinu-
soidal pressure and increase the effective arterial blood
volume by diverting blood from the liver, and reducing
ascites formation. The major complications of the TIPS pro-
cedure include hepatic encephalopathy and liver failure (69).

Complications
Spontaneous Bacterial Peritonitis

SBP is an infection of ascitic fluid without a recognizable

secondary cause of bacterial peritonitis. About 10% to 25%
of patients with cirrhosis and ascites admitted to the hospi-
tal will have SBP.

Classically, SBP is a monobacterial infection, with
aerobic Gram-negative organisms accounting for up to
80% of cases. Escherichia coli accounts for 50% of cases.
Gram-positive cocci may also be involved, with Streptococcus
pneumoniae being the most common.

Clinical features include fever, leukocytosis, abdomi-
nal pain, and mental status changes. Although these signs
and symptoms may be helpful, an abdominal paracentesis
must be performed to make the diagnosis. An ascitic fluid
absolute neutrophil count greater than 250 cells/mm3 is
sufficient for a presumptive diagnosis (72). Cultures and a
gram stain should be performed. Inoculating blood culture

Table 4 Laboratory Abnormalities Frequently Found in

Cirrhosis

" AST

" ALT

AST/ALT . 2.0 ¼ consistent with alcoholic hepatitis

" Alk phos

" T-bili

# hemoglobin

# platelets

" PT

" Bleeding time

Abbreviations: AST, aspartate amino transferase; ALT, alanine amino-

transferase; Alk Phos, alkaline phosphatase; T-bili, total bilirubin; PT,

prothrombin time.
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bottles at the bedside can enhance the likelihood of obtaining
a positive culture (73). Decreased ascitic fluid total protein,
glucose, and lactate dehydrogenase may prove helpful in
confirming the presence of SBP.

Empiric therapy with cefotaxime, or a similar third-
generation cephalosporin, should be started as soon as poss-
ible as initial treatment (72). As the culture results become
available, the antibiotic coverage should be tailored based
upon the specific organism present. Based on a single
study (74) in which patients who received intravenous
albumin (1.5 g/kg initially followed by 1 g/kg on day 3)
were significantly less likely to develop renal impairment,
many authorities advocate its use as part of the treatment
of SBP. Antibiotic prophylaxis should be considered in
patients at high risk for SBP such as those with a prior
episode of SBP, ascitic fluid total protein concentration of
less than 1.0 g/dL, or cirrhotic patients with gastrointestinal
bleeding (75,76). The two currently recommended pro-
phylactic regimens are either ciprofloxacin, 750 mg once a
week, or trimethoprim-sulfamethoxazole, one double-
strength tablet (sulfamethoxazole 800 mg and trimethoprim
160 mg) five days a week (69).

Hepatorenal Syndrome
HRS, a potential complication of portal hypertension, is
defined as renal failure associated with severe liver disease
in the absence of an intrinsic kidney abnormality. The
severe splanchnic vasodilatation with a reduced effective
arterial blood volume seen in end-stage cirrhosis can
result in extreme renal artery vasoconstriction and renal

failure. The risk of HRS in patients with ascites is �27%
at one year and �40% at five years. Renal failure of other
etiologies must also be considered in patients with deterior-
ating renal function (Volume 2, Chapters 40 and 41). Patients
with HRS have a very poor prognosis and liver
transplantation remains a suitable therapy. The use of TIPS
may be of some benefit, but further trials are needed (69). In
critically ill patients, particularly those who are candidates
for liver transplantation, early continuous renal replacement
therapy is an important option (Volume 2, Chapter 43).

Hepatopulmonary Syndrome
Hepatopulmonary syndrome (HPS) is a condition that

consists of a triad of (i) liver dysfunction, (ii) hypoxemia

with an increased alveolar-arterial (A-a) gradient, and (iii)
intrapulmonary vascular dilatation. Although cirrhotic
patients may be mildly hypoxic due to diaphragmatic excur-
sion from ascites, severe hypoxemia (PaO2 ,50 mmHg) in
the absence of cardiopulmonary disease in a cirrhotic
patient suggests the presence of HPS. Individuals with
HPS are frequently dyspneic, and may also display platyp-
nea (increased dyspnea when upright and relieved with
recumbency) or orthodeoxia (desaturation when upright
and relieved with recumbency) (77). Key points of HPS are
summarized in Table 5.

The precise mechanism of HPS is unclear, although it
is believed that the intrapulmonary vascular dilatation is
largely caused by failure of the cirrhotic liver to clear NO.
Patients may benefit from supplemental oxygen. Other
therapies have been tried unsuccessfully. Mortality has
been estimated at 41% in patients who have been followed
for over 2.5 years (2,77,78). At present, liver transplantation
appears to be the most effective treatment for HPS in
patients with severe hypoxemia.

Hyponatremia
Hyponatremia is a common problem in advanced cirrhosis.
The reduction in SVR and MAP in cirrhosis leads to acti-
vation of the renin-angiotensin system and the sympathetic
nervous system and increases levels of antidiurectic
hormone. This results in renal sodium and water retention
(38). This inability to excrete water results in dilutional
hyponatremia (58,79). The severity of the hyponatremia
is proportional to the degree of cirrhosis and is of prognos-
tic value (60).

The standard therapy in nontrauma or surgical
patients is restriction of water intake to create a negative
water balance. Providing oral or parenteral salt is only
indicated if the hyponatremia is symptomatic. However, in
trauma or critically ill postsurgical patients, salt-containing
fluids often need to be administered to replete lost
fluids and guard against further deletion of intravascular
volume.

HEPATIC ENCEPHALOPATHY

Hepatic encephalopathy or portosystemic encephalopathy is
a spectrum of neuropsychiatric abnormalities occurring in
patients with advanced liver failure.

Pathogenesis
Although the precise mechanisms of hepatic encephalo-

pathy are unknown, there are several theories regarding the
pathogenesis. Ammonia, metabolic changes, cerebral
edema, impaired perfusion, and changes in neurotransmit-
ter systems may all be involved.

Ammonia acts as a neurotoxin in hepatic encephalo-
pathy. It is produced by urease splitting colonic bacteria
from nitrogenous sources such as protein, blood following
upper GI hemorrhage, and by enterocytes from glutamine.
Normally, the liver clears almost all the ammonia in the
portal vein by converting it into glutamine. The arterial con-
centration of ammonia is increased in about 90% of patients
with hepatic encephalopathy (80). Hyperammonemia can
increase the cerebral concentration of neutral amino acids
which may affect the synthesis of several neurotransmitters
(81). Cerebral edema is also seen during hyperammonemia.
This may be secondary to increased glutamine production
from the metabolism of ammonia resulting in an increase
in intracellular osmolarity (82). Ammonia may also directly
affect neuronal electrical activity by inhibiting postsynaptic
potentials (83–85).

Table 5 Summary Findings in Hepatopulmonary Syndrome

Hepatopulmonary syndrome triad

Liver dysfunction

Hypoxemia with wide A-a gradient

Intrapulmonary vascular dilation

Severe hypoxemia in the absence of cardiopulmonary disease

suggests HPS

Clinical signs consistent with the degree of HPS

Platypnea ¼ increased dyspnea when upright and relieved when

supine

Orthodeoxia ¼ desaturation when upright and relieved when

supine
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Another metabolite that may be involved in the devel-
opment of hepatic encephalopathy is oxindole. It is created
by bacteria in the intestines and is a product of tryptophan
with neurodepressant effects. It can cause sedation, weak-
ness, hypotension, and coma. Greatly increased plasma
concentrations of oxindole have been found in patients
with hepatic encephalopathy (86).

Impaired neurotransmission may be a component in
the pathogenesis of hepatic encephalopathy. Both the
Gamma-aminobutyric acid-benzodiazepine and glutamater-
gic neurotransmission systems have been studied. Astrocytic
benzodiazepine receptors may be increased in patients with
hepatic encephalopathy resulting in accumulation of choles-
terol and neurosteroids (87). Astrocytes appear to have a
reduced ability to reuptake neuronally released glutamate
during hepatic encephalopathy and may play a role in its
pathogenesis (88,89).

Several catecholamines may also be implicated in
hepatic encephalopathy. Reduced norepinephrine concen-
trations in the brain are routinely found in liver failure.
Significantly increased levels of the serotonin metabolite,
5-hydroxyindoleacetic acid, are a consistent finding in
hepatic encephalopathy (90). Additionally, alterations in
the blood–brain barrier, as well as changes in cerebral
energy metabolism may prove to be important in the patho-
genesis, but require more study (91,92).

Signs and Symptoms
Patients with hepatic encephalopathy usually have
advanced liver disease and will likely display many
of the signs and symptoms associated with hepatic
dysfunction.

The changes in mentation seen in hepatic encephalo-
pathy are often preceded by sleep disturbances. This may
be either insomnia or hypersomnia. Changes in cognition,
personality, intellectual function, behavior, and eventually
consciousness may then develop (45). A commonly used
grading system for hepatic encephalopathy uses these
changes to place patients into stages, from I to IV (Table 6)
(93). This may be useful to follow the course of the illness
and its response to therapy. Other clinical signs include the
presence of asterixis, hyperactive deep tendon reflexes, and
even focal neurologic deficits.

The diagnosis of hepatic encephalopathy is one of
exclusion. Other causes of a change in mental status, such

as electrolyte disturbances, drugs, infarction, uremia, and
infection must first be excluded. There is no laboratory or
radiologic test that is diagnostic of hepatic encephalopathy.
Although ammonia may be involved in the pathogenesis,
neither venous nor arterial serum levels are appropriate
screening tests (94). Likewise, serum NH3 levels have
not been shown to correlate with the severity of clinical
symptoms. The electroencephalogram may be used to evalu-
ate the degree of encephalopathy. Although not specific, a
bilaterally synchronous decrease in wave frequency and an
increase in wave amplitude may be seen in hepatic encepha-
lopathy (95).

Treatment
In managing the patient with hepatic encephalopathy, poten-
tial precipitating causes, such as gastrointestinal bleeding,
high protein intake, infection, and benzodiazepine use,
must first be identified and treated.

Many therapies target ammonia production or absorp-
tion. Reducing dietary protein to less than 70 g/day is an
effective way to decrease ammoniagenic substrates (96).
Oral and rectal lactulose are a mainstay of treatment. The
bacterial flora in the gastrointestinal tract convert lactulose
into a short-chain fatty acid which lowers the intestinal
pH. This favors the conversion of ammonia to a nonabsorb-
able form, ammonium. The dose should be titrated to cause
two to three stools each day (97). Lactitol, another synthetic
disaccharide, appears to be as effective as lactulose and may
have fewer side effects (98–100). The use of antibiotics has
also been studied as a means to inhibit ammonia production.
The poorly absorbed aminoglycoside neomycin has been
shown to be effective, but ototoxicity and nephrotoxicity
limit its use as a long-term treatment. Additionally, oral
enterococcus faecium SF68, which may alter the gastrointes-
tinal flora to a more urease-negative form, was shown to be
as effective as lactulose in a small, randomized study (101).
More recently, the minimally absorbed antibiotic rifaximin
shows promise for its safety and efficacy in treating
hepatic encephalopathy (102). Agents such as ornithine-
aspartate, which may increase ammonia removal by
stimulating glutamine synthesis, and sodium benzoate,
which may increase urinary ammonia excretion, may
prove useful, but need more study (103). Studies on
branched-chain amino acid infusions, as well as agents
that target the neurotransmitter systems (e.g., flumazenil),

Table 6 West Haven Staging for Hepatic Encephalopathy

Stage Mental status Intellectual function Asterixis/reflexes EEG

I Euphoria or depression,

mild confusion, slurred speech,

disordered sleep

Short attention þTremor and

incoordination

þMild astrexis

Usually normal

II Lethargy, moderate confusion Disoriented þHyperreflexia Abnormal

þþAstrexis Triphasic

slowing (5 cps)

III Marked confusion, incoherent

speech, sleeping but arousable

Loss of meaningful

communication

þþHyperreflexia

þþþAstrexis

Abnormal

Triphasic slowing (5cps)

Abnormal

IV Coma; initially responsive to

noxious stimuli, later unresponsive

Absent þþþ(Ankle clonus)

þDecerebrate

þBabinski

Very slow (2–3 cps)

(delta waves)
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may be involved in hepatic encephalopathy and have
yielded conflicting results (104,105).

ESOPHAGEALVARICES AND UPPER GI BLEED

Esophageal variceal hemorrhage, a major complication of
portal hypertension from cirrhosis, accounts for significant
morbidity and mortality in the cirrhotic patient. This con-
dition accounts for 10% to 30% of all upper gastrointestinal
hemorrhages, but accounts for nearly 80% to 90% of bleeding
episodes in patients with cirrhosis. Variceal hemorrhage
occurs in approximately one-third of patients with cirrhosis.

Thirty to fifty percent of these bleeds are fatal. Slightly
more than two-thirds of those that do survive the first
bleed are likely to have a recurrence, with an increased
mortality as high as 50% (106,107).

In managing a cirrhotic patient with a variceal hemor-
rhage, it is important to consider four principal areas: pre-
diction of the at-risk patient, prophylaxis, treatment of the
acute bleed, and secondary prevention.

Predicting the Risk of Variceal Hemorrhage
Varices form in response to the increased obstruction of the
portal vein outflow caused by the cirrhotic liver. The for-
mation of varices occurs when the portal vein to hepatic

vein pressure gradient exceeds 12 mmHg (108).
Although this measurement may not be routinely per-
formed, there are clinical and endoscopic factors that are
useful for predicting which patients with cirrhosis are at
highest risk for variceal hemorrhage (Table 7).

Clinical Factors
A greater degree of liver dysfunction, as measured by the
Child–Pugh classification (Table 8), is associated with a
greater risk of ruptured varices. In addition, a previous var-
iceal bleed predicts a 70% likelihood of a second bleeding
episode. The risk of rebleeding is greatest within the first
six weeks of the initial bleeding episode. Approximately,
50% of rebleeds occur within the first 48 hours. Other clinical
risk factors include presence of ascites and continued alcohol
consumption (109).

Endoscopic Factors
Varices can develop anywhere along the gastrointestinal
tract, but are most often identified in the esophagus.
However, gastric and rectal varices can be found in cir-
rhotic patients. In the esophagus, varices which develop
in the submucosa become more superficial and have less
connective tissue in the distal aspect of the esophagus

(Fig. 4A). Therefore, varices near the gastroesophageal
junction are more likely to rupture. Varices may also
develop in the stomach. Gastric varices tend to bleed
less frequently, but can bleed more severely (110). Rectal
varices can also develop and may bleed. Laplace’s Law
suggests that a small increase in the vessel wall radius
results in a significant increase in the wall tension and
supports the finding that larger varices are at an increased
risk of rupturing (106). Endoscopic identification of
erythema, red spots, or red streaks (so called “red
wales”) can independently predict a higher likelihood of
hemorrhage (110).

Prophylaxis
Portal hypertension results from increased portal venous
inflow and/or increased resistance to portal outflow.
Pharmacologic prophylaxis is aimed at reducing the inflow
(Fig. 4B). Nonselective b-blockers (e.g., propranolol or
nadolol) result in unopposed a-mediated vasoconstriction
of the splanchnic arteries, thereby decreasing portal inflow.
The b-blocker should be titrated to achieve a 25% decrease
in resting heart rate or a pulse of 50 to 60 beats/min
(Table 9) (106).

The potential side effects of blockers (especially the
noncardioselective ones) include hypotension and broncho-
constriction which may limit the use of these agents in
select patients. Although nitrates can decrease portal
pressure, this class of drug is not recommended as single-
agent prophylaxis because of concerns of an increased
mortality in those over 50 years of age (111).

Combined therapy of b-blocker and a long-acting
nitrate (e.g., isosorbide mononitrate) can be considered in
patients who cannot achieve the desired pulse or response
to b-blockers alone. In patients who can tolerate the combi-
nation of b-blockers and nitrates, the combination appears
to offer greater benefit than b-blockers alone and without
an increase in mortality (112). In patients who cannot tolerate
pharmacologic prophylaxis, endoscopic sclerotherapy, or
band ligation is a clinically effective means of prophylaxis

Table 7 Risk Factors for Variceal Hemorrhage

Increased portal pressure (.12 mmHg)

Recent bleed (within 48 hr to 6 wk)

Severity of initial bleed

Size of varix

Erythema or “red wales”

Continued alcohol abuse

Active bleeding seen on endoscopy

Location of varices near the gastroesophageal

junction

High Child–Pugh score (Table 8)

Table 8 Modified Child–Pugh Classification of the Severity

of Cirrhosis

Score

Variable 1 2 3

Ascites None Mild Moderate–severe

T-bili

(mg/dL)

,2 2–3 .3

Albumin

(g/dL)

.3.5 2.8–3.5 ,2.8

INR ,1.7 1.8–2.3 .2.3

Encephalopathya None Grade 1–2 Grade 3–4

Classification Total

score

1 yr survival 2 yr survival

A 5–6 100 85

B 7–9 80 60

C 10–15 45 35

aEncephalopathy grade refers to West Haven hepatic encephalopathy score

(Table 6).

Abbreviations: INR, international normalization ratio; T-bili, total bilirubin.

Source: From Ref. 108.
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(113). These procedures have typically been reserved for
individuals who have already experienced an episode of
bleeding. Although currently the standard practice, further
studies are needed to determine whether endoscopic
intervention should be advocated for use as a primary
prevention.

Management of Variceal Hemorrhage
Variceal hemorrhage typically presents as severe acute
hematemesis. Individuals typically require intensive care
management. Pharmacologic therapy, endoscopic interven-
tion, balloon tamponade, and TIPS are often used in the
management of variceal bleeding (Table 10) (106).

Pharmacotherapy
Intravenous vasopressin constricts splanchnic arterioles and
reduces portal pressure. Although this agent can achieve
hemostasis, the benefit is limited by extrasplanchnic
vasoconstriction that can result in myocardial and mesen-
teric ischemia. In addition, intracranial pressure can be
increased in cirrhotics with cerebral edema and increased
cerebral blood flow due to vasopressin-induced hyper-
tension. The concurrent use of intravenous nitroglycerine
results in improved hemostasis and a reduction in
complications (114).

Somatostatin, or the synthetic longer acting octreotide,
can reduce portal pressure via inhibition of vasoactive
peptides. Somatostatin is approximately twice as effective in

Table 10 Management of Active Variceal Hemorrhage

Octreotide

Sclerotherapy

Band ligation

Balloon tamponade

Transjugular intrahepatic portosystemic shunt

Surgery

Figure 4 Pictorial representations. (A) Overview of cirrhosis, portal hypertension, and esophageal varices. (B) Pharmacologic

therapy. (C) Sclerotherapy. (D) Band ligation. (E) Surgical therapy. (F) TIPS. Abbreviation: TIPS, transjugular intrahepatic portostemic

shunt. Source: From Ref. 105.

Table 9 Variceal Hemorrhage Prophylaxis

Nonselective B-blocker titrated to pulse 50–60 or 25% decrease of

resting heart rate

Nonselective B-blocker plus long-acting nitrate

Band ligation
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achieving initial hemostasis than vasopressin. Side effects can
include mild hyperglycemia and abdominal cramping, but it
is generally well tolerated (115).

Endoscopic Therapy
Endoscopic therapy is the preferred treatment for active

variceal hemorrhage. Sclerotherapy or band ligation can
result in a cessation of bleeding in 80% to 90% of patients.
This is an important change to make because band ligation
is actually preferred over sclerotherapy because of band

ligations fever complications. Sclerotherapy is rarely done
in this country any more. (Fig. 4C). Its advantages
include its wide availability, ease of use, and low cost. Its
disadvantages include complications such as perforation,
ulceration, and stricture formation (106).

Endoscopic variceal band ligation, involving the pla-
cement of an elastic band around the varices, is equally as
effective as sclerotherapy with fewer reported compli-
cations, and is therefore in favor. Frequently individuals
will require a combination of pharmacologic and endoscopic
therapy (Fig. 4D) (116).

Balloon Tamponade
In situations where pharmacotherapy and endoscopic
therapy have failed to control bleeding, balloon tamponade
can be utilized to stabilize a patient during acute hemor-
rhage. An inflatable balloon attached to a nasogastric
tube applies direct pressure to the bleeding site. The risk
of rebleeding is high, once the balloon is deflated.
However, this technique can be an effective method to
achieve rapid, short-term hemostasis until more definitive
treatment can be instituted. The patient should be intubated
to protect the airway when this procedure is used for
management of varices because of the increased risk
of aspiration and tube migration. In addition, balloon
tamponade has been associated with lethal complications

including esophageal rupture (106). The benefits and
disadvantages of the various nonoperative techniques for
treatment of variceal hemorrhage are summarized in
Table 11.

Transjugular Intrahepatic Portosystemic Shunt
TIPS creates a low-resistance pathway between the

hepatic and portal veins by angiographic insertion of a
metal stent in liver parenchyma (Fig. 4E). This procedure
can be performed when pharmacologic and endoscopic
treatments are unsuccessful, which can occur in 10% to
20% of cases. TIPS has been shown to markedly improve
short-term survival (117). Potential complications of TIPS
include stent stenosis, encephalopathy, hemolytic anemia,
and infection (118).

Surgical Therapy
The reported morbidity associated with surgical shunting
and TIPS are comparable. However, the complications of
surgery appear to be more immediate than the complications
of TIPS placement. The decision to perform surgery or use
TIPS is primarily based upon the experience and skills of
available physicians (106,119).

Secondary Prevention
Approximately one-third of patients with esophageal varices
will experience an episode of rebleeding within six weeks.
One-third of individuals who have variceal bleeding will
experience recurrent variceal bleeding with a 50% mortality
at six weeks (119,120). Secondary prevention, using pharma-
cologic, endoscopic, or surgical intervention, is frequently
employed to decrease the incidence of recurrent variceal
bleeding with a potential reduction in morbidity and
mortality in cirrhotic patients.

HEMOSTASIS

Numerous elements in the coagulation system are dysfunc-
tional in the cirrhotic patient, including platelet number
and function, increased fibrinolysis, and deficiencies in clot-
ting factors (Table 12). The common causes and treatments
for each of these abnormalities are discussed below.

Table 11 Benefits and Disadvantages of Various

Nonoperative Techniques for the Control of Variceal Hemorrhage

Therapy Advantages Disadvantages

Sclerotherapy Effective Perforation

Widely available Ulceration

Inexpensive Stricture formation

Band

ligation

Equally or

more effective

More challenging

procedure

Fewer

complications

Better visibility required

Balloon

tamponade

Effective Esophageal rupture

possible

Quick Temporary

Frequently rebleeds

when removed

Intubation required

TIPS An option

when all else fails

In stent stenosis

Encephalopathy

Hemolytic anemia

Infection

Improves short

term survival

Abbreviation: TIPS, transjugular intrahepatic portosystemic shunt.

Table 12 Coagulation System Abnormalities and Cirrhosis

Abnormality Laboratory finding Treatment

Thrombocytopenia Platelet count

,100,000 mL21

Platelet transfusion,

splenic

embolization

Platelet

dysfunction

Bleeding time

.10 min,

impaired

aggregation

Platelet transfusion,

desmopressin

Increased

fibrinolysis

Normal or low

fibrinogen,

increased fibrin

split products,

increased D-dimer

Supportive care,

correct underlying

abnormalities
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Abnormal Platelet Number or Function
The severity of cirrhosis is directly related to the extent

of thrombocytopenia and platelet dysfunction. Approxi-
mately 40% of cirrhotic patients are thrombocytopenic with
platelet counts of less than 100,000 mm23 or have abnormal
platelet function with a bleeding time of greater than 10
minutes (121,122). Thrombocytopenia can be explained by
portal hypertension induced splenomegaly that causes
sequestration of platelets from the circulation (121). Plate-
let-associated IgG in cirrhotic patients can play a role in
immunologic platelet destruction (123). In addition, the cir-
rhotic liver may synthesize less thrombopoietin, a peptide
that is responsible for platelet production (124). Cirrhosis is
also independently associated with worsening of platelet
function (122).

In the critical care setting, thrombocytopenia and
thrombodysfunction are typically managed with platelet
transfusion. Desmopressin may be helpful for management
of prolonged bleeding times. Splenic embolization has
been used to control the platelet sequestration and immuno-
logic destruction. However, the use of splenic embolization
to decrease morbidity associated with thrombocytopenia
has declined with the increasing availability of transplan-
tation (121).

Increased Fibrinolysis
Although the mechanisms are not clear, there appears to
be an increase in fibrinolysis in cirrhotic patients. This is evi-
denced by increased levels of fibrin split products, D-dimers,
and tissue plasminogen activator. Impaired clearance of
tissue plasminogen activators and impaired synthesis of
fibrinolytic inhibitors have been implicated. Severe dysfibri-
nogenemia can lead to disseminated intravascular coagulo-
pathy (DIC). Treatment of this condition is challenging
and largely aimed at supportive care and correcting other
underlying abnormalities. At present, use of antifibrinolytic
drugs is not recommended except in cases of intraoperative
bleeding or liver transplantation (121).

Deficient Synthesis of Clotting Factors
The liver parenchyma cells produce most of the factors
involved in the coagulation cascade. Individuals with cirrho-
sis can have progressive decrease in hepatocyte synthetic
function. The production of vitamin K-dependent factors
II, VII, IX, X, and proteins S and C can be significantly
decreased. This results in impaired coagulation of the intrin-
sic and extrinsic coagulation pathways. The short four to
seven hours half-life of factor VII results in early impairment
of PT (120).

Urgent treatment of coagulopathy in the cirrhotic

patient consists of administration of fresh frozen plasma
(FFP). This may need to be administered every 6 to 12
hours because of its short half-life. Additionally, vitamin K
should be given to ensure optimization of carboxylation of
the vitamin-K dependent clotting factors, although the
effect will not be seen for at least six hours (121,125).

HEPATOCELLULAR CARCINOMA

Hepatocellular carcinoma (HCC) is a malignant tumor
derived from hepatocytes. It is most frequently associated
with chronic liver disease with cirrhosis (126). The
occurrence of hepatocellular carcinoma should be con-

sidered in patients with longstanding and recently

decompensated chronic liver disease. The association
between hepatitis B and HCC is clearly established, with
newer evidence suggesting that the relative risk of HCC is
correlated with the serum level of hepatitis B virus DNA
(HBV DNA) (127). This is in contrast to hepatitis C
whereby HCC occurs almost exclusively in those with cirrho-
sis (27,128). The combination of HCV and HBV infections
increases the relative risk of HCC. HCC is one reason for
the interest in the continued improvement of the efficacy
and tolerability of medical therapy for chronic viral hepatitis.

Epidemiology
Primary hepatocellular carcinoma results in between 250,000
and one million deaths globally per year. It is by far the most
common primary malignancy of the liver, accounting for
over 80% of these tumors. Its incidence varies widely accord-
ing to geographic location, ethnicity, and sex. High incidence
regions include sub-Saharan Africa, China, Hong Kong, and
Taiwan. Low incidence areas include North and South
America, most of Europe and Australia, but the incidence
has been increasing in the United States (129). Men are
more likely to develop hepatocellular carcinoma compared
with females, with a ratio of 3:1 (126). The majority of
cases occur in patients with chronic liver disease and cirrho-
sis. The mean age at presentation is between 50 and 60 years
of age (129).

Etiology
A variety of risk factors have been identified for the develop-
ment of hepatocellular carcinoma. Patients with chronic liver
disease of any etiology have an increased incidence of hepa-
tocellular carcinoma. Compensated cirrhotics have a 3% to
4% annual incidence of hepatocellular carcinoma (130,131).

Chronic hepatitis C infection, chronic hepatitis B and

the carrier state, aflatoxins, and liver cirrhosis of any etiol-
ogy are the most frequently reported etiologies of hepato-
cellular carcinoma. Other less common associations
that have been reported include AAT deficiency, hemochro-
matosis, oral contraceptives, and porphyria (126).
Cigarette smoking appears to be an additional independent
risk factor for hepatocellular carcinoma development. The
role of alcohol may only be in the development of cirrhosis
and not directly in the pathogenesis of hepatocellular carci-
noma (130).

Clinical Features
Decompensation of a previously compensated cirrhotic

patient is suspicious for malignancy. The signs and
symptoms of hepatocellular carcinoma are often similar to
those caused by chronic liver disease and cirrhosis.
General malaise, upper abdominal pain, anorexia, abdomi-
nal fullness, weight loss, ascites, nausea, vomiting, jaundice,
and wasting may all be presenting symptoms (126). This
may represent invasion of the hepatic or portal veins or
arteriovenous shunting induced by the tumor (132). Severe
abdominal pain with or without hypotension may be indica-
tive of intraperitoneal bleeding secondary to tumor rupture
(126). Watery diarrhea has been shown to be significantly
more common among cirrhotics with hepatocellular carci-
noma than those without (133).

Diagnosis
Several serum markers have been investigated for use in the
diagnosis of hepatocellular carcinoma. Alpha-fetoprotein
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(AFP) is a glycoprotein whose serum concentration is often
elevated in patients with hepatocellular carcinoma. Levels
do not correlate with tumor size, stage, or prognosis. AFP
levels greater than 500 g/L (normal, 10–20 g/L) in a high-
risk patient is essentially diagnostic of hepatocellular carci-
noma (134). Des-gamma-carboxy prothrombin has also
been evaluated as a potential marker in the diagnosis
of hepatocellular carcinoma. Elevated levels are common
in patients with hepatocellular carcinoma, but much less
frequently with tumors less than 3 cm in size (135).

Ultrasound, computed tomography (CT), and mag-
netic resonance imaging (MRI) are all commonly used
to help diagnose hepatocellular carcinoma. Ultrasound is
noninvasive and can assess for vascular invasion, but
cannot distinguish various types of solid tumors (136).
Multiple studies have placed its sensitivity from 40% to
75% (137–139). Helical CT scan has greatly improved the
sensitivity of this test. Hypervascular tumors as small as
3 mm may be detected with this method. Current sensitivity
estimates are as high as 90% (140). MRI has a similar sensi-
tivity as the helical CT scan in detection of hepatocellular
carcinoma. Hepatocellular carcinoma has high density on
T2-weighted images and low intensity on T1-weighted
images (126). MRI is often used in patients with renal insuf-
ficiency, contrast allergies, and those with an inconclusive
CT scan (141).

An ultrasound or CT-guided biopsy can be performed
in patients with a lesion in whom the diagnosis is uncertain.
The histology of the tumor can vary from well-differentiated
to poorly differentiated lesions with large multinucleate ana-
plastic giant cells. The risks of biopsy should be considered
before the procedure and include bleeding and seeding of
the tumor along the needle track (142).

Treatment
Treatment of hepatocellular carcinoma can include hepatic
resection, orthotopic liver transplantation, percutaneous
ethanol injection, transarterial chemoembolization, radiofre-
quency thermal energy, and chemotherapy.

Partial hepatectomy is the mainstay treatment for
those patients with preserved hepatic function, no evidence
of portal hypertension, and a solitary lesion (143). Unfortu-
nately, most patients do not meet these criteria. Tumors
greater than 5 cm in diameter are not resected due to an
increased likelihood of distant metastasis. Notably, patients
who undergo surgical resection have recurrence rates
ranging from 38% to 68% (44). Postoperative systemic
chemotherapy evaluated with a meta-analysis has shown
no improvement in survival and potentially an increase in
mortality in patients with underlying cirrhosis (144).

Orthotopic liver transplantation may be appropriate
and effective in certain patients (Volume 2, Chapter 36).
Patients had a greater than 90% four-year survival after
transplantation if there is a single lesion less than 5 cm in
diameter or no more than three lesions that are less than
3 cm in diameter. Liver transplantation cannot be performed
if there is evidence of vessel, node, or extrahepatic involve-
ment (145). A primary concern with transplantation in
patients with hepatocellular carcinoma is the prolonged
waiting period that may result in the progression of the
disease and disqualify the patient for transplantation. Percu-
taneous 95% ethanol injections into lesions are typically
reserved for patients with small tumors who are not surgical
candidates. This procedure can cause tumor shrinkage,
necrosis, and may improve survival (146). The major side

effects are intraperitoneal hemorrhage and hepatic or renal
failure, which can occur in less than 5% of individuals
(147). Transarterial chemoembolization involves the injec-
tion of chemotherapy into the hepatic artery and is often fol-
lowed by occlusion of the artery. Lipiodol (iodized poppy
seed oil) may be included to help tumor retention of the che-
motherapy. In patients with large, unresectable lesions,
using chemoembolization may reduce tumor size, but it
has not been shown to improve survival (148). The use of
radiofrequency thermal energy to induce tumor necrosis
has received mixed reviews. While achieving similar
success rates when compared with percutaneous ethanol
injections, side effects are more common and may include
death, hemorrhage, and tumor seeding (149). Most studies
involving various combinations of systemic chemotherapy
have yielded poor results. Agents such as doxorubicin, 5-
fluorouracil, and gemcitabine have all been studied and
shown minimal response with very short response durations
(150–152).

THE CIRRHOTIC TRAUMA PATIENT

The cirrhotic patient with the same Injury Severity Score
as a noncirrhotic patient has a fourfold increase in mortality
and a higher mortality than predicted by scoring systems

such as the APACHE II. In the individual with cirrhosis
who experiences trauma, there is little time for optimization
of the hepatic function prior to the performance of poten-
tially life-saving procedures or surgeries. Clinical outcome
is correlated with the extent of the operation required to
correct the sustained injury, with worse outcomes occurring
in cirrhotic patients who have injuries that involve the
abdomen. The pretrauma medical condition correlates with
clinical outcome. The American College of Surgeons has
recommended that prehospital providers transport a cirrho-
tic patient experiencing a traumatic emergency directly to a
major trauma center (3,153).

It is specifically worth noting that hemoperitoneum is
a commonly occurring complication of blunt traumatic
injury in the cirrhotic patient. Acute traumatic hemoper-
itoneum in a cirrhotic patient is a life-threatening condition
and warrants the need for prompt surgical exploration
(154). Spontaneous hemoperitoneum can occur in 5%
of cirrhotics. But hemoperitoneum is much more common
after a trauma involving the liver or the often enlarged
spleen. Occasionally, hemoperitoneum can develop insi-
diously without hemodynamic instability. When an ade-
quate history may be unattainable, this insidious
development of hemoperitoneum can go unrecognized
without a high index of suspicion. Blood may only be a
minor peritoneal irritant in this circumstance, resulting in
the absence of peritoneal signs. The degree of abdominal
pain in an individual with hemoperitoneum is related to
the extent and rapidity of blood extravasation.

The diagnosis of hemoperitoneum is confirmed by an
abdominal paracentesis revealing hemorrhagic (.50,000
RBC/mL or a hematocrit of �0.5%) ascitic fluid. It has
been suggested that a second paracentesis be performed at
another site to exclude the possibility of having punctured
a dilated vessel during the first procedure. Hemorrhagic
ascitic fluid should not be removed even in tense ascites as
this may be acting to tamponade active bleeding. An
abdominal CT scan is a sensitive and specific (�95%) test
to locate the site of bleeding (154). However, clinical
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evaluation rather than radiologic findings should determine
the need for surgical exploration.

PREOPERATIVE EVALUATION AND RISK ASSESSMENT

Cirrhotic patients who require surgery are at an increased
risk for complications depending on the severity of liver
disease and type of surgery and anesthesia required.

A number of preoperative morbidities are associated
with increased complications. Cirrhotic patients should be
assessed for conditions that can complicate perioperative
management. The coexisting diseases that may significantly
impact upon clinical outcomes include chronic renal
insufficiency, chronic obstructive pulmonary disease, pneu-
monia, congestive heart failure, ischemic heart disease,
insulin-dependent diabetes mellitus, infection, and upper
gastrointestinal tract bleeding. One study documented a
perioperative complication rate of 30% in individuals with
cirrhosis with significant comorbidities (155). However,
cirrhosis by itself results in a higher perioperative morbidity.

Additional risk factors for perioperative complications
are male gender, high Child–Pugh score, elevated PT, low
serum albumin, elevated creatinine, presence of ascites,
presence of varices, and an etiology of cirrhosis other than
primary biliary cirrhosis. Postoperative complications in
the cirrhotic patient, in order of frequency, include pneumo-
nia, ventilatory dependence, infection, worsened ascites, and
dysrhythmias.

The type of surgery required by a cirrhotic patient has
an important role in determining the degree of postoperative
hepatic dysfunction. Several studies have documented
an approximately 5 to 20 times higher perioperative mor-
tality risk associated with cirrhotic patients undergoing
various surgical procedures (155–159). Procedures
associated with more postoperative complications include:
(i) emergent surgeries; (ii) laparotomy or other intra-
abdominal procedures requiring significant abdominal trac-
tion; (iii) procedures associated with significant blood loss,
making the risk of hepatic ischemia more likely; (iv)
surgery that encounters vascular adhesions from prior pro-
cedures which can bleed extensively; (v) extensive cardiac
surgery for patients with a Child-Pugh class B or greater.

Risk factors for complications concerning anesthesia
management include a high American Society of
Anesthesiologists (ASA) physical status classification, emer-
gency surgery, intraoperative hypotension, and general
anesthesia (155).

INTRAOPERATIVE MANAGEMENTCONSIDERATIONS

Hepatic blood flow is altered during anesthesia and surgery.
Compromise in hepatic blood flow can result in signifi-

cant postoperative hepatic insufficiency and a potential
increase in mortality in patients with cirrhosis. The
liver receives approximately half of its oxygen supply from
the hepatic artery and half from the portal vein. During
periods of reduced portal inflow, the hepatic artery is able
to provide additional oxygenation (“reciprocity of flow”)
by vasodilating. Intraoperative changes in blood pressure
or cardiac output, as well as surgical manipulation can
result in decreased portal inflow. However, the hepatic
artery’s ability to vasodilate can be blunted by certain

anesthetics or high anesthetic concentrations (155). One
study documented a 16% reduction in hepatic blood flow
associated with anesthesia and mechanical ventilation (160).
This can be identified by transient elevations of liver associ-
ated enzymes. In the cirrhotic patient, the reciprocity of
flow between the hepatic artery and portal vein is disturbed,

making the cirrhotic liver more prone to ischemia, with
potential release of inflammatory mediators, and multiorgan
system failure (155). There is no evidence that cirrhosis is
a predisposing factor to anesthesia induced hepatotoxicity.
However, cirrhotic livers are at greater risk of ischemic
injury from low perfusion (hypotension, hypovolemia)
states as frequently occur following trauma, some surgical
procedures, and critical illness.

Mechanical Ventilation
Cirrhotic patients may have respiratory failure for a

number of reasons including atelactasis, pleural effusions,

pulmonary hypertension, or HPS. Hypercarbia should
be avoided as it decreases portal blood flow by sympatheti-
cally stimulating splanchnic circulation-resulting in vaso-
constriction (161). One should also exercise caution with
the use of positive end expiratory pressure (PEEP) in the
patient with cirrhosis because it can potentially decrease
hepatic blood flow as a result of impaired venous return. It
is theorized that the decrease in hepatic blood flow related
to PEEP may be further exacerbated by preportal venocon-
striction (160).

Medications
Patients with liver dysfunction have an unpredictable
response to medications. Altered response to medications
can be the result of altered pharmacokinetics relating to
alterations in drug plasma binding, volume of distribution,
liver blood flow, drug metabolism, and degree of liver
dysfunction. All medications should be administered with
caution in patients with cirrhosis. The effects of specific
classes of medications have been studied in patients with cir-
rhosis. Barbiturates, benzodiazepines, narcotics, propofol,
neuromuscular blocking agents, ketamine, dopamine, dobu-
tamine, and sodium nitroprusside will be discussed.

The safety of barbiturates in patients with hepatic
dysfunction is well studied. Barbiturate-related rise in
cytochrome P450 may result in increased toxic metabolites.
Thiopental and methohexital have preserved clearance in
cirrhotics, however, dosages should be decreased in cirrhotic
patients with low albumin to account for a decrease in
volume of distribution and protein binding.

Benzodiazepines can have prolonged effects in
patients with liver dysfunction owing to their low hepatic
clearance rate. Dosages of benzodiazepines need to be
adjusted according to the degree of hepatic compromise.
Narcotics may have potentiated effects in cirrhotic patients.
Morphine has been reported to have both unaltered as
well as reduced clearance in cirrhotics. Although its clear-
ance is dependent on blood flow, extrahepatic conjugation
may aid in its elimination. Hypoalbuminemia and hyper-
bilirubinemia, however, decrease protein binding of mor-
phine, making more free drugs available for neurological
side effects. Fentanyl, on the other hand, has the least effect
on hepatic hemodynamics, and is thus the narcotic of
choice in patients with liver dysfunction (160).

The metabolism of propofol is unchanged in uncom-
plicated cirrhotics. However, the effect of propofol upon
systemic pressure may impact the hepatic blood flow. In
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general, propofol has been well tolerated when used on
compensated cirrhotic patients (160,162). Neuromuscular
blocking agents may have prolonged effects in cirrhotic
patients based upon a decrease in excretion and an increase
in the volume of distribution. Ketamine does not affect
portal or hepatic flow, although it does decrease oxygen
transport by increasing oxygen consumption of preportal
organs. It is well-tolerated in cirrhotic patients (160).

Dobutamine causes increased total hepatic and portal
venous blood flow. However, the improved hepatic oxygen
delivery is counteracted by an increase in hepatic oxygen
uptake. This results in no improvement in hepatic oxygen
supply–uptake ratio. Dopamine and norepinephrine
increase hepatic venous oxygen saturation. Sodium nitro-
prusside does not result in a change in hepatic portal flow
despite a significant reduction in blood pressure, as long as
the cardiac index is maintained (160). High antidiuretic
hormone concentrations are usually seen in patients with
decompensated cirrhosis, presumably reflecting vasodi-
latation and reduced effective intravascular volume.
Vasopressin reduces portal blood flow via splanchnic vaso-
constriction; however, this medication is not used to
control variceal bleeding due to its side effect profile,
which includes an increased risk of myocardial infarction
and mesenteric ischemia (163).

Volatile Anesthetics
Volatile anesthetics reduce hepatic blood flow in a dose-
dependent fashion via their effect on cardiac output and
blood pressure.

Halothane significantly reduces cardiac function and
thus results in impaired hepatic circulation. One animal study
demonstrated that a 30% reduction in systolic blood pressure
resulted in a 50% reduction in hepatic blood flow in addition
to an increased oxygen extraction. Additionally fulminant
hepatic failure can occur in patients receiving repeated doses
of halothane. For equipotent doses, enflurane reduces hepatic
blood flow to a lesser degree than halothane. Isoflurane
maintains the reciprocity of liver blood flow and can pre-
serve hepatic perfusion, making it a preferred agent in

patients with liver disease. Nitrous oxide has also been
used in patients with liver disease and has not been shown
to have to contribute to worsening function (160).

POSTOPERATIVE MANAGEMENT

The postoperative management of a cirrhotic patient
requires an understanding of the altered hepatic physiology,
complications that can result from hepatic dysfunction, and
the potential impact of coexisting disorders. In patients with
cirrhosis, there can be postoperative worsening of ascites or
the development of anasarca following the receipt of
intraoperative intravenous fluid. The sodium content of all
intravenous fluids should be closely monitored. Treatment
of an infection or prophylaxis against SBP may be necessary
in the postoperative cirrhotic patient. Careful consideration
of the sodium content of intravenous fluids used for anti-
biotic administration is also necessary. Serum creatinine
should be monitored to assess for worsening renal function
and the potential development of HRS. Coagulopathy and
bleeding tendency of the patient with cirrhosis should be
considered throughout the perioperative period. It is
important to consider the altered pharmacologic effects in
the patient with compromised hepatic function.

Significant proportions of individuals with cirrhosis
are malnourished. Malnourishment in patients with
chronic liver disease or cirrhosis can be the result of a
combination of poor diet, malabsorption, maldigestion,
increased catabolism, decreased protein synthesis, or a
product of medication side effects (164). It is no longer
recommended that cirrhotic patients be protein restricted;
rather an intake of 1 to 1.5 g/kg protein is advised in the
nonencephalopathic patient. A minimum of 0.5 to 0.7 g/kg
protein is suggested in the encephalopathic patient, with
upward titration as tolerated (164,165). In addition, cirrhotic
patients typically have an increased caloric need and perio-
peratively may require significant nutritional support (163).
It is recommended that 25 to 40 kcal/kg body weight a day
be administered to the critically ill patient, depending upon
clinical status. A diet with 2 g of sodium/day is typically rec-
ommended in effort to balance a low-sodium diet with the
need to offer a diet that is palatable. If adequate intake
cannot be achieved orally, perioperative tube-feeding or par-
enteral feeding should be considered (164). Notably, percuta-
neous endoscopic gastrostomy tube is contraindicated in
patients with ascites.

Nutritional support has been shown to be particularly
beneficial in cirrhotic patients undergoing hepatectomy
or liver transplantation, and is generally used both pre-
and postoperatively. It aims to preserve protein synthesis,
prevent hepatocellular dysfunction, and optimize hepato-
cyte repair and regeneration (164,166). The role of periopera-
tive nutritional support targeted to liver dysfunction is an
area of continued research.

EYE TOTHE FUTURE

Liver biopsy is currently the gold standard for diagnosis of
cirrhosis, but is inexact and invasive. Less invasive, more
rapid, and reproducible diagnostic tools are in development
to accurately evaluate the spectrum of hepatic fibrosis and
cirrhosis. Transient elastography (FibroScanw, Echosens,
France) is one example, in which ultrasound is used to
measure the velocity of an induced low-amplitude, low-
velocity vibratory elastic shear wave transmitted through
the liver. The ultrasound follows the propagation of the
wave and therein measures the liver’s “stiffness.” The
greater the fibrosis, the stiffer the tissue, and the faster the
wave propagates. Although further validation is needed,
the device appears to perform well for advanced fibrosis,
but is limited by a patient’s obesity and ascites (167).

Understanding the fibrogenic process has led to the
development of noninvasive tests (e.g., FibroTest–ActiTestw,
Biopredictive, Paris, France) for the measurement of numer-
ous matrix proteins, enzymes, and cytokines involved in the
process. Although we may be nearing a time when serum
biomarkers are integral to the assessment of patients with
chronic liver disease, the current ability of these assays to
differentiate the stages of fibrosis is less than that clinically
required (168).

With the significant progress made in recent years in
the understanding of fibrosis/cirrhosis, a field dedicated to
therapeutic antifibrotics has emerged. The principal event
in fibrogenesis appears to be activation of hepatic stellate
cells; accordingly, recent efforts have focused on the
hepatic stellate cell and its role in matrix deposition and the
cascade of events with liver injury. A recent concept is that
the fibrosis is dynamic and may be reversible. Although
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current therapy focuses on the removal of the underlying
disease process (e.g., virus in hepatitis B, obesity in NASH),
the future will likely include therapies targeted directly at
the fibrotic lesion—likely directed at the stellate cell (169).

Owing to an inadequate supply of donors to meet the
growing need, at least one-third of patients are dying while
waiting for a liver transplant (170). Moreover, the critically
ill patient often has a comorbid relative contraindication
for transplantation. For this reason, there continues to be
research into liver support systems. These can be categorized
into: (i) noncell-based systems, which include plasmapheresis
and charcoal-based hemoadsorption and (ii) systems with
living hepatocytes, the so-called bioartificial support systems
(171). Although these techniques are currently not indicated
for routine clinical use, as we improve our understanding of
the requirements of a liver support system, these may offer
an alternative to acute liver transplantation in the future.

There is a need for improved stratification of surgical
risk in patients with cirrhosis (especially in management of
blunt abdominal trauma, as well as more routine surgical
procedures) (172). In addition, as the frequency of hepatic
infarction may be increasing because of more widespread
use of laparoscopic surgery, hepatic artery chemoemboliza-
tion, liver transplantation, and the hypoperfused cirrhotic
patient, further research into augmenting hepatic perfusion
is indicated. Finally, as we face the pandemic of obesity,
we must be prepared for the growing challenges of caring
for the morbidly obese cirrhotic patient (173).

SUMMARY

Cirrhosis represents the irreversible final common pathway of
chronic progressive liver disease, and is a costly condition
with a high morbidity and mortality. There are numerous
etiologies for cirrhosis including infections, metabolic dis-
eases, genetic conditions, drugs, and toxins. The therapy and
outcomes vary according to the etiology and comorbidities.

A thorough history and physical examination can be
helpful in patients suspected of being cirrhotic. Laboratory
evaluation can also be suggestive of cirrhosis, although
definitive diagnosis is currently made only by liver biopsy.
Newer diagnostic modalities may allow earlier diagnosis.

As the end stage of progressive hepatic fibrosis, the
complications of cirrhosis can include ascites, SBP, hepatic
encephalopathy, HRS, HPS, varices, poor hemostasis, and
hemorrhage. Individuals with cirrhosis are also at an
increased risk for hepatocellular carcinoma.

The individual with cirrhosis who experiences trauma
has a higher perioperative morbidity and mortality risk than
noncirrhotic individuals. There is seldom time for optimiz-
ation of the hepatic function prior to the performance of
potentially life-saving procedures or surgeries in the cirrho-
tic trauma patient. Yet these patients have additional con-
siderations beyond the normal trauma patient. Particular
focus is given to: (i) repletion of coagulation factors with
FFP, and platelet transfusions to correct thrombocytopenia;
(ii) close intraoperative monitoring of follow-up coagulation
studies; (iii) alterations in hemodynamic response due to the
baseline peripheral vasodilation and impaired ability to
compensate for hemorrhage and third spacing; (iv) under-
standing of splanchnic hypoperfusion and the particular
vulnerability of the cirrhotic patient, emphasizing the need
for vigorous fluid repletion and invasive monitoring;
(v) and baseline metabolic alterations imposed by liver

dysfunction (e.g., hyponatremia, hypoalbuminemia, and
impaired lactate clearance ability) all serve to exacerbate
the severity of trauma shock in these patients.

The response to medications can be the result of altered
pharmacokinetics relating to alterations in drug plasma
binding, volume of distribution, liver blood flow, drug metab-
olism, and degree of liver dysfunction. Various factors, includ-
ing the Child–Pugh score, can be helpful in predicting clinical
outcomes for the individual with cirrhosis. It is critical that the
management of the cirrhotic patient be adjusted to encompass
the altered hepatic physiology.

KEY POINTS

The fibrotic tissue in cirrhosis consists of extracellular
matrix molecules, collagen types I and III, sulfated
proteoglycans, and glycoproteins.
The development of cirrhosis is most often silent until
complications of significant hepatic dysfunction occurs.
The mainstays of ascites management consist of dietary
sodium restriction and diuretics.
SBP is an infection of ascitic fluid without a recogniz-
able secondary cause of bacterial peritonitis. About
10% to 25% of patients with cirrhosis and ascites
admitted to the hospital will have SBP.
The severe splanchnic vasodilatation with a reduced
effective arterial blood volume seen in end-stage cirrho-
sis can result in extreme renal artery vasoconstriction
and renal failure.
Hepatopulmonary syndrome (HPS) is a condition that
consists of a triad of (i) liver dysfunction, (ii) hypoxe-
mia with an increased alveolar-arterial (A-a) gradient,
and (iii) intrapulmonary vascular dilatation.
The severity of the hyponatremia is proportional to the
degree of cirrhosis and is of prognostic value.
Although the precise mechanisms of hepatic encephalo-
pathy are unknown, there are several theories regard-
ing the pathogenesis. Ammonia, metabolic changes,
cerebral edema, impaired perfusion, and changes in
neurotransmitter systems may all be involved.
Variceal hemorrhage occurs in approximately one-third
of patients with cirrhosis. Thirty to fifty percent of these
bleeds are fatal.
The formation of varices occurs when the portal vein to
hepatic vein pressure gradient exceeds 12 mmHg.
Endoscopic therapy is the preferred treatment for active
variceal hemorrhage. Sclerotherapy or band ligation
can result in a cessation of bleeding in 80% to 90% of
patients. This is an important change to make because
band ligation is actually preferred over sclerotherapy
because of band ligations fewer complications. Scler-
otherapy is rarely done in this country any more.
(Fig. 4C)
TIPS creates a low-resistance pathway between the
hepatic and portal veins by angiographic insertion of
a metal stent in liver parenchyma (Fig. 4E).
The severity of cirrhosis is directly related to the extent
of thrombocytopenia and platelet dysfunction.
Urgent treatment of coagulopathy in the cirrhotic
patient consists of administration of fresh frozen
plasma (FFP).
The occurrence of hepatocellular carcinoma should be
considered in patients with longstanding and recently
decompensated chronic liver disease.
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Chronic hepatitis C infection, chronic hepatitis B and
the hepatitis B carrier state, aflatoxins, and liver cirrho-
sis of any etiology are the most frequently reported
etiologies of hepatocellular carcinoma.
Decompensation of a previously compensated cirrhotic
patient is suspicious for malignancy.
The cirrhotic patient with the same Injury Severity
Score as a noncirrhotic patient has a fourfold increase
in mortality and a higher mortality than predicted by
scoring systems such as the APACHE II.
Acute traumatic hemoperitoneum in a cirrhotic patient
is a life-threatening condition and warrants the need for
prompt surgical exploration.
Several studies have documented an approximately 5
to 20 times higher perioperative mortality risk associ-
ated with cirrhotic patients undergoing various surgical
procedures.
Compromise in hepatic blood flow can result in signifi-
cant postoperative hepatic insufficiency and a potential
increase in mortality in patients with cirrhosis.
In the cirrhotic patient, the reciprocity of flow between
the hepatic artery and portal vein is disturbed, making
the cirrhotic liver more prone to ischemia, with poten-
tial release of inflammatory mediators, and multiorgan
system failure.
Cirrhotic patients may have respiratory failure for a
number of reasons including atelactasis, pleural effu-
sions, pulmonary hypertension, or HPS.
Isoflurane maintains the reciprocity of liver blood flow
and can preserve hepatic perfusion, making it a pre-
ferred agent in patients with liver disease.
Malnourishment in patients with chronic liver disease
or cirrhosis can be the result of a combination of poor
diet, malabsorption, maldigestion, increased catabo-
lism, decreased protein synthesis, or a product of medi-
cation side effects.
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INTRODUCTION

Blood purification techniques have been used to supplement
the treatment of hepatic failure for 50 years. However, a suit-
able complete liver replacement device remains elusive. This
is mainly due to the complex anatomy, physiology, and bio-
metabolic properties of the liver. The devices that have been
employed are capable of providing certain functions but not
all. Investigators and clinicians are still struggling to provide
a system that supplies the full gamut of liver functions
required to keep a patient with liver failure alive (1).

Liver Support Devices must not only remove toxic
metabolites (e.g., ammonia, lactate, and toxins), but also
provide metabolic functions (e.g., carbohydrate metab-
olism), immunologic support (e.g., production of comp-
lement, and serve as a filter system with its kupffer cells,
etc.), a synthetic system for carrier proteins, albumin, and
coagulation factors, finally the biliary functions of the liver
need to be replicated as well (2).

Extracorporeal liver support systems usually process
the blood of the patient using artificial filters and sieves,
but to provide full replacement function will need to
perform all activities of a hepatocyte. If the system does
not contain active cells, it is classified as a nonbiological
device; however, if the system contains active cells or
tissue that provide some metabolic functions, they are
classified as biological devices. In vivo hepatocyte transplan-
tation can be considered as another method to support a
failing liver, although they are not considered “classical”
liver support systems (3).

This chapter reviews, briefly, the anatomy and physi-
ology of the liver, the definition of liver failure, and the conven-
tional support therapies as a refresher for the novice. Next, the
early approaches to blood purification are reviewed, and a
survey of current therapies is provided. The basic concepts
of various techniques being studied to form a bioartificial
liver are provided along with the current hurdles and suc-
cesses. Finally, the reader is provided a glimpse into current
research techniques in the “Eye to the Future” section.

REVIEWOF LIVER ANATOMYAND PHYSIOLOGY
Organ and Segmental Anatomy
The liver is the largest solid organ in the body. It weighs
1600 g in men and around 1400 g in women. The liver
receives blood through the portal vein (75%) and the
hepatic artery (25%). It drains bile through the biliary
system into the duodenum. The liver has eight functional
segments based on its vascular distribution (Fig. 1).
Venous drainage is through the hepatic veins into the
inferior vena cava. The caudate lobe of the liver has its
own vascular supply and drainage. The liver has a com-
plicated structure, which allows both hepatic and portal
blood to reach the hepatocytes.

The functional unit of the liver is the hepatic lobule
(Fig. 2) in which the central venule is in the center of the
lobule and the portal tracts are in the corners. Accordingly,
hepatocytes are described to be centrilobular around the
central vein (zone 3), or perilobular around the portal
tracts (zone 1) (4).

Hepatocytes
The liver cell (hepatocyte) occupies 80% to 90% of the total
liver volume in humans. Cells are arranged in plates with
their sinusoidal (basolateral) surface projecting into the
presinusoidal Space of Disse in direct contact with plasma,
and the lateral wall opens in an intercellular canalicular
space formed with the adjacent cells. Other cells in the
liver include nonparenchymal cells, which account for 20%
to 30% of the total number of liver cells (5).

Hepatocytes residing in zone 1 of the liver have large
mitochondria, as this is the dominant region for gluconeo-
genesis, beta-oxidation of fatty acids, amino acid catabolism,
urea and cholesterol syntheses, and bile excretion. Whereas
hepatocytes residing in zone 3 have more endoplasmic
reticulum and large nuclei, it is the dominant region
for glycolysis, lipogenesis, biotransformation of drugs,
detoxification, and clearance of ammonia.
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Certain hepatic injuries affect specific zones.

Acetaminophen toxicity predominantly induces zone 3
necrosis. Iron deposition diseases such as hemochromatosis
are predominately manifested in zone 1. Viral hepatitis tends
to present with spotty necrosis in all zones. Hypotension and
systemic hypoperfusion classically produce zone 3 necrosis,
while in disseminated intravascular coagulation (DIC,
Volume 2, Chapter 58), fibrin deposition occurs in the sinu-
soids of zone 1 hepatocytes, causing ischemic injury to
these cells.

Nonparenchymal Cells
Other nonparenchymal cells residing within the liver include
the endothelial cells, kupffer cells, stellate cells (fat-storing
cells or Ito cells), and liver-associated lymphocytes (Pit
cells). These cells are all directly in contact with blood in the

sinusoids. Endothelial cells line the sinusoids forming a
barrier between the blood and the hepatocytes. Only plasma
proteins leak through the fenestrae of the endothelial cells
and get in contact with parenchymal cells in the Space of
Disse. Endothelial cells have endocytolic activities and can
secrete a wide variety of proteins, including interleukins,
interferons, TNF-a, and others. Some of these cytokines
play a role in the defense mechanism of the liver.

Kupffer cells are the macrophages of the liver. Kupffer
cells are attached to the endothelial cells by long cytoplasmic
processes. They spread along the sinusoids. They remove
particles, toxins, foreign substances, immune complexes,
and endotoxins from the blood. They produce vasoactive
mediators, and are the main defensive cells of the liver.

Stellate cells (fat-storing cells), are located in the Space
of Disse in contact with the parenchymal cells, contain
vitamin A rich lipids, and are considered fibroblasts. In
liver disease, the cells start proliferating actively, lose their
lipid droplets and acquire the morphology of myofibroblast,
synthesize and secrete extracellular matrix proteins, which
play a major role in liver fibrosis (6).

Liver-associated lymphocytes (Pit cells) are recruited
from the blood to the sinusoids to be activated into natural
killer cells. These “Pit cells” reside within the sinusoids,
and possess strong cytotoxic and antiviral activities, and
support differentiation of liver cells (Fig. 3) (7).

Functions of the Liver
The liver is a complex metabolic factory (biochemical

reactor) and performs a number of other functions including
protein synthesis, immuno protection, and bile formation–
related tasks. The functions of the liver originate from
the functions of its cells. It includes regulation of solutes in
blood that affect the performance of other systems of the
human body; neurological (brain, nerves), cardiovascular
(heart, vessels), musculoskeletal (muscles, bones), and excre-
tory systems (biliary, kidneys). The functions involve uptake,
metabolism, biotransformation, storage, synthesis, and
secretion, in addition to its role in support of the immune
system.

Metabolic Functions
The liver is essential for the metabolism of lipids, carbo-
hydrates, and proteins. It plays a major role in biotransform-
ation of drugs, which subsequently are excreted in the urine
or bile. Its role in ammonia metabolism is central. Ammonia

Figure 2 Hepatic lobule. The central vanule is the core of

the hepatic lobule, portal tracts comprise the corners.

Source: O’Grady JG, Lake JR, Howdle PD. Comprehensive

Clinical Hepatology 2000; Chapter 1, p 1.7.

Figure 1 Functional segments of the liver. The eight

hepatic functional segments are based on vascular distribution.

Source: From Ref. 4.

Figure 3 Pit cells. Liver-associated lymphocytes (“pit cells”) reside

within the hepatic sinusoids serving immunoprotective functions, and

also serving to support hepatic cellular differentiation. Source:

O’Grady JG, Lake JR, Howdle PD. Comprehensive Clinical

Hepatology 2000; Chapter 3, p 3.1.
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and nitrogenous compounds are removed from the circula-
tion and metabolized into urea via the Krebs cycle in
the periportal hepatocytes or glutamine in the perivenular
hepatocytes.

Synthetic Functions
The liver synthesizes albumin (12 g/day), which is critical
in the maintenance of plasma, oncotic pressure, and is a
binder and transporter of many drugs and hormones.
Other important synthetic products of the liver include the
coagulation factors, antithrombin III, and protein C and S,
which maintains the normal balance between blood coagu-
lation and fibrinolysis without the deleterious occurrence
of spontaneous thrombosis.

Immunologic Functions
The liver is exposed to influxes of nutrients, particulates,
bacteria, viruses, parasites, endotoxins, and others. Both
kupffer cells and pit cells constitute the main defense line
of the liver against infection. In their role to defend the
host, these cells become activated by different stimuli and
induce their effects through the production of cytokines,
eicosanoids, reactive oxygen intermediaries, extracellular
matrix component, nitric oxide among others (8).

Role of Bile Formation
The liver forms bile (500 mL/day), which is composed of
water, inorganic electrolytes, proteins, amino acids, lipids,
steroids, vitamins, heavy metals, drugs, and toxins. Bile
secretion is a complex metabolic process, which is essential
for eliminating toxic lipophylic compounds, the excretion of
cholesterol, and also facilitates the digestion and absorption
of fats and fat-soluble vitamins in the intestine (9).

LIVER FAILURE: DEFINITION AND
CONVENTIONALTHERAPIES

Liver failure is a process in which the different functions of the
liver fall below the level required to maintain body homeosta-
sis. It is termed acute if it occurs within days to weeks (,24
weeks) in a previously normal liver and is termed acute-on-
chronic if it occurs in a patient with pre-existing chronic
liver disease. Liver failure presents clinically as hepatic ence-
phalopathy, hemodynamic instability, electrolyte and renal
dysfunction (hepato-renal syndrome), severe coagulopathy,
bleeding, and frequently results in sepsis and death from
brain edema or multi-organ dysfunction syndrome (MODS).

Liver failure can result from numerous etiologies.
The most common cause of acute liver failure is drug-

related hepatotoxicity, which comprises more than 50% of

acute cases. Acute liver failure occurs in approximately
2000 cases per year in the United States (10). However, death
from chronic liver disease is estimated to occur in over
30,000 patients per year. The majority of these cases are
due to acute events resulting in decompensation of the
liver function in patients with pre-existing chronic liver
disease and cirrhosis. In these situations, correcting the pre-
cipitating events responsible for the acute decompensation is
the mainstay of therapy to give the liver an opportunity to
regain its functions (11).

There are few toxin-specific treatment options for
particular etiologies of liver failure. These options
offer improvement in the liver’s detoxification abilities,
such as N-acetylcysteine in patients with acetaminophen
toxicity and silymarin for patients with mushroom poison-

ing. Unfortunately, complications arising from the acute
insult to liver functions compromise liver regeneration and
recovery and result in patient death, unless the liver func-
tions are replaced by performing a liver transplant.

Liver transplantation survival has improved, and
remains the gold standard for treating patients with liver
failure. However, liver grafts are not readily available.
Waiting for a liver transplant can extend over a period of
days to weeks. During that time, most patients die from com-
plications of liver failure, or become inappropriate candi-
dates for liver transplantation. Therefore, the goal of
managing patients with liver failure is to keep them in a
stable condition that could support liver regeneration and
recovery, or maintain their transplant candidacy until a
liver graft becomes available (12).

Coagulopathy and bleeding resulting from liver
failure are controlled by plasma and platelet transfusions
and replacement of deficient clotting factors, such as recom-
binant factor VII. Endoscopy and sclerotherapy or band lig-
ation of varices and transjugular intrahepatic portosystemic
shunt (TIPS) control variceal bleeding. Antibiotics and anti-
fungals help in reducing the risk of systemic infection and
sepsis. Renal therapies and ventilatory support help to
regulate electrolyte and pH disturbances. However, accumu-
lation of toxins resulting from the necrosis of hepatic cells
and failure of the detoxification powers of the liver exacer-
bate and prolong the syndrome of liver failure. Approaches
directed toward detoxification of the blood are the main goal
of liver support systems.

Liver failure is associated with a significant com-

promise of metabolic regulation, protein synthesis, detoxifi-
cation, and immunological defense mechanisms executed
by the liver. The clinically predominant consequences of
lacking metabolic regulation are hypoglycemia and lactic
acidosis. Predominant consequences of lacking protein syn-
thesis are coagulopathy, hypoalbuminemia, and complement
factor deficiencies. Insufficient detoxification results in the
endogenous accumulation of toxic molecules, producing
hepatic coma, hemodynamic instability, renal failure, blood
cell and bone marrow toxicity, suppression of regeneration,
and progression of hepatocyte apoptosis and necrosis. The
immunological disturbances associated with liver failure
include reduced clearance of microorganisms and their frag-
ments and the subsequent increased exposure of the systemic
circulation to infection and bacterial toxins emanating from
the splanchnic bed and the portal venous drainage (11).

EARLYAPPROACHES TO BLOOD PURIFICATION
Exchange Transfusions
In 1957, Lee and Tink treated a 13-year-old child with hepatic
coma with a whole blood exchange transfusion. After two
exchange transfusions with an exchange volume of 3 L
each, the patient recovered from hepatic coma (13). Nine
years later, in 1966, Trey et al. (14) reported 11 exchanges
in patients with hepatic coma with seven survivors. Since
then, this technique has been used widely. The advantages
are toxin removal from the circulation and substitution by
fresh blood and plasma components including coagulation
factors. The best results were seen if direct transfusion
from a donor to a recipient was performed. However, this
is not a practical solution as several donors with the
same blood group would be needed for every treatment.
Thus citrated or heparinized blood has to be used which
results in acidosis, hyperkalemia, high citrate levels, and
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hyperammonemia in patients with failing livers. The initial
optimism concerning the effect on survival in liver failure
was replaced by more realistic estimates as the results of
larger patient data sets became available, indicating a survi-
val rate below 25% (15,16). Thus no significant increase of
survival could be demonstrated using exchange transfusion,
and the main cause of death often reported was brain edema
(17).

Therapeutic Plasma Exchange
In therapeutic plasma exchange (TPE), the blood of the
patient is either centrifuged or filtered to separate the
blood cells from the plasma. The patient’s plasma is then
replaced by fresh frozen plasma (FFP) of healthy donors
and then both the blood cells and the plasma are transfused
back to the patient. The goal is to remove toxic plasma com-
pounds and supply plasma factors. An advantage over
exchange transfusion is that FFP is easier to obtain and
handle than whole blood. It can be performed daily and
for a longer period of time. Moreover, larger plasma
volumes can be exchanged (up to 2 L/hr) (18). Since the
first report of successful use of TPE in hepatic coma by
Cree and Berger in 1968, total survival rates differed exten-
sively between the many groups that performed TPE
studies (19). Buckner et al. reported in a study of TPE for
acute liver failure, survival of 41 patients out of 138 patients
(29.7%). Decisive for the poor outcome was the high
complication rate of bacterial infections, lung edema and
hemorrhage, and acute respiratory distress syndrome
(ARDS) (18). One of the concerns of TPE is the removal of
growth factors (HGF, IGF, EGF, TGF) produced by the
injured liver and other tissues such as the pancreas, intesti-
nal tract, and platelets during the process of plasma
exchange (20,21). Yamazaki et al. reported survival rates of
34% in patients with FHF, who were treated with repeated
5 L plasma exchange compared with 14% survival in control
patients (22). However, his study was not randomized and
not controlled with respect to etiology and severity of FHF.

High-Volume Plasmapheresis
High-volume plasmapheresis involves exchange of large
plasma volumes of (9.9 L per treatment) to remove toxins
distributed throughout the body and not only in the
plasma pool. Investigators have reported successfully brid-
ging patients to transplantation using this approach (23).

Total Body Washout
The total body washout method was first attempted by
Klebanoff et al. (24) in 1972 for a case with hepatic coma. The
patient’s blood was totally washed out of the body and con-
tinuously replaced by Ringer’s lactate solution over 40
minutes while the core temperature was maintained around
218C. The system was driven by a heart-lung machine with a
flow rate of 2200 to 2300 mL/min. Then the circulation was
filled with whole blood again. The patient regained conscious-
ness and abnormal serum parameters returned to normal.
Liver biopsy taken days after the treatment showed marked
histological improvement. However, days later the patient
died from respiratory failure and gram-negative sepsis.

In another trial the same group added albumin to the
substitution fluid and reported better survival. Nine patients
survived out of 13 treated for hepatic coma (25). Tobias and
Isom (26) confirmed the success of total body washout in
the treatment of hepatic coma secondary to fulminant viral

hepatitis (2 long-term survivors out of 3 treated). However,
this approach had not been pursued any further.

Hemoperfusion over Activated Charcoal and/or Resins
Hemoperfusion using activated charcoal was shown to

have beneficial effects in patients with severe poisoning
(8). Chang (27) in 1972, reported the first clinical use of
this technique in hepatic coma. In 1974, Gazzard et al. (28)
treated 31 patients with grade III hepatic coma due to para-
cetamol-induced hepatic failure with coated charcoal
columns. He achieved long-term survival in 11 patients.
Using hemoperfusion over activated charcoal the outcome
seems to be greatly influenced by the etiology of hepatic
failure. The best survival was reported in patients with ful-
minant hepatic failure from acute hepatitis A infection
(67%), followed by acetaminophen toxicity (53%), and was
the lowest in acute hepatitis B infection (20%), and halothane
and other drug induced acute liver failure (12%) (29).

Ion exchange resins can attract protein bound sub-
stances and, therefore, are of interest in the treatment of
hepatic failure (30,31). Its clinical use was hampered by
bioincompatability which could only be avoided by isolated
plasma (plasmaperfusion) over the resins following plasma
separation (32). However, the main disadvantages of hemo-
perfusion are the lack of selectivity with the adsorption of
hormones, vitamins, immunoglobulins, drugs, and other
important plasma components to the resins. It can also
cause activation of the complement cascade, thrombocytope-
nia, and leukocyte margination. The approach of coating the
charcoal particles could mitigate hemocompatability.

High-Flux Dialysis
Hemodialysis had been used in treatment of hepatic failure,
but was abandoned because of failure to improve survival
(33). The introduction of large-pore dialysis membrances
improved the results of hemodialysis in hepatic failure
patients. Opolon et al. treated 39 patients with FHF and
coma with 164 hemodialysis sessions using the high-flux
membrane AN69 (polyacrylonitrile) and a closed loop dialy-
sate circuit containing sterile acetate buffered dialysafe.
Recovery of consciousness was reported in 18% of the
patients dialyzed versus 0% in the comparable group that
was not dialyzed. Total survival was 23% in the dialysis
group versus 18% in the undialyzed group. Silk and
Williams (34) had long-term survival of 31% in 65 patients
with hepatic failure treated with the same method. The
initial rationale for the use of polyacrylonitrile membranes
was the removal of middle molecular weight molecules up
to 5000 Da. Indeed some of the “middle molecules” and sub-
stances known to accumulate in liver failure like ammonia
and phenol-acids are partially removable by high-flux dialy-
sis. Although this technique might improve hepatic ence-
phalopathy, it does not promote liver regeneration or
survival (35). High-flux dialysis cannot remove hydrophobic
and/or protein-bound substances like short- and middle-
chain fatty acids, mercaptans, or bilirubin.

Hemofiltration
Long-term hemofiltration was used in the treatment of ful-
minant hepatic failure. Opolon (36) reported hemofiltration
in 10 patients with hepatic failure. The mean duration
of treatment was 92 hours with a total hemofiltrate of
248 L. Five patients survived. In a further study, which
included the following nine patients, he reported 10%
survival in patients over 30 years of age, whereas with
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patients under 30 years of age, their survival was 25% with
conventional intensive care, 35% with high-flux dialysis,
and 57% with long-term hemofiltration.

CURRENT THERAPIES
Hemodiadsorption

Hemodiadsorption is “a process during which blood
passes through dialysis membrane packages surrounded

by a suspension of fine sorbent particle” (37). Hemo-
diadsorption combines sieving (dialysis) and adsorption to
remove toxins normally metabolized by the liver. Ash
et al. (38) used a sorbent suspension dialysis system
where a cellulosic flat membrane dialyzer is perfused by
the patient’s blood on one side and by a dialysate contain-
ing a mixture of charcoal and anion-exchange resin particles
on the other. Employing a clamp mechanism, the entire
system is driven by pumps on the dialysate side
only, thus diminishing mechanical stress on the blood
cells. The system has been available for several years in
the United States and is FDA approved. Pilot trails
showed its efficacy in improving hepatic encephalopathy
in a subgroup of patients with liver failure. In a study of
15 patients with liver failure and hepatic encephalopathy
grade III/IV, five patients survived; one of them had a
liver transplant following treatment with the device.
Improvement of neurological status occurred in 13 of the
patients. In a randomized controlled trial of 10 patients
with FHF and hepatic coma, only one patient survived
in the device group versus three in the control group
(39). Konstantin et al. (40) used hydrophobic polysulfone
hollow-fiber membranes that were filled with paraffin
oil. Blood was passed through the hollow fiber. An
alkaline acceptor solution (NaO) was recirculated along
the dialysate side of the membranes. Although removal of
otherwise non-dialyzable toxins (e.g., mercaptans) could
be demonstrated in vivo, no improvement in survival was
shown (41).

Extracorporeal Albumin Dialysis
A number of extracorporeal albumin dialysis (ECAD)

devices have been introduced in the last decade, and prelimi-

nary data demonstrate that these can be used as support
systems for the failing liver or as a bridge to transplantation
in selected patients. The various ECAD devices do
clean the blood from different toxins. These devices do not
provide the metabolic functions of the liver, but do provide
detoxification of the blood. The two commercially available
devices with the greatest degree of research data are pre-
sented subsequently.

Molecular Adsorbent Recirculating System
Molecular adsorbent recirculating system (MARS) is another
modification of hemodiadsorption which uses a new type of
highly permeable hollow-fiber dialyzer. The MARS dialyzers
are capable of loosening the albumin-toxin binding by phy-
siochemical interaction. It also provides a closed-loop dialy-
sate circuit containing standard dialysate with 15% to 20%
human serum albumin, which acts as a molecular adsorbent.
The on-line purified dialysate albumin accepts albumin-
bound toxins (ABTs) from the blood side (e.g., free fatty
acids, aromatic amino acids, bile acids, and bilirubin). It is
then perfused over a charcoal and a resin column to
remove albumin bound toxins from the albumin and dia-
lyzed through a regular dialysis membrane to remove

water-soluble toxins (urea, ammonia) (42). The MARS
system is available in Europe and Asia, and was recently
approved by the FDA for use in drug poisoning. The
concept of extracorporeal albumin dialysis using the MARS
device is currently in a multi-center trial in the United States
for hepatic encephalopathy and its role on survival is being
investigated in Europe in patients with fulminant hepatic
failure and in patients with acute liver decompensation com-
plicating end-stage liver disease (Fig. 4)

Fractional Plasma Separation and Adsorption
Fractional plasma separation and Adsorption (FPSA) is

a form of albumin dialysis in which a filter with a cutoff
of 250,000 Dalton (250KD) is used. This technique
was first introduced by Falkenhagen et al. in 1999 (43).
Albumin and protein bound toxins pass through the mem-
brane from the blood side into a secondary circuit. The fil-
tered albumin-rich plasma flows through two adsorbers in
a row where toxins are directly adsorbed. The purified
plasma then returns to the blood side of the albumin filter,
back to the patient via a conventional high-flux dialyzer to
eliminate water-soluble toxins. A commercial version of
this device is called “Prometheusw.” A recent study by
Rifai et al. (44) showed that Prometheusw is a safe supportive
therapy for patients with liver failure. Randomized con-
trolled trial using the Prometheusw device is underway.

Biological Liver Support Systems
In parallel to the developments of devices, biological liver
support systems have been in development and testing. Bio-
logicals combine synthetic components (an apparatus, a
polymer membrane, etc.) with biologically active cells,
tissue slices or liver lobules in a bioreactor aiming to
provide most functions of the liver if possible. However,
until today, the ideal biological liver replacement is a
human liver transplant. But, as transplants are not readily
available, extracorporeal liver support systems could
provide enough liver function to keep the patients alive
until recovery of their liver injury or until they get a liver
transplant. This concept started as early as the 1960s when
Burnell et al. performed the homologous blood cross circula-
tion between a liver failure patient and a healthy “donor”
with identical blood group, thus providing metabolic
support for the patient given by a healthy individual with
a healthy liver (45,46). Because that concept did not
improve the survival rates but was accompanied with

Figure 4 MARS device. The molecular adsorbent

recirculating system (MARS) is a form of extracorporeal

albumin dialysis, which can serve as a temporary bridge to trans-

plantation. Source: From Ref. 139.
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immunological complications and hazards for the healthy
“donor,” it was abandoned (47,48). To eliminate the disad-
vantage of risks for a healthy human donor several efforts
were made to replace that donor by baboons (49–51). In
that concept, a total blood exchange in the animals was
performed against human blood in the hope to subsequently
prevent immunological risks for the patient (48). However,
because of the difficulty of the method and ethical
aspects regarding the use of primates on the one hand
and poor survival rates on the other, that concept was also
abandoned.

The first generation of the bioartificial liver, as we
know it today, is the extracorporeal isolated liver perfusion,
which has been performed with pig and bovine livers with
poor results (52,53). However, when primate livers were
perfused, better survival rates were achieved (47,54,55).
In the last decade, highly sophisticated bioreactors have
been developed, which are populated by different cell
lines. A discussion of these systems and its components
will follow.

BIOARTIFICIAL LIVERS

Just as with dialytic therapies for renal failure, techniques
for supporting liver failure and are continuing to undergo
evolution with ongoing research and development. Renal
failure patients can have their blood cleansed three times a
week, and receive supplemental medications to help deal
with some of the problems that are not directly addressed
by dialysis (e.g., erythropoetin administration to assist
with anemia). Similar efforts are likely to occur with liver
failure (i.e., we may be able to supplement clotting factors,
albumin, etc.—but this is expensive). This section reviews
the currently available techniques.

Basic Concepts of Currently Available Techniques
The most common cell-based liver support designs

incorporate hepatocytes in hollow fiber cartridges borrowed
from hemodialysis (1). Hollow fiber membranes provide
a scaffold for cell attachment, immunoisolation, and are well
characterized in a clinical setting but may not provide ade-
quate nutrient transport or the proper environmental cues
for long-term hepatocyte stabilization. In attempts to
improve the hepatocyte microenvironment, investigators
have used microcarriers (56), gel entrapment both intralu-
menally (57) and in the extracapillary space (58), multi-
compartment interwoven fibers (59), and multi-coaxial
configurations (60).

Cellular Components
The full complement of cellular functions required in bio-
artificial liver devices to affect positive clinical outcomes
has not been determined. To address this problem, “surro-
gate” markers of each class of liver-specific functions typi-
cally are characterized, including: synthetic, metabolic,
detoxification (phase I and II pathways), and biliary
excretion. The implicit assumption is that hepatocytes
capable of a wide array of known functions will also
express those unmeasured (or unknown) functions that are
central to their metabolic role. Table 1 describes cell types
that have been used and are currently being evaluated for
use in cell-based systems. Each of these—primary hepato-
cytes, cell lines, and stem cells—should be evaluated on
the basis of availability, potential adverse interactions, and
efficacy in providing liver-specific function.

Primary porcine hepatocytes are most commonly used
in devices undergoing preclinical and clinical evalution.
Studies have also been conducted with cells isolated from
rabbit (61), canine (62), and rodent species (63). In general,
primary hepatocytes are well known to require specific
microenvironmental cues to maintain the hepatic phenotype
in vitro, and it is likely that a more detailed investigation
of culture conditions will improve the stability of porcine
hepatocytes in vitro as has been the case for rodent
hepatocytes.

Primary human cells would be ideal, but like whole
organs, they are in limited supply. They have been used
for bioartificial liver application (Gerlach, personal com-
munication), as well as for hepatocyte transplantation (64).
A persistent paradox of human hepatocytes is their facile
proliferation in vivo but static nature in culture, despite sig-
nificant progress in stimulating DNA synthesis of rodent
hepatocytes in culture (65–67). Recent reports regarding
underlying differences in telomerase expression in humans
and rodents may play a role in this phenomenon (68).

The growth limitations of primary cells has spurred
attempts to develop cell lines that can proliferate in culture
while maintaining liver-specific functions. Many cell lines
have been established by retroviral transduction or lipofec-
tion of the simian virus 40 tumor antigen gene (SV40Tag)
whose gene product binds to cell cycle regulator proteins
Rb and p53. Spontaneous immortalization has been
documented as a result of collagen gel sandwich cultures
or co-cultures (69). Cell lines derived from hepatic tumors,
such as C3A (a subclone of Hep G2), have already
been used in clinical trials (70). The risk of transmitting onco-
genic substances or cells into the patient’s circulation
remains a concern. Efforts to improve the control and
safety of cell-based therapies with immortalized cells has
resulted in the use of temperature-sensitive SV40Tag (71),

Figure 5 Bioartificial liver devices currently available.

Cellular based extracorporeal devices perfuse the patient’s

blood through bioreacters containing hepatocytes, such as

immortalized human dell lines that have been transplanted

directly or implanted on scaffolds. Transgenic animals

have also been raised to harvest humanized livers. Source: Allen

JW, Hassanein T, Bhatia SN. Advances in bioartificial liver

devices. Hepatology 2001; 34(3):447–455.
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Cre-loxP-mediated oncogene excision (72), and integration
of suicide genes such as HSV-tk. (73). In the case of tumor-
derived cell lines, filters preventing transmission have been
implemented in the bioartificial liver design as an extra pre-
caution. Finally, stem cells are being considered for therapy
of liver disease. Potential sources include embryonic
stem cells, adult liver progenitors, and transdifferentiated
nonhepatic cells (58,74–82).

Stabilization of Primary Hepatocytes
Although primary hepatocytes represent the most direct

approach to replacing liver function in hepatic failure, they

are anchorage-dependent cells and notoriously difficult to
maintain in vitro.

When enzymatically isolated from the liver and cul-
tured in monolayer or suspension cultures, they rapidly
lose adult liver morphology and differentiated functions.
Typical approaches to stabilizing liver-specific functions
involve manipulation of the extracellular matrix environ-
ment, media composition, or promotion of cell–cell
interaction (both homotypic and heterotypic). Extracellular
matrix (ECM) modulation has included both variations in
composition and topology (83–90). Sandwich culture (87)
was designed to mimic the microenvironment of the
adult hepatocyte where cells are sandwiched by extracellu-
lar matrix in the Space of Disse. Cells in the configuration
stably express many liver-specific functions; however,
attempts to scale-up this culture method have been met
with limited success thus far.

Modifications such as hormonally defined media (80,91)
and addition of low concentrations of dimethyl sulfoxide (92)
or dexamethasone (93) are known to help stabilize hepatocyte
morphology, survival, and liver-specific functions. However,
these approaches are inapplicable to bioartificial liver designs
because of systemic exposure of patients to these specialized
and nonphysiological media components.

Finally, liver-specific functions are stabilized in hep-
atocytes that are cocultured with nonparenchymal cells
(“heterotypic interaction”—see Bhatia et al., 1999 for
review) (94). Although the precise molecular mechanisms
that underlie the “coculture” effect are not known, it is
likely that a highly conserved signaling pathway is involved.

While this concept has not been applied to a bioartificial liver
device, it merits consideration.

Bioreactor Designs
Continued innovation in engineering and material science
has contributed greatly to the development of an extracor-
poreal liver-assist device. Coupled with new discoveries in
cell sourcing and hepatocyte stabilization, bioartificial liver
devices tailored for use with hepatocytes are becoming a
reality. Table 2 summarizes the bioreactor designs that
have been proposed and studied. There are four main
types of hepatic bioreactors, each with inherent advantages
and disadvantages: hollow fiber, flat plate and monolayer,
perfused beds or scaffolds, and beds with encapsulated or

suspended cells. A successful and clinically effective
bi-device should satisfy a few key criteria: adequate bidirec-
tional mass transport, maintained cell viability and function,
and potential for scale-up to therapeutic levels.

Bidirectional Mass Transfer
In bioartificial liver devices, bidirectional mass transfer is
needed to provide nutrients to sustain cell viability and
allow export of therapeutic cell products. Although most
device designs address this, there are important limitations
involving the use of membranes, diffusivity of key solutes,
and spatial uniformity.

Semi-permeable membranes provide selectivity for the
size of biological molecules that will be exchanged between
the patient and the device. They are inherent in hollow-fiber
devices but have been used also in flat-plate and perfusion
systems (95,96). In many hollow-fiber devices, the mem-
brane must simultaneously function as a perm-selective
barrier and as a scaffold for cell attachment. As noted
earlier, the interaction of the hepatocyte with its microenvir-
onment dramatically affects stability and function. There-
fore, this design may not allow for optimization of both
function and transport. Conversely, hollow-fiber designs
provide a larger surface area-to-volume ratio than flat
designs thus improving metabolite transport and minimiz-
ing dead volume.

The membrane in a bioartificial liver device is typically
characterized by its molecular weight cutoff (MWCO),
which is selected both to prevent the exposure of bioreactor
cells to components of the immune system and to block the
transport of larger xenogenic substances into the circulation.
The aim of allowing free transport of larger carrier proteins
such as albumin (�60 kDa) while preventing transport of
immunoglobulins (�150 kDa), complement (.200 kDa) or
viruses has led most groups to choose a membrane
MWCO of 100 to 150 kDa. Membranes also prevent the
migration of cells into the patient’s circulation, although
case reports of cellular translocation exist. Although trans-
port in bioartificial liver devices is a combination of convec-
tive and diffusional phenomena, mass transfer limitations of
key nutrients to and from the cellular compartment often
arise due to diffusion resistances. In contrast, transport in
the liver is achieved primarily by convection along the
sinusoid with short diffusion distances (,5 mm) across the
Space of Disse. Barriers to diffusive transport include mem-
branes, collagen gels, and nonviable cells. Some designs
use encapsulated cells in perfusion systems, which provide
immunoisolation, but also increases diffusion resistance
(56,57,97). Packed bed reactors offer improved mass transfer
by allowing direct contact of cells on microcarriers or
packing material with the perfusing media (59,60,62,98).

Table 1 Cell Sources for Liver Therapies

Cell source Critical issues

Primary

Human, xenogenic

Sourcing, expansion,

safety (PERV), phenotypic

stability, immunogenicity

Immortalized

SV40, telomerase,

tumor-derived,

spontaneously

immortalized

Safety (suicide genes,

tumorgenicity)

function, efficacy

Stem cells

liver progenitor,

embryonic,

transdifferentiation

(HSC, pancreas)

Sourcing (cadaveric),

differentiation,

screening, phenotypic stability,

safety (tumorgenicity),

immunogenicity

Abbreviations: HSC, hematopoietic stem cells; PERV, porcine endogenous

retrovirus; SV40, simian virus 40.
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Biliary Excretion Consideration
A continuing conundrum in current bioartificial liver

designs is the universal absence of functional biliary
excretion into an isolated compartment. In current con-
figurations, even primary hepatocytes that regain polarity
in vitro (e.g., spheroids, coculture) excrete biliary constitu-
ents into the surrounding fluid, which then recirculate con-
tinuously. In this regard, addition of a nonbiological
adjunct such as an albumin dialysis module may comp-
lement many existing bioartificial liver devices. In the long
term, culture environments that promote a separate func-
tional biliary compartment will greatly improve the design
of these devices.

Oxygenation is key to hepatocyte function and may be
suboptimal in current bioartificial liver devices (99–104).
Hollow fiber compartments (100) or nonwoven fabric scaffolds
(101) with fibers for gas delivery (102) may improve oxygen
delivery. Geometric constraints also may affect mass transport
in a bioartificial liver. Cell distribution and flow should be
uniform. A single monolayer culture is easily perfused, but a
series of stacked plates may introduce “shunting” through
regions of low resistance. Hollow fiber devices present diffi-
culty in achieving homogeneous cell distribution during
inoculation through the tight matrix of capillaries. Uniform
perfusion of packed-bed reactors is a classic engineering
problem. Distribution of fluid flow is greatly dependent on
the characteristic of the packing material. Larger, rigid particles
will yield well-distributed flow but a decreased surface area for
cells, while smaller, porous packing will result in clogging and
fluid channeling (105). A packed bed reactor built around a
microchanneled scaffold is an example of one designed
explicitly to reduce heterogeneous perfusion and improve
the transport characteristics of the devices (98).

Cell Viability and Function
One of the major obstacles to bioartificial liver offering

long-term treatment is the inability to maintain highly func-
tional hepatocytes in vitro. Current device designs do
very little to integrate an appropriate microenvironment
for hepatocytes. Gel entrapment and use of spheroidal
aggregates has been introduced into various membrane-
based systems to provide chemical and topological ECM
cues or cell–cell interaction; however, this introduces an
additional diffusion barrier (56,89,106–108). Single cell sus-
pensions, used in some devices because of their desirable
transport properties, quickly lose metabolic capacity (109).
Some packed bed designs (59,60) and one hollow-fiber
device (110) seed cells on microcarriers before device assem-
bly. While microcarriers provide a substrate for anchorage,
data from hepatocyte cell culture suggests that these cells
will likely detach in a few days and die as they do in mono-
layers. Along with providing adequate attachment, future
devices should consider integrating engineering strategies
for efficient transport with environments that optimize
cell–ECM interactions, cell–cell interactions, and integrate
relevant chemical stimuli.

Scale-Up
In order for a device to become a clinical reality, it must be
scaled to a size that provides effective therapy. Studies indi-
cate that between 10% and 30% of normal liver mass is
needed to sustain life, which in adults, corresponds to 150
to 450 g of cells. Clinically tested devices incorporate
between 1 g and 500 g of hepatocyte mass. The current sol-
ution for scaling up hollow fiber devices involves increasing

cartridge size 101 and using multiple cartridges (112).
Systems using spheroids or microcarriers are easily scaled
to the needed cell mass but may entrain a considerable
dead volume (“priming volume”). Flat or stacked plate
designs raise similar concerns as well as the problem
of heterogeneous flow distribution and channeling upon
scale up.

Review of Recent Trials Evaluating Liver
Support Systems
Experimental devices using suspended primary hepatocytes
were some of the first to be used with human patients in the
late 1980s, but have met with limited success (112,113).
Presently, several hollow-fiber devices are under evaluation
in clinical trials (Table 3). The most extensively tested device,
the HepatAssist System from Circe Biomedical, recently
completed phase II/III trials. The trial was the first prospec-
tive, randomized, controlled trial of a biological liver
support system in patients with liver failure. It included
171 patients with either fulminant or subfulminant hepatic
failure and primary graft nonfunction following liver trans-
plantation. Eighty-five patients received bioartificial liver
while 86 patients were controls. Their results showed 30-
day survival of 71% for bioartificial liver versus 62% for
control ( p ¼ 0.26). When survival was analyzed after
accounting for the confounding factors (such as liver trans-
plantation, time to transplant, disease etiology, disease
severity, and treatment site), there was no difference
between the two groups. However, survival in the fulmi-
nant/subfulminant liver failure patients was significantly
higher in the bioartificial liver group compared with the
control ( p ¼ 0.048). Though an examination of study sub-
populations and secondary endpoints shows moderate
benefit, a conclusive measure of efficacy is confounded by
factors such as transplantation, disease etiology, and stage
of encephalopathy. Critical evaluation of the complete
results of the HepatAssist trial should provide valuable
insight for future large-scale clinical studies (114). Careful
consideration needs to be given to treatment indications,
clinical end points, and device regulation in clinical trial
design so that clear evidence of treatment efficacy may be
established. Ongoing clinical experience with extracorporeal
support will likely play a key role in the improvement of
next generation devices.

EYE TOTHE FUTURE

A difficulty that arises when examining the current clinical
data is the inability to determine the role of live, functional
hepatocytes as opposed to extracorporeal perfusion itself,
given that some bioartificial liver designs incorporate charcoal
filtration. Ideally, a protective comparison should be made
between charcoal filtration alone, dead or nonhepatocyte
cells, and live hepatocytes given that nonhepatocytes and
dead hepatocytes provided survival benefit in some animal
models of ALF (115).

Also inherent in the present data are a number of prac-
tical issues: Are the cells fresh or frozen? Should the device
be perfused with plasma or whole blood? What is the role
of heparin versus citrate anticoagulation? These issues
are critical both for patient well-being and for survival
of hepatocytes in the device. The limited function of cryo-
preserved hepatocytes has been well-documented, yet
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ryopreservation offers flexibility in timing and scheduling of
therapies (117).

The use of whole blood has the advantage of erythro-
cytes as oxygen-delivery vehicles for the bioartificial liver,
although leukocyte activation and cell damage may occur.
Conversely, plasmapheresis and plasma perfusion preserve
the viability of hematopoietic cells, yet the solubility of
oxygen in plasma is very low. Similarly, heparin anticoagula-
tion has been shown in some studies to cause lipid
accumulation and deleterious effect on otherwise phenotypi-
cally stable hepatocytes (117). Each group has grappled with
these trade-offs, and the outcome remains to be seen. Even if
these trials do not prove the efficacy of bioartificial liver
devices, the knowledge gained along with future improve-
ments in cell sourcing and stability will positively impact
the next generation of devices.

In a recent review of all published data by the Cochrane
Group, it was concluded that artificial support systems
reduce mortality in acute-on-chronic liver failure compared
with standard medical therapy; however, artificial and bioar-
tificial support systems so far did not appear to affect mor-
tality in acute liver failure. Hence, randomized trials on
artificial or bioartificial support systems versus standard
medical therapy for liver failure are still required (118).

Recently the ELADw (Extracorporeal Liver Assist
Devicew)—Vital Therapies, Inc (San Diego, CA, USA) received
US Federal Drug Administration (FDA) approval to ship units
to China for clinical trials beginning in early 2006. The ELADw

system comprises four cartridges containing cloned human
hepatocytes of the C3A cell line. Each of the four cartridges
serves as a hollow fiber membrane bioreactor.

These cells function like normal human liver cells
metabolizing toxins, removing waste products, and produ-
cing essential proteins that enter the plasma. The cartridges
are incorporated into a blood pumping system and provide
continuous treatment for up to 12 days.

Vital Therapies Inc. has completed phase I & II trails in
the US and will start phase III trials in the US in 2007 after the
clinical trails commencing in China (138).

SUMMARY

The liver is an essential organ that cannot currently be sup-
ported for long when failure occurs. The numerous roles of
the liver including synthetic, metabolic, detoxification, and
biliary excretion constitute one hurdle in developing a
viable artificial liver. Other hurdles are technical in nature
and relate to maintaining hepatocytes stabilized within arti-
ficial perfusion chambers ensuring viability of cells and the
ongoing bidirectional mass transfer of nutrients and hepato-
cyte products, as well as the ability to handle bile production
and excretion. Although numerous obstacles remain, solu-
tions to these problems are being approached in numerous
research laboratories around the globe.

Our prediction is that the next decade will see bioarti-
ficial liver therapies becoming more commonplace, though
the solution to total compatibility and portability is still
sometime off into the future.
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KEY POINTS

Certain hepatic injuries affect specific zones.
The liver is a complex metabolic factory (biochemical
reactor) and performs a number of other functions
including protein synthesis, immuno protection and
bile formation related tasks.
The most common cause of acute liver failure is drug-
related hepatotoxicity, which comprises more than
50% of acute cases.
Liver failure is associated with a significant compro-
mise of metabolic regulation, protein synthesis, detoxi-
fication and immunological defense mechanisms
executed by the liver.
Hemoperfusion using activated charcoal was shown to
have beneficial effects in patients with severe poisoning.
Hemodiadsorption is “a process during which blood
passes through dialysis membrane packages sur-
rounded by a suspension of fine sorbent particles.”
A number of Extra-Corporeal Albumin Dialysis
(ECAD) devices have been introduced in the last
decade, and preliminary data demonstrate that these
can be used as support systems for the failing liver or
as a bridge to transplantation in selected patients.
Fractional plasma separation and adsorption (FPSA) is
a form of albumin dialysis in which a filter with a cutoff
of 250,000 Dalton (250KD) is used.
The most common cell-based liver support design
incorporates hepatocytes in hollow fiber cartridges bor-
rowed from hemodialysis.
Although primary hepatocytes represent the most
direct approach to replacing liver function in hepatic
failure, they are anchorage-dependent cells and notor-
iously difficult to maintain in vitro.
There are four main types of hepatic bioreactors,
each with inherent advantages and disadvantages:
hollow fiber, flat plate and monolayer, perfused beds
or scaffolds, and beds with encapsulated or
suspended cells.
A continuing conundrum in current bioartificial liver
designs is the universal absence of functional biliary
excretion into an isolated compartment.
One of the major obstacles to bioartificial liver offering
long-term treatment is the inability to maintain highly
functional hepatocytes in vitro.
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INTRODUCTION

Acute pancreatitis and trauma to the pancreas can result in
varying degrees of secondary injuries due to pancreatic
and peripancreatic inflammatory processes. Patients with
acute pancreatitis may have a mild form of the disease,
which is associated with minimal organ dysfunction, and
they typically undergo a rapid, uneventful recovery.
Others may acquire a severe, necrotizing pancreatitis charac-
terized by glandular necrosis and infection in association
with failure of multiple organ systems, requiring weeks of
treatment in the intensive care unit (ICU). Similarly, patients
with pancreatic trauma may have a simple pancreatic
contusion, which can be treated nonoperatively, or a severe
pancreatic ductal disruption with associated injury to the
duodenum or other vital structures requiring immediate
surgery and prolonged hospitalization. While mild pancreatic
inflammation and injury are easily treated and carry a low
rate of morbidity and mortality, fulminant pancreatic
disease can be catastrophic and is associated with mortality
rates up to 50% despite maximal medical and surgical
therapy. It is an essential clinical challenge, therefore, not
only to diagnose patients with these diseases, but also to
rapidly identify that subset of patients with severe disease
that will require management in the ICU and/or surgical
treatment.

PANCREATIC ANATOMYAND BASIC PHYSIOLOGY
Anatomy
Surgical Anatomy and Related Structures
The pancreas is a soft, tan gland that weighs from 60 to 100
grams and measures approximately 12 to 15 centimeters
long (1). It lies transversely in the retroperitoneum of the
upper abdomen, at approximately the level of vertebrae L1
to L3, and has some of the most complex anatomical relation-
ships in the human body. These relationships account for
many of the symptoms and signs of pancreatic trauma and
benign pancreatic disease, and are responsible for the techni-
cally demanding surgical operations which may be required
for the treatment of patients with these problems.

Located directly behind the parietal peritoneum of the
lesser sac, the pancreas is intimately related to several vital
intra-abdominal organs. Lying to the right of the superior
mesenteric vessels, the pancreatic head is cradled by the
first three segments of the duodenum, and comes in
contact with the right kidney, the vena cava, and the distal
common bile duct. The posterior portion of the head may
give rise to an uncinate process, which passes behind the
superior mesenteric vessels along the third portion of the
duodenum, directly anterior to the aorta and vena cava.

The neck of the pancreas overlies the superior mesenteric
vessels and is intimately related to the portal confluence,
wherein the portal vein is established from the superior
mesenteric and splenic veins. The pancreatic body lies to
the left of the superior mesenteric vessels, crossing transver-
sely across the floor of the omental bursa. The root of the
transverse mesocolon is attached at its inferior border.
Posterior, it is associated with the renal vessels, left kidney
and left adrenal gland. The body is arbitrarily divided
from the tail, which is associated with the splenic flexure
of the colon and the spleen.

Pancreaticobiliary Ductal Anatomy
The secretions of the exocrine pancreas are drained into the
duodenum by two major ducts that are variable in their
anatomy. The main pancreatic duct runs transversely
through the length of the gland, turning inferiorly in the
pancreatic head to open into the duodenum at the ampulla
of Vater along with the distal common bile duct. The main
pancreatic duct routinely drains the body, tail and uncinate
body of the gland. The accessory pancreatic duct, which
typically drains the pancreatic head, is more variable (2).

The ampulla of Vater (3) is a common pancreaticobiliary
channel which lies on the posteromedial wall of the second
portion of the duodenum and receives drainage from both
the common bile duct and the main pancreatic duct. The
ampulla surrounds a complex of sphincter muscles, the
sphincter of Oddi (4), which regulates flow from these ducts
into the small intestine, and prevents reflux of secretions
from one system into another. In approximately one-third of
patients, a true common channel is formed by the junction of
the pancreatic and biliary ducts within the duodenal wall;
other variations of distal ductal anatomy are common but
rarely clinically relevant.

Arterial Supply and Venous Drainage
The pancreas receives its arterial supply from both the celiac
and the superior mesenteric arteries. The head of the gland is
supplied mainly from the pancreaticoduodenal arcades, the
superior branches of which are derived from the celiac trunk
via the gastroduodenal artery, and the inferior branches
which receive flow from the superior mesenteric artery.
The arcades course along the groove between the duodenal
C-loop and the pancreatic head, and support a rich
network of vessels, which are the predominant blood
supply to both of these entities. The shared blood supply
of the pancreatic head and the second and third portions
of the duodenum imply that simultaneous surgical resection
of both is compulsory.
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The body and tail of the gland are mainly supported
by branches of the splenic artery. This vessel travels
transversely along the superior aspect of the pancreas, and
gives rise to up to 10 branches which course inferiorly
through the pancreatic parenchyma and anastomose with
the transverse pancreatic artery running transversely over
the inferoposterior surface of the gland.

The venous drainage of the pancreas is to the portal
vein. This occurs via the splenic vein, the superior mesen-
teric vein and the inferior mesenteric vein. The portal conflu-
ence is located posterior to the neck of the pancreas and is
created by the union of the superior mesenteric and
splenic veins.

Surgical Access to the Pancreas
Three surgical maneuvers must be performed to comple-

tely evaluate the pancreas: (i ) entry into the lesser sac via

the gastrocolic ligament, (ii ) division of the leinorenal liga-
ment with full mobilization of the pancreatic tail, and (iii )
mobilization of the duodenum and pancreatic head with a
Kocher maneuver. Because of the retroperitoneal location
of the pancreas and its complex anatomical relationships
with adjacent vital organs and blood vessels, surgical
access to, and resection of the gland is technically demand-
ing. Access to the pancreatic body may be achieved
through the omental bursa by incising the gastrocolic
omentum along the greater curvature of the stomach just
distal to the gastroepiploic vessels, or along the avascular
plane found between the posterior leaf of the gastrocolic
omentum and its insertion on the transverse colon. The
stomach is then retracted superiorly, while the transverse
colon is retracted inferiorly, yielding an unobstructed view
of the anterior surface of the gland. Inspection of the pos-
terior aspect of the body and tail requires division of the lei-
norenal ligament and full mobilization of the spleen and
pancreatic tail. To adequately visualize and palpate the
anterior and posterior aspects of the head of the pancreas,
a Kocher maneuver may be performed by mobilizing the
right colon at its lateral border and then retracting the
hepatic flexure inferomedially. The peritoneum overlying
the second portion of the duodenum can then be incised.
Blunt dissection is used to separate the head of the pancreas
and duodenum from underlying structures.

Basic Pancreatic Physiology
Functionally and histologically, the pancreas is divided into
endocrine and exocrine components. Of these, the exocrine
component predominates, accounting for over 90% of
the gland by weight. The functional unit of the exocrine
pancreas is the acinus, composed of multiple acinar cells
arranged around a central lumen, which empties into the
pancreatic ductal system. The acinar cells are responsible
for both production and secretion of pancreatic digestive
enzymes, including amylases, lipases and proteases, which
facilitate digestion of carbohydrates, fats, and proteins.
Another component of the pancreatic acinus, the centro-
acinar cells, secrete bicarbonate and other electrolytes into
a fluid that carries the digestive enzymes to their site of
action in the duodenum.

Secretion of pancreatic digestive enzymes occurs pri-
marily upon stimulation by cholecystokinin, which is
released by the small intestine in response to an intraluminal
meal. Acetylcholine release from vagal fibers also induces
stimulation. With the exception of amylase, pancreatic diges-
tive enzymes are secreted into the pancreatic ducts in an

inactive form, and require subsequent activation by the
protease trypsin to perform their digestive functions. This
activation occurs in the duodenum and is accelerated by
the presence of the duodenal enzyme enterokinase and a
fall in the pH below 7.0. Within the substance of the
pancreas, premature activation of digestive enzymes is pre-
vented by a system of antiproteolytic enzymes also secreted
by the acinar cells as well as by the presence of the bicarbon-
ate-rich fluid secreted by the pancreatic centroacinar cells
and ductal epithelium which maintains an alkaline pH in
the pancreatic ducts.

The endocrine functions of the pancreas are performed
by so-called islets of cells which are dispersed throughout
the pancreatic parenchyma. These islets contain four types
of cells, A, B, D, and F, which produce and secrete glucagon,
insulin, somatostatin and pancreatic polypeptide, respect-
ively. These hormones are responsible for maintaining intra-
vascular and intracellular glucose levels and regulating
gastric, pancreatic, and biliary secretions. Their functions
are important to keep in mind, because major destruction
of the pancreas, as may occur with severe pancreatitis or
traumatic injury, may disrupt the homeostasis established
by each of these endocrine mechanisms.

ACUTE PANCREATITIS IN THE CRITICALLY ILL PATIENT

Acute pancreatitis is defined as an acute inflammatory
process of the pancreas, with variable involvement of other
regional tissues or remote organ systems (5). The disease is
characterized by the presence of varying degrees of pancrea-
tic and peripancreatic inflammation, autodigestion and
necrosis. Of the 185,000 patients newly diagnosed and hospi-
talized with acute pancreatitis in the United States each year
(6), most will have a mild form of the disease which may be
treated successfully with simple, conservative measures. In
this subset of patients, pancreatic necrosis is minimal and
the disease is typically self-limiting over two to five days,
with a mortality rate less than one percent. In contrast,
approximately 15% to 20% of patients develop severe acute
pancreatitis, associated with widespread pancreatic necrosis,
failure of multiple organ systems, and serious local and sys-
temic complications. These patients will require a protracted
course of therapy in the ICU and may need one or more sur-
gical operations to eliminate necrotic and potentially
infected pancreatic debris.

Etiology
The two leading causes for acute pancreatitis are biliary

tract stones and alcohol abuse, which together account for

over 90% of cases. Hypotheses of the mechanisms by
which gallstones induce pancreatitis center on the anatomic
confluence of the common bile duct and the main pancreatic
duct at the ampulla of Vater (7). Gallstones impacted at this
site could induce pancreatic ductal obstruction and sub-
sequent hypertension, leading to premature activation of
digestive enzymes in the acinar cell. Ampullary inflam-
mation and edema caused during the passage of a stone
from the bile duct into the duodenum could cause similar
effects; this is likely the more frequent mechanism (8).

Alcohol is the primary cause of acute pancreatitis in
many parts of the world, including the United States. It
has been suggested that alcohol exerts its toxic effects on
the pancreas through the production of protein precipitates
that block small pancreatic ducts and induce pancreatic
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ductal hypertension. This effect may be aggravated by the
spasmogenic effects of alcohol on the sphincter of Oddi.
Alcohol, its metabolites and metabolic by-products also
appear to have a direct toxic effect on the enzyme-secreting
acinar cells. Whatever the etiology, the incidence of pancrea-
titis caused by alcohol is proportional to the level of alcohol
consumption, suggesting that the effects of alcohol on the
pancreas are cumulative and dose related (9).

While gallstones and alcohol are responsible for the
majority of cases of acute pancreatitis, several less frequent
etiologies are well described (Table 1). Pancreatitis can be
associated with congenital or hereditary conditions such as
pancreas divisum or cystic fibrosis (10). Penetrating and blunt
abdominal trauma are associated with acute pancreatitis
in approximately 2% of cases, due to direct injury to the pan-
creatic parenchyma and ducts and to the premature release
of activated digestive enzymes. Periampullary tumors may
incite pancreatitis by obstructing the main pancreatic duct.
Several drugs can induce pancreatitis, as can infection with
certain parasites and the venom of rare varieties of scorpions
and spiders. Often, a specific precipitating factor cannot be
identified.

One final cause of pancreatitis deserves special
mention. Iatrogenic injury to the pancreas may occur as a
complication of several therapeutic interventions. It is well
known that endoscopic retrograde cholangiopancreato-
graphy (ERCP) (11) carries a predictable risk of pancreatitis
of approximately 5% overall (12). Pancreatitis in this
setting is due to direct manipulation of the gland and pan-
creaticobiliary ducts; evidence suggests that this compli-
cation is more frequent when ERCP is performed by
inexperienced operators (13). Severe pancreatic inflam-
mation may also occur after other surgical procedures
and interventions that do not involve the gland directly,
such as cardiac (14) or aortic (15) operations, percutaneous
liver biopsy (16), and gastric surgery. The mechanism by

which pancreatitis occurs in these settings is not always
evident.

Pathophysiology and Natural History
Whatever its cause, the inflammatory process of pancreatitis
is initiated by the final common pathway of premature and
inappropriate activation of trypsin and other digestive
enzymes, which subsequently induce autodigestion of the
pancreas and peripancreatic tissues (17). Normally, the pan-
creas is protected from autodigestion by trypsin-inhibiting
enzymes such as pancreatic secretory trypsin inhibitor, and
trypsinogen-degrading enzymes such as mesotrypsin.
Additionally, the bicarbonate-rich secretions of the exocrine
pancreas typically prevent inappropriate enzyme activation
by maintaining an alkaline pH. In pancreatitis, these protec-
tive mechanisms appear to be disrupted and overwhelmed,
and activation of enzymatic proteases occurs. As pancreatic
acinar cells are damaged by this initial insult, they discharge
their enzymes, further exacerbating local injury.

For approximately 75% of patients, locoregional injury
to the pancreas and peripancreatic tissues is the only mani-
festation of their disease. These patients may be described
to have mild acute pancreatitis, as classified by the Atlanta
Convention in 1992 (5). The predominant histological
feature of this process is interstitial edema; microscopic
areas of necrosis in the pancreatic parenchyma are occasion-
ally found, but widespread pancreatic necrosis is conspicu-
ously absent. Distant organ failure does not occur.

Treatment of patients with mild acute pancreatitis can
be accomplished on a general medical or surgical ward,

and the disease is typically self-limiting, resulting in an
uneventful recovery.

Progressive injury to the pancreatic acini induces the
overexpression of inflammatory mediators which may
exacerbate both local and systemic injury. TNF-a is one of
the most active of these mediators. Derived predominantly
from activated macrophages, expression of this protein
increases rapidly over the first several hours of pancreatitis
(18) and induces an inflammatory syndrome clinically indis-
tinguishable from that of shock. The inflammatory effects of
TNF-a are exacerbated by IL-1 (19), which is also involved in
the activation of leukocytes and in the upregulation of endo-
thelial adhesion factors. Combined with mediators such as
IL-6, the complement cascade and platelet activating factor
(PAF), these agents are responsible for both the local and
systemic manifestations of severe disease, which result
from the effects of impaired microcirculatory perfusion of
organs and capillary endothelial leak.

Severe acute pancreatitis is the clinical manifestation
of local pancreatic and peripancreatic destruction, combined
with distant organ failure and complications due to systemic
cytokine release. Histologically, the pancreas shows evi-
dence of parenchymal and peripancreatic necrosis, which
may be widespread; a direct correlation exists between the
amount of necrosis present and patient prognosis. Necrosis
typically involves the acinar cells, islet cells and ductal
system. Hemorrhage in these tissues is variable, but not
uncommon. Systemic features of the disease include the
cytokine-induced multiple organ dysfunction syndrome
(MODS), with distant organ systems such as the kidneys,
lungs and heart involved. Superinfection of the pancreatic
necrosis is variable, but devastating.

As could be predicted, the course of patients with
severe disease is protracted, and these are the patients who
will require care in the ICU. The natural history of their

Table 1 Etiologies of Pancreatitis

Major causes Subcategories

Biliary stone disease

Alcohol

Drugs Salicylates

Sulfa-containing agents

Diuretics

Didanosine (DDI)

Trauma Blunt

Penetrating

Iatrogenic (ERCP)

Metabolic abnormalities Hyperlipidemia

Hypercalcemia

Infections

Periampullary tumors

Hereditary/congenital Hereditary pancreatitis

Cystic fibrosis

Pancreas divisum

Idiopathic Autoimmune

Many etiologies for acute pancreatitis exist. Alcohol and biliary tract

disease account for approximately 90% of cases.

Abbreviations: DDI, diuretics didanosine; ERCP, endoscopic retrograde

cholangiopancreatography.
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disease can be described as having two stages (20). The first
two weeks of hospitalization reflect the early local and sys-
temic inflammatory response, and is characterized by cyto-
kine release, systemic inflammation and injury, and failure
of multiple organ systems. Patients who survive this initial
insult often develop superinfection of their pancreatic necro-
sis in the second and third weeks, with associated sepsis and
the potential for further decompensation.

Because the natural history of acute pancreatitis in the
general population varies so widely, particular emphasis
must be placed on the early identification of individual
patients with severe disease, so that proper therapeutic inter-
ventions can be performed.

Diagnosis
While diagnosing this disease, the clinician should attempt
to determine the following: (i) a clear diagnosis of pancreati-
tis, (ii) its etiology, and (iii) an individual assessment of
disease severity. Accurate determination of all three of
these may be difficult, even using all of the following diag-
nostic tools.

Clinical History and Physical Findings
The patient with acute pancreatitis may have several
complaints, none of which is specific to this disease. Upper
abdominal pain, which may radiate to the back, is the
most common symptom. The pain is variable in severity,
ranging from mild discomfort to severe pain that may be
confused with peritonitis. Nausea and vomiting frequently
occur. Fever is a part of the clinical presentation of over
half of all the patients, but neither its presence nor magni-
tude correlate with severity of the disease (21). Other
nonspecific complaints such as anorexia or lethargy may or
may not be present.

The initial physical exam of patients with pancreatitis
is also characteristically nonspecific. Patients may be febrile,
tachycardic and in extremis, or may be hemodynamically
stable. Abdominal findings are variable. Periumbilical and
flank bruising (Cullen’s and Grey Turner’s signs) are often
touted as evidence of severe pancreatitis, but these are
very rare and can be seen in any hemorrhagic abdominal
disorders. It is important to emphasize that the signs and
symptoms of pancreatitis are variable, nonspecific, and
may mimic other abdominal problems. Additional data
must be accumulated to definitively diagnose the disease
and to establish its severity.

Biochemical Studies
Amylase
Serum amylase is used universally in the diagnosis of acute
pancreatitis (22). This pancreatic digestive enzyme is nor-
mally secreted by pancreatic acini; large amounts are
released into the systemic circulation in states in which dis-
ruption or dysfunction of the pancreatic ductal system
occurs. The serum amylase level typically rises steadily
over the first 12 hours of an attack of pancreatitis, returning
to normal over the next five days (23). Its peak may usually
be measured within the first 48 hours. If a patient presents to
the hospital late in the course of the disease, this peak may
have passed and the amylase level may be normal (24). Nor-
moamylasemia in the presence of pancreatitis may also
occur in patients with an alcoholic etiology for their
disease (25), and in states of chronic or severe necrotizing
pancreatitis in which widespread acinar cell destruction
has occurred.

While fairly sensitive, an elevated serum amylase is
not specific to the diagnosis of acute pancreatitis. Serum
amylase may rise in response to several other abdominal dis-
orders, including trauma, appendicitis, perforated bowel
and mesenteric ischemia. Similarly, salivary isoforms of the
enzyme may lead to false positive elevations when patients
present with inflammation of the salivary glands. Finally,
because amylase is in large part cleared from the circulation
by the kidneys, renal insufficiency may lead to an elevated
amylase level.

Nonetheless, measurement of serum amylase is key to
the diagnosis of acute pancreatitis. Differentiation from other
extrapancreatic conditions can typically be made if the
serum amylase is greater than five times normal, which
rarely occurs when hyperamylasemia occurs from a nonpan-
creatic source. Though not routinely performed, salivary and
pancreatic amylase isoforms may be measured in certain
situations. Calculation of the fractional renal clearance of
amylase, in which renal clearance of the enzyme is compared
to that of creatinine, may be useful to confirm the diagnosis.
A fractional clearance in excess of 4% is suggestive of acute
pancreatitis.

It should be noted that no correlation has been found
between the level of amylase elevation and magnitude of
disease. Serum amylase and lipase are used to diagnose

pancreatitis, but their magnitudes are not predictive of
disease severity.

Lipase
The serum lipase level may also be used to assist in the
diagnosis of acute pancreatitis, and may be a more specific
test than amylase (26,27), particularly if elevated greater
than three times normal. Concentrations of the enzyme in
serum increase within the first eight hours after the onset
of symptoms, peak within the first 24 hours, and return to
baseline over the following two weeks (28). Lipase concen-
trations may therefore be elevated long after serum
amylase levels have returned to normal. Nonetheless, an
increase in lipolytic activity is not specific to pancreatitis,
and elevations can be seen in other conditions such as
trauma, intestinal obstruction, cholecystitis, and esophagitis.
As with amylase, the level of lipase elevation cannot be used
to assess the severity of disease.

Whether amylase or lipase is more accurate in the
diagnosis of pancreatitis is debatable; in clinical practice,

serum levels of both are typically ordered. Concomitant
elevation of both enzymes is good evidence for the diagno-
sis, especially in conjunction with a consistent history and
physical examination.

Other Diagnostic Laboratory Tests
Other laboratory markers, such as trypsin, elastase,
phospholipase A-2, trypsinogen-2, pancreas, associated
peptide (PAP), and C-reactive protein (CRP) have been
reported as possible adjuncts to the laboratory diagnosis of
acute pancreatitis (29,30). None of these has been studied
as thoroughly as CRP. CRP is an acute phase protein, pro-
duced in the liver upon inflammatory stimuli by cytokines
(31), such as occurs in the early stages of acute pancreatitis.
Unlike other markers of pancreatitis, CRP has been shown to
reliably differentiate mild from severe acute pancreatitis
with a high degree of specificity (32). Unfortunately, the
clinical utility of CRP is undermined by the fact that its
levels in serum do not spike until two to four days after
the onset of the disease (33) and thus it cannot be used on
admission, when its value would be most appreciated. The
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marker is thus rarely used in the diagnosis and staging of
acute pancreatitis in the United States.

Associated Biochemical Findings
Other laboratory findings consistent with a diagnosis of
acute pancreatitis include hyperglycemia, hypocalcemia,
hyperlipidemia, leukocytosis, an elevation in hepatic trans-
aminases, elevated hematocrit, and derangements in the
arterial blood gas. None of these markers can be used
either to diagnose the disease or to assess its severity.

Imaging Studies
Ultrasound and Endoscopic Ultrasound
Transabdominal ultrasound (US) plays little role in the detec-
tion or grading of pancreatic necrosis. The gland is poorly
visualized in up to 25% of cases, often due to the effects of
intestinal ileus and superimposed bowel gas (34). Moreover,
ultrasound cannot reliably distinguish between necrotic pan-
creatic parenchyma and surrounding tissues, and is unable to
accurately identify pancreatic infection. Nonetheless, transab-
dominal ultrasound is generally recommended as an initial
imaging study in patients suspected of having acute pancrea-
titis. Because of its excellent ability to assess the biliary tract
and gallbladder, the primary role of US is identification or
exclusion of biliary tract disease as a causal factor (35). It is
also useful to demonstrate fluid collections and identify extra-
pancreatic spread of inflammation (36). Ultrasound may
also be used to assess complications of acute pancreatitis,
such as pseudocyst and aneurysm formation.

The role of endoscopic US (EUS) is not yet well estab-
lished (Fig. 1). This modality appears to be more sensitive
than either transabdominal ultrasound or computed tomogra-
phy (CT) scan, and as sensitive as ERCP, in the identification
of both cholelithiasis and choledocholithiasis (37,38). Because
it is less invasive than ERCP, it has been suggested that EUS
be performed early for diagnosis of acute biliary pancreatitis,
relegating ERCP to a purely therapeutic role (39). Nonethe-
less, no large studies have definitively established its role in
the diagnosis or staging of acute pancreatitis. At present, its
use must be viewed as experimental.

Computed Tomography
A contrast enhanced CT scan is the imaging modality of
choice for both the diagnosis of severe acute pancreatitis
and for the assessment of the severity of disease (40).
Poorly perfused areas of pancreatic necrosis are easily ident-
ified on CT as areas of nonenhancement during the arterial
phase of intravenous contrast administration (Fig. 2). The
unperfused areas of pancreatic tissue seen on CT scan are
detected with an overall accuracy of up to 90%, as confirmed
by surgical exploration (41,42). Other possible CT findings in
pancreatitis include diffuse or partial pancreatic enlarge-
ment, fluid collections, and obliteration of the peripancreatic
fat planes.

Due to its ability to accurately identify and quantify
pancreatic necrosis, and because pancreatic necrosis is one
of the most important determinants of prognosis for patients
with the disease, CT staging of disease severity has gained
widespread acceptance. Several scoring systems, such as
Balthazar’s CT severity index (43) have been established;
such systems have enabled accurate prediction of a patient’s
prognosis using CT findings alone. CT scanning is the diag-
nostic modality of choice, and a good baseline CT scan is
therefore recommended upon admission to the ICU in all
patients suspected of having severe disease. Subsequent
imaging may be performed later in the patient’s hospital
course to follow the course of treatment.

Endoscopic Retrograde Cholangiopancreatography
While ERCP may be used successfully to treat patients with
choledocholithiasis and cholangitis, its role in the diagnosis
and treatment of acute pancreatitis without biliary obstruc-
tion is, at best, controversial (44). ERCP is unable to assess
or quantify pancreatic necrosis, and is therefore unsuitable
for the diagnosis and staging of the disease. Several large
studies have examined the outcomes of patients with pan-
creatitis treated with early ERCP and sphincterotomy com-
pared with patients treated conservatively, with conflicting
results (45,46). These results must be balanced with the
known complications associated with ERCP, which include
trauma to the ampulla of Vater, contamination of the main
pancreatic duct and exacerbation of pancreatitis. The

Figure 2 Computed tomography demonstrating pancreatic

necrosis. Baseline contrast-enhanced computed tomography scan

performed on admission of a 34-year-old male diagnosed with

severe acute pancreatitis. Impaired perfusion reflects widespread

pancreatic necrosis.

Figure 1 Endoscopic ultrasonography demonstrating choledo-

cholithiasis. Two gallstones are visualized in the common bile duct

using endoscopic ultrasonography. Information regarding the pre-

sence or amount of pancreatic necrosis is not provided, using this

imaging modality.
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routine use of ERCP therefore cannot be justified in either the
diagnosis or the treatment of acute pancreatitis. In cases
where it is appropriate, such as in the presence of a gallstone
clearly impacted at the ampulla of Vater, ERCP should be
performed by an experienced endoscopist.

Magnetic Resonance Cholangiopancreatography
Accumulating evidence suggests that, like EUS, noninvasive
MR imaging of the pancreas may eventually obviate the use
of diagnostic ERCP. Magnetic resonance cholangiopancrea-
tography (MRCP) (47) appears to be a safe imaging modality
that gives reliable information about the patency of the pan-
creaticobiliary ductal system (48–50), and may therefore be
useful in selecting out those few patients who truly require
therapeutic ERCP. MRCP is able to differentiate pancreatic
and peripancreatic necrosis from adjacent viable tissue,
and may be as good as contrast-enhanced CT in this
regard (51). It can also accurately identify peripancreatic
fluid collections, and may be superior to CT in determining
their contents and identifying their suitability for radiologi-
cal drainage (52). At present, however, CT is more widely
accessible, less expensive to perform, and should be
regarded as the imaging modality of choice.

Fine Needle Aspiration for the Diagnosis of Infected Necrosis
Distinguishing between sterile and infected necrosis is

imperative. Typically, patients with severe but sterile
necrotizing pancreatitis can be managed conservatively in
the ICU, while patients with contaminated necrosis will ulti-
mately require surgery (discussed subsequently). Many
groups prefer to take a nonaggressive approach, and use
clinical evidence of sepsis as an indicator of the presence
of pancreatic contamination (53). Fine Needle Aspiration
(FNA) may also be used to establish a definitive diagnosis,
and has been generally accepted as safe and effective.
Using ultrasound or CT guidance, a needle is inserted into
the pancreatic parenchyma. Aspirated tissue may be sent
for culture, yielding a sensitivity of detection of infected
necrosis up to 90% (54). It must be remembered, however,
that FNA is an invasive technique, and is associated with
morbidity and mortality including bowel perforation, pan-
creatitis and hemorrhage. Clinical judgment must therefore
be used in its application.

Assessment of Severity
Because the natural history of acute pancreatitis in those
patients with mild disease is so different from that in
patients with necrotizing pancreatitis, the early identification
of patients who will develop severe disease is crucial. Unfor-
tunately, staging of the severity of acute pancreatitis is notor-
iously difficult; using clinical data alone, even experienced
examiners can predict patients’ prognosis in only 39% of
cases (55). Multifactorial scoring systems to predict the
natural history of acute pancreatitis have therefore been
established, the first of which was developed by Ranson in
1974 (Table 2) (56). In this system, five laboratory and clinical
parameters are measured on admission, and six more are
assessed over the course of the first 48 hours of hospitaliz-
ation to estimate a likelihood of ultimate mortality. Validated
by the Atlanta Convention, severe disease is frequently
associated with three or more positive Ranson findings,
and studies have confirmed an acceptable sensitivity for
diagnosing severe disease (57). Unfortunately, the criteria
require a full 48 hours to establish, and thus are not useful
for diagnosis in the most crucial early hours.

The acute physiology and chronic health evaluation
(APACHE) II, (Table 3) (58), and more recently III (59)
scores can be used to measure the severity of a variety of
critical illnesses, and have the advantage that they may be
used earlier in a patient’s hospital course than the Ranson
system (60) to predict prognosis in an attack of acute pan-
creatitis. While the system is able to predict severe disease
with an overall accuracy approaching 90% within the first
24 hours, it is complicated to use in the clinical setting. No
advantages to the use of APACHE III over APACHE II
have yet been demonstrated.

Because of the cumbersome nature of these multi-
factorial systems, attempts have been made to estimate prog-
nosis using a single clinical or laboratory indicator. The most
successful of these attempts has been with CT scanning. By
assessing the degree of pancreatic and peripancreatic inflam-
mation, the presence of associated fluid collections and the
presence and degree of pancreatic necrosis, scoring systems
such as the Balthazar CT severity index (Table 4) can be used
to reliably predict disease severity with an accuracy equal to,
or even greater than, the previously described multifactorial
systems (57,61).

Nonoperative Management Guidelines
Resuscitation
Initial therapy for patients diagnosed with severe acute pan-
creatitis has two aims: (i) to provide cardiocirculatory
support and (ii) to prevent and to minimize the compli-
cations of multi-organ system failure (62). Patients identified
as having severe disease should be admitted to the ICU and
continuously monitored. Fluid resuscitation with crystal-

loid solutions is the cornerstone of management, because
immense volume shifts can lead to depletion of the intra-
vascular volume. Pulse, blood pressure, urine output
and the base deficit determined by arterial blood gas can
serve as markers of resuscitation in many patients; in the
elderly or more tenuous patients a central venous catheter
or pulmonary artery catheter should be inserted so that
central venous pressure, pulmonary artery wedge pressure,
cardiac output and systemic vascular resistance can be
recorded. Electrolyte levels should be continuously moni-
tored throughout the resuscitation.

Table 2 Ranson Criteria

On admission

Age .55 years

White blood cell count .16,000 mm3

Serum glucose .200 mg/dL

Lactate dehydrogenase (LDH) .350 IU/dL

Aspartate aminotransferase (AST) .250 IU/L

Within 48 hours

Hematocrit decrease .10%

Blood urea nitrogen (BUN) increase .5 mg/dL

Serum calcium ,8 mg/dL

Arterial pO2 ,60 mmHg

Base deficit .4 mmol/L

Fluid sequestration .6L

Ranson’s criteria for the assessment of severity in acute pancreatitis. The

presence of three of the above criteria is associated with severe disease

according to the Atlanta Convention. If less than three criteria are

present, the likelihood of mortality is approximately 1%. The original

report focused on alcohol-induced pancreatitis; slight modifications have

been adopted for patients with biliary etiology. Source: From Ref. 56
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The systemic cytokine release in the early stages of the
disease, combined with the effects of massive fluid shifts,
frequently lead to dysfunction of other organ systems. Renal
failure is a frequent complication of severe disease (63) that
carries a particularly poor prognosis (64). Continuous hemo-
dialysis may be required. Acute lung injury and ARDS,
found in up to one-third of patients with severe acute pancrea-
titis, account for 60% of deaths within the first week of diagno-
sis (65,66). Endotracheal intubation and respiratory support
should be provided early in the face of impending respiratory
failure. Routine strategies such as the use of low tidal volume
mechanical ventilation, permissive hypercapnia, and proning
may be used in patients with severe lung disease.

Despite maximal supportive therapy, the prognosis of
patients with severe acute pancreatitis who develop multiple
organ failure is poor (67). It is incumbent upon the clinician,
therefore, to practice an aggressive policy of prevention and
early detection.

Nutritional Support
Over the past two decades, the traditional tenets of restrict-
ing enteral nutrition and decompressing the stomachs of
patients with severe acute pancreatitis have been challenged
and largely discounted. Nasogastric decompression in

Table 3 The Acute Physiology and Chronic Health Evaluation II Scoring System

Physiologic variables Method of scoring Reference range

Score 0–4 points according

to deviation of value from normal

reference range unless otherwise stated

Rectal temperature (8C) 36.0–38.4

Mean arterial pressure (mmHg) 70–109

Heart rate (beats/min) 70–109

Respiratory rate (breaths/min) 12–24

Oxygenation (mmHg) PaO2 .70 and FiO2

,0.5 or (A-a)O2

,200 and FiO2 .0.5

Arterial pH 7.33–7.49

Serum sodium (mmol/L) 130–149

Serum potassium (mmol/L) 3.5–5.4

Serum creatinine (mg/dL) Score doubled if patient in renal failure 0.6–1.4

Hematocrit 30–45.9

Leukocyte count (�109/L) 3–14.9

Glasgow Coma Scale (GCS) Subtract GCS from total score

Age Score 0 if age ,¼44

Score 2 if age 45–54

Score 3 if age 55–64

Score 5 if age 65–74

Score 6 if age .¼75

Operative status and

chronic health

Score 0–5 depending on

operative status (nonoperative,

emergency postoperative,

felective postoperative) and

presence of severe organ insufficiency

Factors measured in the APACHE II Scoring System, which may be applied to many critical illnesses including pancreatitis. Up

to four points are ascribed to each physiologic variable listed according to its most abnormal value within the first 24 hours of

hospitalization. Additional points are given for older age, history of previously diagnosed medical conditions and surgical status.

The magnitude of the APACHE index, from 0–71, correlates with an increased severity of disease and a greater risk of in-hos-

pital death.

Abbreviation: APACHE, acute physiology and chronic health evaluation computed tomography.

Source: From Ref. 58.

Table 4 The Balthazar Computed Tomography Severity Score

Score CT appearance

CT grade

A 0 Normal

B 1 Pancreatic enlargement

C 2 Peripancreatic inflammation

D 3 Single fluid collection

E 4 Multiple fluid collections

Gland necrosis

None 0 Normal pancreatic enhancement

,30% 2 Nonenhancement of ,30% of pancreas

30%–50% 4 Nonenhancement of 30%–50% of pancreas

.50% 6 Nonenhancement of .50% of pancreas

Balthazar’s index predicts severe pancreatitis based on an assessment of

peripancreatic inflammation, associated fluid collections, and degree of

pancreatic necrosis as seen on the admission computed tomography scan.

Scores range from 0 to 10; patients with scores ,3 have a 2% morbidity

and essentially 0% mortality, while those with a score greater than 7

have a 17% mortality and a complication rate of 92%.

Source: From Ref. 43.
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particular has been shown to have no positive effect on
the clinical course of these patients (68,69), and may in
fact have contradictory effects in terms of perceived
pain, resumption of bowel function and length of hospital
stay. Nasogastric suction should not be used routinely,
and is limited to those patients who have a high risk of

aspiration, or who suffer from a concomitant ileus or bowel
obstruction.

In contrast, the use of aggressive nutritional support is
a fundamental part of treatment that should be provided to
each patient with severe disease. The cytokine release
initiated by pancreatic inflammation induces a metabolic
state similar to that of sepsis, characterized by hypermetabo-
lism, catabolism, and negative nitrogen balance. Patients’
resting energy expenditures may reach 150% of normal as
predicted by the Harris-Benedict equations (70,71), with cat-
abolism contributing to nitrogen losses up to 40 g/day (72).
Untreated, these metabolic derangements will lead to loss
of lean body mass and malnutrition.

In the past, nutritional replacement has been accom-
plished using total parenteral nutrition (TPN) (73).
The parenteral route was justified by the belief that enteral
feeding would stimulate proteolytic pancreatic secretions
and thus exacerbate pancreatic autodigestion and inflam-
mation. Initial studies suggested that patients receiving
TPN early in their hospital course for severe acute pancrea-
titis could enjoy a reduction in complications and a survival
advantage compared to controls. Nonetheless, several disad-
vantages to its use were identified. First administration of
concentrated dextrose solutions requires the introduction
of a central venous catheter, which is itself associated with
complications such as pneumothorax and catheter-related
sepsis (74). Parenteral administration may lead to electrolyte
imbalances and may exacerbate metabolic disturbances.
Finally, neglect of the alimentary tract may lead to mucosal
atrophy, increased intestinal permeability, and bacterial
translocation (75). This may lead to contamination of pan-
creatic and peripancreatic necrosis or outright sepsis.

The use of enteral feeding for nutritional support for
patients with severe pancreatitis has been justified by
several recent studies, and has now replaced parenteral
nutrition as the primary method of nutritional replacement
for patients with this disease. Enteral feedings are typically
performed through a nasojejunal feeding tube, the tip of
which is endoscopically or radiographically placed beyond
the ligament of Treitz, although recent studies suggest that
intragastric feeding may also be acceptable (76). Use of the
enteral route is safe and well tolerated by patients, and is
not associated with an increase in pancreatic inflammation
or necrosis, as previously supposed. In fact, enteral feeding
appears to be associated with an improvement in disease
severity, a decrease in the rate of complications, sepsis and
organ failure, and a reduction in the length of ICU hospital-
ization compared to parenteral nutrition (77–79). Moreover,
enteral feeding does not induce the atrophy and adverse
functional changes in intestinal mucosa seen in patients
treated with parenteral nutrition (80). This likely contributes
to a reduction in the frequency of gut-derived systemic tox-
icity, a phenomenon seen both clinically and experimentally
(81). Finally, enteral nutrition is also far less expensive to
administer than TPN. For these reasons, current recommen-
dations include the early use of enteral nutrition for patients
with severe acute pancreatitis. The use of TPN should be

relegated to the small subset of patients who do not tolerate
enteral feedings.

Prophylactic Antibiotics
Due to advances in critical care methods and care, the mor-
tality rate from multiorgan system failure in the first stages
of severe pancreatic illness has fallen. Septic complications,
typically occurring later in the patients’ hospital course,
now account for approximately 80% of deaths from severe
acute pancreatitis (20,82). Infection of pancreatic and
peripancreatic necrosis, in particular, is recognized as the
most important risk factor for death from the disease (83).
Unfortunately, infections occur in up to 40% of patients
who have over 30% necrosis of the pancreas. Prevention
and diagnosis of infection are thus of utmost importance in
the treatment of critically ill patients with acute pancreatitis.

Bacterial contamination of pancreatic necrosis can
occur through several routes (84). The use of central
venous catheters, endotracheal tubes, indwelling urinary
catheters and nasogastric tubes can introduce bacteria into
the bloodstream. Reflux of contaminated bile into the pan-
creatic duct may occur. Uncommonly, microorganisms can
also ascend into the main pancreatic duct from the duode-
num. The most important portal of entry, however, appears
to be the colon, across which bacteria and endotoxins can
translocate into the systemic circulation through an injured
and hyperpermeable mucosal barrier (85). Injury to the
mucosa may occur by several mechanisms, including hypo-
perfusion and ischemia, reperfusion injury, and bacterial
overgrowth. Mucosal atrophy, as occurs during prolonged
use of parenteral feeding, can contribute to the problem, as
can mechanical injury to the bowel that may occur concomi-
tantly with blunt or penetrating pancreatic trauma. Once the
function of the mucosal barrier has failed, bacteria may
translocate to intra-abdominal ascites, the systemic circula-
tion, or to the pancreatic necrosis directly (84).

The theory of gut-derived sepsis in acute pancreatitis
is supported by several lines of evidence. Experimental evi-
dence has clearly demonstrated that splanchnic hypoperfu-
sion during the early stages of pancreatitis can lead to gut
barrier dysfunction (86). This dysfunction is associated
with an increase in the permeability of enteric mucosa to
bacteria and macromolecules such as bacterial endotoxin,
which have been identified in high levels in the blood of
patients during severe pancreatic attacks (87). Perhaps
most compelling, prior to widespread use of antibiotics,
gram-negative and other enteric bacteria such as Escherichia
coli, Enterobacter spp, Pseudomonas spp, and Bacteroides spp
were the most common organisms recovered from pancrea-
tic necrosis; these organisms are still all too prevalent in
patients with severe disease, particularly when due to
biliary stones (88).

The use of prophylactic broad-spectrum antibiotics in
patients with severe pancreatitis to reduce pancreatic con-
tamination from the gut and other sources is now well estab-
lished. The agents imipenem and ciprofloxacin have
satisfactory efficacy against enteric organisms, and have
been shown to achieve high levels in pancreatic secretions
and peripancreatic tissues. These agents have been demon-
strated to reduce both the frequency of complications and
the rate of mortality in patients with severe disease (89,90).

Current recommendations now support the early
administration of prophylactic imipenem (or ciprofloxacin)

in patients with severe pancreatitis and high levels of pan-
creatic necrosis. Because the rate of pancreatic infection
in patients with minimal necrosis is very low, the use of pro-
phylactic agents in patients with mild pancreatitis is not

warranted.
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The prophylactic use of broad spectrum antibiotics has
been shown to be associated with fungal infections, and there-
fore the administration of these agents must not be taken
lightly. Several studies have demonstrated not only a strong
association between the protracted use of prophylactic anti-
biotics and the occurrence of fungal contamination of pancrea-
tic necrosis, but also an increased mortality rate in patients
with this complication (91–94). No data yet support the
routine use of prophylactic fluconazole in the treatment
regimen for patients with severe disease, but this agent
may be administered upon suspicion or diagnosis of fungal
infection.

Somatostatin and Octreotide
For the last two decades, the role of somatostatin in the treat-
ment of acute pancreatitis has been controversial. First
described as a potential treatment for severe pancreatitis in
1980 (95), somatostatin is an endogenously produced
antisecretory hormone secreted by D cells of the pancreatic
islets. Octreotide, a somatostatin analog, was subsequently
evaluated for use in these patients. While early studies
demonstrated conflicting results in terms of the efficacy of
these agents (96–98), recent studies suggest that no benefits
exist (99). The use of somatostatin and octreotide therefore
cannot be recommended for routine use in the treatment of
patients with acute pancreatitis.

Several recent reports have also suggested that
prophylactic somatostatin might play a role in reducing
the incidence of pancreatitis after ERCP; results have been
contradictory (100,101), and therefore their routine use is
not recommended in this setting, either.

Surgical Treatment
Indications and Timing of Surgical Intervention

Three established indications for surgical intervention in

severe pancreatitis exist: (i) the presence of infected pan-
creatic necrosis, (ii) failure to improve after a long period
of conservative management, and (iii) acute abdominal cat-
astrophe.

Infection of pancreatic necrosis occurs in up to 70% of
patients with severe necrotizing pancreatitis (83), and its fre-
quency correlates with the duration of the disease as well as
the amount of necrotic tissue present. Left untreated,
infected necrosis carries a high mortality rate approaching
100% (84,102) due to sepsis-induced organ failure initiated
by the necrotic focus of infection. With appropriate surgical
management, these patients fare better, with mortality rates
in the order of 20% (103,104). The presence of infected
pancreatic necrosis is therefore universally accepted as an
absolute indication for surgical intervention.

Sterile necrosis, in contrast, is typically not an indi-
cation for surgery (105), and can be managed successfully
using the nonoperative methods described in III.D.1.
Several reports have validated the use of nonoperative
therapy in these patients (104,106). In addition to conferring
no benefit in the majority of these cases, operative manipu-
lation of the sterile necrosis may actually contaminate
it, leading to higher mortality rates.

In the case of infected necrosis, operation should be
delayed as long as possible, with broad spectrum antibiotics
used in the period of conservative management. Improved
outcomes have been achieved with late compared to early
surgical intervention (107,108). This phenomenon is attribu-
ted to the clear demarcation between viable and nonviable
pancreatic tissues that occurs over time, enabling precise

necrosectomy when performed later in the disease course.
Moreover, by waiting, patient stability can be maximized
using nonoperative interventions. In cases of early oper-
ation, patients are frequently unstable, and the identification
at laparotomy of truly necrotic tissues in the pancreatic bed
is difficult, leading to unnecessary removal of potentially
viable tissue. These drawbacks of early intervention appear
to outweigh any advantages achieved by the early removal
of the septic focus.

The second indication for surgical intervention in
acute pancreatitis is failure of a patient to improve despite
continued support for a prolonged period, typically three
to four weeks. Often, these patients will demonstrate signs
of increasing toxicity in the absence of proven infection;
failure of multiple organ systems is a frequent complication.
Evidence suggests that operating in these cases may be ben-
eficial (109,110). Unfortunately, the timing of surgery in these
patients is not clear; good surgical judgment remains the
only way to select that subset of patients who will benefit
from surgical management.

The final indication for operative management in
patients with acute pancreatitis is in the presence of an
acute abdominal catastrophe, such as rupture of a peripan-
creatic fluid collection or intra-abdominal bleeding from
erosion of a major vessel (2). In these unusual cases, the
surgeon may be forced to operate immediately.

Although these indications for operation serve as a
guide, the following advice of the eminant pancreatic
surgeon Dr. Kenneth Warren remains instructive: “the two
most common mistakes made in the treatment of acute pan-
creatitis are to operate too early and do too much and to
operate to late and do too little.” The underlying wisdom of
these remarks derive from the recognition that choosing the
right operative path is based upon careful and repetitive
examinations of the patient, and re-evaluation of all data
(i.e., CT scans, amylase, etc.) in the setting of an optimally
resuscitated patient.

Operative Techniques
Necrosectomy
The preferred surgical treatment for necrotizing pancreatitis
involves necrosectomy, in which devitalized pancreatic par-
enchyma and peripancreatic tissues are debrided from the
retroperitoneum (111). The abdomen is opened according
to the preference of the surgeon, typically through a vertical
upper abdominal or bilateral subcostal incision to facilitate
exposure. Access to the pancreatic bed is achieved through
the maneuvers described previously. Removal of necrotic
tissue can then be accomplished using blunt finger dissec-
tion and irrigation with a balloon syringe. A sample of
tissue should be sent for culture. All peripancreatic fluid col-
lections are gently opened and drained. Perioperative
oozing, which may be copious, is controlled by pressure
with moist laparotomy pads.

Once the necrotic debris is entirely removed, the
residual cavity must be drained in order to remove serum,
blood, and pancreatic secretions. This may be accomplished
using a closed technique in which saline is irrigated daily
into the pancreatic bed through a series of catheters and
then removed through another set of drains (103,112). Other
authors perform a closed technique in which the residual
cavity is packed with penrose drains stuffed with gauze,
which are subsequently withdrawn over time (113). If the
residual cavity is very large, or contains extensive necrosis,
open drainage may be performed (114). In such methods,
laparotomy pads are placed into the lesser sac and the
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abdominal wound is loosely approximated in a temporary
closure. Daily packing changes can be performed using
sterile technique in the operating room until the wound
begins to granulate. With any of these methods, complete
necrosectomy may require multiple explorations. These may
be scheduled or may be performed on an as-needed basis dic-
tated by the clinical condition of the patient.

The choice of technique depends in large part on the
choice and comfort of the surgeon. Satisfactory results
have been demonstrated using all of the above methods in
which successful debridement and drainage of the lesser
sac are effected.

Percutaneous Drainage
As experience with interventional radiology has grown, so
too has interest in using percutaneous techniques in the
treatment of acute pancreatitis. While percutaneous drai-
nage clearly has a role in the treatment of peripancreatic
fluid collections (115), abscesses (116), and pseudocysts
(117), such techniques have not yet proven useful in the
removal of pancreatic necrosis. Open surgery remains
the primary approach for pancreatic necrosis; interventional

radiological techniques may subsequently be used suc-
cessfully to drain residual fluid collections.

Late Complications and Sequelae
Although they are relatively common, the late complications
and sequelae of acute pancreatitis and its treatment typically
occur weeks after the acute event. They are therefore infre-
quently part of the course of treatment of patients with
acute pancreatitis during their ICU hospitalization.

Pancreatic pseudocysts are cystic lesions that arise
secondary to disruption of the pancreatic ductal system
with subsequent leakage of pancreatic fluid and enzymes
into surrounding tissues (Fig. 3). These lesions form over a
protracted four to six weeks course after an initial attack,
and can be diagnosed by their appearance on CT scan and
their absence of an epithelial lining on histological analysis.

Pseudocysts occur in approximately 6% of cases of acute
pancreatitis (20), and are more common in severe cases.
Most cases resolve spontaneously, particularly when less
than 6 cm in diameter. Drainage can be performed for
large or symptomatic lesions, using surgical, endoscopic or
percutaneous techniques.

Less common, yet more concerning, is the develop-
ment of a pancreatic abscess (118). Like pseudocysts, these
lesions occur late in the course of disease, but differ in that
their contents are highly purulent. They are typically not
associated with active pancreatic necrosis. Although
drainage may be successfully accomplished percutaneously
in a subset of patients, many patients will benefit from
definitive surgical management (119).

Fistulas originating from the pancreas may occur
despite therapy for acute pancreatitis, and typically communi-
cate externally to the skin (120). Initial treatment for this com-
plication is conservative, with endoscopic management or
surgical treatment used only in cases that are unresponsive.

PANCREATIC INJURIES

Although relatively uncommon, the incidence of pancreatic
trauma has risen over the past several decades due to an
increase in the frequency of automobile accidents and major
gunshot wounds. The considerable morbidity and mortality
associated with pancreatic trauma is due in large part to the
frequency with which it is associated with other severe intra-
abdominal injuries. Nonetheless, pancreatic injuries run the
gamut of severity from minor contusions and lacerations to
major ductal disruptions. Left untreated, these injuries can
lead to devastating sequelae and complications. This is
further complicated by the fact that identification of pancreatic
injury is often delayed, particularly when associated with a
blunt abdominal trauma in the otherwise stable patient.

Etiology
Pancreatic injury may occur as a result of either blunt or
penetrating mechanisms, and is a component of up to 12%
of major abdominal injuries (121). Stab wounds and
gunshot injuries are common penetrating etiologies of pan-
creatic injury, and occur as a result of direct mechanical dis-
ruption to the gland. In contrast, blunt injuries resulting in
pancreatic injury are typically the result of high-energy
transfer, in which the gland is compressed posteriorly
against the spinal column. In adults, up to 60% of these inju-
ries occur in automobile accidents, as a result of compression
of the steering wheel against the anterior abdomen (122). In
children, blunt pancreatic trauma is attributed to bicycle
handlebar injuries in as many as 75% of cases (123).

Diagnosis
Isolated penetrating pancreatic injuries are uncommon (124)
because of the gland’s retroperitoneal location in close proxi-
mity to major blood vessels and other vital organs (Table 5).
Penetrating pancreatic trauma is therefore typically ident-
ified intraoperatively upon laparotomy performed for
other indications, such as evidence of hemorrhage or perito-
nitis, or identification of a stab wound which is found on
digital examination to penetrate the anterior abdominal
fascia. Gunshot wounds to the abdomen are themselves an
indication for operation in most centers. Rarely, if ever, is
emergent laparotomy performed because of isolated

Figure 3 Computed tomography demonstrating a pancreatic

pseudocyst. Computed tomography scan of the same patient as

seen in Figure 2, performed seven weeks after the onset of symp-

toms. A large pancreatic pseudocyst was identified, which was

subsequently treated by operative internal drainage into the

stomach.
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concern for pancreatic injury (125). Patients requiring lapar-
otomy for the treatment of penetrating abdominal trauma
require no additional preoperative evaluation for the specific
detection of pancreatic injury. Pancreatic injuries second-

ary to penetrating abdominal trauma are best diagnosed
within the critical first six hours of injury.

For the same reasons, identification of pancreatic injury
in the unstable patient with blunt abdominal trauma is routi-
nely made in the operating room. In contrast, the diagnosis of
blunt pancreatic trauma in the relatively stable patient with
no immediate indication for exploration is more difficult, fre-
quently leading to significant delays in definitive diagnosis
and treatment. Several factors contribute to this difficulty.
First, clinical findings and laboratory values in cases of
blunt pancreatic injury are nonspecific. Patients frequently
present with abdominal pain, but this is common in trauma
patients. Pain out of proportion to physical exam has been
suggested as a clue to retroperitoneal injury; this finding is
nonspecific and unreliable. Serum hyperamylasemia may
be present, but amylase may be normal in as high as 34%
of patients with blunt abdominal injury (125). In addition,
random elevations in both serum amylase and lipase are fre-
quently found in patients with blunt abdominal trauma but
no pancreatic injury (126). Although additional sensitivity
may be achieved by performing serial abdominal exams
and measuring serial serum amylase levels, this implies a
diagnostic and therapeutic delay.

Another factor contributing to a difficulty in diagnos-
ing blunt pancreatic injury is the retroperitoneal location of
the gland. Massive retroperitoneal injury may be present in
the face of a normal diagnostic peritoneal lavage, which is
most suitable for the diagnosis of intraperitoneal injury
(127). Likewise, trauma ultrasound is typically used to ident-
ify free fluid in the intraperitoneal cavity; it is not as sensitive
in the diagnosis of retroperitoneal injury (128).

For these reasons, blunt pancreatic trauma is fre-
quently diagnosed using CT scan, which has a sensitivity
of upwards of 80% in the diagnosis of these injuries. Find-
ings suggestive of pancreatic injury on CT include the pre-
sence of a parenchymal laceration, peripancreatic fluid
collections and hematoma, hemorrhage into the peripancrea-
tic tissues, and focal or diffuse enlargement of the gland

(121). Nonetheless, the use of CT is associated with certain
caveats.

Although CT scans are crucial to the early diagno-
sis of pancreatic injuries, the scans of patients with signifi-
cant pancreatic injury may be entirely normal, particularly
within the first 12 hours of injury. As concerning, CT
scan is notoriously inaccurate in its ability to diagnose
major ductal injuries, and therefore often understages pan-
creatic injuries compared to findings made at laparotomy
(121,129). CT scan should thus be viewed as a valuable tool
in the diagnosis of pancreatic trauma, but should not be a
substitute for clinical judgment and frequent physical exam-
inations.

Classification and Assessment of Severity
Commonly used systems of classification of pancreatic inju-
ries reflect the mechanism of an injury, its anatomic location,
and its extent, and therefore both facilitate estimation of the
severity of injury and help to guide its treatment. The classi-
fication system in most widespread use is that of the
American Association for the Surgery of Trauma (AAST)
(130), in which injuries are graded as follows (Table 6).
Grade I injuries consist of minor pancreatic contusions or
superficial lacerations without evidence of ductal injury.
Grade II injuries represent major contusions or lacerations
without ductal injury or substantial loss of tissue. Grade III
injuries are those that involve distal transection or major
parenchymal injuries that involve the pancreatic ducts. Tran-
sections of the gland that are more proximal are named
Grade IV injuries, as are major parenchymal injuries that
involve the ampulla of Vater. Massive disruptions of the
pancreatic head are Grade V.

Treatment
Up to 75% of trauma victims who die with a pancreatic
injury do so within the first 48 hours, often due to exsangui-
nation from associated vascular injuries. Moreover, less than
10% of deaths in patients with pancreatic injury can be attrib-
uted directly to the pancreatic injury itself (122). Treatment
of patients with abdominal trauma should therefore be
initiated with proper resuscitation using standard Advanced
Trauma Life Supportw (ATLSw) protocols. Surgical pro-
cedures should likewise have, as their initial focus, the

Table 5 Intra-abdominal Injuries Associated with Pancreatic

Trauma

Intra-abdominal organ Percent of injuries (%)

Stomach 53

Liver 52

Diaphragm 44

Kidney 39

Major vascular 37

Minor vascular 31

Spleen 26

Small bowel 23

Large bowel 23

Duodenum 21

Extrahepatic biliary 8

Ureter 2

Additional intra-abdominal injuries found in association with pancreatic

injury upon exploration for penetrating abdominal trauma in a series of

62 patients compiled over 11 years in a single, high-volume Level I

trauma center.

Source: From Ref. 124.

Table 6 American Association for the Surgery of Trauma

Classification of Pancreatic Injuries

Grade Type Description

I Hematoma Minor contusion without duct injury

Laceration Superficial laceration without duct injury

II Hematoma Major contusion without duct

injury or significant tissue loss

Laceration Major laceration without duct injury

or significant tissue loss

III Laceration Distal transection or parenchymal

injury with duct involved

IV Laceration Proximal transection or parenchymal

injury involving ampulla of Vater

V Laceration Massive disruption of the pancreatic head

Classification of pancreatic injuries based on mechanism, location of injury,

and involvement of the pancreatic duct or ampulla of Vater. In general, a

higher score is associated with a higher magnitude of severity.

Source: From Ref. 130.
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identification and treatment of associated life-threatening
injuries to the vasculature and other solid organs. Control
of contamination from intestinal injuries is also of para-
mount importance. On occasion, this may require a
damage control approach, wherein the patient’s bleeding is
controlled in a first operation and definitive treatment is
accomplished in a second operation, performed after
hypothermia, acidosis and coagulopathy are corrected in
the ICU (131). Only after the patient is stabilized should
attention be turned to the pancreas.

Patients in whom pancreatic injury is suspected
should undergo a complete surgical assessment of the
gland, using the surgical maneuvers described above.
Careful attention should be paid to the possibility of injury
to the pancreatic duct, as its presence has an impact on
both morbidity and surgical technique. In general, patients
with class I and II injuries which do not disrupt the pancrea-
tic duct require only external drainage, typically to closed
suction Jackson Pratt-type drains. Injuries that involve the
pancreatic duct, in contrast, may require additional pro-
cedures, which are dictated by the location of the injury. Inju-
ries to the left of the superior mesenteric vessels, that is,
those in the body or tail of the gland, may be treated success-
fully by distal pancreatectomy. Although splenic salvage can
be attempted in these cases, undue effort should not be used
to save the spleen in the unstable patient. If pancreatic duct
injury is suspected but cannot be grossly identified, trans-
duodenal pancreatography can be performed, but some
authors prefer instead to assume a duct injury exists,
because the morbidity of distal pancreatectomy is low and
the morbidity of a duodenotomy can be substantial.

In cases in which injuries to the pancreatic head cause
disruptions of the main pancreatic duct to the right of the
superior mesenteric vessels, treatment may consist of
pyloric exclusion or duodenal diverticulization, if the
injury is associated with duodenal trauma. These procedures
need not be performed for isolated injury to the pancreatic
head, for which aggressive external drainage is the favored
therapeutic technique. ERCP and stent placement may be
used postoperatively to provide proximal drainage of pan-
creatic secretions. Only in rare circumstances must formal
resection of the pancreatic head and duodenum, the
“Trauma Whipple,” be performed.

Overall, appropriate treatment of pancreatic trauma is
associated with satisfactory results (124,132). The most
common complication following operative management of
pancreatic trauma is the formation of a pancreatic fistula,
which emphasizes the fundamental need for external drai-
nage as part of any surgical operation on the gland.

Even despite such treatment, pancreatic fistula may occur
in up to 25% of patients postoperatively. Treatment of this
complication is typically conservative, although the use of
ERCP for decompression has been successful in decreasing
fistula output. Octreotide does not appear to play a role in
management (133). Peripancreatic pseudocyst may also
occur as a result of inadequate drainage. Abscess formation,
pancreatitis, and pancreatic hemorrhage are other less
common complications.

EYE TO THE FUTURE

Evolution in the care of patients with severe acute pancrea-
titis and pancreatic trauma is ongoing. Major advances
in the fields can be grouped into those pertaining to the

diagnosis of these diseases and those dealing with their
medical and surgical treatment.

In both pancreatitis and pancreatic trauma, novel diag-
nostic modalities that could reliably diagnose and predict
the severity of disease would be most welcome. To this
end, current research is looking at early inflammatory
mediators as potential markers for pancreatic inflammation,
necrosis, and infection. Elevations in procalcitonin and IL-6
have been recently identified as having a predictive value
for the ultimate occurrence of infected necrosis in severe
acute pancreatitis (134). Measurement of urinary trypsin
activation peptide (TAP), which is released upon activation
of trypsinogen to trypsin, has also been shown to be an effec-
tive predictor of severe disease, and can be applied within
the first 24 hours after its onset (135,136). Assays to
measure these and other potential early indicators of
severe disease are at present costly and require specialists
to both perform and interpret. As experience grows, their
acceptance and use should become more widespread.

Similar advances are also being made in the field of
pancreatic imaging. MRCP appears to hold particular
promise in the diagnosis of benign pancreatic disease. Cur-
rently, the use of MRCP is limited due to artifacts that com-
promise image quality, but improvements in technology
should eliminate these problems. While the technique has
questionable utility in the care of the acute trauma patient,
similar advances in ultrasound and CT diagnostics will
likely enable more rapid and definitive diagnosis of patients
with pancreatic injury (137).

That these diagnostic advances may improve outcomes
of patient’s with severe acute pancreatitis, and pancreatic
injury is unquestioned. It remains to be seen if advances in
surgical technique will likewise have an effect on morbidity
and survival. Laparoscopic necrosectomy (138,139), as per-
formed using transgastrocolic or transgastric approaches,
has been performed in small groups of patients, in an
attempt to successfully debride the pancreas and create effec-
tive drainage without the morbidity of a laparotomy. Early
results are enticing, but further studies are needed to perfect
the procedures and to definitively identify a subgroup of
patients for whom this minimally-invasive approach would
be beneficial. Laparoscopic abdominal exploration in trauma
is also gaining popularity in certain situations, with use of
laparoscopy in the diagnosis and definitive treatment of inju-
ries to the pancreas in its infancy (140).

Finally, elucidation of the pathogenic mechanisms
behind acute pancreatitis and its effects on distant organ
systems has driven investigation into the ability of immuno-
modulatory therapies, such as the platelet activating factor
antagonist lexipafant (141), and drotrecogin alfa (recombi-
nant human activated protein C) (142), to prevent cata-
strophic local and systemic complications. While no such
therapies are currently in use, they represent potentially
important novel strategies in the critical care management
of pancreatitis.

SUMMARY

Acute pancreatitis ranges in severity from very mild to cata-
strophically severe. Patients with severe disease must be
identified early. Although measurements such as the
APACHE II score can be used for this purpose, the identifi-
cation of widespread necrosis on an initial CT scan is just
as reliable, and thus all patients suspected of having severe
disease should receive a baseline CT scan on admission.
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Those patients found to have a poor prognosis should be
triaged to the ICU. Initial treatment is medical, and should
focus on cardiopulmonary support and the prevention of
injury to other organ systems. Patients that survive this
first phase of treatment frequently develop superinfected
pancreatic necrosis and must undergo an operation
designed to remove the infected focus and drain the residual
cavity. Although late sequelae are not uncommon, long-term
morbidity and mortality have been reduced to acceptable
levels using this course of therapy.

Morbidity from pancreatic injuries may likewise be
substantial. While these injuries may be detected upon
laparotomy performed for other indications, the diagnosis of
pancreatic trauma is frequently difficult. A high level of suspi-
cion should be maintained. If diagnosed, treatment depends
on the severity and location of the injury, as well as on the
presence or absence of involvement of the main pancreatic
duct. In all cases, aggressive drainage is required to prevent
complications such as fistula or pseudocyst formation.

KEY POINTS

Three surgical maneuvers must be performed to com-
pletely evaluate the pancreas: (1) entry into the lesser
sac via the gastrocolic ligament, (2) division of the lei-
norenal ligament with full mobilization of the pancrea-
tic tail, (3) mobilization of the duodenum and
pancreatic head with a Kocher maneuver.
The two leading causes for acute pancreatitis are biliary
tract stones and alcohol abuse, which together account
for over 90% of cases.
Treatment of patients with mild acute pancreatitis can
be accomplished on a general medical or surgical
ward, and the disease is typically self-limiting, result-
ing in an uneventful recovery.
Serum amylase and lipase are used to diagnose pan-
creatitis, but their magnitudes are not predictive of
disease severity.
Whether amylase or lipase is more accurate in the diag-
nosis of pancreatitis is debatable; in clinical practice,
serum levels of both are typically ordered. Concomi-
tant elevation of both enzymes is good evidence for
the diagnosis, especially in conjunction with a consist-
ent history and physical examination.
Ultrasound may be used to assess complications of
acute pancreatitis, such as pseudocyst and aneurysm
formation.
CT scanning is the diagnostic modality of choice, and a
good baseline CT scan is therefore recommended upon
admission to the ICU in all patients suspected of having
severe disease.
Distinguishing between sterile and infected necrosis is
imperative.
Fluid resuscitation with crystalloid solutions is the cor-
nerstone of management, because immense volume
shifts may lead to a depletion of the intravascular volume.
Nasogastric suction should not be used routinely, and is
limited to those patients who have a high risk of aspira-
tion, or who suffer from a concomitant ileus or bowel
obstruction.
The use of TPN should be relegated to the small subset
of patients who do not tolerate enteral feedings.
Current recommendations now support the
early administration of prophylactic imipenem (or

ciprofloxacin) in patients with severe pancreatitis and
high levels of pancreatic necrosis. Because the rate of
pancreatic infection in patients with minimal necrosis
is very low, the use of prophylactic agents in patients
with mild pancreatitis is not warranted.
Three established indications for surgical intervention
in severe pancreatitis exist: (1) the presence of infected
pancreatic necrosis, (2) failure to improve after a long
period of conservative management, (3) acute abdomi-
nal catastrophe.
Open surgery remains the primary approach for pan-
creatic necrosis; interventional radiological techniques
may subsequently be used successfully to drain
residual fluid collections.
Pancreatic injuries secondary to penetrating abdominal
trauma are best diagnosed within the critical first six
hours of injury.
Although CT scans are pivotal in the early diagnosis of
pancreatic injuries, the scans of patients with significant
pancreatic injury may be entirely normal, particularly
within the first 12 hours of injury.
Only after the patient is stabilized should attention be
turned to the pancreas.
The most common complication following operative
management of pancreatic trauma is the formation of
a pancreatic fistula, which emphasizes the fundamental
need for external drainage as part of any surgical oper-
ation on the gland.
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INTRODUCTION

“All we really know for certain about the kidney is that it
produces urine” (1). This statement by the eminent twenti-
eth century renal physiologist and philosopher, Homer
Smith, epitomizes the complexity of urine formation. Clini-
cians often rely on adequate urine output as a sign of
tissue perfusion and renal function. Normal urine pro-
duction (about 1–2 L per day) is the result of a delicate
balance between renal and extrarenal factors. This balance
is frequently disrupted in patients following trauma and
critical illness, which leads to decreased urinary output, or
oliguria (oligio ¼ few, small, or little).

Oliguria may be one of the first clinical clues heralding
inadequate renal perfusion in trauma and critically ill
patients. Understanding the definition, verification process,
differential diagnosis and treatment priorities for oliguria
constitutes essential fundamental knowledge required of
all trauma intensivitists. Because oliguria is a normal
compensatory response to acute hypovolemia, it has been
deemed by some as a sign of renal success rather than renal
failure (2).

In the past, oliguria associated with a disease process
was viewed by many as a primary renal event that heralded
a dysfunctional kidney (renal failure); thus, therapy usually
was directed towards restoration of normal urinary output.
The concept that during illness or trauma, oliguria may
also represent an adaptive mechanism by the kidney in its
efforts to restore homeostasis (renal success) was introduced
later (2,3).

However, there is a narrow window (approximately
30–60 minutes) between the onset of the protective compen-
sation (renal conservation of sodium and water, resulting
in oliguria), and the initiation of ischemic acute tubular
necrosis (ATN) in the setting of severe renal hypoperfusion.

Because of the short time span following hypoperfu-
sion of the kidneys and progression to ATN, especially in
the setting of pre-existing renal insufficiency, or concomitant
toxic exposure, other (indirect) but earlier indicators of renal
perfusion (or underperfusion) must be relied upon in order
to protect patients and their kidneys from perioperative
renal doom.

Oliguria is often an early sign of renal compromise,
representing either a compensatory mechanism for hypo-
perfusion (hypovolemia and/or hypotension) or an acute
renal insult. Renal compensatory mechanisms are

limited and progression to overt renal insufficiency can
occur over a short period of time (minutes to hours), thus
providing a small window for therapeutic intervention (4,5).

This chapter provides an overview of oliguria along
with the background knowledge required to understand
and promote renal viability following trauma and critical
illness. Identifiable factors known to increase the risk for
renal insufficiency, and the maneuvers that should be
taken to limit renal injury in these susceptible patients
are reviewed. The physiology of urine formation, and the
pathogenesis of ARF are described.

The appropriate evaluation and treatment of the oligu-
ric patient requires an understanding of the mechanisms
involved in urine production, the risk factors, and the patho-
physiological entities responsible for oliguria and ARF. An
organized approach to the diagnosis and treatment of revers-
ible causes of oliguria must be initiated expeditiously, in order
to prevent the poor prognosis of acute renal failure (6,7).

DEFINITION AND CLASSIFICATION
Definition of Oliguria
The standard definition of oliguria in an adult is a urine
output ,400 mL/day (approximately 15 mL/hr) (8). This
volume is based on the amount of maximally concentrated
urine required to excrete the normal daily solute load includ-
ing nitrogenous waste products. In certain clinical con-
ditions (e.g., administration of osmotic diuretics, severe
hyperglycemia), a patient may be considered oliguric
despite a higher urinary output. Similarly, patients with
pre-existing renal dysfunction may be unable to effectively
concentrate the urine and thus require a higher urinary
output to maintain homeostasis.

Definition of Acute Tubular Necrosis
Acute tubular necrosis (ATN) is the death of tubular cells as
occurs following prolonged ischemia (hypotension and
hypovolemia chiefly) or exposure to toxins (rhabdomyolysis,
IV contrast, aminolycosides, etc.). The pathophysiology of
ATN is not completely understood, but a recent review by
Gill is recommended (8).

Classification of Acute Renal Failure
Traditionally acute renal failure (ARF) has been separated
into three major categories: Prerenal, intrinsic renal, and
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postrenal (Table 1) (9,10). This is an incomplete classification
system because prerenal oliguria initially is reversible, but
when hypoperfusion is allowed to persist for too long,
intrinsic renal injury in the form of ATN will occur. Post
(or obstructive) renal failure is also initially reversible but
when prolonged can cause intrinsic renal injury and
failure. Nephrotoxic drugs and pre-existing renal disease
can increase the risk of ATN with all these entities. A wide
variety of medical conditions not unique to trauma or critical
care can also cause renal failure.

PATHOPHYSIOLOGY

When the kidneys sense abnormalities in extracellular
fluid volume or osmolality, they respond by increasing or
decreasing the amount of urine excreted. Marked
reduction or cessation of urinary output in a trauma or criti-
cally ill patient can occur suddenly or over a period of
several hours to days. Oliguria may be the harbinger of
ATN. Correct diagnosis and treatment are paramount to
prevent significant morbidity and mortality.

If oliguria is associated with a prerenal state, a measur-
able decrease in urine output is present and blood urea nitro-
gen (BUN) rises to a greater degree than does the serum
creatinine, as the kidneys produce concentrated urine to con-
serve intravascular volume. As renal conservation mechan-
isms become exhausted, renal failure supervenes, function
deteriorates and abnormal serum biochemical values
develop. Significant oliguria implies a state of renal dys-
function, since a urine output of �400 mL/day is inadequate
for excretion of the daily solute load of 650 to 750 mOsm
(normal diet) in a maximally concentrated urine (1.2

mOsm/mL). Since renal failure also may be associated
with a high urine output, both oliguric and polyuric states
represent the extremes of a continuum. Thus, a diagnosis
of renal failure must take into account the quality of urine
excreted as well as the quantity produced.

Physiology of Urine Formation
160 to 180 L of water, each containing approximately 300
mOsm of solute, are filtered daily through the glomeruli of
a healthy adult in a 24-hour period. As the filtrate passes
through the proximal convoluted tubules, sodium is actively
resorbed into the renal cortical interstitium, chloride follows
passively, and water is reabsorbed by osmosis. Ions and

water deposited in the interstitium are rapidly removed by
blood perfusing the cortical capillaries, thereby reducing
the fluid volume in the proximal tubules by approxi-
mately 75%. However, the osmolar concentration remains
unchanged.

As fluid flows through the thin, descending limbs of
Henle’s loops, water diffuses out into the hypertonic intersti-
tium of the medulla and papilla, and sodium and chloride
diffuse in. The volume of tubular fluid decreases, and the
osmotic pressure progressively increases. In the thick part
of the ascending limb of Henle’s loops, chloride is extruded
into the interstitium. Since water cannot pass through the
ascending limbs, the osmolar concentration of the tubular
fluid is reduced.

Fluid entering the distal convoluted tubules is hypo-
tonic compared to the surrounding cortical interstitial
fluid, and its volume is reduced to 15% of the original glo-
merular filtrate. Tubular fluid is isotonic with cortical inter-
stitial fluid when it reaches the middle of the distal
segment. Active extrusion of sodium and passive osmotic
diffusion of water are resumed in the distal tubule, and the
volume of tubular fluid volume entering the collecting
duct is reduced to approximately 1% of the original
glomerular filtrate. Collecting duct fluid, which initially is
iso-osmotic, becomes progressively concentrated as it
descends through the hypertonic medullary and papillary
interstitium.

As water diffuses out of the descending limbs of
Henle’s loops and the collecting ducts, it is removed by
blood flow through the vasa recti of the medulla and
papilla. These vessels reduce the loss of osmotically active
solutes from the medulla and papilla. Once urine exits the
kidney, it is transported to the bladder via ureteral peristal-
sis, initiated in pacemaker sites located at the junction of
the ureter and the renal pelvis.

Renal Perfusion
The kidneys receive approximately one-fifth the total resting
cardiac output ( _Q). However, their oxygen consumption
( _VO2) is rather low (about 10% of total body _VO2) (11). The
three main determinants of renal blood flow are: (i) _Q, (ii)
renal perfusion pressure, and (iii) local hemodynamic
factors such as afferent versus efferent arteriolar tone.

Renal blood flow is preferentially directed to the cortex
(90–95%), where most glomeruli are located, in order to
optimize filtration and reabsorption. Unlike the cortex,

Table 1 Major Categories of Oliguria in Trauma and Critical Care

Class Cause Examples/comments

Prerenal Hypovolemia Blood loss, fluid loss, third space sequestration

Hepatorenal syndrome Liver failure and decreased effective intravascular volume

Cardiac and cardiovascular failure Infarction, tamponade, arrhythmia, sepsis, anaphylaxis

Vascular obstruction Thrombosis (arterial or venous), embolus, aneurysm, amyloidosis

Renal Hemolysis Transfusion and immune reactions, malaria

Rhabdomyolysis Trauma, muscle damage, heat stroke, malignant hyperthermia

Nephrotoxins Radiocontrast, aminoglycosides

Vasculitis acute, diffuse

Pyelonephritis antibiotics

Periarteritis

Postrenal Obstruction Catheterized patients: kinked catheter, clot obstruction, false

passage

Non-catheterized patients: calculi, stricture, neoplasms

Extravasation Bladder rupture
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the medulla receives only a fraction of flow (5–10%), to
preserve the osmotic gradient required to concentrate the
urine (12). Medullary cells (particularly those on the ascend-
ing limb) have a higher oxygen extraction than cortical cells
(80% vs. 20%) (13). The high metabolic rate in combi-
nation with a lower blood supply places the medullary

tubular cells at a higher risk for hypoxic damage, despite
what would be perceived as adequate renal blood flow.
(Fig. 1).

Renal blood flow is constant over a wide range of
mean arterial pressures (MAPs) (Fig. 2). The predominant
mechanism involves changes in glomerular arteriolar
tone with consequent variations in renal vascular resist-
ance. Decreased renal perfusion may occur with low _Q
(e.g., hypovolemia), decreased perfusion pressure (MAP)
despite adequate _Q (e.g., sepsis), or due to local redistribu-
tion of blood flow (as occurs with hepatorenal syndrome).
Hypotension due to hypovolemia causes a greater reduction
in renal blood flow than hypotension (of a similar magni-
tude) due to impaired left ventricular (LV) function (14).
This difference is caused by the release of atrial and brain
natriuretic peptides from the left atrial and ventricular
endocardium in response to increased filling pressures
(15). These protective endogenous peptides are important
renal vasodilators, which also increase GFR and sodium
excretion.

The response to renal hypoperfusion is complex and
multifactorial, as the kidneys “attempt” to preserve GFR.

Both neurohormonal and hemodynamic factors (local and
systemic) are involved (16–18) and include: (i) afferent
arteriolar dilatation that, when combined with efferent arter-
iolar constriction, increases filtration fraction; and (ii)
activation of the renin-angiotensin aldosterone (RAA) axis,
with increased sodium reabsorption and efferent arteriolar
resistance. A low cardiac output will trigger the release of
ADH with consequent reabsorption of water in the collecting
duct (19). The accompanying sympathetic response pro-
duces a further increase in arteriolar resistance.

Intrarenal production of prostaglandins E2, D2, and I2,

each play an important role in local autoregulation of blood
flow by acting as renal vasodilators. In the presence of
decreased renal blood flow, the release of PGE2 counteracts
the renal vasoconstrictive effects of angiotensin and norepi-
nephrine to preserve renal blood flow (20). Certain nonster-
oidal anti-inflammatory agents (NSAIDs) decrease the
synthesis of PGE2 by inhibiting the activity of cyclo-
oxygenase, thereby increasing the risk of renal ischemia in
susceptible patients (21).

Oliguria in response to hypoperfusion is the result of
the kidneys’ self-preservation to circumvent renal failure.

Unless the primary insult is corrected, however, these
mechanisms eventually become overwhelmed, and tubular
necrosis occurs.

DIFFERENTIAL DIAGNOSIS
Prerenal Oliguria
Oliguria in trauma and postsurgical patients is most com-
monly associated with inadequate renal perfusion, stem-
ming from hypotension and inadequate circulating blood
volume secondary to hemorrhage and/or shift of third space
fluids. Other contributors, including nephrotoxic drugs,
cardiac failure or preexisting diseases can also be involved,
especially during the critical illness. The abdominal com-
partment syndrome can also play an important role
(Chapter 34). When renal blood flow is minimally or moder-
ately depressed, a compensatory increase in filtration frac-
tion occurs, and GFR and urine formulation remain
relatively unaffected. However, when depression of renal

Figure 2 Autoregulation of glomerular filtration rate (GFR) and

renal blood flow (RBF), based on the original data of Shipley

and Study, GFR and RBF remain constant between a renal arterial

pressures of 80 to 180 mmHg. Source: From Ref. 137.

Figure 1 Anatomy of intrarenal zones predisposed to hypoxic

injury in acute renal failure. Source: From Ref. 136.

Chapter 40: Oliguria: Renal Failure vs. Renal Success 721



blood flow is marked, GFR, urine formation, and electrolyte
excretion also are significantly reduced.

Oliguria caused by blood loss, sequestration of fluid
into a surgical third space, dehydration, or gastrointestinal
loss is a complex problem. If hypovolemia is severe and per-
sistent enough to cause renal ischemia, functional lesions
acquire a renal morphological component. In extreme
cases, simple prerenal oliguria is transformed into oliguric
renal failure (22).

Extravasation of urine outside the bladder following
pelvic trauma (Volume I, Chapter 28), may be associated
with oliguria. Pelvic fractures are associated with 9% to
15% incidence of a ruptured bladder (23). The uterers are
rarely injured, except from direct trauma during surgery.

Intrinsic Renal Disease (Acute Tubular Necrosis)
Renal causes of oliguria are also known as intrinsic renal
failure, implying a nonprerenal etiology. This is not necess-
arily true in trauma patients. Indeed, renal oliguria in
trauma and postsurgical patients usually results from uncor-
rected renal hypoperfusion, leading to ATN. Although
primary renal oliguria is not usually associated with
trauma and surgery, in certain clinical conditions, oliguria
occurs as a result of a toxic insult to the kidney despite
adequate renal perfusion.

Ischemia
Prolonged prerenal state, hypotension, hypovolemia, and
hypoxia are all common conditions in the critically ill
trauma patient and all can cause ATN. Many disparate etiol-
ogies, including various nephrotoxins, can lead to ATN via a
mechanism involving reduced total or segmental renal blood
flow with resultant ischemic injury.

The mortality associated with this syndrome has
remained high despite 50 years of improvements in manage-
ment. This is largely because modern resuscitation practices
now prevent ATN in less severely ill patients, and saves the
lives of those critically ill patients who formerly would have
died. Thus ATN is seen in a progressively sicker subset of
patients.

Ischemia causes changes in tubular cell polarity; loss of
integrity of the tubular epithelial barrier; necrotic and apopto-
tic cell death; loss of both viable and nonviable cells, which lift
off the basement membrane; and expression of genes charac-
teristic of the embryonic kidney mesenchyme (24,25). The
damaged kidney epithelium, however, in contrast to heart
or brain, can be completely restored in structure and function.

The kidney possesses a remarkable regenerative
capacity after acute ischemic and/or toxic injury. This regen-
erative capacity manifests itself by proliferation and
migration of poorly differentiated cells along the denuded
basement membrane of injured tubular segments within a
few days after ischemic insult (26). In animal models of
repair following ischemic injury, proliferation is observed
to be maximal in the straight segment of the proximal
tubule located in the outer medulla, where damage is most
apparent. The damaged areas of the nephron are repopu-
lated initially by poorly differentiated proliferating cells
that have features of epithelial precursors, such as a less
well-developed brush border, downregulation of the tran-
scription factor kid-1 (27), and expression of the intermediate
filament protein vimentin, which is normally undetectable in
the adult proximal tubule epithelium but is expressed in the
embryonic metanephric mesenchyme (26). There are several
possibilities for the origin of these regenerating epithelial

cells: (i) epithelial cells may dedifferentiate, proliferate,
then redifferentiate into mature tubular cells, as a survival
response to injury; (ii) bone marrow stem cells (BMSCs)
may home to the injured epithelium, where local cues
trigger differentiation; or (iii) a population of renal mesen-
chymal stem cells exists that may replenish the epithelial
cell population after injury.

In addition to tubular cell injury, the peritubular vas-
culature undergoes changes in response to ischemia associ-
ated with ATN. These changes range from activation of
inflammatory genes, cell swelling, and disruption of endo-
thelial junctions to detachment of live and dead cells from
the basement membrane (28). These endothelial changes,
together with persistent, inappropriate vasoconstriction,
lead to reduction of peritubular blood flow, which contrib-
utes to extension of the initial ischemic insult (29). Although
replacement of the lost tubular cells is essential for nephron
regeneration, the return of blood flow, which is dependent
upon endothelial cell integrity, is also essential for recovery.
Recently, it has been suggested that cells repopulating the
ischemically injured tubule derive from bone marrow stem
cells. More recently Duffield et al. (30–34), showed that
these bone marrow-derived cells do not make a significant
contribution to the restoration of epithelial integrity after
an ischemic insult (30). It is likely that intrinsic tubular cell
proliferation accounts for functionally significant replenish-
ment of the tubular epithelium after ischemia.

Nephrotoxic Drugs
Intravenous contrast agents (ionic worse than nonionic) are
common causes of ATN. The agents are used in digital vas-
cular imaging and selective renal angiography (31,32). Con-
trast induced nephropathy is classically oliguric and occurs
within 24 hours of use. NSAIDs such as phenylbutazone,
ibuprofen, and indomethacin (33,34), and aminoglycoside
antibiotics may lead to oliguria and renal insufficiency. The
latter agents account for 5% to 10% of all hospital-acquired
acute renal failure (35), but ATN does not usually occur
with these drugs until .5–7 days of use.

Myoglobin and Stroma-Free Hemoglobin
Reduction of the GFR rather than tubular obstruction

appears to be the primary event leading to oliguric renal
failure when stroma-free hemoglobin or myoglobin enters
the glomeruli (36,37). Also, the transfusion of incompatible
blood leads to disseminated intravascular coagulation, with
deposition of fibrin in renal tubules. Red cell membranes
are thought to initiate the coagulation process, ultimately
leading to a decrease in platelets, fibrinogen, and factors II,
V, and VII (38). Rhabdomyolysis and Myoglobinuria follow-
ing extensive, crushing-type muscle injuries also may lead
to oliguric renal failure (38,39). The mechanism is probably
similar as that for stroma-free hemoglobin.

Oliguria and azotemia have occurred after captopril
therapy (40,41) or following treatment with amphotericin
B. In the latter situation, renal vasoconstriction is thought
to occur concomitantly with nephrotoxicity. Acute oliguria
can also occur from thrombosis of the glomerular affer-
ent arterioles following chemotherapy with vinblastine,
bleomycin, or cisplatin (42).

Although degradation of sevoflurane to a compound
(compound A) that is nephrotoxic in rats has been demons-
trated (43), low-flow isoflurane and sevoflurane do not
appear to alter renal function in patients with preexisting
stable renal disease (44). With the exception of methoxyflurane
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(no longer used), anesthetic-induced changes of renal
function are readily reversed when administration of the
agent is discontinued (45–48).

Intratubular obstruction and backflow of filtrate into
damaged tubules may be causative factors (36). Most
common in the pathogenesis of ATN is the suppression of
glomerular filtration (37). However, light and electron micro-
scopic studies of glomeruli generally failed to reveal structural
abnormalities; thus the likelihood is that reduced glomerular
filtration is caused by vasomotor phenomena (49).

Postrenal Oliguria
Obstruction of normal urinary outflow is the most significant
disorder in this category. It leads to an increase in hydrostatic
pressure in the urinary tract proximal to the obstruction and,
ultimately, a marked decrease in GFR. Morphologic damage
to the renal parenchyma is related to the degree and dur-
ation of obstruction and related factors such as the virulence
of associated pyelonephritis, which may develop as a result
of urinary stasis.

Extrinsic obstruction can result from the abdominal
compartment syndrome (50), retroperitoneal malignancies,
rapidly growing cervical carcinomas, massive uterine fibro-
myomata, complete bilateral ureteral obstruction owing to
lymphomatous or leukemic involvement of the lymph nodes
(51), giant intra-abdominal cysts (52), and inadvertent ligation
of or trauma to the ureters. The latter mishaps occur in 0.1% to
0.25% of patients undergoing gynecologic surgery (53,54).

Approximately 20% to 25% of ureteral injuries are bilat-
eral, resulting in immediate anuria. Fecal impaction
in elderly patients can produce obstructive uropathy and
oliguria.

Intrinsic obstruction results from blood clots, calculi,
prostatic obstruction, neoplasms, fungus balls, bilharziasis,
amyloidosis, and benign prostatic enlargement in older
patients following operations around the groin or rectum
(55–61). Intermittent anuria or oliguria may occur in patients
with bladder stones if the calculus acts as a ball valve.
Kidney transplant recipients also may develop obstructive
uropathy with oliguria (60).

RISK FACTORS FOR ACUTE RENAL FAILURE

Appropriate management for high-risk patients depends on
identifying and minimizing important risk factors for
complications, and quickly treating problems when they
occur. Accordingly, the first step is to identify the patient at
high risk for ARF. Next, evaluate the intravascular volume
status and optimize management of preexisting medical
conditions (particularly cardiovascular disease). Finally,
employ a review of medications and a strict avoidance
of any nonessential medications associated with renal
insufficiency.

In a recent meta-analysis of preoperative risk factors
for postoperative renal failure (involving 28 studies and
10,865 patients), preexisting renal disease emerges as the
most important preoperative risk factor for the development
of postoperative ARF. Unfortunately, few studies use the
same criteria for ARF, and there is a lack of consistent criteria
for establishing risk factors. Furthermore, the literature
provides little quantitative information concerning the
degree of risk associated with most risk factors. However,
certain systemic diseases, several known nephrotoxic

drugs, and certain surgical procedures or conditions are
associated with an increased risk of renal failure (Table 2).

Clinical Assessment
In the majority of trauma and postsurgical patients, oliguria
signifies renal hypoperfusion often due to either decreased
effective circulating blood volume, renal perfusion pressure,
or both. At present, no true monitor of renal perfusion exists
for clinical use, although some authors have demonstrated
that intrarenal blood flow can be evaluated with esophageal
Doppler ultrasound (62) (Fig. 3). In practice, one must rely
on evaluation of effective circulating blood volume as an
indirect surrogate of renal perfusion by measuring arterial
blood pressure, LV preload, and _Q.

Mean Arterial Pressure
The MAP provides an estimate of renal perfusion

pressure, whereas the systolic blood pressure variation

(SPV) during positive-pressure ventilation may provide
information on effective circulating volume (63).

Left Ventricular Preload
Because a reliable method to determine intravascular
volume is not currently available, clinicians must depend
on measurements of cardiac filling pressures or LV size to
estimate effective circulating volume. Central venous
pressure (CVP) provides an estimate of right ventricular
(RV) preload. In the presence of normal left heart function,
one can expect a reasonable correlation between CVP and
left atrial pressure. This relationship is lost when there is sig-
nificant LV dysfunction, mitral valve disease, or pulmonary
hypertension. Pulmonary artery catheterization can provide
indirect estimates of LV filling by measuring pulmonary
artery occlusion pressure (PAOP), while cardiac output can
be measured intermittently or continuously to determine
the response to treatment. Several investigators, however,
have shown a poor correlation in critically ill patients
between PAOP (as a surrogate of LV diastolic pressure)
and direct measurement of LV diastolic volume (64–66).
This observation results from changes in ventricular compli-
ance that affects the LV end-diastolic pressure/volume
relationship.

Echocardiography can provide visual estimates of
ventricular preload and global and regional function. Trans-
thoracic echocardiography (TTE) in the perioperative period
is confined to the ICU environment, although the inability to
obtain useful acoustic windows (e.g., chest tubes, dressings)
significantly limits its usefulness (67,68). Transesophageal
echocardiography (TEE), although more invasive, is the
technique of choice, particularly in intubated patients.
Once the transducer is inserted, evaluation of ventricular
function can be performed rapidly and expeditiously
(Chapter 21). Additionally, Doppler technology allows
measurement of _Q and estimates of filling pressures (69,70).
While the role of TEE as a continuous monitor in the operating
room is well established, the discomfort associated with the
large size gastroscope limits its current use as a diagnostic
tool in the ICU unless patients are heavily sedated.

Cardiac Output
Measurement of Q̇ in combination with MAP determi-

nations is, at present, the most reliable way to evaluate
renal perfusion clinically. Thermodilution _Q obtained
via a pulmonary artery catheter is considered the gold stan-
dard; however, it is an invasive technique, and its use is
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associated with complications. Recently, less invasive
methods have been developed which utilize CO2 rebreathing
(71,72), esophageal Doppler (73), or arterial thermodilution
(74). Early results have shown that these techniques
compare favorably with pulmonary arterial thermodilution
and may be considered a viable alternative in certain
patient populations (75–77).

Laboratory Data
Blood Urea Nitrogen and Creatinine
Large amounts of protein, catabolic states, anabolic steroids,
and blood in the gut increase urea nitrogen production. Urea
nitrogen is freely filterable by the kidneys and is both secreted
and reabsorbed by the tubules. In general, an inverse
relationship between GFR and BUN exists. Oliguria,

hypercatabolism, and blood in the gut may increase the
BUN independent of a decrease in GFR.

Serum creatinine is also inversely proportional to GFR.
Creatinine is produced by muscle, and its rates of pro-
duction and release are related to muscle mass. Creatinine
is freely filtered by the glomeruli, a small amount is also
secreted by the tubules. Serum creatinine � GFR is a con-
stant in steady state conditions; if GFR is halved, serum crea-
tinine doubles (Table 3). If GFR ceases, the serum creatinine
rises about 0.5 to 1.0 mg/dL/day. The increase is much
greater following severe trauma with resultant muscle
damage, or in rhabdomyolysis. Because creatinine pro-
duction is related to muscle mass, loss of muscle tissue
with renal failure may result in a deceptively low serum
creatinine level. In this setting, BUN and serum creatinine
values do not accurately reflect acute changes in GFR.

Table 2 Risk Factors for Perioperative Acute Renal Failure

Category Disorder/drug/procedure/comments

Pre-existing renal insufficiency #’d GFR, #’d renal reserve

(likely more sensitive to all renal insults)

Prolonged hypovolemia or hypotension

during resusc.

Prolonged hypotension or hypovolemia can cause ARF in

normal patients, and exacerbates the renal effects of all the

above conditions

Procedures associated with ARF Biliary surgery

Burns/trauma

Cardiac surgery

Genitourinary/obstetric

Transplant

Vascular surgery (especially suprarenal x-clamp)

Systemic diseases asociated with chronic renal

failure

CAD, congestive heart failure

Diabetes

Hypertension (especially renovascular hypertension)

Liver failure, jaundice

Peripheral vascular disease,

Polycystic kidney disease

Scleroderma

SLE

Rheumatoid arthritis

Wegner’s granulomatosis

Nephrotoxic drug exposure Acetaminophen (usually with hepatotoxicity)

ACE II inhibitors (impairs renal autoregulation)

Allopurinol

Aminoglycosides (proximal tubule necrosis)

Amphotericin B (GN and ATN)

Asparaginase

Cephalosporins (especially with aminoglycosides)

Cisplatin (ATN)

Cimetadine, ranitidine (interstitial nephritis)

Cyclosporin-A, tacrolimis

IV radiocontrast (oliguria within 24 hrs)

Methotrexate

Metoclopramide (inhibits renal D2 receptors)

Nitrosoureas

NSAIDs (especially phenacetin, indomethacin, toradol)

[less with selective cyclooxygenase2 (cox2) inhibitors]

Penicillins, sulfonamides, (interstitial nephritis)

Abbreviations: #’d, decreased; GFR, glomerular filtration rate; ARF, acute renal failure; x-clamp, cross clamp; CAD, coronary

artery disease; SLE, systemic lupus erethematosis; GN, glomerulonephritis; ATN, acute tubular necrosis; IV, intravenous;

NSAIDs, nonsteroidal anti inflammatory drugs.
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Table 4 shows conditions associated with acute elevations in
BUN and creatinine.

Urinalysis
Complete anuria is unusual (78). Causes include cortical
necrosis, vascular accident, glomerulitides, vasculitides,
and severe intra-abdominal hypertension. Urinary tract
obstruction may result in anuria, but is usually incomplete
as the obstructing body changes position. Urine composition
may be helpful to distinguish prerenal oliguria from that due
to established acute tubular necrosis.

Urinary Composition
Amber color urine with a high specific gravity (�1.030)
suggests preservation of the concentrating ability of the
kidney and points towards a prerenal cause. Similarly,
urinary indices, such as a low fraction excretion of sodium
and high osmolar clearance, suggest a prerenal etiology
(Table 5), with the exception of hepatorenal syndrome.
This form of renal failure is due to local redistribution of
blood flow and is invariably associated with a very low
urinary sodium concentration.

The fractional excretion of sodium, the renal failure
index, and other urinary indices for differentiating prerenal

failure from acute tubular necrosis are of limited clinical
value in the operating room. In the ICU, these indicies are
often useful, particularly when a nephrology consultation
is being obtained. Urine and plasma samples for analysis
must be collected before any diuretic agents are adminis-
tered. Similarly, the diagnostic utility of urinary indices is
diminished in the presence of preexisting renal dysfunction
or chronic diuretic use.

In the absence of lower urinary tract trauma, a posi-
tive heme result on a dipstick suggests the presence of free
hemoglobin or myoglobin in the urine. The latter is charac-
terized by the absence of red cells on urinalysis.

Urinary Sediment
Hyaline and finely granular casts are common in prerenal oli-
guria; coarse and cellular casts are rarely seen. Oliguria
associated with acute tubular necrosis is characterized by
dirty, brown cellular casts and numerous epithelial cells and
casts. A paucity of formed elements suggests obstruction.

Imaging Studies
Supine abdominal radiographs help to determine kidney
size and to visualize calcified stones. Further differentiation
usually requires more specialized techniques. Urographic
studies are used to exclude obstruction and, with modern
techniques, are reasonably safe even in acute oliguric renal
failure (31,79).

Intravenous pyelography will reveal an immediate,
dense, and persistent nephrogram in patients with acute
tubular necrosis and pyelonephritis, but not with other
forms of oliguria. In prerenal oliguria, the pyelogram is
normal; in established oliguric renal failure, the pyelogram
is not seen, but the nephrogram may be dense enough to

Figure 3 Pulsed-wave Doppler spectral array of the left renal

artery. The negative orientation of the waveform velocities indi-

cates flow away from the transducer. The area within the trace is

used to calculate mean velocity. Peak systolic and diastolic values

are obtained to calculate pulsatility index (peak systolic velocity –

diastolic velocity/mean velocity) and resistive index (peak systolic

velocity–diastolic velocity/peak systolic velocity).

Table 3 Relationship Between Serum Creatinine

and Glomerular Filtration Rate

Creatinine (mg/dL)

Glomerular filtration

rate (mL/min)

1 100

2 50

4 25

8 12.5

16 6.25

Table 4 Conditions Associated with an Elevated

and a Low Serum BUN/Creatinine Ratio

.10 ,10

Increased protein intake Starvation/ketosis

Tissue necrosis Liver disease

Sepsis Rhabdomyolysis

Corticosteroids Postdialysis

Trauma Renal oliguria

Prerenal oliguria Cimetidine, trimetoprim

Postrenal oliguria

Table 5 Urinary Indices and Oliguria

Parameter Prerenal Renal

U/P Osm .1.5 �1

U/P Cr .30 ,10

C H2O Negative values Zero to positive values

U Naþ ,20 .40

FENaþ (%) ,1 .2

RFI ,1 .2

Abbreviations: U/P Osm, ratio of urinary and plasma osmolarity; U/P Cr,

ratio of urinary/plasma creatinine; C H2O, (free water clearance; mL/min),

U/P Osm, X urinary volume; U Naþ, urine Naþ (mEq/L); FENaþ, fraction

of excretion of sodium, [(UNaþ
. PCr)/(PNaþ

. UCr)] � 100; RFI, renal failure

index, U Naþ/(UCr/PCr).
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demonstrate filling defects (retrograde urography may be
necessary for precise localization).

Sonography and computed tomography are integral to
the evaluation of oliguria (80). Radionuclide studies are
useful in the diagnosis of renal artery stenosis, chronic pye-
lonephritis, and lymphomatous infiltration of the kidney.
These studies also may provide functional information for
each kidney without resorting to invasive measures (81).

TREATMENT
Repletion of Intravascular Volume

Maintenance or prompt restoration of adequate renal
perfusion is paramount to minimize the risk of ATN. In
patients at risk for contrast nephropathy, appropriate
hydration is necessary in order to minimize the renal
effects of the contrast material. In addition, several other
measures have been tested with varying success (Table 6).
Recently, N-acetylcystine has been shown to prevent renal
failure in high risk those with preexisting renal insufficiency
(82,83).

Restoration of Circulating Blood Volume
Restoration of circulating blood volume to values as near
normal as possible is a major goal in hypovolemic patients,
regardless of the etiology of the deficit. During surgery,
additional fluid losses may occur owing to hemorrhage, for-
mation of a surgical third space, or evaporative loss from
exposed intestinal surfaces. Postoperative hypovolemia
should be avoided as carefully as during the preoperative
or intraoperative periods.

As a general rule, replacement fluid should match the
type of fluid that has been lost. The importance of intravas-
cular volume replacement in surgery, shock, and trauma is
obvious. Exsanguination necessitates blood volume replace-
ment. When blood loss is less severe, or when hypovolemia
has been present for a prolonged period, options other than
blood replacement alone should be considered.

Hypertonic solutions are beneficial in resuscitation
from shock and trauma. Compared to isotonic solutions, the
lesser volumes required are associated with equivalent or

improved systemic blood pressure, cardiac output,
and survival in experimental animals. A positive cardiac
inotropic effect results, as well as a decrease in systemic vas-
cular resistance. Restoration of normal cellular transmem-
brane potential is enhanced, indicating a reversal of the
cellular abnormalities induced by hemorrhagic shock. As
long as 24 hours after the shock episode, blood pressure is
maintained more efficiently than with Ringer’s lactate alone
or a combination of Ringer’s lactate with added mannitol.

7.5% saline has been shown to be more beneficial with
respect to survival than 0.9%, 5% or 10% saline solutions.
Improved tissue perfusion occurs, as indicated by reduced
lactate values. An early increase in urine output, decreased
fluid retention, and improved late pulmonary function are
also demonstrable. Currently, only 3% solutions are avail-
able “off-the-shelf” in the United States.

RescueFloww (BioPhausia, Knivsta, Sweden) is a
250 mL solution containing 7.5% sodium chloride and 6%
dextran 70. It represents a “new concept” drug for “Small
Volume Resuscitation,” is currently registered in 14 Euro-
pean countries, and is recommended as a volume substi-
tution solution in trauma. However, this is not a new
concept (as claimed by the manufacturer), having been pro-
mulgated in the early 1970s for burn therapy. Nevertheless, a
prepackaged resuscitation solution combining the advan-
tages of crystalloid and colloid is certainly convenient and
probably useful. The increased intravascular volume pro-
vided by 250 mL of RescueFloww is alleged to be two to
three times the infused volume, equivalent to the increase
in volume resulting from intravenous administration of 3 L
of crystalloid solution. Treatment benefits have been
observed in patients with severe injuries such as penetrating
injury requiring surgery and for patients requiring intensive
care (84). Application for FDA approval in the United States
has been submitted.

More recently hypertonic saline (HS) along with the
phosphodiesterase inhibitor HPX has shown less organ dam-
age in gut and lung (Volume 1, Chapter 11) (85). However,
the effect on renal function has not yet been studied.

Although the administration of hypertonic crystalloid
solutions can produce hypernatremia, this condition will not
have an adverse effect on renal function and oliguria as long

Table 6 Preventive Strategies During Administration of Contrast Dye

# Strategy Rationale

1 Vigorous hydration before, during, and after the procedure Decrease osmotic stress; Nephrol Clin

Pract 2003; 93: C29–C34

2 Prevention of hypotension Prevent renal hypoperfusion;

,counteracts #1 above.

3 Use of low contrast volume (,5 ml/kg 4 [Cr]) Decrease toxic load; Am J Cardiol

2002; 90:1068–1073

4 Low osmolality contrast Radiology 1993; 188:171–178

5 N-acetyl cystine 600 mg orally every 12–48 hrs Antioxidant and vaso dilation effects;

Nephrol 2004; 15:251–260

6 Consider alkalinization of urine Decreasing pH dependent free radicals;

JAMA 2004; 291:2328–2334

7 Avoidance of mannitol and loop diuretics in the

presence of renal dysfunction

Can counteract (1–3)

8 Peri procedure hemofiltration N Engl J Med 2003; 349:1333–1340

9 Administration of DA1 receptor agonists (e.g., fenoldopam) Not proven to help but probably won’t hurt

Abbreviations: Cr, creatinine, DAI, dopaminergic type 1.

Source: Data from multiple sources cited previously in this chapter, beyond the references provided in this table. Additional resources. From Ref. 138.
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as the serum osmolality stays ,330 mosm/dl. Conversely,

if hypotonic solutions are administered in large amounts (as
frequently happens following resuscitation when 0.45%
saline or dextrose solution is ordered), the resultant hypo-
natremia and water intoxication may essentially “shut
down” the kidneys. This situation was clearly described
in 1951 (86). Earlier, in 1944, the surgical admonition was
to avoid the use of any saline-containing solutions on the
day of surgery and the first two postoperative days (87). It
was felt that major surgery and anesthesia altered renal func-
tion so severely that the kidneys could not tolerate a salt and
water load (Table 7). Indeed, the postoperative oliguria
noted seemed, superficially, to support this concept.
However, the changes, which at that time were thought to
represent potential cardiac decompensation, actually
reflected the water intoxication syndrome subsequently
described by Bristol (Table 8) (86).

Finally, bear in mind that relative hypovolemia in con-
ditions such as the abdominal compartment syndrome
(Chapter 34) can play a role in the patient’s problem. Emer-
gency decompression may be necessary in order to restore
renal blood flow (88).

Drugs that Increase Renal Perfusion
There are a series of clinically available drugs that increase
renal perfusion. These do not necessarily increase renal func-
tion or systemic perfusion, and have not been shown to
improve outcomes or decrease the rate of renal failure.
None of these drugs should be contemplated in the hypovo-
lemic patient. After restoration of intravascular volume and
systemic perfusion, some of these drugs may ultimately be
found to be beneficial (as of yet this has not been shown).

Dopaminergic Agents
Dopamine
It is generally accepted that Dopamine in doses between 1
and 5 mg/kg/min causes renal and splanchnic vasodilation
from stimulation of dopaminergic type 1 (DA1) receptors
(89–91). In animals and healthy humans, as well as those
with severe LV dysfunction, infusion of dopamine at doses
,5 mg/kg is associated with diuresis, increased renal blood
flow and GFR. Although it has been used for many

years to improve renal perfusion and facilitate diuresis, no
convincing evidence has yet shown “renal dose” dopamine
to be renal protective. Recent reviews of the published lit-
erature in oliguric critically ill patients suggest a lack of
benefit and possibly harmful effects associated with dopa-
mine administration (92,93). Possible reasons include the
greater variability of dopamine levels (94), which may
induce renal vasoconstriction from stimulation of vascular

a receptors (94,95); the lack of efficacy with high renin
levels (95); and the development of tolerance to the
drug (96).

Dopexamine
Dopexamine is a dopamine analog with predominant affi-
nity for DA1 and b-2 receptors (97,98). Its overall effects
include systemic vasodilatation, mild inotropy, and
increased cardiac output. In healthy volunteers, dopexamine
was shown to increase renal blood flow, independent of sys-
temic hemodynamic effects (99). Doses between 1 and
4 mg/kg are associated with a proportional reduction in
renal vascular resistance up to 30% (100). In surgical
patients, the evidence of a direct renal effect is mixed
(101,102).

Fenoldopam
Fenoldopam is a synthetic catecholamine with selective affi-
nity for the DA1 receptor (103,104). At low doses (0.03 mg/
kg/min), fenoldopam acts as a renal vasodilator, whereas
higher doses (0.1 to 0.3 mg/kg/min) decrease venous capaci-
tance and modestly reduces systemic vascular resistance
with a concomitant increase in cardiac output (105). Fenol-
dopam also increases GFR and diuresis. Increase in renal
blood flow occurs in the absence of systemic hemodynamic
effects, thus confirming fenoldopam’s direct effects on the
renal vasculature (106,107).

Natriuretic Peptides
Atrial Natriuretic Peptide
Atrial natriuretic peptide (ANP) is a polypeptide hormone
found mainly in the left atrium. It is released in response
to atrial stretching, and thus to elevated blood pressure
(108). ANP reduces blood pressure by stimulating the
rapid excretion of sodium and water in the kidneys (redu-
cing blood volume), relaxing vascular smooth muscle
(causing vasodilation), and through actions on the brain
and adrenal glands. It appears to inhibit renin secretion,
decrease aldosterone release, and may have a mutually
antagonistic interaction with endothelin (109).

Administration of ANP increases GFR and may
reverse renovascular hypertension. Animal studies suggest
that it decreases azotemia and renal histologic damage in
renal failure (110,111). A recent study in critically ill patients
demonstrated improved renal function and increased dialy-
sis-free periods in patients with oliguria who were treated
with ANP; however, a followup study failed to demonstrate
any difference (112). Blood pressure is less affected in oligu-
ric renal failure than in nonoliguric states.

Table 7 Decreasing Ability to Excrete an

Administered Water Load Following Acute Water

Intoxication and Progressive Hyponatremia

Serum sodium

(mMol/L)

% of administered

water load excreted

140 71

135–139 60

130–134 48

125–129 43

120–124 43

110–119 30

Table 8 Signs and Symptoms of

Acute Water Intoxication

Weakness

Lethargy

Disorientation

Nausea, vomiting

Abdominal distention

Oliguria

Coma

Death
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Brain Natriuretic Peptide
Peptide plasma brain natriuretic peptide (BNP) is a
32-amino acid polypeptide. The cardiac ventricles are the
major source of plasma BNP. This circulating peptide has
been used as a marker to assist in the diagnosis of congestive
heart failure (113). In general, plasma BNP levels correlate
positively with the degree of LV dysfunction, but they are
sensitive to other biological factors such as age, sex, and
diastolic dysfunction. Plasma BNP levels greater than
100 mg per mL are reported to support a diagnosis of abnor-
mal or symptomatic heart failure. The pharmacological
actions of BNP include vasodilation, increased GFR (due to
afferent arteriolar vasodilation and efferent arteriolar
vasoconstriction), decreased secretion of aldosterone, and
inhibition of tubular reabsorption of sodium (114,115).

Synthetic BNP (Nesiritide) is available for clinical use in
the treatment of decompensated congestive heart failure.
Diuretic effects are seen at doses ranging from 0.015
mg/kg/min to 0.3 mg/kg/min (116).To date, no studies have
been performed in oliguric critically ill patients.

Diuretics
As with drugs (discussed above) that increase renal per-
fusion, diuretics should never be administered to patients,
who are prerenal (i.e., hypovolemic). The efficacy of diuretics
in the treatment of critically ill patients with oliguria is vari-
able. Because these agents are potentially harmful, their
mechanisms of action must be understood if they are to be
employed in the treatment of oliguria.These drugs should
only be administered in patients who are intravascularly
replete. A common error occurs when clinicians note that a
patient is total body fluid overloaded but fail to recognize
that the patient is also intravascularly depleted. When
these patients are treated with diuretics, they can trigger
conversion from prerenal oliguria to ATN and hence
renal failure.

Loop Diuretics
Loop diuretics such as furosemide, bumetanide, and

indapamide are commonly used in an effort to “convert”
an oliguric patient to a nonoliguric state. Loop diuretics
block sodium reabsorption in the loops of Henle and distal

convoluted tubules. Furosemide is also a modest vas-
odilator of the renal vasculature (117), thus contributing
to redistribution of intrarenal blood flow independent of
the action of prostaglandin E2 (118). It may modulate
renin secretion by the macula densa, thereby preventing
the harmful effects of vasoconstriction on the glomerular
apparatus.

If diuretics are not completely effective, they still
may improve the clinical situation by converting oliguric
renal failure to high output renal failure.The latter con-
dition seems to be more easily managed than the former,
although data supporting this concept are questionable.
In addition, there appears to be no difference in
outcome (119).

Osmotic Diuretics
Drugs such as mannitol produce diuresis because they

are filtered by the glomerulus but not reabsorbed in the

renal tubule; thus, they obligate the excretion of water.
Besides inducing an osmotic diuresis, other renal actions of
mannitol include: (i) decreased renovascular resistance
with consequent increase in blood flow, (ii) increased GFR,
(iii) diuresis and natriuresis due to inhibition of tubular
reabsorption of salt and water, (iv) decreased medullary
hypertonicity with impairment of urinary concentration,
(v) increased renal interstitial and intratubular pressure,
(vi) release of ANP and renal prostaglandins, and (vii)
scavenging of O2 radicals (120,121). Because of the accompa-
nying increase in blood volume, osmotic diuretics are contra-
indicated in patients with oliguria and congestive heart
failure.

Distal Tubule Diuretics
The use of distal tubule diuretics such as thiazides and meto-
lazone is reserved to provide synergism to loop diuretics.
These agents can only be administered orally, and thus
their absorption may be unpredictable in some patients. Fea-
tures of various diuretics utilized in the treatment of oliguria
are shown in Table 9.

Table 9 Classification of Diuretic Agents

Class Examples Site of action Mechanisms FENa K HCO3
2

Loop diuretics Furosemide, ethacrynic

acid, bumetanide

MTAL Inhibits Na-2K-2Cl symporter 20–25% þ 2

Thiazides Chlorothiazide,

hydrochlorthiazide,

metolozone

Early distal tubule Inhibit NaCl uptake 5–8% þþ þ/2

Plasma-sparing Triamterene, amiloride Late distal tubule,

collecting ducts

Inhibit Na uptake ,5% 2 2

Spironolactone Late distal tubule,

collecting ducts

Aldosterone antagonism ,5% 2 2

Carbonic anhydrase

inhibitors

Acetazolamide Proximal tubule Decreased intracellular Hþ

formation (bicarbonate loss)

,5% þ þþþ

Osmotic diuresis Mannitol Throughout tubule Osmotic pressure: prevention of

H2O absorption by permeable segments

of the nephron

,5% þ þ/2

Abbreviations: þ, increased urinary loss; 2, decreased or no urinary loss; Cl, chloride; FENa, fractional excretion of sodium (sodium clearance/creatinine

clearance � 100%); Hþ, hydrogen ion; HCO3
2, bicarbonate; K, potassium; mTAL, medullary thick ascending loop of Henle; Na, sodium.

Source: From Ref. 139.
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Spironolactone
In the hepatorenal syndrome, the effects of diuretic agents
are variable, depending upon the degree of disease (110).
In the earliest stages of cirrhosis, urinary sodium excretion
is plentiful, and salt balance can be controlled by adjusting
dietary intake. As the disease progresses, increased salt
retention accompanies a progressive decline in renal func-
tion. Eventually, the filtered load of sodium becomes com-
pletely reabsorbed by the tubules, and the final urine
becomes virtually devoid of salt.

When the filtered load is completely reabsorbed prox-
imal to the thick ascending limb of Henle, the patient is
resistant to the effects of diuretics and requires more inva-
sive procedures such as repetitive large volume paracent-
esis or AV hemofiltration to remain in salt balance.
However, mortality and hepatic regeneration do not
appear to be affected by such interventions (111). In the
terminal stages, the GFR falls to such a degree that oliguria,
azotemia, and eventually uremia lead to the diagnosis of
hepatorenal syndrome. Renal vasoconstriction at this point
is severe and irreversible. Only after a successful liver trans-
plant can restoration of near normal renal function be
obtained.

Diuretic Resistant Oliguria
Lack of response following incremental doses of diuretics
characterizes this abnormality (122,123). The most
common condition in the acute setting is renal hypoperfu-
sion due to decreased circulating volume, leading to
increased sodium and water reabsorption from the renal
tubules. This condition is not uncommon in critically ill
patients.

Diuretic resistance can also be seen in patients receiv-
ing long term diuretics due to hypertrophy of the cells of
the medullary ascending limb (124). In patients with
chronic failure of the heart, liver or kidneys, a lack of
response may be seen due to decreased renal perfusion
(ACE inhibitors and diuretics), decreased delivery
of either sodium or diuretic to the limb cells, or impaired
cellular function (125).

The following therapeutic strategy is suggested: (i)
Restore renal perfusion by optimizing hemodynamic
function and intravascular volume, (ii) Administer a high
dose of diuretic (furosemide, 100–200 mg or bumetanide,
4–5 mg) once and observe for response (126). The lack of
response may indicate a severe renal insult, and further
doses must be avoided to prevent toxic side effects. Alterna-
tively, a continuous infusion (furosemide 5–20 mg/hr) may
achieve better results by maintaining a steady concentration
and delivery of the drug to the kidney (127,128), (iii)
Concomitant administration of diuretics with different
mechanisms of action. The purpose of this strategy is to
block the various segments of the nephron engaged in
tubular reabsorption. A popular combination is the adminis-
tration of Metolazone (blocks the reabsorption of sodium
in the distal tubule) with a loop diuretic. Acetazolamide
(proximal tubular blocker) and spironolactone are not routi-
nely used because they can exacerbate acidosis and hyperka-
lemia, (iv) Patients with liver disease may benefit from the
concomitant administration of albumin and furosemide
due to increased delivery of the drug to the kidney (129),
(v) A trial of fenoldopam or nesiritide by infusion may be
indicated. Increased diuresis is usually seen after a couple
of hours. The infusion probably should be stopped if no
measurable response is seen after six hours.

Miscellaneous Agents
Despite salutary effects associated with the use of some
diuretics and renal vasodilators, their effects on outcome
have been disappointing. Thus, the search for newer agents
continues. Since the pathogenesis of acute oliguria is
multifactorial, a targeted approach involving drugs with
various mechanisms of action may be indicated. Adeno-
sine receptor antagonists, calcium channel blockers,
endothelin antagonists, and phosphodiesterase inhibitors
conceivably can improve renal flow (130–133). Lazaroids
and antioxidants (e.g., acetylcysteine) may prevent and
decrease reperfusion injury (134). Small peptides such as
arginine-aspartate-glycine decrease cell adhesion and may
decrease tubular obstruction (135). Although animal
models and small clinical trials have shown some promising
results, their future clinical use must await the results of
well-conducted clinical outcome studies.

Relief of Renal Obstruction
In the treatment of postobstructive uropathy, prompt inter-
vention is essential, because prolonged ureteral obstruction
may result in irreversible loss of renal function. The degree
of renal damage is related to the degree of obstruction, its
duration, and the presence or absence of infection (31).

Bladder Catheterization
If the patient is in severe pain, or if the bladder appears to be
overdistended, a single in-and-out catheterization is appro-
priate. If too much time is permitted to elapse before the
first postoperative voiding, the bladder becomes grossly
overdistended and atonic. In this situation, an indwelling
catheter should be inserted for five to seven days.

Surgical Considerations
Complicated cases of postrenal oliguria often require surgi-
cal intervention. Percutaneous nephrostomy may be necess-
ary in high obstruction, while suprapubic cystostomy may
be satisfactory for bladder obstruction. Massive diuresis
occasionally follows relief of obstruction, and thus signs of
hypovolemia and electrolyte imbalance must be monitored
in these patients. Hypotension sometimes follows rapid
decompression of an over-distended bladder.

EYE TOTHE FUTURE

Our understanding of the mechanisms that lead to perio-
perative oliguria and renal failure has increased signifi-
cantly. Although initial enthusiasm for new agents has
been tempered by rather unimpressive results, new
approaches continue to be examined. Similarly, the wide-
spread use of time-honored techniques (e.g., dopamine,
loop diuretics) may be limited to special circumstances due
to a lack of overall efficacy and possible harm.

The importance of risk factors for acute oliguria and
renal failure, such as renal medullary hypoperfusion
and renal atheroembolism, is now increasingly recognized.
The role of esophageal ultrasonography as a real-time
monitor of renal blood flow is beginning to be evaluated.
Since the etiology of perioperative oliguria is more often
multifactorial, it is not surprising that a multifaceted
approach will be necessary in order to show a benefit in
outcome.
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SUMMARY

Acute oliguria is a common finding in patients undergoing
major surgery or after significant trauma. Identifying risk
factors and understanding the mechanisms of urine for-
mation are essential steps in the prevention and manage-
ment of oliguric patients.

In the majority of surgical patients, renal hypoperfu-
sion and nephrotoxins play a significant role. Thus,
prompt restoration of adequate renal perfusion and limiting
the effects of toxins on the nephron are essential components
of therapy that should be carried out before irreversible
damage occurs. Since a reliable monitor for renal perfusion
is not widely available, the clinician must rely on frequent
evaluation of hemodynamic status and indirect measures
of renal function for the prevention and timely management
of oliguria.

Similarly, knowledge of the mechanism of action of the
various pharmacological agents is necessary in order to
maximize renal protection while minimizing side effects.
Strategies such as the indiscriminate use of diuretics to
convert patients to a nonoliguric state or the use of low–
dose dopamine, have failed to demonstrate a favorable
outcome. Conversely, osmotic diuretics and DA1 receptor
agonists may help to preserve renal function in some
patients. At present, avoidance of hypovolemia and main-
tenance of adequate renal perfusion are the cornerstones of
therapy to preserve renal function in high-risk patients.

KEY POINTS

Oliguria is often an early sign of renal compromise,
representing either a compensatory mechanism for
hypoperfusion (hypovolemia and/or hypotension) or
an acute renal insult.
When the kidneys sense abnormalities in extracellular
fluid volume or osmolality, they respond by increasing
or decreasing the amount of urine excreted.
Significant oliguria implies a state of renal dysfunction,
since a urine output of �400 mL/day is inadequate for
excretion of the daily solute load of 650 to 750 mOsm
(normal diet) in a maximally concentrated urine (1.2
mOsm/mL).
The high metabolic rate in combination with a lower
blood supply, places the medullary tubular cells at a
higher risk for hypoxic damage, despite what would
be perceived as adequate renal blood flow.
Oliguria in response to hypoperfusion is the result of the
kidneys’ self-preservation to circumvent renal failure.
Reduction of the GFR rather than tubular obstruction
appears to be the primary event leading to oliguric
renal failure when stroma-free hemoglobin or myoglo-
bin enters the glomeruli (32,33).
Approximately 20% to 25% of ureteral injuries are bilat-
eral, resulting in immediate anuria.
The MAP provides an estimate of renal perfusion
pressure, whereas the systolic blood pressure variation
(SPV) during positive-pressure ventilation may provide
information on effective circulating volume (63).
Measurement of _Q in combination with MAP determi-
nations is, at present, the most reliable way to evaluate
renal perfusion clinically.
Oliguria, hypercatabolism, and blood in the gut may
increase the BUN independent of a decrease in GFR.

In the absence of lower urinary tract trauma, a positive
heme result on a dipstick suggests the presence of free
hemoglobin or myoglobin in the urine. The latter is
characterized by the absence of red cells on urinalysis.
Maintenance or prompt restoration of adequate renal
perfusion is paramount to minimize the risk of ATN.
Conversely, if hypotonic solutions are administered in
large amounts (as frequently happens following resus-
citation when 0.45% saline or dextrose solution is
ordered), the resultant hyponatremia and water intoxi-
cation may essentially “shut down” the kidneys.
Although it has been used for many years to improve
renal perfusion and facilitate diuresis, no convincing
evidence has yet shown “renal dose” dopamine to be
renal protective.
Loop diuretics such as furosemide, bumetanide, and
indapamide are commonly used in an effort to
“convert” an oliguric patient to a nonoliguric state.
Drugs such as mannitol produce diuresis because they
are filtered by the glomerulus but not reabsorbed in the
renal tubule; thus, they obligate the excretion of water.
Since the pathogenesis of acute oliguria is multifactor-
ial, a targeted approach involving drugs with various
mechanisms of action may be indicated.
Massive diuresis occasionally follows relief of obstruc-
tion, and thus signs of hypovolemia and electrolyte
imbalance must be monitored in these patients.
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INTRODUCTION

Acute renal failure (ARF) is a syndrome characterized by the
rapid (hours to days) loss of glomerular filtration and the
accumulation of nitrogenous waste products (1). Unlike
the acute respiratory distress syndrome (ARDS), which has
a clinical consensus definition (2), ARF continues to be
defined differently by various investigators. For this
reason, the precise incidence of ARF is unknown; however,
amongst the published studies, using a variety of definitions,
the estimated incidence of ARF in critically ill patients
ranges between 15% and 30%, and portends an increased
mortality in affected patients by as much as 40% to
60% (3–6). Recently, a group of international nephrology
leaders have been meeting to develop a consensus definition
of ARF amongst other issues, and it is likely that standards
for the diagnosis of ARF will soon be in place (7), and the
term acute kidney injury (AKI) may become used in place
of ARF.

The etiology of ARF is often multi-factorial, and aside
from renal replacement therapy and improved general sup-
portive care there is yet to be an effective therapy introduced
which significantly alters the morbidity or mortality of ARF.
Numerous drug interventions, including dopamine, insulin-
like growth factor, and anaritide (synthetic atrial naturetic
peptide), have failed to show significant benefit (see
Chapter 42) (8–10). Renal replacement therapies and trans-
plantation are associated with a number of comorbidities,
and are imperfect solutions. Thus, prevention of ARF and
early recognition of renal insufficiency are the most import-
ant goals of renal management (11).

Over the past couple of decades, multiple organ dys-
function syndrome (MODS) has become a common
pathway toward death for critically ill patients, including
those who are septic (12,13). The kidney is nearly always
one of the organs that fail in MODS. Recent studies indi-
cate that an increased relative risk of death is associated
with kidney failure when adjusted for a wide range of covari-
ates (14,15). Accordingly, early and accurate indicators of

renal insufficiency or failure are essential to the manage-
ment of critically ill patients.

This chapter briefly surveys the pathogenesis of acute
tubular necrosis (ATN), which is the chief cause of ARF in
trauma and critically ill patients, and emphasizes the role
of the prerenal state. Next, the role of various renal toxins
are reviewed, followed by a summary of the basic diagnos-
tic approach. Both direct and indirect measures of renal

function are clinically useful, and these are emphasized.
Finally, specific renal failure scenarios of significance for
trauma and critical care are reviewed in order to highlight
the diagnostic clues, which assist in early recognition
and treatment. The “Eye to the Future” section emphasizes
newer diagnostic tests, which may become useful
in the diagnosis of ARF and in the monitoring of renal
well-being.

PATHOGENESIS: ROLE OF HYPOPERFUSION

Of the numerous mechanisms of renal compromise that can
lead to ARF, the most prominent is hypoperfusion. Indeed,
hypoperfusion is a frequent element in two of the three
major classes of ARF.

Those three traditional categories of ARF are prerenal,
intrarenal, and postrenal. When clearance is limited by
factors that decrease renal perfusion, the syndrome is classi-
fied as “prerenal failure” or “prerenal azotemia.” When dys-
function is due to damage within the kidney itself (e.g.
ATN), it is termed “intrarenal” or “intrinsic” renal failure.
If renal dysfunction occurs as a consequence of obstruction
of the urinary outflow tract, then it is classified as “postrenal
failure.” Obstructive uropathy is rarely the etiology of ARF
following trauma or critical injury, unless there has been dis-
ruption of the ureters.

Intrinsic or intrarenal ARF has many causes, but in
trauma and critical care settings, the great majority of cases
are due to acute tubular necrosis (ATN) following on from a
prerenal hypoperfusion state.

Initially the underperfused kidney is still capable
of physiologic adaptation, conserving salt and water
to create a urine of high osmolality and low sodium
content. This is the picture typical of the prerenal state. As
hypoperfusion continues, however, the renal tubular cell
mass, which has a high metabolic requirement, begins to
fail in its tasks of urinary concentration and sodium reab-
sorption. Thus the urine osmolality begins to fall; initially
during this phase, correction of prerenal deficits still has a
good chance of restoring renal function. But with further
progression, the urine osmolality falls further, approaching
that of the plasma (“isosthenuria”), signifying serious
tubular damage and the onset of ATN. Additional factors,
such as tubular obstruction from sloughed renal tubular
cells, and inhibition of glomerular filtration by the tubulo-
glomerular feedback system, then come in to play, reducing
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the glomerular filtration rate (GFR) further. The kidney
then cannot even reabsorb sodium effectively, leading to
the established picture of ATN, with high fractional
excretion of sodium, low urine osmolality, and usually
oliguria (16). Established ATN begins to heal only when
good renal perfusion is reestablished, and usually takes a
period of many days to weeks to recover. Prerenal causes
are responsible for more than 90% of perioperative
ARF (17). This is why perioperative renal function moni-
toring, and early treatment of oliguria (Chapter 40) are
paramount clinically.

In trauma and critically ill patients with inadequate
blood flow (prerenal), injury is often triggered by an
additional assault on the nephron from harmful drugs (alter-
ing intrarenal distribution of blood flow by abnormal hemo-
dynamics) or by pre-existing disease (e.g., diabetes) (18).
Patients with pre-existing renal insufficiency, for example,
are especially prone to develop ARF during cardiovascular
surgery. Patients with diabetes mellitus and renal insuffi-
ciency are especially vulnerable to radiocontrast agents (19).
Intrinsic renal causes that result in ARF are described accord-
ing to the primary lesion (i.e., tubules, interstitium, vessels, or
glomerulus). Tubular injury is the most common type seen in
trauma and post-surgical patients (20).

Normally, the RBF is about 20% to 25% of the total
cardiac output. The amount of blood the kidneys receive in
the resting state (1000–1250 mL/min) far exceeds that
needed to provide their intrinsic oxygen requirement. Essen-
tially, all blood passes through glomeruli, and about 10% of
RBF is filtered (resulting in a GFR of approximately 125 mL/
min in the normal adult). The basal normal blood flow is 3 to
5 mL/min/g of tissue. This average primarily reflects blood
flow in the cortical glomeruli, because perfusion to the inner
medulla and papilla is only about one tenth of the total
flow (21).

Renal clearance is determined by the delivery of waste
products to the kidney (i.e., RBF) and the kidney’s ability to
extract them (GFR). When RBF is decreased (hypotension,
hypovolemia), a series of systemic and renal compensatory
responses are activated initially to preserve ultrafiltration
and renal clearance. The hallmark that underscores
experimental models of hemodynamically mediated ARF
is a reduction of RBF (injury generally results when RBF is
reduced by more than 50%) for at least 40 to 60 minutes.

Once a decrease in renal perfusion is established, then
glomerular filtration is disproportionately depressed, com-
pared with the decrease in blood flow. Indeed, it has been
observed that when RBF is decreased sufficiently to cause
depression of glomerular filtration to less than 5% of
normal, blood flow may only be depressed 25% to 50% of
normal (20). Hence, although deceased RBF is the initiating
event, most of the time other factors (e.g., tubular pathology)
can sustain abnormal filtration, besides decreased RBF.

The renal cortex contains most of the glomeruli and
receives the majority of the RBF, optimizing glomerular
filtration and solute reabsorption. In contrast, blood flow to
the medulla is lower, and this relationship helps to preserve
the osmotic gradient required to maximally concentrate the
urine.

During ischemic hypoxia, the renal cortical structures
can become injured, particularly the pars recta portion of the
proximal tubules. However, it is the medullary thick ascend-
ing limb (mTAL) of the Loop of Henley that is at greatest risk
of hypoxic injury. This is because the mTAL cells are the
most rapidly metabolizing cells in the nephron, and
because they exist in an environment, which teeters on the

verge of hypoxia at baseline (Fig. 1). Thus, heterogeneity of
intrarenal blood flow and cellular metabolic rate contribute
to the pathophysiology of ischemic acute renal failure.

Furthermore, an imbalance between the intrarenal
vasodilators [nitric oxide, prostaglandin-E1 (PGE1),
prostaglandin-E2 (PGE2), and adenosine] (22) and the
vasoconstrictors (endothelin, angiotensin II, vasopressin,
etc.) can also impair medullary blood flow and contribute
to tubular-cell damage (23). In the outer medulla, where
the high oxygen consuming mTAL cells reside, ischemia
causes swelling of tubular and endothelial cells as well as
adherence of neutrophils to capillaries and venules (24,25).
The resultant vascular congestion and reduced blood flow
further impairs the balance between oxygen supply and
demand. The role of renal medullary hypoxia in ATN has
been recently reviewed by Brezis and Rosen (26).

In general, the response to renal hypoperfusion
involves three major regulatory mechanisms that support
renal function in the setting of decreased RBF: afferent arter-
iolar dilation increases the proportion of cardiac output that
perfuses the kidney; efferent arteriolar resistance increases
the filtration fraction; and hormonal and neural responses
improve renal perfusion pressure by increasing intravascu-
lar volume, thereby indirectly increasing cardiac output
(27). The afferent arterioles react to reductions in perfusion
pressure by relaxing their smooth muscle elements to
decrease renal vascular resistance. This property represents
a relaxation response or myogenic reflex to reduced trans-
mural pressure across the arteriolar wall.

The kidney also possesses a tubuloglomerular feed-
back system, which maintains the homeostasis of salt and
water excretion. Decreased solute delivery to the macula

Figure 1 Anatomical and physiologic features of the renal cortex

and medulla. The cortex receives ample blood supply, optimizing

glomerular filtration. Accordingly, it is generally well oxygenated

(except for the medullary-ray areas, which are devoid of glomeruli

and are supplied by venous blood ascending from the medulla).

The medulla possesses a meager blood supply and is poorly

oxygenated. Medullary hypoxia results both from countercurrent

exchange of oxygen within the recta and from the consumption of

oxygen by the medullary thick ascending limbs. Renal medullary

hypoxia is an obligatory consequence of the process of urinary

concentration. Abbreviation: PO2, partial pressure of oxygen.

Source: From Ref. 26.
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densa in the cortical portion of the thick ascending loop of
Henle results in relaxation of the juxtaposed afferent arterio-
lar smooth muscle cells, thus improving glomerular per-
fusion and filtration. The macula densa also increases renin
release from the granular cells of juxtaglomerular apparatus
in response to reduced sodium delivery.

A selective increase in efferent arteriole resistance
decreases glomerular plasma flow, thereby preserving
GFR. Glomerular filtration is augmented because capillary
pressure upstream from the site of vasoconstriction tends
to increase. This mechanism enables the kidney to offer
high organ vascular resistance, thereby contributing to the
maintenance of systemic blood pressure (BP) without com-
promising its function of filtration. Studies using specific
inhibitors of angiotensin II have shown that efferent arterio-
lar resistance is largely caused by the action of angiotensin II.
At low concentrations, norepinephrine has a vasoconstric-
tive effect on efferent arterioles, indicating that the adrener-
gic system may also be important for maintaining the renal
compensatory response.

There is abundant evidence to support the notion that
reductions in cardiac output are also accompanied by the
release of vasopressin and by an increase in activity of the
sympathetic nervous system and the renin–angiotensin–
aldosterone (RAA) system (Fig. 2).

High concentrations of aldosterone stimulate reab-
sorption of sodium and water, primarily in the distal
tubule and collecting ducts. Aldosterone is produced by
the adrenal cortex in response to the feedback from the
RAA system. Reduced delivery of sodium of the macula
densa causes release of renin from the granular cells of the
justaglomerular apparatus. Renin, in turn, catalyzes the
release of angiotensin I from angiotensinogen. Angiotensin
I then is transformed into angiotensin II in the lungs, cata-
lyzed by angiotensin-converting enzyme (ACE). Angioten-
sin II stimulates the production of aldosterone (Fig. 2).

Antidiuretic hormone (ADH), or vasopressin, acts pri-
marily on the collecting ducts to increase water reabsorption.
An elevated level of ADH results in the excretion of small
volumes of concentrated urine. The ADH is released from
the posterior pituitary gland in response to increased blood
osmolarity, which stimulates osmoreceptors in the hypo-
thalamus (28). The ADH is inhibited by stimulation of the
atrial baroreceptors or increased atrial volume. The ADH
release is also increased by stress, pain, fear, and increased
PaCO2. However, plasma osmolality is the most potent
regulator. The common denominator of these regulatory
mechanisms to preserve RBF is salt and water conservation.

The control of blood delivery to the kidney, the frac-
tion of plasma filtered, and the amount of volume returned
to the systemic circulation are all determined by regulatory
mechanisms within the kidney that attempt to preserve fil-
tration function during compromised circulation. However,
these compensatory mechanisms have limits. Excess vaso-
constrictive forces may eventually induce a decrease in
zfiltration function (29). If left unabated, the mechanisms
that influence efferent vasoconstriction ultimately will over-
whelm the system and cause afferent arteriolar vasoconstric-
tion as well. The resulting decrease in filtration fraction is the
hallmark of ischemic ARF.

Early cell changes following ischemia are reversible, such
as the swelling of cell organelles, especially in the mitochondria.
As ischemia progresses, lack of adenosine triphosphate inter-
feres with the sodium pump mechanism, causing water and
sodium to accumulate in the endoplasmic reticulum of
tubular cells, and the cells themselves begin to swell (24).

The time of onset for tubular damage in experimental
models of ARF is usually within 25 minutes of ischemia, as
the microvilli of the proximal tubular cell brush borders
begin to change. Within an hour, they slough off into the
tubular lumen, and membrane bullae protrude into the
straight portion of the proximal tubule. After a few hours,
intratubular pressure increases and tubular fluid passively
flows backward. Within 24 hours, obstructing casts appear
in the distal tubular lumen. Even when RBF is completely
restored after 60 to 120 minutes of ischemia, GFR may not
immediately improve. Ischemic tubular damage may even-
tually be exacerbated further by an imbalance between
oxygen supply and demand. Most vulnerable to the imbal-
ance are the mTAL cells (26). In ischemia-induced ARF,
lesions are unevenly distributed among the nephrons, prob-
ably reflecting variability in blood flow (27). Urine output
is not always the best measure of renal wellbeing. Rather,

Figure 2 Mechanism of renal sodium and volume regulation.

The regulation of intravascular volume and tonicity involves the

complex interaction of atrial volume receptors, carotid and aortic

body receptors, which stimulates the elaboration of renin. Renin

promotes the conversion of angiotensinogen into angiotensin I (not

shown). Angiotensin I is converted into angiotensin II in the liver,

which increases blood pressure and aldosterone production.

Aldosterone increases sodium reabsorption, potassium excretion,

and hydrogen ion excretion. An additional mechanism regulating

osmolality (not shown) involves the elaboration of antidiuretic

hormone when osmoreceptors detect an eleveated osmolality,

which leads to water retention until the target osmolality is

reached. Abbreviations: ANF, atrial natriuretic factor; BP, blood

pressure; CO, cardiac output; GFR, glomerular filtration rate;

NaCl, sodium chloride. Source: From Ref. 166.
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indirect measures are at times more reliable during resusci-

tation of a trauma patient (i.e., mean arterial pressure,
preload, and cardiac output).

In the clinical setting of hypotension, the kidney
appears to have a distinct susceptibility to injury. The
reason for this susceptibility is not apparent when reviewing
RBF alone. Indeed, total RBF is normally high and oxygen
supply far exceeds the requirements for oxygen utilization,
even in moderate hypovolemia. The kidneys receive nearly
one quarter of the cardiac output and extract relatively
little oxygen (thus the discrepancy between cortical and
medullary blood flow) and oxygen consumption is marked
(30). The apparent overabundance of blood flow to the
cortex maximizes flow-dependent functions, such as glomer-
ular filtration and tubular reabsorption. In the medulla,
blood flow and oxygen supply are restricted by a tubular
vascular anatomy specifically designed for urinary concen-
tration. Normally, approximately 90% to 95% of blood flow
is delivered to the cortex compared with 5% to 10% deliv-
ered to the medulla. Average blood flow is 5.0 and
0.03 mL/g/min for the cortex and medulla, respectively,
whereas the oxygen extraction ratio (i.e., O2 consumption
[ _VO2] 4 O2 delivery [ _DO2]) is 0.18 and 0.79 for the cortex
and medulla, respectively. Normally, the PO2 is approxi-
mately 55 mmHg in the cortex and 8 to 15 mmHg in the
medulla, making the mTAL cells the most vulnerable to
tissue hypoxia (26).

Therefore, severe hypoxia may easily develop in the
medulla with what otherwise would seem to be adequate
total RBF. The initial response to decrease RBF is increased
sodium absorption in the ascending loop of Henle, which
coincidentally increases oxygen demand in the region most
vulnerable to decreased oxygen delivery. To compensate
for this, sympathoadrenal mechanisms promote cortical
vasoconstriction and oliguria, which tend to redistribute
blood flow away from the outer cortex to the inner cortex
and medulla.

At the same time, decreased sodium delivery to the
macula densa causes afferent arterial constriction. With affer-
ent arterial vasoconstriction, glomerular filtration decreases,
and consequently, solute reabsorption in the loop of Henle
and oxygen consumption are also reduced. The severity of
cellular injury appears to be related to the degree of imbal-
ance between cellular oxygen supply and demand. In the
hypoperfused-kidney preparation, oxygen-enriched per-
fusion reduces cellular damage, hypoxic perfusion
increases it, and complete cessation of perfusion (glomerular
filtration zero, preventing ultrafiltration) is associated with
less cellular injury than hypoxic perfusion. Afferent arterial
vasoconstriction and consequent oliguria may be a normal
protector response to acute tubular injury. By reducing ultra-
filtration, energy-dependent ischemic injury to medullary
tubular cells is prevented, even at the cost of retaining
nitrogenous waste.

When RBF is compromised, blood flow and glomeru-
lar filtration in the outer cortical nephrons decline first
because of the redistribution of blood toward the inner cor-
tical and medullary regions. This cortical-to-medullary
redistribution of RBF protects the vulnerable medullary
oxygen balance (26). Decreased glomerular filtration
during compromised flow thus appears to be protective,
because decreased urine delivery to the tubules requires
less reabsorptive work and prevents further oxygen
supply–demand imbalance. Modulation by various drugs
or compensatory mechanisms can reduce tubular workload
and prevent medullary hypoxic cellular injury. Among the

compensatory mechanisms that reduce cellular injury is
reduced tubular transport of glomerular filtration. Thus,
temporarily, the oliguria may protect against ARF.

Ischemic ATN is typically seen after a prolonged
episode of hypotension, particularly when the blood
flow to the kidney is interrupted (e.g., aortic crossclamp)

(31–34). Experimental models of ATN indicate that ische-
mia damages the medullary tubular segments of the
nephron, causing intratubular obstruction, consequent back-
leak, and increased intramedullary vascular resistance
(35,36). The aggregate effect of this cascade is a profound
reduction in GFR and a sustained maintenance phase of
ARF after the ischemic injury (37). Despite the severe decre-
ment in glomerular filtration, the kidney is quite resilient,
and in the absence of further insults, usually recovers func-
tion within 7 to 21 days (27).

PATHOGENESIS: ROLE OF RENALTOXINS

Nephrotoxic ARF is commonly encountered in trauma and
critically ill postsurgical patients. The kidney is responsible
for clearing a vast number of drugs and toxins. Many of
these drugs have nephrotoxic properties themselves, while
others become injurious when used in combination with
other drugs. The mechanism by which nephrotoxins injure
the renal parenchyma include intra-arterial vasoconstriction
[e.g., contrast media, catecholamines, and nonsteroidal anti-
inflammatory drugs (NSAIDs)], direct tubular injury (e.g.,
aminoglycosides and amphotericin), and intratubular
obstruction (e.g., acyclovir and sulfonamides) (38–41). As
in ischemic ATN, if the offending insult is removed and
further insults are avoided in a previously healthy kidney,
normalization of renal function is the rule after a mainten-
ance phase (37).

The natural history of ATN is triphasic, and interpret-
ation of urine output requires knowledge of these phases. It
begins with an insult or initiation phase followed by a main-
tenance phase, which is typically oliguric (though not
always), followed by a diuretic or recovery phase. The main-
tenance phase lasts between 7 to 21 days, but in rare circum-
stances, it can last as long as 11 to 12 months before recovery.
The diuretic phase continues, until tubular function is
restored and the kidney regains its concentrating ability.
Ischemic ATN follows this paradigm more consistently,
whereas nephrotoxic ATN is more variable depending on
the duration and severity of nephrotoxic exposure (37,42,43).

In addition to a wide range of compounds that are
nephrotoxic, there are also a large number of agents that
can cause interstitial nephritis (44–46). Drugs or toxins gen-
erally induce acute interstitial nephritis (AIN), but various
infectious agents can also cause AIN (47). The AIN can
cause modest renal insufficiency, which is clinically silent,
or can progress to ARF. Edema and interstitial infiltrate
mark the resultant lesion seen in AIN. Clinically, fever,
skin rash, rising creatinine, pyuria, and white cell casts are
a typical presentation (47,48). Eosinophiluria, which are
seen in most but not all patients, is a common finding, but
the diagnostic value of this test in isolation is uncertain
(49,50). An abbreviated list of medications commonly used
in the ICU that can cause AIN is provided in Table 1. AIN
ordinarily occurs within three to five days of initiation of
the medication, and withdrawal of the offending agent is
often adequate therapy (51). However, in some cases, AIN
can lead to ARF of sustained duration (52).
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PATHOGENESIS: OTHER CAUSES

Occlusion of the renal arterial or venous vasculature is an
uncommon cause of ARF, but any process that compromises
the arterial supply (e.g., aortic dissection, vasculitis, ather-
oemboli, thromboembolism, microangiopathic hemolytic
anemia (MAHA), malignant hypertension, and hyper-vis-
cosity syndromes) can rapidly cause ARF (53,54). Renal vein
thrombosis is rare, primarily occurring in patients suffering
from severe nephrotic syndrome, hypercoaguable state (e.g.,
cancer), or trauma where the kidney suffers direct trauma
or a torsion injury (55–59). In order for there to be a significant
clinical effect causing ARF from a vascular injury, there must
be an underlying renal disease, both kidneys must be
involved, or else one kidney must have been damaged pre-
vious to the new insult to the contralateral kidney (60).

Glomerular disease is an uncommon cause of ARF in
the SICU, usually presenting over a more chronic course.
Glomerular disease is invariably marked by significant pro-
teinuria (.1 g/day) and hypertension. The major exception
to this chronic course is rapidly progressive glomerular
nephritis (RPGN), which can present with multi-system
disease and can cause a brisk decline in GFR. Causes of
RPGN that require ICU admission include but are not
limited to Goodpasture’s disease, Churg-Strauss disease,
Wegner’s granulomatosis, endocarditis, polyarteritis nodosa
(PAN), and severe systemic lupus erythematosus (SLE). Identi-
fication of RPGN is explained in more detail subsequently.

Obstruction is an uncommon cause of ARF, but is seen
more frequently in postoperative patients and trauma
patients than medical patients in the ICU. In order for
obstruction to cause ARF, the obstruction must be distal to
the bladder neck (e.g., prostatic hypertrophy), involve
some aspect of both ureters, or create unilateral obstruction
with the contralateral kidney previously damaged or dys-
functional. If the obstruction is not chronic (,2 weeks),
relieving the obstruction restores function promptly. As the
duration of the obstruction lengthens, so does the delay in
return of function and increases the amount of post
obstructive tubular dysfunction.

GENERAL DIAGNOSTIC APPROACH

Although a consensus definition for ARF does not exist,
most nephrologists would agree that doubling of the

serum creatinine or the rising of serum creatinine of

1.0 mg/dL per day over two to three days would constitute
a patient in ARF (Table 2). A recent categorization
(“Rifle” system) has been proposed (Fig. 3). For purposes
of this discussion, any rise of serum creatinine or indication
of insufficient or unexpectedly poor clearance (e.g., elevated
serum phosphorus and an elevated trough level of a renally
excreted antibiotic that was dosed correctly) of a renally

Figure 3 RIFLE (Risk, Injury, Failure, Loss, End-stage kidney

Disease) criteria for acute renal failure. Proposed classification

scheme for acute renal failure. The acronym RIFLE derives from

the first letter of the following phrases: Risk of renal dysfunction;

Injury to the kidney; Failure of kidney function; Loss of kidney

function; End-stage kidney disease. The classification system

includes separate criteria for creatinine and urine output (UO). A

patient can fulfil the criteria through changes in serum creatinine

(SCreat) or changes in urine output, or both. The criteria that lead

to the worst possible classification should be used. Note that the F

component of RIFLE “Failure of kidney function” is present even

if the increase in serum creatinine is under three-fold, as long as the

new serum creatinine is greater than 4.0 mg/dL (350 mmol/L) in

the setting of an acute increase of at least 0.5 mg/dL (44 mmol/L).

The designation RIFLE-F should be used in this case to denote

“acute-on-chronic” disease. Similarly, when the RIFLE-F classi-

fication is achieved by urine output criteria, a designation of

RIFLE-F O should be used to denote oliguria. The shape of the

figure denotes the fact that more patients (high sensitivity) will be

included in the mild category, including some without actually

having renal failure (less specificity). In contrast, at the bottom of

the figure, the criteria are strict and therefore specific, but some

patients will be missed. Abbreviations: ARF, acute renal failure;

GFR, glomerular filtration rate.

Table 1 Drugs Commonly Used in the Intensive Care Unit

that Have Been Reported to Cause Acute Interstitial Nephritis

Ciprofloxacin

Nitrofurantoin

Halothane

Sulfonamides

Penicillins

Cephalosporins

Tetracycline

Diazepam

Thiazides

Furosemide

NSAIDs

Abbreviation: NSAIDs, nonsteroidal anti-inflammatory drugs.

Source: From Refs. 45, 62, 160–165.

Table 2 Definitions of Acute Renal Failure

Increase in serum creatinine of 1.0 mg/dL with clinical scenario

consistent with ATN

Oliguria or elevated serum creatinine

Sudden rise in serum creatinine of greater than 2.0 mg/dL or

greater than 50% in patients with baseline serum creatinine of

3.0 mg/dL

Abbreviation: ATN, acute tubular necrosis.

Source: From Refs. 8, 9, 124.
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excreted substance should raise concern. If these abnormal-
ities are not explained upon re-examination of the clinical
picture, a formal diagnostic evaluation should begin.

Most clinicians use the blood urea nitrogen (BUN) and
serum creatinine as their markers of renal function.
However, these are both late markers of decreased GFR.
Figure 4 shows the relationship between GFR decline and
the rise of serum creatinine. As the figure illustrates, rise in
serum creatinine is a late marker for the decrement in
GFR. BUN is similarly unreliable due to its tendency to
rise in conditions where the kidney is functioning ade-
quately (e.g., hypermetabolic state, gastrointestinal bleeding,
and high protein diet). Whenever the serum creatinine
doubles within a 24-hour period, and the patient becomes
oliguric, renal replacement therapy is often required, as the
creatine cannot increase much faster and the value during
this nonsteady state is no longer predictive of GFR.

Once ARF is suspected or in progress, the assessment
of the cause of ARF should begin in a systematic fashion.
Many clinicians rule out prerenal and postrenal (obstructive)
etiologies and then begin to assess for renal causes of ARF.
This approach does not work as well in the ICU; patient’s
disease processes evolve too fast to wait for investigative
tests to be done. Like the shock/systemic inflammatory
response syndrome (SIRS) mode or trauma model, treatment
and diagnosis in critical illness must often occur simul-
taneously. Because prerenal and postrenal etiologies are the
easiest to reverse, they should be assessed and immediately
corrected if they are found (similar to the initial survey taken
for a trauma patient) while other etiologies are evaluated.

Immediate interventions include correction of volume
deficits, correction of hypotension or relative hypotension
(for patients who have a normal mean arterial pressure
(MAP), but are normally hypertensive), placement of Foley
catheter, and cessation of known nephrotoxins (if clinically
feasible) and basic urine and serum studies should be
sent [i.e., urinalysis, urine electrolytes, urine protein, urine
creatinine, urine eosinophils, urine osmolarity, and
complete blood count with differential and serum creatine

phosphokinase (CPK) level]. Table 3 lists the initial steps
that should be taken during the initial survey.

While these lab tests are drawn and sent, the next step
is to play detective and “round up the usual suspects” of
clinical disorders and agents that are often implicated in
ARF. These agents are contrast media, NSAIDs, and
angiotensin converting enzyme inhibitors (ACEi). The
nephrotoxicity seen with all of these agents is potentiated
by hypovolemia, and the typical course of events is that
the patient is exposed to one or more of these agents while
hypovolemic.

Other medications that often cause ARF via ATN or
AIN include, antibiotics, antifungal, and antiviral agents.
Penicillins, cephalosporins, aminoglycosides, vancomycin
(alone or in combinations with other antibiotics),
quinolones, rifampin, aztreonam, sulfonamides, tetracycline,
amphotericin, foscarnet, and acyclovir have all been
reported to cause ARF (61–70). In each individual case, the
value of continuing an antimicrobial agent must be
weighed versus the likelihood of that agent causing or con-
tributing to ARF.

DIRECTAND INDIRECTASSESSMENTOF RENAL STATUS

Monitoring urine output as a sign of the adequacy of renal
perfusion is easy and assumes that patients with diminished
renal perfusion excrete a low volume of concentrated urine.
The level of nitrogenous wastes in the blood depends on
both systemic production and renal clearance. Renal clear-
ance is determined by the delivery of these waste products
to the kidney (RBF) and the ability of the kidney to extract
them (GFR). The kidney also concentrates the ultrafiltrate;
when able to maximally concentrate, a total of 400 to
500 mL of urine is required in order to clear the daily obliga-
tory nitrogenous wastes. Injured kidneys require more urine
output to clear the daily obligate solute load. Traditionally,
inadequate urinary volume, or oliguria, is defined as
urinary output of less than 0.5 mL/kg/hr. Multiple studies,
however, have shown no correlations between urine
volume and histologic evidence of ATN, GFR, creatinine
clearance, or changes from preoperative to postoperative
levels of BUN and creatinine in patients with burn injury,
trauma, cardiovascular surgery, and shock status. Moreover,
measurement of mean and lowest hourly urinary output
during aortic vascular surgery has not been predictive of
postoperative renal insufficiency (71).

Table 3 Initial Survey

Complete blood count with differential

Urine electrolytes (sodium, potassium, and chloride)

Urine creatinine, urine protein, and urine eosinophils

Urinalysis with cell count, urine sediment assessment

Foley catheter placement, intra-abdominal pressure measurement

Renal U/S (assess kidney size and presence of obstruction)

Serum CPK, serum albumin

Correction of hypovolemia and hypotension

Discontinuation of any obvious nephrotoxic drugs (especially

NSAIDs)

Abbreviations: CPK, creatine phosphokinase; NSAIDs, nonsteroidal anti-

inflammatory drugs.

Figure 4 The glomerular filtration rate (GFR) creatinine graph.

Steady-state relationship between the plasma creatinine concen-

tration (Pcr), blood urea nitrogen, and the GFR. Abbreviation: GFR,

glomerular filtration rate.
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Oliguria may reflect a variety of factors independent of
GFR, and a normal hourly urine output does not preclude
the absence of renal failure. Among these factors is tubular
excretion of solute and water, which is determined by local
and systemic levels of renin, aldosterone, and ADH. In
addition, patients in the OR are often not hemodynamically
stable; decreased blood volume or cardiac output, fluctuat-
ing hormone levels (aldosterone, renin, and ADH), and
increased catecholamine concentrations, with the effects of
general anesthesia, can alter GFR. The data does not support
oliguria as a reliable sign of pending renal dysfunction.

Monitoring Urine Output
A clinically robust intraoperative measure of renal function
does not yet exist. The Foley catheter provides an acceptable
reflection of intravascular volume in patients with normal
renal function, normal serum osmolality (absence of hyper-
glycemia, alcohol intoxication, and mannitol therapy) and
in the absence of other diuretics (e.g., caffeine, lasix).

Decreased urine output, and rising serum BUN and

creatinine are the standard indicators for the development
of worsening ARF. Creatinine (which is neither secreted
nor reabsorbed to any appreciable amount) is a good
inverse measure of GFR. However, creatinine elevations
occur after the renal insult has occurred, and only reflect
the degree of renal insufficiency once a steady state is
achieved. Indeed, a doubling of serum creatinine generally
represents a 50% decrease in GFR at steady state.
However, creatinine may double from 0.8 to 1.6 in a 24-
hour period in a patient with essentially zero GFR, because
this duration is required for creatinine to accumulate in the
blood in essentially anephric patients. Serial determination
of creatinine clearance is currently the most sensitive test
for predicting the onset of perioperative renal dysfunction;
however, the test is not practical for measuring renal func-
tion under OR conditions (72).

Urine output measurements recorded every 15 to
60 minutes, are most useful in determining renal perfusion.
In the future, the ability to measure intrarenal blood
flow distribution may ultimately improve our predictive
and diagnostic abilities to assess perioperative ARF.
However, methodological constraints limit its use at this
time. During acute events, common during surgery
(massive exanguination, clamping of major vascular struc-
tures), more direct and rapidly responsive measures of arter-
ial perfusion and central venous pressure (CVP) are
required. Although these pressures are directly measured,
and are excellent indicators of intravascular pressure and
volume, they are indirect measures of renal perfusion.

Indirect Measures of Renal Perfusion: Blood Pressure and
Volume Status
Invasive Arterial Blood Pressure Monitoring

An arterial line serves the dual purpose of providing

access for repetitive ABG samples, as well as continuous
beat-to-beat measurement of arterial BP throughout
resuscitation, operative management, and critical care.

Continuous BP monitoring is useful for surgical pro-
cedures where major intravascular volume shifts are likely
to cause acute, profound changes in arterial BP. Not only
does the absolute systolic, diastolic, and mean arterial
pressure have important clinical relevance, but the infor-
mation contained in the arterial pressure waveform has
important hemodynamic information (including rate,
rhythm, preload, afterload, and contractility) (73–75).

Any large peripheral artery can be used for catheteri-
zation. The risk of radial artery cannulation with a 20 g
Teflon catheter is extremely low in adults (76). However, in
certain situations (severe vasoconstriction or severe vasodi-
lation), the femoral arterial catheter will more closely
reflect the aortic pressure than the radial catheter (77). In
addition, certain procedures (e.g., thoracic aortic aneurysm
repair) are best managed with pressure measurements
obtained above (right radial) and below (either femoral
artery) the lesions (78). The complication rate from percuta-
neous cannulation of the femoral artery is no greater than
that of radial artery (79,80).

Systolic pressure variation (SPV) is a technique
for gauging intravascular volume status, which is very
useful in renal failure patients. Arterial BP has long
been known to decrease with positive pressure ventilation.
The SPV is a method of quantifying these changes. Perel
has shown in both animal experiments and clinical studies
that SPV directly correlates with intravascular depletion
(81,82). Indeed, when the systolic pressure (delta down com-
ponent) decreases by more than 10 mmHg in patients venti-
lated with 10 to 15 cc/kg, these patients are clinically volume
under resuscitated (Fig. 5).

Systolic Pressure Variation Monitoring Indications
The CVP monitoring is considered a second-tier-monitoring
device (recommended if the patient is sick or is undergoing a
high risk procedure). The CVP reflects the relationship
between the patient’s blood volume, venous tone, and
right ventricular performance. In patients without signifi-
cant cardiac disease or pulmonary hypertension, the CVP
also provides a useful reflection of right (and left) ventricular
preload. Additionally, it provides a port for the adminis-
tration of cardiovascular drugs, and the insertion of a pul-
monary artery (PA) catheter or transvenous pacemaker. For
the CRF patient receiving a renal transplant, one of the
most important determinants of immediate post transplant
renal viability and avoidance of ATN is the adequacy of per-
fusion to the newly transplanted kidney at the time the vas-
cular clamps are released (83). The CVP (or pulmonary
artery pressure (PAP) in patients with left ventricle (LV) dys-
function) should be used to guide therapy in these patients.

Figure 5 Systolic arterial blood pressure (BP) variation. The

systolic arterial pressure variation (SPV) can be used as a measure

of ventricular responsiveness to volume. The arterial BP wave

form can be divided into a delta-up component and a delta-down

component when observed during mechanical ventilation. When

the SPV (delta-down component) varies more than 10 mmHg, with

a positive pressure breath (tidal volumes 10–15 mL/kg), there is a

relative paucity in left ventricular filling and reflects the need for

additional intravascular volume administration. The SPV can be

used in the operating room or in the surgical intensive care unit to

assist in establishing the optimum intravascular volume. Also see

Volume 2, Chapter 3. Source: From Ref. 81.
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Trauma and critically ill patients with renal insufficiency

should have their CVP maintained on the high side to
protect against the prerenal state.

Indications for Pulmonary Arterial Catheterization
The PA catheterization is a second- or third-tier monitor
reserved for patients in whom the CVP poorly reflects
intravascular volume status (impaired LV function, severe
coronary artery disease, known PA hypertension, and
mitral or tricuspid valve pathology). In addition, PA cath-
eters are indicated for high-risk procedures (thoracic aorta
cross clamping), or when measurement of ventricular
performance (SV) or systemic perfusion (cardiac output)
is warranted.

Information available from PA catheters includes left-
sided filling pressures, measurement of cardiac output,
sampling mixed venous blood, calculation of systemic and
pulmonary vascular resistances, and PA and wedge pressure
waveform analysis. The PA catheter provides estimates of
left ventricular (LV) preload [i.e., left ventricular end-
diastolic volume (LVEDV)] by measuring left ventricular
end-diastolic pressure (LVEDP). This LVEDP/LVEDV
relationship is altered by changes in LV compliance (e.g.,
myocardial ischemia, tissue edema, etc.). Many investigators
have demonstrated a poor correlation between pulmonary
capillary wedge pressure (PCWP) and LVEDV in acutely ill
patients (84). However, a recent study demonstrated
reduced mortality in severely injured trauma patients who
were monitored with a PA catheter (85). In situations
where assessment of LVEDV is critical (e.g., hypotension,
low cardiac output, and normal- or high-filling pressures
by CVP and PACWP), using a transesophageal echocardio-
graphy (TEE) provides the more accurate and direct view of

LV preload and contractility (86).

Role of Transesophageal Echocardiography
TEE is an established monitoring and diagnostic tool for the
cardiothoracic anesthesiologist. Techniques for insertion,
interpretation, and complications have been comprehen-
sively reviewed in Chapter 21. The main benefits in TEE
lies in the fact that a picture can truly be worth a thousand
words. Direct visualization of both ventricular and atrial
chambers provide instantaneous information on preload.
Contractility is also directly visualized using the short-axis
view (87). Monitoring for ischemia and wall motion abnorm-
alities is excellent with TEE, and automated real-time tech-
nologies are emerging (88). Valvular function can be
assessed using color-labeled directional flow and Doppler
techniques. Pericardial effusions and their effect on atrial
and ventricular function are well visualized. Abnormal
holes [(atrial septal defect (ASD) and ventricular septal
defect (VSD)] can be detected via direct view or adminis-
tration of agitated saline.

Renal FunctionTesting in ARF
Evaluating the urine takes time. Therefore, the traumatolo-
gist must measure and optimize indirect measures of renal
wellbeing (arterial BP, CVPs, and cardiac output) before, or
simultaneously with diagnostic studies. Direct visualiza-
tion and dipstick testing are the first tests that should be
done, as both are quick to perform. Next, specific gravity
measurement, and then microscopy of the urinary sedi-
ment should be employed. Finally, a spot urine test and
serum sample of sodium creatinine and BUN should be

done. With these studies, most causes of oliguria will
become elucidated.

Visual Inspection and Dipstick Evaluation of Urine
Urine color should be noted and a dip test performed
(occult blood, bile, glucose, and protein) to determine if
the urine is concentrated. If the urine is dark, it could be
concentrated, have bile, or blood. A dipstick positive for
occult blood, when there are no red blood cells (RBCs)
seen on microscopy is consistent with rhabdomyolysis.
This would occur in the setting of a crush injury, compart-
ment syndrome, and severe flame or electrical burns.
However, intravascular hemolysis will present in the same
manner (rare in noncardiac surgery, common following car-
diopulmonary bypass (CPB), especially if hemofiltration is
used). When hemolysis occurs in association with blood
transfusion, the transfusion must be stopped, and both the
patient’s blood sample and the partially transfused blood
sample should be sent back to the blood bank to determine
if there is a cross match, or clerical error. Other rare causes of
hemolysis, such as cold aglutinans in a hypothermic patient,
should also be considered. If the dipstick is positive for
glucose, the patient may not have concentrated urine
despite being severely volume-depleted (they would unlikely
manifest oliguria in this setting as well).

Specific Gravity Evaluation of Urine
Next, the specific gravity of urine should be assessed. Dilute
urine has a specific gravity ,1.010, whereas concentrated
urine in the setting of hypovolemic oliguria has a specific
gravity .1.030.

Microscopic Evaluation of Urine Sediment
In many instances, renal sediment reveals evidence of intrin-
sic renal dysfunction. Microscopy of the spun urine pellet
reveals an expansive array of information. The importance
of the presence or absence of RBCs is mentioned earlier.
The presence of tubuloepithelial cells with epithelial cell
casts is pathognomonomic for ATN.

Spot Urine and Serum Sodium, Creatinine, and Urea Nitrogen
A urine sample should be sent to the lab to determine
urinary sodium and creatinine [a concomitant blood
sample should also be sent to measure serum creatinine
and sodium, and to evaluate the fractional excretion of
sodium (FENa)—described subsequently]. The previously
normal patient with oliguria from renal hypoperfusion
should produce a small volume of concentrated urine with
a low sodium concentration. Because sodium reabsorption
increases and sodium excretion decreases in the setting of
hypovolemia (and normal kidneys), the urinary sodium con-
centration should be less than 20 mEq/L (,10 mEq/L if the
patient is seriously prerenal and the kidneys still can maxi-
mally concentrate urine).

However, if the patient has a prerenal condition super-
imposed on existing intrinsic renal dysfunction, or has
received a high osmotic load (mannitol, ethanol intoxi-
cation), or has received another diuretic (furosomide,
caffine, etc.), the urine may be paradoxically dilute in the
setting of severe intravascular depletion.

Volume Challenge for Perfusion Pressure Augmentation
Immediately after documenting oliguria, but before com-
pleting the diagnostic work up described earlier, relative
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intravascular volume depletion should be presumed and
treatment instituted. It is far easier to treat a modest
episode of pulmonary edema than it is to treat ARF.

DIAGNOSTIC FEATURES OF COMMON SYNDROMES

After completing the initial survey, a full history and
physical examination should be conducted, and an assess-
ment of the laboratory data should be done. First, any
aspect of the patient’s history that could indicate a
likely etiology of ARF should be evaluated. Examples
include recent trauma, mechanism of trauma (clues to
vascular, contusion, torsion injuries of the kidney, or
crush injury predisposing a patient to rhabdomyolysis),
recent procedures (a clue to cholesterol atheremboli from
angiography, obstruction for cystoscopy, or intra-abdomi-
nal surgery), and constitutional symptoms that might
suggest a systemic process or past history of renal
disease (which could suggest previous unilateral kidney
disease or underlying chronic renal insufficiency). If the
patient’s history and physical examination does not
suggest an etiology, then the results of the initial survey
should help determine possible etiologies.

Prerenal vs. ATN
A bland urinalysis (few cells and minimal or no proteinuria) is
consistent with prerenal causes or ATN. However, the way to
differentiate between the two etiologies is the assessment of
renal concentrating function. Decreased renal perfusion
pressure, which is the hallmark of prerenal azotemia, causes
a volume retention effect in a normal kidney. The kidneys
become sodium avid and the serum ADH rises in response
to volume depletion. This results in urine, which has a low
sodium concentration (U Sodium , 20 mEq/dL), a low frac-
tional excretion of sodium (FeNa , 1%), an elevated urine
osmolarity (Uosm . 450), and an elevated specific gravity
(SG . 1.020) (89). In addition, in normal kidneys, the BUN
to creatinine ratio will often rise to .20:1 (90). This ratio can
be helpful when there are no other reasons for the increased
ratio (see Table 4 for a complete list). Although these com-
monly used indicies are often useful in delineating between
prerenal and other causes of ARF, they have three distinct
limitations. First, if the patient has an underlying renal
disease, these parameters may not be accurate. Second,
other pathologic processes that cause intra-renal vasocon-
striction (e.g., contrast media, vasopressors, and hepatorenal
syndrome) will confound these values even if the patient is
euvolemic, particularly the low FeNa and low urine sodium
concentration. Third, when patients are given diuretics as a
clinical challenge to increase urine output, it is difficult to
reliably interpret the results of these tests. The most clini-
cally useful way to diagnose ATN is the evaluation of the
urine sediment. The presence of brown granular casts
and epithelial cells, singly or in casts, is seen in 80% of

patients with ATN (91). However, the absence of casts

does not preclude ATN. It is for this reason that patients
with ARF should be assumed to have a prerenal state,
and pre-emptive correction should be initiated if the
patient’s clinical condition can tolerate the restoration of
renal perfusion pressure (91).

Proteinuric Diseases
AIN or a glomerular process should be suspected if the uri-
nalysis shows proteinuria. If the urine protein to urine crea-
tinine ratio [(urine protein) mg/dL divided by (urine
creatinine)] mg/dL is greater than 1, a glomerular disease
is likely. In most such cases, proteinuria will be found to
pre-date the ARF, and to be due to a chronic glomerular
disease, such as diabetic nephropathy, a chronic form of glo-
merulonephritis, or lupus nephritis. This underscores the
importance of knowing the baseline urinalysis findings,
either the pre-operative result in a surgical patient, or the
initial urine obtained from a trauma victim.

New-onset proteinuria with a urine protein-to-creati-
nine ratio of less than one is typical of AIN; there may also
be microscopic hematuria, and pyuria in the absence of
urinary infection. AIN is further suggested by the presence
of urine eosinophils, white cell casts, and an offending
agent known to cause AIN (92). Though AIN is usually
associated with a modest amount of proteinuria, NSAID-
induced AIN can occasionally cause proteinuria in the
nephrotic range ( .3 gms protein/d)(93). Unlike AIN from
other agents, NSAID-induced AIN does not cause eosino-
philuria. Treatment of AIN is supportive and requires with-
drawal of the offending agent. Some studies suggest that
steroids may be helpful, but this remains controversial (46).

A less common cause of new-onset proteinuria and
microscopic hematuria is acute glomerulonephritis. RBC
casts in the urine and persistent hypertension further
suggest this diagnosis. Visible (macroscopic) hematuria, if
it is not due to traumatic Foley catheterization or urinary
infection, could suggest an acute glomerulonephritic or vas-
culitic illness. When these are a strong consideration, urgent
consultation from the nephrology service would be war-
ranted, particularly if the patient’s serum creatinine is
rising rapidly. Additional serologic tests are required for
the work-up of glomerulonephritis and renal vasculitis.

Vascular Causes of Acute Renal Failure
Vascular insults uncommonly cause ARF, but in scenarios
where one kidney is previously damaged or when bilateral
vascular insults occur, modest proteinuria and significant
hematuria are often present. Arterial insults (infarction)
often result in flank or back pain. Though nonspecific,
active urine sediment, flank or back pain, and an appropriate
history (atrial fibrillation, recent aortic manipulation) might
suggest a vascular insult (94–96). If the renal infarct is large
enough, GFR may be completely compromised and no
hematuria will be seen. However, if renal infarction has
occurred, the serum lactate dehydrogenase (LDH) should
be significantly elevated (97). In one small study, acute
renal artery occlusion could be predicted when the urine
concentrations of sodium, urea, and creatinine were the
same as the serum concentration, along with the FeNa
approaching 100% (98). Renal artery occlusion can usually
be confirmed by Doppler ultrasound or radionucleotide
scanning.

Medical therapy with anticoagulation is usually the
preferred therapy if diagnosis is made within 24 to 48

Table 4 Causes of Increased Blood Urea Nitrogen:Creatinine

Ratio

High protein diet

Gastrointestinal bleeding

Steroid use

Hypercatabolic state

Decreased renal perfusion pressure
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hours. If the diagnosis is made promptly, there are many
case reports of renal tissue salvage with thrombolytic, inter-
ventional, or surgical techniques as far as 35 hours after
occlusion (94,96,99).

Atheremboli from cholesterol plaques can cause ARF,
and usually has systemic findings. Eosinophilia, eosinophi-
luria, ARF, livedo reticularis, and evidence of peripheral cya-
nosis or infarction are all associated with atheroembolic
disease (100–102). Risk factors for cholesterol embolization
are aortic manipulation (surgical or angiographic) and
recent anticoagulation. This process is seen more commonly
in patients with large plaque burden, and in some cases can
have a subacute course evolving over three to six weeks.
Although proteinuria and hematuria are seen with severe
cholesterol embolization, the urine can be bland as well,
and a high index of suspicion is required to make the diag-
nosis. Treatment is largely supportive, and cessation of antic-
oagulation is recommended (103).

Renal vein thrombosis is rare. It is seen almost exclu-
sively in patients with nephrotic syndrome or patients with
underlying hypercoaguable state (55,57–59,104). Sporadic
cases of bilateral RVT have been reported in patients with
underlying nephrotic syndrome and hypercoaguable pathol-
ogy (105–110). Rarely, RVTis seen as a consequence of trauma
and has been reported in pediatric burn patients (56, 111,112).
RVT presents usually without any specific symptoms; often,
the presenting diagnosis is pulmonary embolization from
inferior vena cava thrombosis that has extended from the
renal vein (107). Rarely, elevated serum LDH and proteinuria
are seen; this is often seen when RVTconverts to renal infarc-
tion. Investigative studies include Doppler ultrasound, com-
puted tomography (CT), magnetic resonance imaging (MRI),
and caval venography. Many nephrologists treat RVTconser-
vatively, because some trials have suggested no long-term
benefit using thrombolytics and surgical embolectomy
(113–115). However, thrombolytics and surgical thrombect-
omy have also been applied successfully (107,109,116,117).

Pigment Induced Causes of ARF
Another cause of ARF that can masquerade as hematuria is
pigment-induced ARF. These two disorders are rhabdomyo-
lysis and hemoglobinuria. Both disorders cause ATN via
pigment-induced damage of the tubular cells. Both can
cause the urine dipstick to be positive for blood; however,
microscopic evaluation shows few to no RBCs. When asses-
sing a urinalysis, the actual cell count should be noted. Rhab-
domyolysis is caused by muscle necrosis that release
myoglobin into the bloodstream, which is then filtered into
the tubules, causing ATN. Rhabdomyolysis classically pre-
sents with brown-colored urine, pigmented casts in the
urine, and an elevated CPK. Rhabdomyolysis can be seen
in patients suffering from crush injury, compartment syn-
drome, operative cases with relative hypovolemia, and in
alcoholics who have hypophosphatemia, or myositis
(91,118). Many medications can cause high serum CPK
levels, including but not limited to: HMG CoA reductase
inhibitors (lovastatin), itraconazole, cyclosporine, zidovu-
dine (AZT), amphetamines, and cocaine (119–121). Because
rhabdomyolysis can be caused by such a wide variety of
mechanisms, and because it is one the few treatable forms
of ARF, serum CPK is included in the initial survey.
Although no absolute level of CPK elevation correlates to
ARF, most clinicians use the 10,000 u/L as a cut-off. One
study showed the cut-off to be 16,000 u/L to predictive of
patients who would develop ARF (122). If the serum CPK

is elevated in a patient, serial measurements should be
performed to determine if a rising trend is developing.
Initial muscle damage may not reveal an elevated CPK,
until volume is restored and the CPK washes out of the
muscle tissue. Patients with rhabdomyolysis can sequester
enormous amounts of volume in their damaged tissue, and
volume resuscitation is the cornerstone of therapy. Once the
patient is volume replete, studies in crush patients have
shown that maintaining urine flow with mannitol and alkaliz-
ation of the urine is helpful. Alkalization of the urine is quite
difficult and requires significant amounts of sodium bicar-
bonate. This creates a substantial volume load, and should
not be continued if urine flow cannot be established because
the patient may become volume overloaded (123). Hemoglo-
binuria is uncommon and occurs after massive hemolysis.
Free hemoglobin is a large molecule and rapidly bound by
haptoglobin. In order for hemoglobin to be freely filtered by
the glomerulus, the amount of hemolysis must first over-
whelm the haptoglobin buffering system. Treatment for
hemoglobinuria is therapy targeted at stopping the hemolysis
and maintaining urine flow.

Obstructive Causes of ARF
Obstruction is an uncommon cause of ARF (5–10% of cases),
yet because it is reversible and treatable, it should be ruled
out in the initial survey (124). In patients who have a clinical
history that is highly suggestive of obstruction, an ultra-
sound that fails to show hydronephrosis should not lead to
the abandonment of obstruction as an etiology. If the
patient is volume depleted, if the collecting system
is encased in fibrosis or malignancy, or if the obstruction is
mild, the renal pelvis may not dilate (125). If obstruction is
strongly suspected and the renal ultrasound is nondiagnos-
tic, imaging with a repeat ultrasound after volume is given,
CT, and/or renal radionucleotde scanning are appropriate
steps for confirmation (126).

SPECIFIC RENAL SYNDROMES

There are clinical contexts when uncommon renal syn-
dromes that cause ARF become more likely. Four pathologic
processes that can cause ARF in the patients admitted to the
ICU are abdominal compartment syndrome (ACS), microan-
giopathic hemolytic syndromes, hepatorenal syndrome, and
the acute development of anuria.

Abdominal Compartment Syndrome
Postoperative ICU considerations relevant to renal monitor-
ing and protection include close control of fluid, solute, and
acid base status, monitoring for and prevention of bleeding
and shock, coagulopathy, and special conditions that can
further impair renal reserve (sepsis, MOSF, and additional
toxin exposure, such as aminoglycosides, radiocontrast,
etc). An additional postoperative complication, which can
impair renal function known as “ACS,” has been increas-
ingly recognized in the last decade.

ACS results from increased intra-abdominal pressure
(IAP), usually due to bowel and interstitial tissue edema, fol-
lowing laparotomy in patients with shock and massive fluid
resuscitation (127). The increased IAP results in impairment
of circulation, decreased tissue perfusion, and renal as
well as other organ dysfunction (cardiovascular, gut, and
pulmonary) (128). The tense abdomen leads to increased
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peak airway pressures, hypercarbia, and oliguria. Decreased
thoracic venous return, with decreased cardiac output and
decreased renal function due to hypoperfusion, are com-
ponents of the syndrome. Additionally, increased IAP
causes decreased tidal volume, increased ventilatory press-
ures, and increased atelectasis. Increased IAP can also
cause venous hypertension and elevate ICP.

Abdominal compartment pressures may be measured
by attaching an indwelling Foley catheter to a pressure trans-
ducer, leveled to the symphysis pubis (129). Pressures
greater than 20 to 25 mmHg require abdominal decompres-
sion (130). Normal postoperative abdominal pressure is 0 to
5 mmHg. At pressures greater than 10 mmHg, hepatic arter-
ial blood flow decreases; at 15 to 20 mmHg, oliguria and car-
diovascular changes occur; and at pressures between 20 and
40 mmHg, anuria is typical (131).

Patients with abdominal pressures greater than 20 to
25 mmHg require emergency decompressive laparotomy to
relieve the pressure and restore renal perfusion. However,
extensive delay will lead to renal failure. Furthermore,
opening the abdomen results in a rapid decrease in IAP with
a resultant reperfusion syndrome that must be anticipated by
the anesthesiologist. The reperfusion syndrome following
abdominal decompression can lead to life-threatening hypo-
tension, unless proper preparation occurs. Indeed, Morris
(132) described asystole, following decompression in 4 of 16
patients who underwent rapid decompression.

Preparation for decompression of ACS involves man-
euvers similar to those taken immediately prior to clamp
removal during a thoracic aortic aneurysm repair: (i) intra-
vascular volume is increased, (ii) dopamine (or other ino-
trope and vasopressors) are in line and running, and
(iii) acidosis (if severe) is treated with sodium bicarbonate.
An increase in minute ventilation is occasionally needed to
eliminate CO2 (neutralize lactate emintating from gut, and
increased CO2 from administered bicarbonate). Calcium
chloride is administered to protect against increased
potassium (washed out from gut). Calcium is also useful
to bolster the transient hypocalcemia, following sodium
bicarbonate administration. Morris et al. (132) recommends
two liters of normal saline, with 50 g mannitol and 50 mEq
sodium bicarbonate per liter prior to abdominal wall
release.

Although ACS is thought of as a complication seen in
surgical patients, it is becoming recognized as a process that
affects many critically ill patients. It is classically described
in postoperative trauma patients who have received a
massive volume resuscitation, but it also has been reported
in patients with decreased abdominal compliance (e.g.,
burn patients, tight surgical skin closures), pancreatitis,
massive ascites, intractable constipation, peritonitis, and ret-
roperitoneal bleeding (133–138). The IAP is usually quite
low; however, as IAP increases the abdomen distends to
accommodate the increased pressure. As the abdominal
wall reaches the limits of its compliance, the IAP increases
dramatically. This increased pressure is transmitted to the
inferior vena cava and to the renal veins. As these veins
are compressed, venous return to the heart diminishes and
functional bilateral occlusion of the renal veins ensues. In
addition to decreased mesenteric perfusion, renal function
rapidly declines and ARF occurs. Various organ systems
have different thresholds for dysfunction secondary to
increased IAP; the kidneys show signs of oliguria at
15 mmHg and anuria at 30 mmHg (139). If ACS is suspected
based on the patient’s clinical context, direct IAP monitoring
should be done. This can be easily and reliably achieved

with intravesicular pressure transduction via a Foley cath-
eter (129,140–143). A bladder pressure less than 10 mmHg
rules out ACS, and a pressure of greater than 25 mmHg is
highly suggestive of ACS (143). If ACS is confirmed by clini-
cal and objective assessment, decompression of the abdomen
should commence without delay (141,143).

Microangiopathic Hemolytic Anemia
MAHA is usually a result of hemolytic-uremic syndrome
(HUS) or thrombotic thrombocytopenic purpura (TTP). The
HUS presents with ARF and MAHA. In children, this
disease is associated with an antecedent diarrheal infection,
particularly Escherichia coli H7 : O157. The diagnosis is con-
firmed by the presence of anemia, elevated serum LDH, and
schistocytes on peripheral smear (144). TTP classically presents
as a pentad: fever, ARF, neurologic deficit (stroke, seizure, and
delirium), thrombocytopenia, and MAHA. It is important to
recognize the possibility of these syndromes because both
(TTP in particular) can cause irreversible damage and/or
rapid death. Frequently, patients present with a seizure or cer-
ebrovascular accident (CVA) and they are admitted to the ICU
for their neurologic presentation. The remainder of their
disease becomes evident later in their hospital course.
Although most patients will not present with the full pentad,
the hallmark of this disease is MAHA as evidenced by evi-
dence of anemia, elevated serum LDH, and schistocytes on
peripheral smear (145). This finding in conjunction with
thrombocytopenia, ARF, or neurologic findings should raise
the suspicion for this diagnosis, and an urgent hematology
consultation should be obtained. Treatment of TTP and HUS
in adults consists of fresh frozen plasma administration and
plasma exchange (144). Platelet infusions should be avoided
because they have been associated with worsening of the
disease process, resulting in death (146).

Hepato-renal Syndrome
Hepato-renal syndrome (HRS) is a syndrome in which the
kidneys remain histologically normal and are within the
spectrum of prerenal azotemia. Patients with severe liver
impairment develop a low systemic vascular resistance
state, where the incremental increase of renin and angioten-
sin from hypotension create intrarenal vasoconstriction and
profound prerenal azotemia. This disorder is often misdiag-
nosed in patients with liver disease. Patients with liver
disease are also susceptible to other forms of ARF as well,
and other etiologies must be ruled out before a diagnosis
of HRS is made. The diagnosis of HRS is made by documen-
tation of serum creatinine .1.5 mg/dL, urine sodium
,10 mEq/L, absence of other causes of ARF (ATN, nephro-
toxic agents, absence of bacterial infection, proteinuria
,500 mg/day, and no evidence of obstruction), and no
improvement in renal function after withdrawal of diuretic
and volume challenge of 1.5 L of normal saline (147). There
are two type of HRS, Type I and Type II. Type I is defined
by a drop in GFR ,20 mL/min, a serum creatinine .2.5
occurring over less than two weeks. These patients are
usually oliguric or anuric. Type II HRS is marked by less
renal impairment, but those patients have ascites that are
diuretic resistant. If the diagnosis of Type I HRS is made,
the only definitive treatment is liver transplant. If Type II
HRS is present, the role of long-term dialysis, colloid expan-
sion, and porto-systemic shunts is under evaluation (148).
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Acute Development of Anuria
The acute development of anuria is rare in clinical practice
and has few etiologic agents. If a patient who was previously
nonoliguric becomes anuric, four etiologies should be inves-
tigated: (i) obstructive uropathy, (ii) massive ATN, (iii) acute
cortical necrosis (ACN), and (iv) acute renal artery occlusion.
All of these entities have been discussed earlier except ACN.
The ACN is a rare result of profound renal ischemia and/or
thrombosis. The most common cause worldwide is obstetri-
cal complications, and is also seen as a consequence in
patients who develop SIRS, suffer snakebites and HUS
(149–153). Diagnosis is usually confirmed by CT or radionu-
cleotide scanning. There is no treatment except hemody-
namic support. The most common presenting symptom is
anuria, and patients who suffer ACN are often dialysis-
dependent for life (154).

EYE TO THE FUTURE

Investigations into the prediction of ARF have yielded early
predictive markers that could assist in identifying kidney
damage. In a study by McLaren et al. (155), it was found
that the protein P53 was directly correlated with the cellular
changes seen in ATN. Another study done by Parikh et al.
(156) found that elevated levels of the biochemical marker,
IL-18 correlated with ATN in mice. Other studies found
that IL-18 was also a reliable marker in predicting acute
kidney injury (157,158). The benefits of using these markers
to test for kidney injury are that they are reliable, inexpensive,
and easy to perform. Furthermore, the elevated levels in
IL-18 are seen much earlier than elevations in creatinine.

SUMMARY

Limiting renal impairment begins with identifying patients at
increased risk for renal dysfunction (monitoring of renal func-
tion is particularly important in these patients), and under-
standing the physiology of urine formation, the influence of

vasoactive drugs, and intraoperative events on the physi-
ology and pathophysiology of renal function (Fig. 6).

The fundamental principles emphasized include (i)
avoidance of hypovolemia or renal hypoperfusion (hypoten-
sion or decreased cardiac output) in patients at risk (either
due to pre-existing disease or the nature of the operative pro-
cedure) and (ii) limitation of toxins that might jeopardize
residual renal function (159).

Unfortunately, direct monitors of renal wellbeing are
still in the rudimentary stage of development. Accordingly,
indirect measures of renal function (CVP and MAP) are
relied upon on a minute-to-minute basis, whereas the clini-
cal measurement of urine output is still relied upon when
evaluating renal function over longer time intervals.

To date, only one drug (N-acetylcystine) has proven to
prophylactically improve renal outcome, following a high-
risk procedure (radiocontrast administration). Manipulation
of autorenal regulatory vasodilators (nitric oxide and PGE2)
and vasoconstrictors (endothelin, vasopressin, and AII) may
prove helpful in the future. However, at this time, mainten-
ance of adequate intravascular volume, MAP, and cardiac
output are the most important renal protective measures
an anesthesiologist can provide for high-risk patients.

KEY POINTS

Recent studies indicate that an increased relative risk of
death is associated with kidney failure when adjusted
for a wide range of covariates (14,15). Accordingly, early
and accurate indicators of renal insufficiency or failure
are essential to the management of critically ill patients.
Intrinsic or intrarenal ARF has many causes, but in
trauma and critical care settings, the great majority of
cases are due to acute tubular necrosis (ATN) following
on from a prerenal hypoperfusion state.
The hallmark that underscores experimental models of
hemodynamically mediated ARF is a reduction of RBF
(injury generally results when RBF is reduced by more
than 50%) for at least 40 to 60 minutes.

Figure 6 Summary of conditions that lead to ischemic acute renal failure. A variety of clinical conditions results in a reduction in renal

blood flow; however, intravascular volume depletion and hypotension are the predominant culprits. When combined with the wide spectrum

of additional toxic insults, renal blood flow can be so severely impaired that acute tubular necrosis results. Abbreviation: ACE, angiotensin-

converting enzyme. Source: From Ref. 27.
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Urine output is not always the best measure of renal
wellbeing. Rather, indirect measures are at times more
reliable during resuscitation of a trauma patient (i.e.,
mean arterial pressure, preload, and cardiac output).
Ischemic ATN is typically seen after a prolonged
episode of hypotension, particularly when the blood
flow to the kidney is interrupted (e.g., aortic cross-
clamp) (31–34).
Most nephrologists would agree that doubling of the
serum creatinine and the rising of serum creatinine of
1.0 mg/dL per day over two to three days would consti-
tute a patient in ARF (Table 2).
Decreased urine output, and rising serum BUN and
creatinine are the standard indicators for the develop-
ment of worsening ARF.
An arterial line serves the dual purpose of providing
access for repetitive ABG samples, as well as continu-
ous beat-to-beat measurement of arterial BP throughout
resuscitation, operative management, and critical care.
SPV is a technique for gauging intravascular volume
status, which is very useful in renal failure patients.
Trauma and critically ill patients with renal insuffi-
ciency should have their CVP maintained on the high
side to protect against the prerenal state.
In situations where assessment of LVEDV is critical
(e.g., hypotension, low cardiac output, and normal or
high filling pressures by CVP and PACWP), using a
TEE provides the more accurate and direct view of LV
preload and contractility (86).
The most clinically useful way to diagnose ATN is the
evaluation of the urine sediment. The presence of
brown granular casts and epithelial cells, singly or in
casts, is seen in 80% of patients with ATN (94).
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INTRODUCTION

Acute renal failure (ARF) is a commonly seen complication
of critical illness, and carries an additional grave prognosis
for its sufferers. It occurs in about 5% of all general hospital
patients. By various reports, the frequency of ARF among
patients is 1% at the time of admission, 2% to 5% during hos-
pitalization, and as high as 4% to 15% after cardiopulmonary
bypass. It is associated with a greater than 50% mortality
rate, and increases the relative risk of death by 6.2-fold (1).
Even in patients who survive hospitalization and ARF to dis-
charge, duration of stay is prolonged, adding additional
costs to their medical care. Between 20% and 60% of patients
with ARF would develop end-stage renal disease (ESRD),
requiring long-term dialysis, which adds further to health-
care costs and significantly affects the quality of life (2).

In order to provide optimal care to the critically ill
population, to decrease their mortality and morbidity, and
to reduce the already overburdened healthcare budget, the
prevention of ARF is of utmost importance to be able to
prevent the development of ARF as a comorbidity, or
barring that, to be able to treat it. ARF in trauma and critical
illness is often reversible, if recognized early and appropri-
ate treatment is promptly instituted. This chapter briefly
summarizes the pathophysiology of the common causes of
ARF in this population, and then reviews the various pro-
phylactic and/or treatment measures for them.

PATHOPHYSIOLOGYOFACUTE RENAL FAILURE IN
TRAUMA/CRITICAL CARE

The definition of ARF is imprecise, and various standards
exist in the literature. Commonly used definitions include
a change in serum creatinine of .0.5 mg/dL (44 mmol/L),
an increase of more than 50% over the baseline value, a
reduction in the calculated creatinine clearance by 50%, or
a need for dialysis (see Volume 2, Chapters 40 and 41).

ARF in the critically ill is often a multifactorial

process, but usually involves a combination of hypoperfu-
sion and local hypoxic injury, from inflammatory stress
due to toxins or oxygen free radicals. The causes of
ARF in the surgical intensive care unit (SICU) and/or
trauma setting are numerous. However, the list of etiologies
is slightly narrower than the differential affecting patients
with ARF at the time of admission to the hospital. In
addition, as many as a third of patients who develop ARF
have some degree of chronic kidney disease as a result of
organ damage from pre-existing diabetes, hypertension, or
renal vascular atheromatous disease. The renal injury

ranges from an easily treated prerenal azotemia to acute
tubular necrosis (ATN) to cortical necrosis.

Many drugs used in the diagnosis or treatment of the
critically ill population, such as anti-inflammatory agents,
antimicrobials, immunosuppressants, and radiocontrast
agents, can induce ARF, and do so by affecting renal blood
flow (RBF) and by direct tissue toxicity (Table 1).

Hypoperfusion
Maintenance of the intravascular volume and preservation
of renal perfusion is essential to the well-being of the
kidneys. Adequate perfusion ensures two factors for the
kidney: that the glomerular filtration rate (GFR) is main-
tained, which allows for proper homeostasis of electrolytes
and fluid balance, and that oxygen delivery is adequate.
The partial pressure of oxygen in the renal medulla is actu-
ally already quite low at baseline, ranging around 20 torr,
compared with 50 torr in the cortex (3). Therefore, any
further decrease in its perfusion pressure and oxygen deliv-
ery can be devastating. Once hypoxic injury occurs, the
resulting necrosis and inflammatory responses are likely to
prolong the deleterious effects.

Endocrine and autocrine functions act reflexively

in the renal vasculature to adjust for hypoperfusion.
The kidney can adapt for brief periods to changing perfusion
conditions. The macula densa in the juxtaglomerular appar-
atus provides a constant feedback to regulate the GFR; it
does this by secreting paracrine signals, such as prostaglan-
dins to vasodilate, and adenosine to vasoconstrict the affer-
ent renal arteriole, in response to changing perfusion
pressures. Afferent vasodilation increases the perfusion
pressure, and thus the GFR; afferent vasoconstriction does
the opposite (4). Further endocrine functions follow, such
as the activation of the renin-angiotension II-aldosterone
system for blood pressure regulation and increased water
and sodium resorption.

Drugs and Toxic Exposure
Various conditions and therapeutic maneuvers occurring in
trauma and critically ill patients can disrupt the baseline
regulatory process (Table 2). Rhabdomyolysis, with free
myoglobin acting as a scavenger of nitric oxide (NO), pro-
motes afferent and intramedullary vasoconstriction (2,3,5).
Rhabdomyolysis may account for nearly 5% of the causes
of ARF in critically ill patients. Sepsis and septic shock,
while having a direct effect of hypoperfusing the kidneys,
probably also exert additional deleterious effects by
increasing the amount of inflammatory and prothrombotic
signals present, leading to renal microvascular injury,
thromboemboli formation, and increased vasoconstriction.
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Sepsis syndromes are associated with more than 50% of all
cases of ARF in critically ill patients.

Use of nonsteroidal anti-inflammatory drugs
(NSAIDs) and cyclooxygenase-2 (COX-2) inhibitors decrease
the amount of prostaglandins being produced in the macula
densa (4). Prostaglandins are responsible for continued
sodium resorption, potassium excretion, and afferent vaso-
dilation. When prostaglandin-mediated afferent arterial
vasodilation is disrupted, the decreased arteriolar caliber
can lead to decreased tubular perfusion, especially in situ-
ations where the patient is also hypovolemic. Amphotericin
and contrast dye agents have a similar effect in promoting
afferent arteriolar vasoconstriction (6–8). Amphotericin
also increases the release of thromboxane A2 to contribute
to hypoperfusion.

Cyclosporine and FK-506 (tacrolimus), both exert a
similar afferent renal arteriolar vasoconstrictive effect. The
mechanisms are unclear, but part of the phenomenon

involves the initiation and expression of the renin-angioten-
sin system. Endothelial activation also appears to be
involved, and chronic administration of these agents leads
to intimal proliferation of the renal arterioles.

In drug-induced renal toxicity, tubular cell damage
occurs as a result of a multipronged injury cascade: direct
injury to the tubular cells, disruption of their ion exchange
function, as well as increased local concentration of oxygen
free radicals (2,7,8). Compounds like peroxynitrite, and pro-
ducts of lipid peroxidation, are noted to be increased in the
renal tissue, when aminoglycosides and radiocontrast agents
are administered (7–9). They induce direct cellular damage,
by damaging the cellular components, and by inactivating
enzymes, including mitochondrial respiratory enzymes and
membrane pumps, damaging DNA. These agents also
deplete the stores of glutathione and endogenous NO to
further impair renal perfusion. Amphotericin and aminogly-
cosides also directly increase the oxygen demand of tubular
cells. Cyclosporine and FK-506 both seem to increase the
expression of transforming growth factor-b (TGF-b), a signal
for proliferation of fibroblast and endothelial cells. This
results in arteriopathies, as mentioned earlier, and also in
tubulointerstitial fibrosis and subsequent renal dysfunction.

The use of diuretics, particularly those affecting the
loop of Henle have been promoted to preserve urine
output in critically ill patients with ARF. Theoretically,
loop diuretics may protect the loop of Henle by reducing
its transport-related workload through inhibition of the
Naþ/Kþ/Cl2 pump. However, clinical trials have not
shown a renal protective benefit to loop diuretics. Other
effects of diuretics include the reduction of volume overload
and control of hyperkalemia and acidosis.

While diuretics have been used to convert oliguric
ARF to nonoliguric ARF, the outcomes have not been
improved with their use. The Project to Improve Care in
Acute Renal Disease (PICARD) study group performed a
cohort study between October 1989 and September 1995,
and analyzed 552 patients with ARF in intensive care units.
Their observation was that diuretic use at the time of consul-
tation (of the nephrology specialist) for the management of
ARF was associated with a significant increase in the risk of
death or nonrecoverable renal function. While the authors
of the study stressed against any inference that diuretics
themselves caused harm, they did note that such a lack of
support for the use of diuretics to improve morbidity and
mortality means that their use should be discouraged (10).

POTENTIAL PROPHYLACTIC REGIMENS

In order to actively pursue a principle of “renal protection”
for trauma and SICU patients, the intensivist must maintain
adequate renal perfusion, limit toxic exposure, and consider
utilization of renal protective drugs. Furthermore, renal pro-
tective strategies should be instituted in high-risk patients,
targeting each of the aforementioned mechanisms. Such a
multifaceted plan consists of: preservation of perfusion via
euvolemia, maintenance of renal arteriolar patency, and
decreasing tissue damage from toxins and oxygen free rad-
icals. Various agents have been employed as prophylactic
treatment of ARF and are discussed as follows.

Preservation of Perfusion
Fluids

One of the best renal protective maneuvers is aggressive

fluid resuscitation and maintenance of euvolemia. In a

Table 1 Common Mechanisms of Acute Renal Failure in

Trauma and Critical Care

Hypoperfusion Hypovolemic shock

Hypotensive shock

Sepsis

Thromboemboli

Afferent renal artery

vasoconstriction

(from toxins and drugs)

Rhabdomyolysis

NSAIDs

Contrast dye

ACE-inhibitor agents

Amphotericin

Cyclosporine

FK-506

Direct renal tubular injury Drugs

Aminoglycosides

Contrast dye

Amphotericin

Cyclosporine

FK-506

Hypoxia

Inflammatory processes

Abbreviations: ACE, angiotensin-converting enzyme; NSAIDs, nonsteroi-

dal anti-inflammatory drugs.

Table 2 Conditions and Agents Disrupting Afferent Arterial

Vasodilation and Causing Direct Tubular Injury

Agents disrupting afferent renal artery

vasodilation (i.e., cause vasoconstriction)

Agents causing direct

renal tubular injury

Rhabdomyolysis Aminoglycosides

NSAIDs Contrast dye

Contrast dye Amphotericin

ACE-inhibitor therapy Cyclosporine

Amphotericin FK-506

Cyclosporine Diuretics

FK-506

Abbreviations: ACE, angiotensin-converting enzyme; NSAIDs, nonsteroi-

dal anti-inflammatory drugs.
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recent study of aggressive fluid resuscitation in septic
patients, overall survival improved by 30% (30% vs. 46.5%
mortality) (11). For the critically ill patient with multisystem
organ dysfunction, the importance of preserving organ per-
fusion cannot be stressed enough (also see Volume 2, Chap-
ters 40 and 41). For the kidney, especially, euvolemia is
essential, and will effectively prophylax against many side
effects of the toxins mentioned previously. For example,
hydration has been demonstrated to prevent the decreased
RBF in patients being given NSAIDs and COX-2 inhibitors
(4), as well as amphotericin (12) and contrast dye agents
(7,8). Goals of volume and fluid replacement for critically
ill patients are shown in Table 3 (13).

Dopamine
Dopamine, mannitol, and diuretics are probably the classic
examples of “renal protection.” A combination of these
agents is often used in the surgical setting, in patients under-
going high-risk procedures for renal damage, such as
abdominal aortic aneurysm repair. In many critical care
units a “low-dose” dopamine infusion (1–3 mcg/kg/min)
is often used as a renal protective agent (2,5). There is
some physiologic basis to support this empirical use,
though more recently, its efficacy has been refuted. Dopa-
minergic receptors exit in the central nervous system as
well as the renal circulation, and the DA-1 receptors on the
renal vasculature effect vasodilation, and thus theoretically
preserve renal perfusion (14). Dopamine has different
effects on the various catecholamine receptors at varying
concentrations. In the range of 1 to 3 mcg/kg/min, dopa-
mine is primarily an agonist for dopamine1 (D1) receptors,
and in higher doses (4–9 mcg/kg/min) can act as b-adrener-
gic agents to increase cardiac contractility and output, or in
extremely high doses (10–20 mcg/kg/min) will exert
a1-adrenergic effects to increase the systemic vascular
resistance via peripheral vasoconstriction. In fact, 25% of
dopamine is converted to norepinephrine in the circulation,
which probably also partially explains this dose-responsive
differential effect (1).

To date, not a single large randomized controlled trial
(RCT) has demonstrated a positive outcome (in terms of
renal protection, morbidity, or mortality) with the use of
renal dose (1–3 mcg/kg/min) dopamine infusion. It is not
clear that dopamine infusion has long-term benefits. In
both animal and human studies, RBF does increase with
low dose dopamine. Urine output increases as well, and
probably does so as a result of dopamine’s stimulation of
natriuresis, rather than the simple explanation of an
increased RBF. There are numerous studies supporting this
observation, and low-dose dopamine has been successfully
used in conjunction with norepinephrine or epinephrine

infusions, for example, to provide for “renal vasodilation”
during systemic hemodynamic support (15). In a direct
comparison to dobutamine, dopamine was associated with
better diuresis, kaliuresis, and natriuresis at the same hemo-
dynamic parameters. In dog models, low-dose dopamine
therapy seemed to lead to improved urine excretion of
sodium, more so in the ischemic injury model of renal
failure than the nephrotoxic injury models.

However, none of the small studies demonstrate a
long-term benefit and improved survival of patients with
ARF following renal dose dopamine administration.
Although a few studies were indeed positive, their results
could not be duplicated by other investigators (1). The best
arguments for the continued use of low-dose dopamine
may be that: (i) conversion from oliguric ARF to non-
oliguric ARF does improve survival (50–80% vs. 15–20%)
(16–18), and perhaps an increase in the GFR; and (ii) as
long as low-dose dopamine does no harm to the patient,
some clinicians advocate its continued use in selected
patients (19).

Mannitol
While loop diuretics are not helpful, the osmotic diuretic
agent mannitol may provide modest benefit by reducing
oxidant activity. As discussed earlier, nephrotoxicity from
oxygen-free radical damage follows from both ischemic
and numerous toxic insults to the renal parenchyma. Manni-
tol, by forcing diuresis and scavenging oxygen-free radicals,
is theoretically beneficial.

There is a small amount of data in the rhabdomyolysis
literature to support these claims (20). Mannitol is often used
along with fluid repletion, and sodium bicarbonate in the
treatment of rhabdomyolysis. With free myoglobin accumu-
lating in the renal tubules, sludging results, and oliguric
ARF rapidly develops (21). Myoglobin catalyzes the
metabolism of NO, and thus rhabdomyolysis produces a
secondary injury through renal arteriolar vasoconstriction
and decreased renal perfusion (3).

In rhabdomyolysis, aggressive intravenous fluid
hydration, to maintain a urine output greater than 200 mL/
hr, is the recommended first priority (21). Sodium bicar-
bonate and mannitol are often added to the regimen, with
a small study showing some potential benefit (20). While
the antioxidant and diuretic activity of mannitol and the
alkalinization of urine by sodium bicarbonate to prevent
urate and myoglobin crystal formation, may indeed be
helpful, the conventional thinking is that the intravascular
volume expansion, supplied by their administration, prob-
ably provides the greatest benefit.

Fenoldopam
Fenoldopam, a DA-1-specific dopaminergic agonist,

actually has documented benefit, in that it improves renal
hemodynamics, function, and histology (14). Fenoldo-
pam exerts renal vasodilation effects, improving both corti-
cal and renal medullary blood flow and decreasing sodium
reabsorption in the proximal tubule. Fenoldopam appears
to lead to long-term improvement in patients who are receiv-
ing amphotericin B or cyclosporine. In a study comparing
fenoldopam or placebo in treating patients recovering from
thoracoabdominal aortic aneurysm, the survival of patients
treated with prophylactic fenoldopam was 93%, compared
with 80% for placebo (22). While the number of patients in
this study was limited (n ¼ 58), the data do suggest that
there may be an advantage to fenoldopam that was not

Table 3 Goals of Volume and Fluid Replacement for

Critically Ill Patients

Achieve and maintain normovolemia and hemodynamic stability

Optimize oxygen delivery and oxygen consumption

Restore fluid homeostasis in the different fluid compartments

Ensure adequate plasma COP

Improve microcirculatory perfusion

Ensure appropriate inflammatory response and endothelial

cell–leukocyte interactions

Abbreviation: COP, colloid osmotic pressure.

Source: Adapted from Ref. 13.
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demonstrated with dopamine. Larger studies and trials
that seek to duplicate the previous positive results with
fenoldopam are needed before any conclusions can be
drawn.

Atrial Natriuretic Peptide
Atrial natriuretic peptide (ANP) and its synthetic siblings,
urodilatin and anaritide, are all potent renal artery renal
vasodilators. ANP is a potent antagonist of renal vasocon-
strictor signals (23). In animal models, it reduced the inci-
dence of ARF in both ischemic (24) and toxic (25) models.
In a small open label human study; involving 53 patients,
it was demonstrated that a 24-hour infusion of ANP resulted
in a statistically significant increase in creatinine clearance
(26). In the subgroup of patients with nonoliguric ARF,
ANP was associated with a significant increase in dialysis-
free survival.

Urodilatin may be better than ANP, because it has
more potent natriuretic and diuretic abilities, resists rapid
breakdown, and does not exhibit tachyphylaxis (27). Some
preliminary studies looking at prophylactic use of urodilatin
as a renal protective agent, following transplant surgery
(cardiac and liver), have been done (28,29), demonstrating
favorable results in the small sample sizes used. In these
investigations, fewer patients required dialysis, and non-
oliguric patients had higher urine flow rates.

An early report found that anaritide treatment did not
improve the dialysis-free survival rate in critically ill patients
with ATN (30). In fact, it was associated with decreased sur-
vival. However, a more recent study showed that anaritide,
administered to patients with ischemic ARF sustained as a
complication of cardiac surgery, significantly increased
renal function and decreased the need for dialysis (31).

Vasopressin
A recent study compared the outcome of fluid resuscitation
with vasopressin following liver trauma. Treatment with
vasopressin showed improved blood flow, and also pre-
vented further blood loss. It also significantly improved
short-term survival, when compared with fluid therapy
(32,33). A unique feature of vasopressin, not shared by
other vasopressors, is that it causes vasodilation in the
renal vasculature. Vasopressin causes vasodilation in key
vascular beds, including the pulmonary, cerebral, renal,
and coronary circulations—unique features of vasopressin
not shared by other vasoconstrictor agents. One mechanism
of vasopressin-induced vasodilation is the activation of
oxytocin endothelial receptors, which in turn trigger acti-
vation of endothelial isoforms of NO synthase (33). Thus
vasopressin, at low doses, may have a sparing effect on
key vascular beds.

Prevention/Reduction of Renal Injury Due to Drugs/Toxins
Avoidance of Hyperglycemia
The strict control of plasma glucose in patients with septic
shock has yielded the stunning results of reduced mortality
(from the septic shock), as well as decreased incidence of
ARF (see Volume 2, Chapter 60) (34,35). Indeed, for the criti-
cally ill patient population, the use of aggressive insulin
infusion regimens to maintain a glucose level between 80
and 110 mg/dL should now be regarded as a standard
element in the prevention of ARF. These beneficial effects
of normoglycemia were initially thought to be a secondary
effect of the insulin administration, that perhaps the
growth-factor-like properties of insulin were responsible.

Interestingly, in a follow-up multivariate analysis, the
authors of the initial study demonstrated that the reduction
in sepsis mortality was independently associated with the
glucose level, whereas the beneficial differences in the inci-
dence of ARF were due to the amount of insulin adminis-
tered as an independent factor. Therefore, the benefits of
insulin administration versus euglycemia need to be clari-
fied in the prophylaxis of renal injury. Tight control of
glucose between 80 and 110 mg/dL, via the use of insulin
infusions, is useful to prevent renal failure in the septic
patient population.

Daily Dosing of Aminoglycosides
Altered administration regimens of nephrotoxic drugs have
also been found to be helpful. With aminoglycosides, the lit-
erature supports utilizing a daily dose, rather than divided
doses to deliver the daily total, in order to reduce nephro-
toxicity (36). Recent studies have shown that aminoglycoside
toxicity is higher when these drugs are administered in the
setting of low urine pH, while it is the lowest when adminis-
tered immediately after a meal, when the urine pH is the
highest (6).

Radiocontrast Agent Dosing and N-Acetylcysteine
Pretreatment Regimens
Antioxidant agents are being used to treat renal toxicity
induced by specific drugs. N-acetylcysteine (NAC) is prob-
ably the most well known. In the literature, it has been
effectively used prophylactically in patients receiving genta-
micin or radiocontrast agents (7–9). Using it for contrast dye
administration, NAC is given as an oral drug, 600-mg PO
BID, for 24 hours, along with ample hydration with intrave-
nous saline (7,8). The NAC dosing is continued for 24 hours
after exposure to the radiocontrast agent. In one prospective
study (8), the incidence of an increase in creatinine greater
than 0.5 mg/dL was 2% in the NAC-treated group compared
with 12% in the placebo (half-normal saline) treated group.
The absolute creatinine levels achieved were also higher in
the placebo group. Numerous studies have also demon-
strated the efficacy of hydration protocols, and the use of
nonionic isomolar contrast media.

The use of NAC in animal models of gentamicin treat-
ment demonstrate a similar type of prophylactic effect in
renal protection (9). On pathology slides, sections demon-
strate that animals who received NAC had less tubular
necrosis and cast formation. N-acetylcysteine treatment
also decreases the levels of malondialdehyde and myeloper-
oxidase, which are involved in lipid peroxidation and
oxygen free radicals (9).

The mechanism of action is complicated. N-acetyl-
cysteine has direct vasodilatory properties by regenerating
endogenous NO at the endothelium. Furthermore, as men-
tioned in the previous paragraph, it reduces the levels of
enzymes responsible for lipid peroxidation and oxygen
free radical generation. N-acetylcysteine reduces poly
(ADP-ribose) synthase expression, meaning that the
nuclear enzyme cannot deplete its substrate; nicotinamide
adenine dinucleotide (NADþ) and nicotinamide adenine
dinucleotide phosphate (NADP) are two important coen-
zymes found in cells. NADH is the reduced form of
NADþ, and NADþ is the oxidized form of NADH. Nicotin-
amide adenine dinucleotide is converted to NADP with the
addition of a phosphate group to the 20 position of the ade-
nosyl nucleotide through an ester linkage. In the setting of
hypoperfusion or hypoxia, ATP levels are decreased and
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anaerobic metabolism is favored. In the presence of NADH,
pyruvate is converted to lactate (anaerobic conditions),
whereas in the presence of NADþ, pyruvate is converted
to acetyl coA (aerobic conditions) to enter Krebs cycle and
ATP is produced. Some investigators feel that in the setting
of dangerously low ATP levels, increased glycolysis and
decreased aerobic metabolism leads to apoptosis and renal
tubular necrosis.

Finally, NAC upregulates antioxidant systems, such as
superoxide dismutase and glutathione peroxidase, and may
enhance oxygen consumption. In summary, NAC is active in
all the various mechanisms responsible for renal toxicity: it
counteracts vasoconstriction and decreased renal oxygen
delivery; it counteracts the direct cellular toxicity of certain
drugs; and it decreases the amount of secondary damage by
oxygen free radicals (also see Volume 2, Chapter 40, Table 6).

N-acetylcysteine should be used to prevent drug-
induced nephrotoxicity caused by radiocontrast, aminogly-
cosides, and other susceptible agents.

The methylxanthines, theophylline, and aminophyl-
line, antagonists of adenosine, have also been considered
in treating radiocontrast-induced nephropathy. Adenosine’s
role in RBF regulation is complex, because it is responsible
not only for afferent arteriolar vasoconstriction, but also
cortical arteriolar vasodilation (3). Because adenosine is
expressed in the juxtaglomerular apparatus and the renal
mesangial cells vasoconstrict (37), the thinking is that the
methylxanthine compounds can counteract the vasoconstric-
tive phenomenon, caused by radiocontrast agents. That
theory is clinically seen; some trials do suggest a slight
benefit to aminophylline/theophylline administration
(38–40). However, other studies have not demonstrated
the same benefit. Comparing the methylxanthines to NAC,
the latter compound demonstrates greater clinical efficacy.

Additional experimental drugs have been mentioned
in the recent literature as possible prophylactic agents.
These have yet to come into clinical practice. Prostaglandin
analogs, such as prostacyclin and alprostadil (prostaglandin
E1), have been studied in surgical patients undergoing
orthotopic liver transplantation and cardiopulmonary
bypass (41,42). Results do not consistently demonstrate
benefit, although decreased postoperative creatinine levels
and trends toward lesser incidence of dialysis-dependent
renal failure were noted in some of the studies. It may be
that prostaglandins, with their potent systemic vasodilator
effects, have differing effects on renal perfusion, depending
on the balance between selective renal arteriolar vasodilation
versus systemic hypotension, and a resulting decrease in
renal perfusion pressure, so that positive benefits from
their administration depend on a detailed administration
algorithm. Tirilizad mesylate, a 21-aminosteroid, has been
tested for pharmacokinetics and safety in healthy human
volunteers (43,44). In rat models, 21-aminosteroids are effec-
tive in attenuating the increase in postinjury serum creatinine
and improving animal survival (45). They achieve these
effects through their role in inhibiting lipid peroxidation,
by scavenging lipid radicals and by inhibiting lipid–
radical chain reaction, and by inducing NO synthase (46).

Amphotericin-B Formulations and Administration Regimens
In many immunosuppressed patients, severe fungal infec-
tions are an often lethal complication, and necessitate
the utilization of the most efficacious antifungal agent,
amphotericin. Amphotericin is a potent nephrotoxin,
decreasing renal function in up to 80% of patients; the risk

appears to be linked to the cumulative dose given (47). The
more serious fungal infections requiring amphotericin
treatment, such as fungemia, require a higher dose of
amphotericin, and thus increase the risk of developing
renal insufficiency, and the concomitant presence of other
sequelae of critical illness (diuretic use, abnormal serum
creatinine at baseline, use of other nephrotoxic drugs) in a
patient requiring amphotericin increases the risk as well (48).

To reduce its toxicity, amphotericin can be given as a
constant infusion rather than a bolus dose (12); this produces
an increased serum creatinine in 33% versus 58% of the
patients (49). Sodium infusion, with 1-L 0.9% saline load
prior to amphotericin administration, has been used clini-
cally, and a randomized, double-blinded placebo-control
study demonstrated efficacy to prevent creatinine rise (50).
In addition, various liposomal formulations, which are less
nephrotoxic, are now being used. These liposomal ampho-
tericin formulations reduce direct toxicity to the tubular
cells, although the mechanism is unclear. The clinical data
is scant regarding liposomal amphotericin, but seem to
show equivalent efficacy with standard amphotericin,
while reducing renal toxicity by 50% (51–56). By utilizing
different drug formulations and/or different dosing regi-
mens for antimicrobials, like aminoglycosides, amphoteri-
cin, and radiocontrast agents, one can decrease their

nephrotoxicity.

EYE TOTHE FUTURE

The current research is focused on studying the molecular
pathophysiology, to attempt to block the cascades responsible
for renal injury. At the same time, the mechanism for inflam-
matory injury is being elucidated for possible therapeutic
intervention. With advances in continuous renal replacement
therapy (CRRT) and hemodialysis, further improvements,
such as renal tubule assist devices, can help decrease the
extent of renal injury. In addition, there is growing interest
in blood purification systems to remove circulating mediators
in sepsis, which may confer benefit in septic patients.

Molecular Pathophysiology
Lysophosphatidic acid (LPA) binds to a family of G protein-
coupled receptors, and has effects on cell proliferation, cell
differentiation, survival, and apoptosis suppression. It also
functions as an inflammatory mediator. Reperfusion injury
of the kidney is correlated with persistently increased
levels of LPA (57–59). Three subtypes of LPA receptors
exist, and LPA3 receptor antagonism has demonstrated, in
the mouse experimental model, to lead to decreased renal
ischemia-reperfusion injury (60). The same investigators
applied a LPA3 receptor agonist to mouse kidneys, and
found an enhanced level of renal injury. These data
suggest that an LPA3 receptor antagonist compound could
serve as treatment of ischemic ARF.

In addition, studies are examining the clinical utility of
antagonists to the A2A adenosine receptor. It is one of the
four subtypes of adenosine receptors, and appears to func-
tion via the G protein-coupled effects on adenylyl cyclase
to vasodilate the renal vasculature, and increase RBF and
GFR (61). Activation of A2A receptors on neutrophils also
reduces neutrophil oxidative activity and decreases neutro-
phil adherence to endothelial cells. The combined effect is
that of reduced tissue damage from neutrophil infiltration
and the resulting oxidative damage (58,59).
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Immunology
Investigators (62) recently demonstrated that T and B cells
were important mediators of renal injury following whole
body ischemia. When T-cell-deficient mice were exposed to
whole body ischemia conditions, the rise in serum creatinine
and tubular injury were significantly decreased. B-cell-
deficient mice also had reduced rates of postischemic
injury, via a pathway independent of T-cell function (63).
Soluble mediators and changes in the expression of adhesion
molecules like ICAM-1 are part of the mechanism. Once they
are more clearly delineated, these systems may be the targets
for future therapy.

Tissue Engineering
Tissue engineering may be used in the future, for either
prophylaxis or treatment of renal injury. A group of investi-
gators (64) treated pigs, inoculated with Escherichia coli with
CRRT, including a filter with renal proximal tubule cells,
forming a “renal tubule assist device” (RTAD), to prophylac-
tically treat for ATN. The results demonstrated decreased
plasma levels of IL-6 and gamma interferon, and the
treated animals doubled their survival time compared with
the sham control group. This result suggests that the idea
of utilizing high-volume hemofiltration and other CRRT
options may indeed lead to reduced levels of inflammatory
cytokines and better survival.

Other Novel Drugs
One study found fructose-1,6-diphosphate (FDP) to be
beneficial in preventing cell edema and protecting renal cells
from ischemic damage. This study also suggests that treat-
ment with FDP may, in some cases, be superior to treatment
with mannitol (65). Early trials have indicated that recombi-
nant human atrial natriuretic peptides (rhANP) and insulin-
like growth factor 1 (IGF-1) may be beneficial in primary
prevention of ARF (66,67). Further research is also needed to
determine the effects of anti-inflammatory agents in the pro-
phylaxis and treatment of ARF. Specific inducable
nitric oxide synthose (iNOS) inhibitors, N-iminoethyl-L-lysine
(L-NIL), and a-melanocyte-stimulating hormone (aMSH)
have exhibited some protective properties against ARF (68,69).

Finally, a study aimed at evaluating the effectiveness
of treating kidney trauma with a caffeic acid phenethyl
ester (CAPE) found that this treatment provided significant
protection against further injury (70).

SUMMARY

Many cases of ARF in critically ill patients are attributed to
nonpreventable causes. Pathological processes, such as
septic, hemorrhage, or cardiogenic shock are associated with
ARF. In addition, the many diagnostic and therapeutic maneu-
vers instituted to stabilize and treat critically ill patients also
introduce nephrotoxicity via a variety of mechanisms. In
most situations of ARF, the etiology is multifactorial, but
includes the common final pathways of renal hypoperfusion,
oxygen-free radical injury and, in many cases, direct cellular
toxicity from a specific nephrotoxic property of the compound
administered. In these situations, certain prophylactic and
treatment measures can be taken to increase chances of renal
recovery. While some are only in preliminary clinical studies
and others are pure theories, there are strategies and agents
available now with documented clinical efficacy. Their use

should definitely enter into the management plan of a criti-
cally ill patient, who has risk factors for developing ARF.

KEY POINTS

ARF in the critically ill is often a multifactorial process,
but usually involves a combination of hypoperfusion
and local hypoxic injury, from inflammatory stress
due to toxins or oxygen-free radicals.
Endocrine and autocrine functions act reflexively in the
renal vasculature to adjust for hypoperfusion.
While, diuretics have been used to convert oliguric ARF
to nonoliguric ARF, the outcomes have not been
improved with their use.
One of the best renal protective maneuvers is aggres-
sive fluid resuscitation and maintenance of euvolemia.
In rhabdomyolysis, aggressive intravenous fluid hydra-
tion, to maintain a urine output greater than 200 mL/hr,
is the recommended first priority (21).
Fenoldopam, a DA-1-specific dopaminergic agonist,
actually has documented benefit, in that it improves
renal hemodynamics, function, and histology (14).
Tight control of glucose between 80 and 110 mg/dL, via
the use of insulin infusions, is useful to prevent renal
failure in the septic patient population.
N-acetylcysteine should be used to prevent drug-
induced nephrotoxicity caused by radiocontrast, ami-
noglycosides, and other susceptible agents.
By utilizing different drug formulations and/or differ-
ent dosing regimens for antimicrobials, like aminogly-
cosides, amphotericin, and radiocontrast agents, one
can decrease their nephrotoxicity.
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INTRODUCTION

During the past decades, a number of advances have been
made in the field of renal replacement therapy (RRT). In
addition, clinicians have gained a better appreciation of the
need for early and aggressive management of patients with
renal failure in the intensive care unit (ICU) (1). Although
a number of treatment modalities exist, there seems to be
continued controversy about selection of the most appropri-
ate modality for an individual patient. This chapter briefly
reviews the clinical spectrum of renal failure in the ICU, the
indications for initiating dialysis, the general principles of
dialysis therapy, and unique features, advantages, disadvan-
tages, and utility of various renal replacement modalities.

DIVERSITY OF CLINICAL RENAL FAILURE IN THE ICU

Appropriate modality selection requires an understanding of
the clinical spectrum of renal failure in the ICU. The incidence
of acute renal failure (ARF) in the ICU is approximately
10–25% (2,3). Most (70%) of the critically ill patients
who develop ARF require dialysis, and most do not survive
(50–90% death rate) (2–4). Uncomplicated ARF refers to an
acute and transient decline in glomerular filtration rate
(GFR) without clinically apparent complications. Dialytic
support is often unnecessary in such patients, or may be
required for a single indication such as hyperkalemia. In
contrast, complicated ARF is characterized by multiple meta-
bolic and volume status perturbations. Often, the patient is
oliguric, and the renal failure may be present in association
with the multiple organ dysfunction syndrome (MODS).
This is the type of renal failure most commonly seen in
patients, who suffer from acute trauma or develop postopera-
tive renal failure. The threshold for initiation of dialysis and
the choice of dialytic modality will differ depending on
associated complications and comorbid conditions.

INDICATIONS FOR INITIATION OF DIALYSIS

Although there has been an increased appreciation for the
need for early and aggressive management of ARF in the

ICU setting, there are no standards for initiation of dialysis
and many nephrologists avoid dialysis initiation for as
long as possible. Two major factors contribute to the ten-
dency to delay dialysis. First, the dialysis procedure itself
has associated risks. Hypotension, dysrrhythmias, and com-
plications of vascular access placement are common (5,6).
Second, there is a concern that dialysis can delay recovery
of renal function (7,8). This contention is supported by
animal data in which hypotension resulted in recurrent
renal ischemia (9), and human studies that showed a
decline in GFR during and after an intermittent hemo-
dialysis session (10,11).

Several factors need to be considered when making
the decision to provide RRT. First, it is important to recog-
nize that in the ICU patient, ARF usually does not occur in
isolation from other organ system dysfunction. Conse-
quently, providing dialysis can be viewed as a form of
renal support for multiorgan dysfunction rather than mere
renal replacement (Table 1) (12). For example, in the presence
of oliguric renal failure, administration of large volumes of
fluid to patients with MODS may lead to impaired oxygen-
ation. In such a setting, early intervention with extracorpor-
eal therapies for management of fluid balance may
significantly impact the function of other organs even in
the absence of traditional indices of renal failure, such as
marked azotemia.

Indications for dialysis generally fall into one of
three broad categories: solute indications such as marked

azotemia, volume indications such as fluid overload, or
both. Often the patient who has suffered acute trauma
receives large volumes of blood products, fluids, and nutri-
tion. Such therapy is acutely life-saving, but may result in
the manifestation of an indication for dialysis, such as fluid
overload or hyperkalemia.

The indication for initiation of dialysis influences
outcome. We showed in a randomized controlled trial com-
paring intermittent therapies with continuous therapies that
patients dialyzed for solute control had a better outcome
than those dialyzed for volume control (13). Moreover,
patients dialyzed for both solute and volume control had
the worst outcome. Therefore, it appears that volume
overload tends to confer a poorer prognosis. This notion is
supported by a number of observational studies. For
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example, recent studies have suggested that achieving a
negative fluid balance in the first three days of admission
for septic shock is a predictor of better survival (14). More-
over, hypervolemia is a common accompaniment to perio-
perative ARF. Mukau et al. (15) showed that 95% of their
patients with postoperative acute renal failure had fluid
excesses of more than 10 L at initiation of dialysis.

Consequently, fluid regulation ought to be an import-
ant consideration when deciding to initiate dialysis in the
ICU patient with ARF. Such renal support provides
volume “space,” which permits for the administration of
adequate nutritional support without limitations (16). In
addition to volume overload, solute disturbances such as
hyperkalemia may predispose to life-threatening dysrrhyth-
mias, and uncontrolled uremia may lead to a variety of
serious complications. Thus, maintaining electrolyte, acid–
base, and solute homeostasis is another important factor
when considering initiation of dialysis.

PRINCIPLES OF DIALYSIS
Overview
Dialysis is a process in which molecules in solution “A”
(blood) diffuse across a semipermeable membrane into sol-
ution “B” (dialysate) (6). The transfer of solute across the
membrane is determined by membrane characteristics and
the solute concentration on the two sides of the membrane.
Diffusive clearance denotes the movement of small mole-
cular weight solutes from plasma to dialysate under
the driving force of an electrochemical gradient. Convective
clearance (ultrafiltration, UF) occurs when water is driven
across the membrane by either a hydrostatic or an osmotic
force. Those solutes that can pass through the membrane
pores move along with the water (solute drag).

Determinants of Diffusive Clearance
Membrane characteristics play a major role in determining
the efficacy of diffusive clearance. For example, membranes
with larger pores, larger surface area, and a specific geo-
metrical configuration have greater permeability to small
and middle molecular weight solutes than membranes
with smaller pores and smaller surface area. Most hemo-
dialysis membranes in use today are of the synthetic type
and are more permeable than older cellulose-based mem-
branes. Flow rates of blood and dialysate and dialysis time
are the principal determinants of diffusive solute clearance.
Direction of blood and dialysate flow is also a major
determinant of solute diffusion capacity. Currently, all

hemodialysis modalities employ a countercurrent mechan-
ism in which the direction of dialysate flow is opposite
that of the blood flow. Countercurrent flow serves to
maximize the concentration gradient between the blood
and dialysate throughout the length of the membrane (6).

Determinants of Convective Clearance
Because convective clearance is achieved mainly by solute
drag during UF, the rate at which UF occurs is the major
determinant of convective clearance. Ultrafiltration rate is,
in turn, determined by transmembrane pressure, water
permeability, pore size, surface area, membrane geometry,
and thickness. Moreover, enhanced blood flow rates will
increase UF rates because higher blood flow rates
prevent the stagnant accumulation of proteins that
cannot cross membranes at the surface of UF. As the
transmembrane pressure difference increases, more fluid
and accompanying solute will be removed. However, the
maximum transmembrane pressure that can be applied
is limited by the tensile strength of the membrane. The
size of solutes that can be “dragged” during convection
is determined in large part by the size selectivity of the
membrane. In general, convection is more efficient than
diffusion at removing middle and large molecular
weight solutes (6).

Vascular Access
In order for blood to be removed from the patient, circulated
through the dialyzer, and then returned to the patient, access
to the vasculature is required. Although arteriovenous fistu-
las and grafts are used in chronic dialysis patients, it is more
common to use a catheter for vascular access in the acute
setting. When arteriovenous acute dialysis was still com-
monly used, patients would receive one catheter in a major
artery and another in a major vein. This type of vascular
access has fallen out of favor because of the multitude of
complications that arise from the use of chronic indwelling
arterial catheters.

Currently, most patients who require acute dialysis
receive a dual-lumen venous catheter placed in either the
femoral, internal jugular, or subclavian vein. The design of
these catheters is such that blood is withdrawn from a prox-
imal opening and returned to a more distal opening. Because
of this design, some of the blood returned to the vein will “recir-
culate” into the withdrawing port and into the hemofilter
again, reducing the efficiency of dialysis.

Recirculation associated with dual-lumen venous

catheters have been shown to be worse in the femoral

Table 1 Indications and Timing of Dialysis for Acute Renal Failure: Renal Replacement vs.

Renal Support

Reason for dialysis Renal replacement Renal support

Therapeutic goal Replace renal function Support other organs

Timing of intervention Based on level of biochemical

markers

Based on organs involved

(e.g., lungs, brain, and so on),

and clinical needs

Indications for dialysis Narrow Broad

Dialysis dose Extrapolated from

ESRD

Targeted for overall support

Abbreviation: ESRD, end-stage renal disease.

Source: Adapted from Ref. 108.
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(16%) when compared with the subclavian catheter (4%,

p ¼ 0.0001) location (17).

Anticoagulation
In order to avoid clotting of blood in the dialysis membrane,
circuit tubing, or at the vascular access, patients who receive
dialysis will generally require anticoagulation. Although a
variety of anticoagulants have been used, including low
molecular weight heparin, prostacyclin, and nafomostat,
systemic unfractionated heparin anticoagulation, regional
citrate anticoagulation, and frequent saline flushing of the
system are the most commonly used methods (18).

Heparin anticoagulation is easy to use, but has the dis-
advantage of necessitating anticoagulation of the entire
patient. At our institution we have favored the use of
regional citrate anticoagulation (19,20). The use of protocol-
driven monitoring and adjustment of anticoagulation has
improved the efficiency of both the nursing staff and the
physicians. In addition, we have been able to provide dialy-
sis to patients at high risk of bleeding with minimal compli-
cations. Citrate anticoagulation works by binding ionized
calcium, thereby decreasing its ability to act in the clotting
system. Some specific considerations for citrate coagulation
include the need for liver function to convert citrate to bicar-
bonate, and the risk of hypocalcemia (especially in the
setting of liver failure).

DEFINITION OF TERMS
Intermittent Therapy
An intermittent therapy is defined as any extracorporeal
dialysis therapy in which the patient is treated for less
than 24 hours (Table 2). Included in this category are patients
treated with intermittent hemodialysis (IHD), sorbent IHD,
intermittent hemodiafiltration (IHDF), intermittent ultrafil-
tration (IUF), extended daily dialysis (EDD), and sustained
low efficiency dialysis (SLED), also termed slow continuous
dialysis (SCD) (21).

ContinuousTherapy
A continuous therapy is defined as any extracorporeal dialy-
sis therapy in which the patient is treated for 24 hours or

longer. Included in this category are a number of modalities
that will be defined in the following (Table 2).

Continuous Arteriovenous Hemofiltration
Continuous arteriovenous hemofiltration (CAVH) is a form
of continuous RRT (CRRT) whereby blood is driven by the
patient’s blood pressure through a filter containing a
highly permeable membrane via an extracorporeal circuit
originating from an artery and terminating in a vein
(Fig. 1). The ultrafiltrate produced is replaced in part or com-
pletely with appropriate replacement solution to achieve
blood purification and volume control (22,23).

Continuous Venovenous Hemofiltration
Continuous venovenous hemofiltration (CVVH) is a form of
CRRT whereby blood is driven through a highly permeable
membrane by a peristaltic pump via an extracorporeal
circuit originating from a vein and terminating in a vein
(Fig. 1). The ultrafiltrate produced is replaced in part or com-
pletely with appropriate replacement solution to achieve
blood purification and volume control (22,23).

Slow Continuous Ultrafiltration
Slow continuous ultrafiltration (SCUF) is a form of CAVH or
CVVH not associated with fluid replacement often used in
the management of refractory edema with or without renal
failure (Fig. 2). The primary aim of SCUF treatment is fluid
removal (22,23).

Continuous Arteriovenous Hemodialysis
Continuous arteriovenous hemodialysis (CAVHD) is a form of
CRRT in which the extracorporeal circuit includes slow coun-
tercurrent dialysate flow into the ultrafiltrate–dialysate com-
partment of the hemofilter (Fig. 3). Blood flow through the
blood compartment of the membrane is driven by the patient’s
blood pressure through a circuit beginning in an artery and
terminating in a vein. Fluid replacement is not routinely admi-
nistered and solute clearance is mostly diffusive (22,23).

Continuous Venovenous Hemodialysis
Continuous venovenous vemodialysis (CVVHD) is a form of
CRRT in which the extracorporeal circuit includes slow
countercurrent dialysate flow into the ultrafiltrate–dialysate
compartment of the hemofilter (Fig. 3). Blood flow through

Table 2 Dialysis Modalities for Acute Renal Failure

Intermittent therapies

(treatment duration

, 24 hours)

Continuous therapies

(treatment duration 24 hours

per day)

Hemodialysis Peritoneal dialysis

Single pass Ultrafiltration (SCUF)

Sorbent based Hemofiltration (CAVH,

CVVH)

Hemodiafiltration Hemodialysis (CAVHD,

CVVHD)

Ultrafiltration Hemodiafiltration (CAVHDF,

CVVHDF)

Extended daily dialysis

Slow continuous dialysis

Abbreviations: SCUF, slow continuous ultrafiltration; CAVH, continuous

arteriovenous hemofiltration; CVVH, continuous venovenous hemofiltra-

tion; CAVHD, continuous arteriovenous hemodialysis; CVVHD, continu-

ous venovenous hemodialysis; CAVHDF, continuous arteriovenous

hemodiafiltration; CVVHDF, continuous venovenous hemodiafiltration.

Source: Adapted from Ref. 108.
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Figure 1 Continuous renal replacement techniques:
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the blood compartment of the membrane is driven by a peri-
staltic pump through a circuit beginning and terminating in
a vein. Fluid replacement is not routinely administered and
solute clearance is mostly diffusive (22,23).

Continuous Arteriovenous Hemodiafiltration
Continuous arteriovenous hemodiafiltration (CAVHDF) is a
form of CRRT whereby the CAVH circuit is modified by the
addition of slow countercurrent dialysate flow into the ultra-
filtrate–dialysate compartment of the hemofilter (Fig. 4).
Ultrafiltration volumes are optimized to exceed the desired
weight loss to take advantage of convection. Fluid replace-
ment is routinely administered as clinically indicated to
replace fluid losses either in part or completely. Solute
removal is both diffusive and convective (22,23).

Continuous Venovenous Hemodiafiltration
Continuous venovenous hemodiafiltration (CVVHDF) is a
form of CRRT whereby the CVVH circuit is modified by
the addition of slow countercurrent dialysate flow into the
ultrafiltrate–dialysate compartment of the hemofilter
(Fig. 4). Ultrafiltration volumes are optimized to exceed the

desired weight loss to take advantage of convection. Fluid
replacement is routinely administered as clinically indicated
to replace fluid losses either in part or completely. Solute
removal is both diffusive and convective (22,23).

DIALYSIS MODALITIES IN THE SICU
Intermittent Therapies
Intermittent Hemodialysis
Intermittent hemodialysis is the procedure that has been
widely used over the past four decades in patients with
end-stage renal disease (ESRD) and those with ARF (24).
The vast majority of IHD is performed using a single pass
of dialysate at flow rates greater than that of blood. Several
important technological advances have made the procedure
safer and more suited for the ARF patient. The availability
of variable sodium concentrations in the dialysate, bio-
compatible membranes, bicarbonate-based dialysate, and
volumetrically controlled UF offer certain advantages
that are particularly well suited to the ARF patient (25,26).
Nevertheless, most centers use a fairly standard regimen
for administration of the therapy.

Because of limitations imposed by the use of dual-
lumen catheters for vascular access, only moderate blood
flow rates (200–300 mL/min) can be achieved. The standard
dialysate flow rate used is 500 mL/min. IHD offers the
advantage of providing for rapid correction of electrolyte
and acid–base disturbances. A major disadvantage of IHD
is the limited time (usually three to four hours) of total
therapy per day. As a result, the patient will remain
without renal support for the majority of the day during
which fluid regulation, acid–base balance, and electrolyte
homeostasis are not controlled.

The most significant disadvantages of IHD in the
critically ill patient with ARF are related to hypotension
and the possibility of worsening the severity of the renal

injury. Critically ill patients with hemodynamic instabil-
ity may not tolerate the higher blood flow rates needed to
achieve adequate levels of diffusive clearance in the
limited duration (three to four months typically) of the treat-
ment. More importantly, is the demonstration that intradia-
lytic hypotension can contribute to delayed renal recovery
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in out

0

SCUF TMP=30mmHg
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Mechanisms of function

CRRT techniques:SCUF
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P
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(7,8). Of interest is the demonstration by Schortgen et al. (27)
that implementation of strict guidelines for the management
and prevention of intradialytic hypotension helped reduce
the incidence of such episodes, but did not affect overall
mortality.

Sorbent System Intermittent Hemodialysis
Sorbent system IHD is a dialysis system in which dialysate is
regenerated by passage through a sorbent cartridge that con-
tains five distinct layers (28,29). The first layer contains acti-
vated carbon, the second contains urease, which converts
urea to ammonium carbonate, and the third layer contains
zirconium phosphate in which cations, such as potassium,
calcium, and magnesium are adsorbed and exchanged for
hydrogen and sodium ions. The fourth layer of the cartridge
contains hydrated zirconium oxide to which phosphate and
fluoride are adsorbed and exchanged for acetate. The fifth
layer contains activated carbon, which removes creatinine
and other waste products. Although this system is used
infrequently, it provides the advantage of obviating the
need for a source of pure water and providing a highly por-
table system. In addition, because of the unique character-
istics of the regenerating system, sorbent IHD allows for
greater flexibility in custom tailoring the dialysate. The
biggest disadvantage of the sorbent system is that it is less
efficient than single-pass IHD. The slower flow rate of dialy-
sate and the overall adsorptive capacity of the sorbent car-
tridge impose the main limitations on efficiency of
diffusive clearance.

Intermittent Hemodiafiltration
Intermittent hemodiafiltration (IHDF) uses convective clear-
ance for solute removal. The main disadvantage of IHDF is
the need for large volumes of sterile replacement fluid.
Therefore, the expense associated with IHDF has limited its
use in the United States. Proponents of the therapy claim
that it offers greater hemodynamic stability and improved
middle molecule clearance. Because of these advantages,
IHDF has been used extensively in Europe (21,30).

Intermittent Ultrafiltration
Intermittent ultrafiltration utilizes the same device used for
IHD, but differs in that the main utility of IUF is fluid
removal. Typically, the procedure is used for treatment of
pulmonary edema or severe cardiomyopathy with resistant
fluid overload. Because the same machine used for IHDF is
also used for IUF, some centers use a combination of IUF
and IHD in series. Such an approach provides for greater
hemodynamic stability and the ability to quickly treat
volume overload. A major disadvantage is the loss of time
available for diffusive solute clearance.

Extended Daily Dialysis
Extended daily dialysis (EDD) has recently been described
by Kumar et al. (31). They treated 25 patients with daily
IHD for a duration of six to eight hours during daylight at
a blood flow rate of 200 mL/min and a dialysate flow rate
of 100–300 mL/min. In comparison with a similar group of
patients treated with CVVH, they demonstrated that less
total daily heparin was needed and less intensive nursing
commitments were required. However, no outcome
measures such as survival or renal recovery were assessed.
In a similar study using a single-batch dialysis system,
Lonnemann et al. described treating 20 patients with ARF
for 18 hours at blood flow rates of 70 mL/min and dialysate

flow rates of 70 mL/min. Adequate urea clearance rates were
achieved, but there was no control group and no clinical
outcome data was reported (32).

Slow Continuous Dialysis/Sustained Low Efficiency Dialysis
The terms SCD and SLED have been used interchangeably
within the medical literature; and, this dialytic modality
was first reported by Schlaeper et al. in 1999 (33). With
this technique, blood flow rates were 100–200 mL/min and
dialysate flow rates were also 100–300 mL/min. Patients
were treated for 12 hours during the day or evening (33).
The procedure was felt to be safe, efficient, and relatively
simple to use. More recently, Lornoy et al. (34) showed
similar results. Marshal et al. (35) recently reported their
experience with SLED in 37 critically ill patients who failed
IHD. Adequate urea clearance and volume control were
achieved. Mortality in the patients was not different than his-
torical controls with a similar APACHE II score. A major dis-
advantage experienced in this study was the need for early
termination of the procedure in one-third of the treatments
because of hypotension or blood clotting. Hypokalemia
and hypophosphatemia requiring replacement were also
reported (35).

ContinuousTherapies
Peritoneal Dialysis
Peritoneal dialysis was the first “continuous” form of dialy-
sis therapy used in the acute setting. In peritoneal dialysis,
the patient’s peritoneum acts as the semipermeable dialysis
membrane. Dialysate consists of a sterile, lactate-based
solution inserted via a peritoneal catheter into the abdomi-
nal cavity. Diffusion occurs from the blood perfusing the
peritoneum to the fluid in the abdominal cavity across the
peritoneum. Once the dialysate becomes saturated (three
to four hours), it is removed and fresh dialysate is instilled.
Fluid removal is achieved by using an osmotic pressure
mechanism in which varying dextrose concentrations in
the dialysate provide an osmotic gradient for water flow
from the patient’s blood to the peritoneal cavity. The
process of dialysate instillation and removal can be auto-
mated with a device known as a cycler. The main advan-
tages of peritoneal dialysis are that it is less labor-
intensive than hemodialysis, it does not require anticoagula-
tion, and may be better tolerated hemodynamically than
IHD. The major disadvantage is that dialysis is relatively
inefficient because total solute removal is limited by total
peritoneal effluent. In addition, transfer across the perito-
neum is highly influenced by both the anatomy of the per-
itoneum and the underlying hemodynamic status of the
patient. Another major disadvantage is that the procedure
requires the placement of a peritoneal catheter into the
abdominal cavity, which may add to the morbidity of the
already compromised ICU patient (36). This later compli-
cation is often a major limiting factor in patients who
have sustained trauma or have undergone abdominal
surgery.

Continuous Renal Replacement Therapies
Overview
Over the last decade, a number of CRRTs have emerged. The
definitions of the various therapies were given earlier. All
forms of CRRT utilize membranes that are highly permeable
to water and low molecular weight solutes. The various
forms of CRRT differ in how the vasculature is accessed
and the mechanism by which solute clearance is achieved.
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The use of continuous arteriovenous modalities has fallen
out of favor largely because of the complications associated
with indwelling arterial catheters. The various venovenous
modalities differ primarily by their mechanisms of solute
removal. In SCUF, there is minimal solute removal, but ade-
quate fluid removal. In CVVH, the removal is primarily by
convection. In CVVHD, the removal is primarily by diffu-
sion, and in CVVHDF, solute removal is by both diffusive
and convective mechanisms.

Operational Characteristics
CRRT mechanisms have a number of operational character-
istics that distinguish them from IHD. The blood flow rate is
usually much lower (100–200 mL/min) as is the dialysate
flow rate (1–2 L/hr or 17–34 mL/min). Because of the
lower dialysate flow rate, the dialysate becomes saturated
quickly and is a limiting factor in diffusive clearance
capacity. As CUF will result in the loss of significant
volumes of plasma water (often 1 L/hr), administration of
replacement fluids is necessary. The composition of the
replacement solution can be varied depending on the
needs of the patient. Continuous renal replacement
therapy is unique in that solute removal is, in effect, disso-
ciated from fluid removal. Varying the composition of
the dialysate or replacement fluid allows for accurate
control of solute balance while fluid removal can be manipu-
lated independently by varying the amount of replacement
fluid administered. Net fluid removal during a given time
period (e.g., each hour) is equal to the ultrafiltrate volume
during that time period minus the amount of replacement
fluid administered. Another unique feature of CRRT is
the fact that the time available for either solute or fluid
management is no longer a limiting factor (Table 3) (21,37).

CRRT provides improved hemodynamic stability,

continuous electrolyte control, improved dialysis adequacy,
and easier control of volume status.

Potential Advantages of Continuous
Renal Replacement Therapies
Hypotensive patients may not tolerate the rapid solute shifts
associated with the higher blood flow rates required for IHD.
Therefore, approximately 10% of all patients with ARF who
require dialysis cannot be treated with IHD because of
hemodynamic instability (5,10,38–41). Paganini et al. (42)
were the first to show that 23 patients who were too unstable
to tolerate IHD could be dialyzed with CRRT. Later,

Davenport et al. (39) showed that CRRT was superior
to IHD in maintaining hemodynamic stability. Manns et al.
(5) and Bellomo et al. (43) showed similar results.
However, data from Misset et al. (41) showed no difference
between CRRT and IHD with regard to hemodynamic
stability. Because of the continuous nature of CRRT, lower
blood and dialysate flow rates can be used to achieve
blood purification without hemodynamic compromise.

Rapid alterations in sodium and fluid status have
been shown to occur in IHD. Such alterations are implicated
as a cause for the cerebral edema that can be observed in

IHD. Moreover, such fluctuations are avoided in CRRT
as electrolyte and fluid changes are more gradual (39).

Dialysis dosing will be discussed next in greater detail,
but a major advantage of CRRT is the more efficient removal
of middle and large molecular weight solutes. Such solutes
are removed inefficiently with IHD which utilizes primarily dif-
fusive clearance, but can be cleared more effectively by CRRT
modalities that incorporate convective clearance (21,44,45).
The efficiency of diffusive small solute removal is less with
CRRT, but because of the extended time of treatment and
small solute removal with UF overall clearance is similar to IHD.

As fluid balance can be managed on an hour-by-hour
basis, CRRT allows for the administration of large volumes of
fluids. Of particular importance in this regard is the ability to
administer adequate parenteral nutrition to the critically ill
patient without concern for exacerbating fluid overload. It is
well established that the increased catabolism seen in critically
ill patients requires more aggressive nutrition management
(46). Several studies have shown that CRRT allows patients
with multi-organ failures (MOF) to benefit from adequate
nutritional support (16,47,48). A recent study by Tremblay et
al. in 12 burn patients showed that patients had gained an
excess of 10 kg in weight prior to CRRT initiation, but that
the fluid had been removed within a short period of time,
allowing for improved nutritional support without compro-
mising overall fluid status (48). In addition, several studies
have shown that intermittent procedures often necessitate sub-
optimal nutrition because of fear of interdialytic volume
overload (46) (Table 4).

Potential Disadvantages of Continuous
Renal Replacement Therapies
A number of disadvantages and potential complications also
exist for CRRT. Cost, nursing support, anticoagulation, and

Table 3 Continuous Renal Replacement Therapy (Comparison of Techniques)

SCUF CAVH CVVH CAVHD CAVHDF CVVHD CVVHDF PD

Access A-V A-V V-V A-V A-V V-V V-V Peritoneal catheter

Pump No No Yes No No Yes Yes Nob

Filtrate (mL/hr) 100 600 1000 300 600 300 800 500

Dialysate flow (L/hr) 0 0 0 1 1 1 1 2.0c

Replacement fluid (L/day) 0 12 21.6 4.8 12 4.8 16.8 0

Urea clearance (mL/min) 1.7 10 16.7 21.7 26.7 21.7 30 8.5

Simplicitya 1 2 3 2 2 3 3 2

Costa 1 2 4 3 3 4 4 3

a1, most simple and least expensive; 4, most difficult and most expensive.
bCycler can be used to automate exchanges, however it adds to the cost and complexity.
c2.0-L exchanges.

Abbreviations: SCUF, slow continuous ultrafiltration; CAVH, continuous arteriovenous hemofiltration; CVVH, continuous venovenous hemofiltration;

CAVHD, continuous arteriovenous hemodialysis; CVVHD, continuous venovenous hemodialysis; CAVHDF, continuous arteriovenous hemodiafiltration;

CVVHDF, continuous venovenous hemodiafiltration; PD, peritoneal dialysis.

Source: Adapted from Ref. 108.
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electrolyte disturbances are some of the main disadvantages
or potential complications that may be encountered.

The required nursing support and cost of CRRT may
be greater than that needed for intermittent techniques;
however, this has not been clearly demonstrated. The
requirement for specific nursing training and skills is
important, but adequate training can be achieved (49,50).
See the section on “Logistical Factors” that follows for a
more in-depth discussion of this important topic.

Continuous renal replacement therapies require con-
tinuous anticoagulation to avoid clotting of the dialysis
filter and tubing. Several choices exist for anticoagulation,
but the most widely used anticoagulants are heparin,
saline flushes, and citrate. Heparin is easy to use, but the
patient is, by necessity, exposed to the anticoagulant for a
prolonged period of time. As many patients who suffer
from trauma or are in a postoperative state are at increased
risk for bleeding, such patient exposure to heparin may
be harmful. In our series, we showed that 26% of patients
dialyzed with heparin anticoagulation experienced bleeding
compared with 0% in citrate anticoagulated treatments (19,20).

Saline flushes were also associated with a low bleeding
risk, but filter clotting occurred in 12% of cases and treat-
ments were terminated because of clotting in 28% of cases
(19,20). Consequently, we have found the use of regional
citrate anticoagulation to be more advantageous in certain
patients at high risk for bleeding complications.

Anticoagulation with citrate is achieved by the
binding of citrate to ionized calcium, an essential cofactor
for coagulation. The citrate is introduced into the circuit as
the blood exits the patient and travels through the filter
where some of it is removed; most of it enters the patient’s
systemic circulation. Postfilter-ionized calcium levels are
lowered to 0.25 mmol/L in order to maintain system
patency. Systemic citrate is normally metabolized in the
liver, liberating three bicarbonate ions for each citrate mol-
ecule. Because of the mechanism of action and sub-
sequent metabolism, citrate anticoagulation requires
careful attention to acid–base balance and serum calcium
levels. The use of citrate also requires the preparation of
specialized solutions, which may not be available in all
centers (18–20). Although frequent saline flushes have
been used in CRRT, the filter life under such circumstances
is markedly reduced. Filter life with heparin is also less
than that achieved with citrate.

A number of electrolyte abnormalities are seen during
CRRT. Although hyperkalemia and hyperphosphatemia are
common complications of ARF, both IHD and CRRT are
effective at adequately controlling both electrolytes.
However, during CRRT hypokalemia and hypophosphate-
mia occur, commonly owing to the removal of both solutes
during UF and diffusion, while replacing removed ultra-
filtrate with solutions that do not contain either electrolyte.

Phosphate control is achieved faster with CRRT and
phosphate reductions are often more profound than those
seen with IHD (51). The treatment for either hypokalemia
or hyperphosphatemia is to replace the electrolytes with
either potassium chloride, potassium phosphate, or
sodium phosphate, depending on the need.

Hypocalcemia is a major concern in patients
receiving CRRT with citrate anticoagulation (52,53).

Because citrate complexes ionized calcium, its administration
often requires that the patients receive a calcium chloride
infusion into a vein outside of the dialysis circuit in order to
maintain appropriate systemic calcium levels. Normally,
metabolism of citrate liberates the bound calcium, thus limit-
ing overall ionized calcium declines. However, in patients
with liver disease and reduced capacity to metabolize citrate,
severe hypocalcemia may occur if inadequate calcium chlor-
ide replacement is not administered. Conversely, aggressive
calcium chloride administration may result in hypercalcemia
(52). This is particularly noted when patients with temporary
liver dysfunction recover their ability to metabolize citrate lib-
erating large amounts of ionized calcium. In most cases, stop-
ping the calcium infusion and continuation of dialysis are
sufficient to control hypercalcemia.

Acidosis is treated by a variety of mechanisms in
CRRT. Most dialysate solutions contain either lactate or
bicarbonate and thus limit bicarbonate diffusion in acidemic
patients. The use of bicarbonate-based replacement solutions
allow for delivery of large amounts of bicarbonate without
causing volume overload or sodium overload. The exact
effect of using bicarbonate replacement on outcomes has
not been systematically studied. The use of citrate anticoagu-
lation also delivers bicarbonate to the patient once the citrate
is metabolized. Overall, CRRT seems to result in more rapid
and normalized correction of electrolyte abnormalities when
compared with IHD (52).

Intraoperative Dialysis
Overview
The use of dialysis in the operating room has emerged
recently as a potentially important therapy for intraoperative
management of both solute and volume control. The use of
SCUF in cardiothoracic surgery has been in place for many
years and has been successful at controlling fluid overload.
Recently, the use of intraoperative CRRT in patients with
combined liver and renal failure undergoing orthotopic
liver transplantation (OLT) has gained acceptance.

Potential Advantages
Tight control of both intravascular volume and plasma

solute concentration constitute the major advantages of
intraoperative CRRT. Often, patients require infusion of
large volumes of blood products, colloids, and crystalloids
during lengthy operative procedures in which hemo-
dynamic instability is common, such as in OLT. The use of
intraoperative CRRT may prove beneficial in such patients.
Previously, we published our experience with the use of
intraoperative CRRT in OLT and showed that the typical

Table 4 Relative Advantages of Continuous Renal

Replacement Therapy (CRRT) and Intermittent

Hemodialysis (IHD)

Parameter CRRT IHD

Continuous renal replacement þ 2

Hemodynamic stability þþ þ

Fluid balance easily achieved þ 2

Unlimited nutritional supplementation þþ 2

Superior metabolic control þ 2

Continuous removal of potential toxins þ 2

Relatively simple to perform þ 2

Rapid removal of poisons, electrolytes 2 þ

Limited anticoagulation 2 þ

Intensive care unit nursing support þþ 2

Hemodialysis nursing support þ þþ

Patient mobility 2 þ

Source: Adapted from Ref. 108.
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patient required approximately 35 units of packed red blood
cells and 4–5 L of crystalloid (54). In the setting of renal
failure, administration of such large volumes may cause
respiratory compromise.

Hyperkalemia secondary to administration of large
volume of blood products is better controlled with intra-
operative CRRT in oliguric patients. Moreover, recent
studies have shown that during OLT there is a predictable
pattern of cytokine release that may correlate with hemo-
dynamic instability. Specifically, Miki et al. (55) showed
that during the anhepatic phase and up to four hours
after reperfusion of the allograft serum levels of interleukin
(IL)-1 and IL-6 are increased two to three times the baseline
values. Potentially, CRRT may be advantageous if limitation
of such rises in cytokine levels can be achieved.

Potential Disadvantages
The important disadvantages of intraoperative CRRT

include the need for anticoagulation of the circuit, and logis-
tics. The use of heparin would be contraindicated during
surgery, but regional citrate anticoagulation described here
may be safer. We reported our experience with the use of
regional citrate anticoagulation in 13 patients undergoing
OLT (54). The main disadvantage was transient changes in
ionized calcium concentrations that were related to either
excessive exogenous calcium administration or excessive
citrate administration with blood products (54). Protocol-
driven adjustments in citrate and calcium administration
may be safer for maintaining adequate circuit anticoagulation
while avoiding significant serum calcium changes.

The use of CRRT in operations requires the presence of
a dialysis machine in what is already a fairly limited space.
More important is the need for a well-coordinated multi-
disciplinary team composed of nephrologists, anesthesiolo-
gists, dialysis nurses, operating room nurses, and ICU
nurses to ensure that all facets of dialysis, including UF,
anticoagulation, vascular access function, and machine
troubleshooting are addressed.

SELECTION OF DIALYSIS MODALITY
Overview
In general, the goal of dialysis is to provide adequate renal
replacement and/or support while minimizing complications
of therapy. Unfortunately, there is no consensus regarding the
timing, duration, frequency, and amount of dialysis to be
administered for patients with ARF in the ICU. Thus, in
current practice, modality choice is dictated by the experience
of the provider and the availability of various modalities (56).
In a recent survey of nephrologists in the United States, IHD
was used most commonly for ARF in the ICU followed by
CRRT and peritoneal dialysis (PD) (57). Of those who used
IHD most commonly, familiarity with the procedure, efficacy,
and ease of use were cited as the main reasons for choosing
IHD. Continuous renal replacement therapy techniques
were reserved, in large part, for patients with hemodynamic
instability or those in need of aggressive nutritional
support. The few who preferred PD felt that it offered
several unique advantages. Most notably, it provides dialysis
with remarkable hemodynamic stability. In addition, PD does
not require the use of anticoagulation.

It is clear that the choice of modality must be tailored
to the needs of each patient. The factors that influence the
selection of dialysis modality can be divided into three main
categories: those specific to the patient, those specific to the

modality, and those specific to the practice environment.
The recognition that CRRT provides the greatest

advantages in critically ill patients has fostered an
increased trend toward the use of this technique, especially
in those with hemodynamic instability, those with traumatic
brain injury (TBI), and/or sepsis/systemic inflammatory

response syndrome (SIRS).

Patient Factors
Indications for Renal Replacement Therapy
The indications for dialysis in the ICU are both diverse and
prone to modification over the course of the disease. Conse-
quently, the indication for initiating dialysis will influence
the type of modality selected. Certain modalities are more effi-
cient at solute control while others are more efficient at con-
trolling fluid balance. For example, if the main indication
for initiation of dialysis is hyperkalemia in a hemodynami-
cally stable patient, then IHD is the modality of choice. Con-
versely, if volume overload is the main indication for dialysis,
particularly in the setting of hemodynamic instability, CRRT
may be the preferred modality (10,38,39,41). In many cases,
however, the indications are multiple and often include
solute and fluid components. In such cases, the time course
of the desired response will influence the choice of modality.
It is important to recognize that indications and modality
selection do influence outcome. In our randomized controlled
trial comparing CRRT with IHD, patients dialyzed for solute
control had a better outcome than those dialyzed predomi-
nantly for volume control (13). Patients dialyzed for both
solute and volume control had the worst outcome. The use
of protocol-driven hour-by-hour fluid balance management
in CRRT affords more sustained and predictable control of
volume status. In addition, Bellomo et al. (58) showed that
CVVHDF was superior to IHD at controlling azotemia
24 hours after initiation of RRT in ICU patients with ARF (58).

In a recent study of ARF resulting from rhabdomyo-
lysis in victims of the 1999 Marmara earthquake in Turkey,
only 15% of patients with ARF died. Dialysis was a predictor
of worse outcome with a mortality rate of 17% of those who
required dialysis compared with only 9% of those who did
not require dialysis. Interestingly, most of the deaths
occurred in patients with coexisting thoracic or abdominal
trauma and in patients who required an amputation. The
level of creatine phosphokinase (CPK) rise did not correlate
with mortality (59). A recent report from the experience of
the 1999 Taiwan earthquake showed that ARF occurred in
55% of the 90 rhabdomyolysis cases requiring dialysis that
were identified. Acute renal failure was associated with a
higher mortality (17% vs. 0%), but CPK values were unre-
lated to mortality. Of the 52 patients with ARF, 32 required
dialysis with either IHD or CRRT, but further details are
not provided in the report (60).

Presence of Other Organ Failure
The presence of nonrenal organ failure concomitantly
with ARF has a major impact on outcome. Data from the
European Dialysis and Transplant Association (EDTA) has
shown that patients with isolated ARF experienced a
mortality of only 8% (61). Moreover, several investigators
have shown that the greater the number of failing organ
systems in MODS, the greater the mortality. Lohr et al. (62)
described a clinical index to predict survival in patients
with ARF undergoing dialysis. These investigators found
that the presence of associated organ system failure
worsened mortality.
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Moreover, the presence of other organ failures in the
setting of ARF can influence the choice of modality selection.
For example, patients with an abdominal surgery, such as an
abdominal aortic aneurysm repair or perforated duodenal
ulcer will not be candidates for peritoneal dialysis. Patients
with severe hypotension will not be likely to tolerate IHD.
Additionally, the impact of anticoagulation is an important
consideration. PD and IHD can both be performed without
anticoagulation; however, CRRT usually requires some
form of anticoagulation (18). The influence of the therapy
itself on the function of other compromised organs is
another important consideration. For example, IHD, but
not CRRT, is often associated with changes in intracranial
pressure (ICP) (63,64).

Continuous therapies generally do not compromise
hemodynamic stability; however, if not monitored closely
volume depletion can ensue from lack of adequate replace-
ment fluid administration. A recent report by Stoves et al.
(65) showed that bradykinin release at the start of CRRT
was correlated with initiation of hypotension. Interestingly,
hypotension was uncommon in patients with sepsis receiv-
ing pressor support. Peritoneal dialysis may contribute to
worsening hypoalbuminemia in patients with liver disease
and may not be the modality of choice in that patient popu-
lation (36). Moreover, PD is often associated with the
enhanced removal of albumin-bound drugs, a problem (or
benefit) not associated with hemodialysis (36).

Vascular Access
The ability to obtain appropriate vascular access is one of the
most important factors affecting the ability to provide ade-
quate dialysis therapy. The use of arterial vascular access cath-
eters has fallen out of favor because of the many
complications encountered with these catheters. A number
of complications can limit the ability to use a venous catheter
adequately. Clotting or malpositioning of the catheter in the
vein can lead to unforeseen reductions in blood flow rate.
Currently used peristaltic blood pumps are usually set to
withdraw blood from the access at a certain rate. However,
in the presence of partial clotting, actual blood flow may be
lower than the dialed rate. Such a complication may go unno-
ticed for many hours. Another important complication is the
presence of recirculation in which a portion of “clean” blood
returned to the patient from the dialyzer is redrawn by the
peristaltic pump before it enters the patients’ overall blood
pool (17). Such recirculation will limit the efficacy of dialysis,
as the same portion of blood is dialyzed repeatedly.

Infectious and thrombotic complications of dialysis
catheters are an additional important consideration. A
recent report showed that femoral catheters were associated
with increased infectious and thrombotic complications
when compared with subclavian catheters (66). In general,
subclavian catheters are discouraged in patients with ARF,
because stenosis of the subclavian vein may limit the
ability to place arm vascular access in the future if the
patient survives, but does not recover renal function.

Mobility
In cases where a patient will need to be moved from the
bedside for imaging studies, surgery, and so on, it may be
difficult to perform CRRT. It is usually not possible to trans-
fer CRRT equipment with the patient because most current
CRRT machines are not equipped with a battery-operated
module. Disconnecting the patient from CRRT will deprive
the patient of important dialysis and UF time, lowering the

efficacy of the treatment. Moreover, because of the need for
more intensive nursing monitoring with CRRT, patients
who are not in an ICU setting where there is no one-to-one
nursing are not candidates for CRRT.

Dialysis Modality Factors
Membrane Choice
There are two factors to consider when choosing the type of
membrane used for dialysis: biocompatibility and cytokine
removal efficiency. The first issue (membrane biocompatibil-
ity) has several ramifications (67–70). Complement acti-
vation and neutrophil sequestration are known to occur in
IHD with the use of certain membranes. However, because
in CRRT the patient’s blood is exposed to the membrane
for a prolonged time, the issue of membrane interactions is
of paramount importance. Polysulfone and polyacrylnitrile
membranes do not seem to activate complement and are
often used in CRRT (71). In addition, biocompatible mem-
branes seem to be associated with improved renal recovery
(68,69,71–73). However, a recent study comparing cellulose
acetate membranes with polysulfone membranes for acute
IHD showed no difference in survival or renal recovery
(72). A meta-analysis by Subramanian et al. (74) showed
that synthetic membranes confer a significant survival
advantage over cellulose-based membranes.

The second issue concerning membrane selection is
the finding that membranes differ in their capacity to clear
certain cytokines, such as TNFa, IL-1b, and IL-6. Conceiva-
bly, removal of these cytokines at a critical stage of disease
progression may influence outcome. An in vitro model of
CAVHD showed that a polyacrylnitrile membrane was
two- to threefold more efficient at removing TNFa when
compared with a polysulfone or polyamide membrane
(75,76). Nevertheless, human studies have shown the
ability to remove cytokines in CRRT, but blood levels of cyto-
kines remain unchanged in adults (77–79). This is likely
related to the membrane surface area compared with the
volume of total body water and solute (which is larger in
adults than in children). Although this remains an active
area of research, it is not yet a factor that can be consistently
used in modality selection at the current time.

Dose of Dialysis
Unfortunately, there are no standard methods for the assess-
ment of dialysis dose in ARF. In ESRD patients, dialysis dose
is assessed by using urea kinetic modeling. In such a model,
the basic elements measured are the urea levels prior to and
after dialysis. Many formulae exist that incorporate weight,
UF volume, time, and change in blood urea nitrogen
(BUN) for assessment of dialysis dose. A main assumption
of these models is that ESRD patients have a relatively con-
stant urea generation rate and are at steady state. Because of
this assumption, the method of dialysis dose determination
used in ESRD is not directly applicable to patients with
ARF. ARF patients tend to have fluctuating body fluid com-
position and varying urea generation rates. Nevertheless, a
number of factors are related to the dialysis dose delivered.
For example, in intermittent therapies, higher blood flow
rates and longer durations of therapy are associated with
an increased dose of dialysis delivered. In some studies,
changes in BUN have been used as a surrogate for dose
intensity. Clark et al. (44) compared IHD with CRRT using
a computer model to determine the number of IHD sessions
that would be required to achieve equivalent control of
uremia. They found that for a 50-kg male, an average of
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4.4 sessions of IHD per week was required to achieve
the same uremic control obtained with CRRT. However, in
patients with a weight of greater than 90 kg, equivalent
uremic control could not be achieved with even daily
IHD. Bellomo et al. (58) showed that in similar critically ill
patients CRRT was more effective at control of azotemia
than IHD.

Although it is difficult to measure dose per se, many
have studied the factors that influence dose and their
effects on outcomes. In hemofiltration techniques, the
amount of ultrafiltrate generated per kilogram of body
weight per unit time is associated with dose. Ronco et al.
(80) have shown that in patients treated with hemofiltration
techniques, a filtration rate of 35 ml/hr/kg was associated
with improved 15-day survival. Honore et al. (81) showed
that short-term high-volume hemofiltration (35 L in the
first four hours) improved survival in patients with septic
shock. Schiffl et al. (82) compared, prospectively, daily hemo-
dialysis with every other day treatments. They showed an
improvement in survival among patients on daily hemo-
dialysis (15% vs. 22%, p , 0.05). Paganini et al. (83,84)
showed that approximately 65% of IHD patients received a
dialysis dose as measured by urea kinetic modeling that
was lower than prescribed. The nonsurvivors in that group
of patients had significantly lower actual dose delivered
compared with survivors. However, another study by
Bouman et al. (85) showed no improvement in 28-day mor-
tality and recovery from renal failure when early initiation
of hemofiltration and high ultrafiltrate volumes were used.
While the results are provocative, they need to be confirmed
in a well-designed large multicenter trial. Such a trial is in
progress [The VA/NIH Acute Renal Failure Trian Network
Study (ATN)]. The ATN study is a multicenter, randomized
controlled trial comparing two dosing strategies for RRT in
ARF. In both treatment arms patients move freely between
IHD and CRRT and SLED, as determined by their hemo-
dynamic status. In the intensive therapy arm, IHD and
SLED are provided on a basis of six times per week with a
target Kt/V of 1.2–1.4 per treatment. Continuous renal repla-
cement therapy is provided with an effluent flow rate of
35 ml/kg/hr. In the less intensive therapy arm, the same mod-
alities of treatment are used; however, IHD and SLED are
provided on a basis of three times per week, and CRRT is
provided with an effluent flow rate of 20 ml/kg/hr. The
primary study endpoint is 60-day all-cause mortality. Target
enrollment is 1164 patients.

Intermittent vs. Continuous Therapies
Because of the heterogeneity of ARF patients with respect to
illness severity and comorbidities, it is difficult to adequately
assess the effect of a particular renal replacement modality
on survival. Nevertheless, a number of studies have com-
pared IHD with CRRT in an effort to delineate whether
one modality is superior to another with regard to survival.
Several retrospective analyses in the early 1990s showed that
it was likely that CRRT offered a survival advantage when
compared with IHD (43,47,86,87).

In 1986, Mauritz et al. (88) compared IHD with either
CAVH or CVVH and found no difference in survival
between the groups. In 1992, Bellomo et al. (38,47) compared
survival in 84 critically ill patients treated with conventional
dialysis with 83 age-matched, APACHE II score-matched,
and number of organs failing-matched patients treated
with either CAVHDF or CVVHDF. Overall survival was
30% and 41% in the conventional dialysis and CRRT
groups, respectively ( p ¼ NS).

The same group then compared a prospectively
treated group with the same conventional dialysis control
group in their initial study. In this second study, patients
treated with CVVHDF had better survival if they had two,
three, or four organs failing or an APACHE II score of
24–29 (87). However, at the extremes of illness severity sur-
vival was not different. This study is difficult to interpret
in view of the use of a retrospective control group. In 1993,
Kruczynski et al. (89) reported a retrospective analysis
of 12 patients treated with CAVH versus 23 patients
treated with conventional hemodialysis. Survival was
better in the CAVH compared with the conventional dialysis
group (25% vs. 82%, p , 0.001). However, patients in the
conventional dialysis group were significantly older.

In 1991, Kierdorf (90) retrospectively compared 73
patients treated with CVVH with 73 age-matched controls
treated with IHD and found a significant survival advantage
in the CVVH group. In 1995, van Bommel et al. (91,92) retro-
spectively compared 34 patients treated with IHD to 60
patients treated with CAVHDF. The CAVHDF had a higher
APACHE II score, but survival was not different between
the two groups. A recent retrospective analysis by Jacka
et al. (93) showed better renal recovery in patients initially
treated with CRRT. However, mortality was not affected
significantly by RRT mode (93). Thus, the data from retro-
spective analyses is conflicting, with some studies showing
a survival advantage and others showing no advantage for
CRRT. A comprehensive review of multiple studies
showed that no survival advantage was conferred with the
use of continuous therapies (94).

To date there are about six prospective, randomized
trials comparing IHD with CRRT. The first study by Kierdorf
and Sieberth had a target enrollment of 400 patients (95). An
interim analysis of 100 patients showed a survival of 39.6%
in the CVVH group and 34.1% in the IHD group.
However, five patients in the IHD group were excluded
from the analysis as they failed to complete the therapy
because of “hemodynamic instability.” The final results of
this study were not published. In our study, 166 patients
with ARF requiring dialysis were randomized to either
CRRT (n ¼ 84) or IHD (n ¼ 82) (13). Patients with a mean
arterial pressure (MAP) of less than 70 were excluded.
Patients in the two groups were similar except that there
were more males in the CRRT group and the APACHE II
and III scores were higher in the CRRT group. Intensive
care unit (59% vs. 41%, p , 0.02) and hospital (65% vs.
47%, p , 0.02) mortality was worse in the CRRT group.
However, group analysis showed a preponderance of nonre-
nal conditions associated with a higher mortality in the
CRRT group. When logistic regression was applied to
adjust for this bias, the odds ratio for death with CRRT was
1.3 (95% CI, 0.6–2.7, p ¼ NS). Subgroup analysis showed
that renal recovery was improved in survivors of CRRT
when compared with survivors of IHD (92% vs. 59%,
p ¼ 0.01). One of the main limitations of the study was the
exclusion of patients with a MAP of less than 70 mmHg, a
group that is likely to benefit the most from CRRT.

One multicenter prospective survey of 28 ICUs in
France demonstrated that CRRT was used in 60% of patients
dialyzed for ARF. Patients on CRRT had a greater number of
organ dysfunction and higher mortality than IHD (79% vs.
59%) (96). More recently, Uehlinger et al. (97) randomized
125 patients over a 30-month period to treatment with
either CVVHDF or IHD from a total of 191 patients with
ARF in a tertiary-care university hospital ICU and analyzed
the impact on in-hospital mortality, recovery from renal
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failure, and length of hospitalization. The two groups were
comparable at the start of RRT with respect to age (62 + 15
vs. 62 + 15 years, CVVHDF vs. IHD), gender (66% vs. 73%
male sex), number of failed organ systems (2.4 + 1.5 vs.
2.5 + 1.6), Simplified Acute Physiology Scores (57 + 17 vs.
58 + 23), septicaemia (43% vs. 51%), shock (59% vs. 58%),
or previous surgery (53% vs. 45%). Mortality rates in the hos-
pital (47% vs. 51%, CVVHDF vs. IHD, p ¼ 0.72) or in the ICU
(34% vs. 38%, p ¼ 0.71) were independent of the technique of
RRT applied. Hospital length of stay in the survivors was
comparable in patients on CVVHDF [median (range) 20
(6–71) days, n ¼ 36] and in those on IHD [30 (2–89) days,
n ¼ 27, p ¼ 0.25]. The duration of RRT required was the
same in both groups. The authors concluded that there
was no evidence for a survival benefit of continuous
versus intermittent RRT in ICU patients with ARF (97).

A meta-analysis of continuous versus intermittent
therapies looking at all randomized and observational
studies and applying strict selection criteria showed
several interesting results (98). Overall, CRRT was associated
with a lower risk of hospital death (RR 0.48, CI 0.34–0.69,
p , 0.0005) than IHD when studies in which patients with
a similar baseline severity of illness was present. Overall
mortality was similar when the two modalities were com-
pared and even after adjustment for a number of factors
including quality of the study, underlying condition of the
patient, and type of membrane used. The main conclusion
of the authors was that “current evidence is insufficient to
draw strong conclusions regarding the mode of replacement
therapy for ARF.” The authors did note that their analysis
did not show that CRRT was worse than IHD even after
numerous adjustments (98). Another meta-analysis by
Tonelli et al. (99) showed that in comparison with IHD
therapy, CRRT does not improve survival or renal recovery
in unselected critically ill patients with ARF.

Although there is no definitive evidence that CRRT is
superior to IHD, it may be inherently invalid to make such a
broad comparison. It might be more appropriate to categorize
patients into subgroups. For example, patients with heart
failure may have a different outcome with CRRT than
patients with sepsis or trauma. Similarly, patients with
end-stage liver disease who do not receive a transplant
will have a grave outcome irrespective of the modality
used (64). Selection of modality based on the anticipated
duration of therapy is better judged by the needs of the
patients at the time of initiation. In hemodynamically
unstable patients in whom fluid control is the main indi-
cation, it may be more appropriate to initiate CRRT,
whereas in the trauma patient with isolated extremity inju-
ries and rhabdomyolysis-mediated ARF and hyperkalemia
and normal blood pressure, an intermittent modality may
be preferable.

Logistic Factors
Cost
It remains unclear whether CRRT is more expensive than
IHD. Some studies have suggested that CRRT may be
slightly more expensive (100,101). The higher cost of CRRT
can be accounted for in large part by the higher price of
the hemofilters that are generally different than those used
for IHD. The filters used for IHD are cheaper because they
are purchased in bulk for use in the ESRD population. This
disparity in cost may be reduced if CRRT is used more fre-
quently and if filter life is extended by adequate anticoagula-
tion. Physician time spent per patient is increased for CRRT;

however, this can be reduced as the physician gains famili-
arity with the procedure. At our institution, standardized
protocols for fluid, electrolyte, and anticoagulation mana-
gement have markedly reduced the time spent on monitoring
and adjusting the CRRT prescription.

Nursing Expertise and Other Support
Unlike IHD and PD, CRRT requires active participation of
the critical care nurse caring for the patient. Consequently,
nurses who are unfamiliar with CRRT may have difficulty
managing the accurate fluid and electrolyte monitoring
that is required to minimize complications (49,50). The avail-
ability of simple, easy to understand flow sheets, instruc-
tional booklets, and backup support serves to minimize
errors related to nursing involvement (49). One of the main
advantages of CRRT is the ability to provide the patient
with improved nutrition. As a result, involvement of
clinical nutrition personnel in the care of the patient
becomes essential. Preparation of custom dialysate and
replacement fluid, as well as drug dosing adjustment will
require the involvement of skilled pharmacists who are fam-
iliar with the pharmacokinetics associated with the different
dialysis modalities.

Selection of dialysis modality depends on patient,
modality, and logistic factors.

Summary of Modality Selection
A number of factors play a role in the process of deciding
which dialysis modality is most appropriate for a particular
clinical situation. Consequently, it is important for the inten-
sivist to become familiar with the various modalities avail-
able and to gain some understanding of the differences
between the modalities and their relative advantages and
disadvantages. Table 5 summarizes recommendations
regarding the choice of dialysis modality in common clinical
circumstances.

DIALYTIC REMOVAL OF CYTOKINES FOR SEPSIS

The sepsis syndrome is associated with the presence of
high levels of circulating and tissue cytokines that result in
impairment of vascular permeability, hypotension, and renal
failure. Removal of such cytokines is a potentially attrac-
tive therapy for the sepsis syndrome. TNF-a and IL-1 are
important mediators of the sepsis response. Early in vitro
studies showed that TNF-a was mainly adsorbed to the
dialysis membrane and very little was actually filtered
(102–104). Hoffman et al. (78) showed that TNF-a
levels did not change after hemofiltration in patients with
sepsis.

In contrast, Millar et al. (105) and Journois et al. (106)
showed that hemofiltration reduced TNF-a levels in pedi-
atric patients undergoing cardiopulmonary bypass surgery.
Silvester (103) showed that reductions in TNF-a can be
achieved after four hours of hemofiltration if a polyacrylni-
trate (PAN) filter was used as opposed to a polysulfone
filter. The reports for IL-1 are similarly inconclusive. Lonne-
mann et al. (102) showed that IL-1 is adsorbed onto PAN
filters, but not filtered. Human studies failed to show a
reduction in IL-1 levels, irrespective of the dialyzer type.

More recent studies compared CVVH with CVVHD
with a polysulfone dialyzer and blood and dialysate flow
rates of 70 mL/min in the treatment of patients with sepsis.
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These studies showed that blood from patients treated with
CVVH or CVVHD had a reduced capacity to generate TNF-
a in a cell culture model. The implication of these studies
was that blood treated with CVVH or CVVHD had a
reduced capacity to generate proinflammatory cytokines.
Interestingly, the effect was more profound in the CVVHD
group. Spent dialysate from the CVVHD-treated patients
was able to suppress TNF-a production in donor blood by
33%, whereas no suppression was seen from ultrafiltrate
obtained from the CVVH patients (107). The use of high-
volume CVVH with ultrafiltrate volumes of 8 L/hr was
shown to be beneficial in patients with sepsis and renal
failure.

When high-volume CVVH was applied to 20 patients
with severe septic shock, responders were noted to have
received the therapy earlier and had higher UF volumes
when compared with nonresponders. In this study, response
was defined as an improvement in cardiac index, mixed
venous O2 saturation, pH, and a reduction in pressor dose.
Overall, data regarding the utility of conventional CRRT
techniques in the treatment of sepsis are lacking and its
use for the sole purpose of treatment of sepsis cannot be
recommended at this time.

Emerging dialysis techniques, such as high-flux
CVVHD and high-volume CVVH may have some appli-
cation to the treatment of sepsis in the future. Randomized
clinical trials to evaluate the efficacy of extracorporeal
treatments for sepsis are needed.

EYE TO THE FUTURE

The determination of the optimal dialysis modality for
various clinical presentations of ARF is an area of active
investigation. Continuous therapies will likely take the
lead role as the dialysis modality of choice for patients
with hemodynamic instability, bleeding risk, and possibly
the sepsis syndrome. Intermittent therapies will continue
to play an important role in patients with isolated ARF,
hemodynamic stability, and severe electrolyte abnormalities
that require immediate correction. The expansion of
dialysis to include treatment of nonrenal conditions is an
expanding field. It is conceivable that dialysis may be used
more extensively for treatment of the sepsis syndrome,
certain intoxications, and heart failure.

SUMMARY

Acute renal failure in the ICU is a clinically diverse entity.
Consequently, the indications for initiation of dialysis
therapy are varied. In general, the indications are either
solute control, volume control, or both. A variety of dialysis
modalities are available to the intensivist and nephrologist;
however, there is no consensus as to the optimal modality
for any particular group of patients. Nevertheless, a careful
understanding of the particular benefits, limitations, and
potential complications of each modality coupled with a
thorough assessment of individual patient needs formulate
the basis for dialysis modality selection. In certain circum-
stances, the more conventional intermittent therapies are
sufficient, whereas in other settings, CRRT techniques are
advantageous. The impact of modality selection on
outcome remains an area of significant controversy. Future
studies in which more uniformity within specific subgroups
of patients with ARF is sought may shed light on the optimal
modality for a particular patient group. Newer therapies
aimed at more optimal and more specific blood purification
may prove promising in the management of complex
critically ill patients with ARF and other comorbid con-
ditions.

KEY POINTS

Indications for dialysis generally fall into one of three
broad categories: solute indications such as marked
azotemia, volume indications such as fluid overload,
or both.
CRRT provides improved hemodynamic stability, con-
tinuous electrolyte control, improved dialysis adequacy
and easier control of volume status.
Recirculation associated with dual-lumen venous cath-
eters have been shown to be worse in femoral (16%)
when compared with the subclavian catheters (4%,
p ¼ 0.0001) location (17).
The most significant disadvantages of IHD in the criti-
cally ill patient with ARF are related to hypotension
and the possibility of worsening the severity of the
renal injury.

Table 5 Recommendation for Initial Choice of Dialysis Modality for Acute Renal Failure (ARF)

Indication Clinical condition Preferred therapy

Uncomplicated ARF Antibiotic nephrotoxicity IHD, PD

Fluid removal Cardiogenic shock, CP bypass SCUF, CAVH

Uremia Complicated ARF in intensive care unit CVVHDF, CAVHDF, IHD

Increased intracranial pressure Subarachnoid hemorrhage, hepatorenal syndrome CVVHD, CAVHD

Shock Sepsis, ARDS CVVH, CVVHDF, CAVHDF

Nutrition Burns CVVHDF, CAVHDF, CVVH

Poisons Theophylline, barbiturates IHD, CVVHDF

Electrolyte abnormalities Marked hyperkalemia IHD, CVVHDF

ARF in pregnancy Uremia in second, third trimester PD

Abbreviations: ARDS, acute respiratory distress syndrome; CAVH, continuous arteriovenous hemofiltration; CAVHDF, continuous arteriovenous hemodiafil-

tration; CVVH, continuous venovenous hemofiltration; CVVHD, continuous venovenous hemodialysis; CVVHDF, continuous venovenous hemodiafiltration;

CAVHD, continuous arteriovenous hemodialysis; PD, peritoneal dialysis; SCUF, slow continuous ultrafiltration.

Source: From Ref. 108.
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Continuous renal replacement therapy is unique in that
solute removal is, in effect, dissociated from fluid
removal.
CRRT provides improved hemodynamic stability, con-
tinuous electrolyte control, improved dialysis adequacy
and easier control of volume status.
Rapid alterations in sodium and fluid status have been
shown to occur in IHD. Such alterations are implicated
as a cause for the cerebral edema that can be observed
in IHD.
Systemic citrate is normally metabolized in the liver lib-
erating three bicarbonate ions for each citrate molecule.
Phosphate control is achieved faster with CRRT and
phosphate reductions are often more profound than
those seen with IHD (51).
Hypocalcemia is a major concern in patients receiving
CRRT with citrate anticoagulation (52,53).
Tight control of both intravascular volume and plasma
solute concentration constitute the major advantages of
intraoperative CRRT.
The important disadvantages of intraoperative CRRT
include the need for anticoagulation of the circuit, and
logistics.
The recognition that CRRT provides the greatest advan-
tages in critically ill patients has fostered an increased
trend toward the use of this technique, especially in
those with hemodynamic instability, those with TBI,
and or sepsis/SIRS.
Selection of dialysis modality depends on patient,
modality, and logistic factors.
The sepsis syndrome is associated with the presence of
high levels of circulating and tissue cytokines that
result in impairment of vascular permeability, hypo-
tension, and renal failure.
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INTRODUCTION

Cellular function is dependent on the proper electrolyte
content of the intracellular fluid (ICF) and the extracellular
environment. The body has an elaborate mechanism to
sustain homeostasis, which includes feedback mechanisms
involving the pituitary and renal systems. Significant
electrolyte imbalance is rare in a patient with normal renal
function and free access to water and nutrients.

However, fluid and electrolyte balance is often
disrupted following trauma and during critical illness.
The most common initial change is the loss of voluntary
intake of food and water, as the patient becomes entirely
dependent on the doctor to supply these needs. If the treat-
ing physician is unaware of or miscalculates the fluid and
electrolyte losses, the resultant imbalance of the internal
milieu can further exacerbate the degree of cellular dys-
function. Fluid and electrolyte therapy is, therefore, an
essential component of the management of these critically
ill patients.

Although significant improvements in the under-
standings of the clinical effects of various fluid and electro-
lyte disorders has occurred in the last decade (1,2), the
basic physiology and biochemistry have been known for
much longer, and the approach to myriad factors, causing
fluid and electrolyte disorders, still follows the classification
scheme developed by Narins et al. (3) in the late 1970s and
early 1980s. The specific injuries resulting from trauma and
critical care continue to be elucidated (4).

This chapter begins with a review of the normal
distribution of fluid and electrolytes among the different
compartments of the body, and then details diagnosis and
management of fluid and electrolyte disorders commonly
encountered in trauma and critical care. Rather than provid-
ing an encyclopedic list of disease states, this review stresses
the application of pathophysiologic principles in the classifi-
cation and diagnosis of fluid and electrolyte disorders, and
emphasizes those most commonly encountered in trauma
and critical care.

FLUIDS
Distribution of Body Fluids
Total body water (TBW) varies according to lean body mass
and age (Fig. 1). Adipose tissue and bone have relatively
low water content compared with muscle and solid organ
mass. Using indicator dilution methods, TBW approxi-
mates 60% of body weight in men, or 42 L in a 70-kg

adult male, and 50% in women (i.e., 35 L). Thin patients
may have a 5% to 10% increase in TBW, whereas obese
patients have a 10% to 20% decrease on a per-kilogram
basis. Age also plays a role with the decrease in lean
body mass in the elderly, decreasing TBW by 10–15% of
body weight.

The TBW is distributed between the intracellular and
extracellular compartments (Fig. 2). Approximately two-
thirds of the TBW exists in the intracellular compartment
(approximately 28 L in a 70-kg man), and one-third is
contained in the extracellular compartment (14 L in 70-kg
man). The extracellular fluid (ECF) is further subdivided
into the intravascular, interstitial, and transcellular fluid.
The intravascular compartment contains the plasma
volume, which is approximately 5% of the TBW and 25% of
the ECF (i.e., approximately 3.5 L in a 70-kg male). The inter-
stitial compartment is comprised mainly of the acellular
tissue matrix surrounding the cells, and equilibrates rapidly
with the remainder of the extracellular water. The free
phase, which contains water, is freely exchangeable. The
free phase, which contains water, is freely exchangeable.
The gel phase represents water that is bound as a matrix
with hydrophilic components, such as glycosaminoglycans
and mucopolysaccharides. The transcellular fluid compart-
ment includes pleural, pericardial, peritoneal, cerebrospinal,
synovial, intraocular, and glandular fluids, all of which
are poorly exchangeable. It is important to note that TBW,
contained in the intracellular, interstitial, and transcellular
compartments, is in dynamic equilibrium; hence, a change
in one compartment causes compensatory alterations in the
others (1–4).

Composition of Body Fluids
The chemical compositions of the ECF and the ICF differ
in regard to cations, anions, organic acids, and proteins
(Table 1). Sodium and potassium are the principle
cations within the body. Sodium is mainly relegated to
the ECF space, whereas potassium is predominantly con-
tained within the ICF compartment. The sodium content
in the average adult is approximately 60 meq/kg;
however, about 25% to 30% of this is confined to bone
and is not freely exchangeable. Of the exchangeable
portion, about 85% is found in the ECF. Potassium, mag-
nesium, and calcium make up the remainder of the
cations in the ECF.

Only a fraction of the total body potassium (about
4 meq/L, or approximately 14 meq in a 70-kg patient) is
normally present in the plasma. Most of the total body
potassium, approximately 150 meq/L, is contained within
the 28 L of ICF (approximately 4200 meq in total) and is
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freely exchangeable. Smaller amounts of magnesium and
sodium are also found in the ICF. The concentration gradient
between the ECF and ICF is maintained by an adenosine tri-
phosphate (ATP)-dependent sodium/potassium pump in
the cellular membrane.

Chloride is the principal anion in the ECF, with a
normal plasma chloride of 103 meq/L (Table 1). The remain-
der of the anionic content of the ECF consists of bicarbonate,
phosphates, anionic proteins, and sulfates.

The primary intracellular anion is phosphate, with a
concentration of 116 meq/L. The remainder of the intra-
cellular anionic load is controlled by anionic proteins,
with chloride and bicarbonate contributing negligible
amounts.

Concentration of Body Fluids
Although the ECF and ICF differ in relation to ions and
proteins, water is evenly distributed throughout in all com-
partments, and diffuses freely across the semipermeable

cellular membranes, balancing the osmotic forces. Accord-
ingly, a given bolus of water does little to expand the intra-
vascular compartment. In contrast, sodium-containing
fluids expand the ECF, typically expanding the interstitial
fluid compartment three times as much as the intravascular
compartment, due to the relative volumes of the two
compartments.

Osmolality is defined as the number of osmotically
active solute particles per kilogram of water, whereas osmo-
larity is expressed as the number of osmotically active
solutes per liter, and the usual units are milliosmoles per
liter (mOsm/L). Particles that freely dissociate in water in
1:1 ratio, such as sodium chloride (NaCl), produce 2 Osm.
This is in contrast to glucose, which does not freely dis-
sociate, and produces only 1 Osm per molecule. Because
water moves freely between the compartments, the tonicity
or the relative osmolarity between the ECF and the ICF is
maintained between 280 and 290 mOsm/L in normal
healthy patients. Isotonic solutions, such as 0.9% NaCl, do
not cause the movement of water between ECF and ICF.
Urea and alcohol also have little effect of water movement,
because they are freely permeable across the cellular mem-
brane; that is, they increase osmolarity without increasing
tonicity. However, glucose and mannitol are not freely
permeable across the cell membrane, and increase both
osmolarity and tonicity.

Plasma osmolarity (Posm) is generally a good esti-
mate of total body osmolarity, because isosmotic con-
ditions are maintained through fluid shifts. Plasma
osmolarity can be roughly calculated by the following:

Posm(mOsm/L) ¼ 2� serum½Naþ� þ glucose=18

þ BUN=2:8

The [Naþ] is usually expressed in meq/L, whereas the
glucose and BUN concentrations are provided in mg/dL.
Accordingly, these concentrations must be divided by one-
tenth of their molecular weights to convert into units
mOsm/L.

When the calculated Posm differs by .15 mOsm

from the laboratory-measured value, an osmolar gap
exists. In this case, other uncalculated, osmotically
active molecules are present. Osmotically active particles
that are not normally calculated, but commonly measured
in the serum of trauma victims, include ethanol, methanol,
mannitol, or polyethylene glycol. Certain disease states

Figure 1 Total body water as a percentage of body weight. The

number on the bar lists the average percentage of body weight that

is accounted for by total body water for various genders and ages of

individuals.

Table 1 Composition of Body Fluids

Component Plasma Interstitial Intracellular

Naþ 140 140 12

Kþ 4 4 150

Cl2 103 114 3

HCO3
2 24 27 10

Ca2þ 5 3 0

Mg2þ 2 1 7

SO4
22 1 1 0

HPO4
22 2 2 116

Protein 16 5 40

Organic anions 5 5 0

All values are given in meq/L.

Figure 2 Distribution of total body water (TBW) as a percentage

of body weight. Two-thirds of the TBW resides in the intracellular

space, and one-third is in the extracellular space. Of the extra-

cellular water, 25% is located within the blood vessels as plasma

(approximately 3.5 L in a 70-kg patient).
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may also lead to an increase in osmolar gap. For example,
multiple myeloma proteins or hypertriglyceridemia can
both cause this phenomenon. These substances cause an arti-
fical osmolar gap by reducing the plasma water fraction.

Osmolarity is regulated by arginine vasopressin
(AVP), also known as antidiuretic hormone (ADH). After
being synthesized in the hypothalamus, ADH is stored in
the posterior pituitary. The secretion of ADH is stimulated
by osmoreceptors, located in the brainstem, and also by bar-
oreceptors, situated in the heart and vasculature. Anti-
diuretic hormone enhances the water permeability of the
collecting ducts in the kidney, resulting in more concentrated
urine. When serum osmolarity is ,280 mOsm/L, the
secretion of ADH is entirely suppressed. When serum osmo-
larity is �280 mOsm/L, osmoreceptors stimulate the pos-
terior pituitary to release ADH into the bloodstream. The
rate of ADH release is normally directly proportional to
the serum osmolarity, once it is �280 mOsm/L.

The baroreceptors also stimulate ADH release, in
response to reduced intravascular volume or decreased
mean arterial pressure (MAP). Although the chief stimulus
for ADH synthesis and release is serum osmolarity. The bar-
oreceptor response can stimulate ADH release in the absence
of any osmoreceptor-mediated response. Therefore, ADH-
regulated renal water reabsorption will continue to occur,
despite a serum osmolarity ,280 mOsm/L in the presence
of hypovolemia and/or hypotension. Other nonosmotic
mechanisms that also stimulate ADH release include pain
and emotional stress.

Disturbances in plasma tonicity and electrolytes are
dependent on the volume and electrolyte composition of
the fluid gained or lost. By far the most common disturbance
in surgical patients is the loss of isotonic fluids. This may
result from blood loss, interstitial fluid loss, or sequestration
of fluid due to infection or injury. Restoration of these deficits
requires isotonic fluids, such as lactated Ringer’s (LR) or
0.9% saline (NS). The loss of hypotonic fluids requires repla-
cement based on the expected concentration of cations and
anions in these fluids. “Third space” losses develop when
cellular and capillary permeability increase, resulting in
loss of fluid from the intravascular compartment. Common
clinical conditions associated with “third-space” fluid
losse, include burns, poly trauma, and sepsis.

Fluid and solutes are exchanged between the intravas-
cular and interstitial fluid compartments. There is a net uni-
directional flow of these substances, including albumin and
plasma proteins, from the intravascular space to the intersti-
tium, and then back to the intravascular space via lym-
phatics, helping to maintain physiologic fluid and solute
balance. The flux of water through the interstitium is
largely determined by capillary hydrostatic pressure. Hydo-
static pressure is a function of intravascular volume and vas-
cular tone. Opposing the force of hydrostatic pressure is
colloid oncotic pressure, the major determinant of which is
albumin.

Molecules, such as water, glucose, urea, and electro-
lytes pass freely through the capillary membrane. Their
concentrations in the intravascular and interstitial compart-
ments are essentially equal. The passage of other molecules
is dependent upon the relative permeability (or porosity) of
the capillary membrane to those substances. Large mol-
ecules, such as albumin, fibrinogen, immunoglobulins, and
other proteins do not pass readily through the capillary
membrane. Accordingly, the concentration of these osmoti-
cally active substances is generally higher in plasma than
in interstitial fluid and lymph.

The baseline porosity of capillary membranes varies
between tissues. For instance, the liver is very porous,
whereas, the muscle capillary membranes are generally non-
porous. Capillary permeability can also change, in response
to the hormonal and autocrine influences of bradykinin and
histamine.

The complex movement of fluid across the capillary
membrane is described by Starling’s equation.

Q ¼ Kf½(Pc � Pi)� s (COPp � COPi)�

where Q is the net rate of transcapillary fluid movement
(mL/min/100 g), Kf is the capillary filtration coefficient, Pc –
Pi is the hydrostatic pressure gradient, s is the reflection coef-
ficient, and COPp – COPi is the colloid oncotic pressure
gradient.

Kf, or the capillary filtration coefficient, depends on
the tissue and surface area. It can also be influenced by
atrial natriuretic factor and platelet activating factor. The
reflection coefficient, s, varies from zero to one and rep-
resents the ability of capillary membranes to prevent
plasma proteins from crossing the membrane. Values
closer to zero are highly permeable, whereas values
approaching one are highly impermeable. The hydrostatic
pressure gradient (Pc – Pi) is largely dependent on arter-
iolar and venous vasomotor tone.

This complex interaction is autoregulated. If there is an
increase in hydrostatic pressure with net fluid movement
into the interstitium, the protein concentration in the intersti-
tium will decrease. This would cause a higher oncotic
pressure in the plasma, further retarding fluid movement
into the interstitium. If there is a decrease in plasma
colloid oncotic pressure, leading to increased water in the
interstitium, more fluid dilutes the interstitial oncotic
pressure, reducing oncotic forces.

In the setting of edema, or abnormal accumulation of
excess fluid in the interstitium, there is increased permeability
of the capillary membrane to plasma proteins. The movement
of fluid into the interstitium, however, dilutes the interstitial
protein concentration such that further fluid movement is
counteracted. Diuresis removes excess interstitial fluid and
eventually restores protein distribution to normal.

Maintenance Therapy
Maintenance therapy provides for the loss of water and elec-
trolytes expended during normal physiologic activities. This
consists of sensible and insensible losses. Sensible losses,
such as urine and stool can be measured. Insensible losses
consist of water vapor lost through the lungs and skin. The
rate of insensible loss depends on the water vapor tension
of the environment, air movement, rate and volume of res-
piration, and metabolic rate. Insensible losses increase by
10% for each 18C above 37.28C. The repletion of water
losses, both sensible and insensible, is based on weight (kg).

The electrolyte composition of maintenance fluids is
based on weight, and estimated quantity of electrolytes
present in fluids lost during normal physiologic conditions.
The concentration of electrolytes depends on the source of
the fluid. Urine can have varying amounts of sodium, chlor-
ide, and potassium. Urinary excretion depends on the
overall electrolyte and volume status of the patient, and
the balance of hydrogen ion, phosphates, sulfates, and
organic acids. Approximately 800 to 1500 mL of water is
required to excrete the normal daily solute load. The
kidney excretes all sodium in excess of the body’s need,
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but is less efficient with potassium. Urine sodium
concentration can decrease to as low as 1 meq/day. Stool
contains a larger amount of potassium, with only small
amounts of sodium and chloride. In general, daily sodium
requirements are 1–2 meq/kg/day and daily potassium
requirements are 0.5–1.0 meq/kg/day. Repletion of
calcium, magnesium, and phosphorus is unnecessary in
patients with adequate stores of these electrolytes.
However, critically ill patients, often require repletion of
these on a daily basis. Glucose is typically added to mainten-
ance fluids in order to help maintain tonicity and prevent
proteolysis. An appropriate daily maintenance fluid in the
70-kg adult without abnormal sensible or insensible losses
is approximately 2 L of D5 1

2 NSþ 20-meq KCl/L (1–3).

Replacement Therapy
Acute volume deficits, resulting in hemodynamic instability,
are generally replaced via bolus infusion with isotonic fluids
(Table 2). Crystalloid and colloid solutions can both be used,
but there has been considerable debate regarding which is
optimal during resuscitation and maintenance in trauma
patients. Crystalloids should be the initial resuscitation
fluid administered in most situations. Both LR and
0.9% NS are suitable crystalloid resuscitation solutions.
Aggressive resuscitation with NS can result in hyperchlore-
mic metabolic acidosis (4). Lactated Ringer’s contains a more
physiologic array of electrolytes than NS, and is a commonly
employed crystalloid solution for blunt and penetrating non-
cerebral trauma. However, LR may lead to increased inflam-
matory activity of leukocytes (see Volume 1, Chapter 11). In
addition, NS is preferred by many neurosurgeons for resus-
citation from cerebral trauma, because it is slightly more
hypertonic than LR and normal plasma.

Hypertonic saline solutions (HTS) are currently being
studied for their utility in head-injured (5) and nonhead-
injured trauma patients (6), as well as burn patients. The
major advantage appears to be the attainment of hemody-
namic stability with less volume. Animal models have
demonstrated the advantages and disadvantages of HTS in
hemorrhagic shock. It seems most useful in controlled
hemorrhagic shock (CHS) rather than uncontrolled hemor-
rhagic shock (UCHS). HTS may increase blood loss in
UCHS, due to the effects on blood pressure, vasodilatation,
coagulation, and blood rheology. Human studies with
HTS, thus far, have shown no statistically significant increase
in survival. However, there may be a subpopulation that
could benefit, such as those with severe traumatic brain inju-
ries Glasgow Coma Scale (GCS , 8). Hypertonic saline

solutions, in both in-vitro and animal studies of hemorrhagic
shock, have an immunomodulatory effect that can attenuate
the adverse effects of the systemic inflammatory response
and ischemia/reperfusion on the host (7–9). However, it
also has been shown, in vitro and in animal studies, to
alter platelet and plasma coagulation (10). Its exact role in
the resuscitation of the trauma patient has yet to be defined.

There are several colloid solutions available for fluid
resuscitation. The most commonly used solutions are
albumin and hydroxyethlyl starch (HES). The benefit of
colloids is theoretically based on their ability to expand the
intravascular volume more efficiently. Microvascular
permeability of colloids is dependent on the molecular size,
shape, and ionic charge of the particles, as well as the porosity
of the microvascular membrane. In the presence of injury and
shock, microvascular porosity is often increased. Colloid can
therefore more easily enter the interstitial space, bringing
with it increased oncotic pressure and attendant water. This
appears to be more of a problem with albumin (low molecular
weight) and polymers of hydroxyethyl starch, with low and
medium molecular weights. High-molecular-weight hydro-
xyethyl starch has, however, been shown to cause a coagulo-
pathy by reducing factor VIII and von Willebrand’s factor.
The medium- and low-molecular-weight hydroxyethyl
starches have less of an effect on coagulation. A newer formu-
lation of hydroxyethyl starch, Hextendw (Abbott Labora-
tories, Chicago, IL, USA) contains a lactate-buffered
balanced salt and glucose solution. Clinical studies on this
solution have shown less of an effect on coagulation than
the NS-based solutions (11). Anaphylactic reactions have
also occurred with albumin and HES. According to a study
in France of 19,593 patients, the incidence of allergic reactions
was 0.099% for albumin and 0.058% for HES (12).

The crystalloid–colloid debate continues (see Volume 1,
Chapter 11). Several studies, including meta-analyses, have
tried to address this issue (13). A Cochran meta-analysis
addressed the crystalloid–colloid question by addressing
three categories of patients: (i) surgery or trauma, (ii) burns,
and (iii) hypoalbuminemia (14). They demonstrated no survi-
val difference in the surgery/trauma group, but showed an
increased mortality following albumin administration for
burns and in hypoalbuminemic patients (14). This report
changed practice, until a more complete meta-analysis was
conducted by Wilkes and Navickis (15). The Wilkes and
Navickis evaluation included all of the trials surveyed by the
Cochran group, along with several others. They also divided
the subgroup analysis into six categories (the original three
groups from Cochran, plus a three others: high-risk neonates,
ascites, and other indications) (15). The Wilkes and Navickis

Table 2 Parenteral Fluids

Fluid

Na

(meq/L)

K

(meq/L)

Ca

(meq/L)

Cl

(meq/L)

Lactate

(meq/L)

Dextrose

(g/L)

Osm

(mEq/L) pH

Lactated Ringer’s 130 4 2.7 109 28 0 273 6.5

0.9% NaCl 154 0 0 154 0 0 308 6.0

D5 0.45% NaCl 77 0 0 77 0 50 406 4.0

3% NaCl 513 0 0 513 0 0 1027 5.0

25% mannitol 0 0 0 0 0 0 1372 4.5–7.0

5% albumin 145 ,2.5 0 0 0 0 330 7.4

25% albumin 130–160 ,1 0 0 0 0 269 6.4–7.4

6% hetastarch (Hespanw) 154 0 0 154 0 0 310 5.9

Hextend (buffered Hespan) 143 3 5 124 28 0.99 307 5.9
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meta-analysis revealed no overall effect of albumin on mor-
tality, but some of the better-conducted studies showed a poss-
ible survival benefit from albumin therapy (15).

These disparate results promulgated the American
Thoracic Society-Critical Care Group (ATS-CCG) to develop
a working group to study the problem, and a consensus state-
ment was published in December 2004 (16). The ATS-CCG
working group reviewed the published literature (including
all publications between 1996 and 2002) by performing a
systematic search of MEDLINE and the Cochran Databases.
Their particular focus was on patients in medical, surgical,
and cardiovascular intensive care units, and excluded burn
injuries and pediatric patients (16). Evidence was graded
for a clinically important outcome, according to a standard
hierarchical schema (Table 3) (17).

The ATS-CCG Consensus Statement main points are
provided in Table 4, and their therapeutic recommendations
are summarized in Table 5. In summary, they found no
clear advantage of commercially available colloids over
crystalloids in the resuscitation of the trauma patient. Crys-
talloid solutions, due to low cost and absence of significant
adverse effects, remain the mainstay of fluid resuscitation in
the trauma patient. The role of HTS in trauma and critical
care resuscitation is still evolving, as numerous clinical
studies are ongoing.

SODIUM DISORDERS

Sodium is the primary determinant of serum osmolarity, and
thus pivotal in body fluid homeostasis (18). If changes in
TBW occur without a corresponding alteration in total
body sodium content, the serum osmolarity changes. There-
fore, the manifestations of hyper- or hyponatremia reflect
disturbances in water homeostasis. Hypernatremia
almost always represents a hyperosmolar or hypertonic

state, whereas hyponatremia can be present in a hypertonic,
isotonic, or hypotonic state.

Hypernatremia
Causes
Hypernatremia is defined as a serum [Naþ] . 145 meq/L.
The most common cause for hypernatremia is inadequate
replacement of free water losses. The physiologic response
to this loss is the activation of thirst sensation and concen-
tration of urine at the renal tubule (through ADH secretion).
Thus, the hospitalized patient who has decreased alertness,
and may not be on an oral diet, is vulnerable to the
increased free water losses of fever, diarrhea, burns, and/

or diuretic therapy. Both the thirst mechanism and renal
concentrating capacity are diminished in elderly patients
(see Volume 1, Chapter 37), making them more vulnerable
to hypernatremia (19).

The release of ADH is the normal response to the
increased osmolarity of hypernatremia. However, brain
injury or hypothalamic-pituitary dysfunction, secondary to
infection, inflammation, ischemia, or mass lesions, may
impair ADH release, resulting in central diabetes insipidus
(DI). Drugs, such as ethanol and phenytoin may also inhibit
ADH release. Conversely, the ADH receptor at the renal
tubule may be impaired, resulting in nephrogenic DI.
Acquired nephrogenic DI may be due to obstructive uropathy,
a chronic tubulointerstitial disorder, hypovolemia or
hypercalcemia. Drugs, such as lithium, demeclocycline,
amphotericin B, and foscarnet may also cause nephrogenic DI.

Symptoms
Clinical manifestations of hypernatremia generally relate
to the effect of decreased water content in brain cells.
This includes symptoms of restlessness, irritability,
confusion, seizures, lethargy, coma, muscle twitching,
spasticity, and hyper-reflexia. Intracerebral hemorrhage can
result from cell shrinkage and subsequent traction on
cerebral vasculature. These symptoms generally do not
appear unless the Naþ is greater than 160 meq/L or serum
osmolarity exceeds 320 mOsm/L (20).

The work-up for hypernatremia starts with the
determination of intravascular volume status, based on
history, physical examination, and laboratory data. The
initial laboratory tests include urine and Posm and urine
sodium. High urine osmolarity in the setting of low urine
sodium usually means extrarenal losses of free water. Low
urine osmolarity with hypernatremia usually means inap-
propriate renal losses of free water (Table 6).

Treatment
Treatment of hypernatremia varies according to the etiology.
Hypovolemic hypernatremia requires expeditious replacement
of intravascular volume with isotonic fluids (e.g., NS). In this
condition, a total body sodium deficiency is present in
addition to the free water deficit. Hypotonic fluids, such as
0.45% NS should never be used to rapidly correct significant
intravascular volume deficits. Free water deficits need to be
replaced slowly to prevent deleterious cellular edema,
especially in the brain. Furthermore, chronic hypernatremia
should be treated more slowly than acute hypernatremia.
In general, after significant intravascular volume deficits
have been replaced, the free water deficiency is corrected.

Table 3 Grades of Evidence for the Quality of Clinical Study Design

Grade Criteria/description

I Evidence obtained from at least one properly randomized, controlled trial

II-A Evidence obtained from well-designed controlled trials without randomization or randomized trials, without blinding

II-B Evidence obtained from well-designed cohort or case-control analytic studies, preferably from more than one center or research

group

II-C Evidence obtained from multiple time series with or without intervention, uncontrolled cohort studies, and case series

III Opinions of respected authorities, based on clinical experience; descriptive studies, and case reports; or reports of expert

committees

NR Evidence not rated for clinically nonrelevant outcome

Source: Adapted from Ref. 17.
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The free water deficit is calculated as follows:

Free water deficit ¼
( plasma½Naþ� � 140)

140
� TBW

Total body water ðTBWÞ ¼ body weight (kg)� 0:60

One-half of the deficit should be replaced over the first
24 hours. The next half should be replaced over the next 48–
72 hours. Hypervolemic hypernatremia is rare, but occurs
when excess hypertonic or NS is used to replace free water
loss. This may occur in the setting of burn injury, and
following 3% NS administration for traumatic brain injury
(TBI). In the absence of TBI, treatment involves diureses
with partial replacement of urine losses using D5W, or
additional free water via tube feeding. In the setting of TBI,
acute treatment should be deferred until brain swelling has
decreased, intracranial pressure (ICP) has normalized, and
the patient is hemodynamically stable.

Diabetes insipidus classically causes euvolemic or (if
allowed to persist untreated) hypovolemic hypernatremia.

In complete central DI, the urinary osmolality is

,150 mOsm/L, but may be higher in partial DI. In the
setting of hypernatremia ([Naþ] .150 meq/L) and polyuria,
a urinary osmolality ,290 mOsm/L is virtually diagnostic of
DI, as this constellation of factors is unusual for any other
disease process (Table 7). Central DI can be treated with
exogenous vasopressin and free water replacement. The
usual dose for aqueous vasopressin is 5–10 units every
four to six hours. D-des-argenine-vasopressin [desmopressin
(ddAVP)] has a longer half-life, and can be used in
chronic cases of central DI. The usual dose of ddAVP is
20mg intranasal every 12–24 hours. Other drugs used in
the treatment of central DI are carbamazepine, clofibrate,
and chlorpropamide.

Nephrogenic DI is much less common in trauma and
surgical critical care. Although most cases of nephrogenic
DI are acquired (secondary to various drug use), there is a
congenital form. Treatment of nephrogenic DI requires
correction of calcium and potassium deficits, discontinu-
ation of offending drugs, low-sodium diet, and thiazide
diuretics. Amiloride can be used for lithium-induced
DI. The risk of DI resulting from amphotericin B can be

Table 4 American Thoracic Society 2004 Consensus Statement on Colloid Use in Critical Care: Summary Points

# Summary point comments and (level of evidence)

1 Colloids have various nononcotic properties that may influence vascular integrity, inflammation, and pharmacokinetics, although

the clinical relevance of these properties has not been elucidated (NR)

2 All colloids affect the coagulation system, with dextran and starch solutions having the most potent antithrombotic effects (II-A)

3 HES may be deposited in the reticuloendothelial tissues for prolonged periods; the clinical significance of this is unknown (II-C)

4 Colloids restore intravascular volume and tissue perfusion more rapidly than crystalloids in all shock states, regardless of vascular

permeability (II-A)

5 There is conflicting evidence that HES increases the risk of bleeding after cardiopulmonary bypass surgery (I)

6 Although hydrostatic pressure is more important than COP for accumulation of pulmonary edema, colloid administration reduces

tissue edema and may ameliorate pulmonary edema as a consequence of shock resuscitation (II-A)

7 There is no evidence of a benefit of colloids in treating ischemic brain injury (I) or subarachnoid hemorrhage (II-A). Colloids may

adversely impact survival in traumatic brain injury (I).

8 Hydroxyethlyl starch administration may increase the risk of acute renal failure in patients with sepsis (II-A)

9 Treatment of dialysis-related hypotension with colloids is superior to crystalloids for chronic dialysis patients; presumably, col-

loids are similarly superior for acutely ill patients (II-A)

10 Colloids are superior to crystalloids in intravascular volume replacement with large-volume paracentesis (II-A) and as adjunctive

therapy to antibiotics in treating spontaneous bacterial peritonitis (II-A)

11 Meta-analyses of critical care colloid use are conflicting because of entry trial heterogeneity and varied analytic techniques, and a

large prospective trial suggests a neutral influence of colloids on clinical outcomes

Abbreviations: COP, colloid oncotic pressure; HES, hydroxyethlyl starch.

Source: Adapted from Ref. 16.

Table 5 American Thoracic Society 2004 Consensus Statement on Colloid Use in Critical Care: Therapeutic Implications

# Therapeutic implication(s) and (level of evidence)

1 Crystalloids should be administered first in nonhemorrhagic shock resuscitation (III)

2 Hydroxyethyl starch solutions should be used with caution in cardiopulmonary bypass (meta-analysis) and in patients with sepsis (II-A)

3 Colloids should be avoided or used with caution in patients with traumatic brain injury (I)

4 Fluid restriction is appropriate for patients with hemodynamically stable ALI/ARDS (II-A); the combination of colloids and diuretics

may be considered in patients with hypo-oncotic ALI/ARDS (III)

5 Colloids are preferred for treating dialysis-associated hypotension, and in maintaining hemodynamics to achieve dialysis goals (II-A)

6 Hyperoncotic albumin should be administered in conjunction with large-volume paracentesis for diuretic-refractory ascites (II-A)

7 Albumin may be administered in conjunction with antimicrobial therapy to patients with spontaneous bacterial peritonitis (II-A)

Abbreviations: ALI = acute lung injury; ARDS = acute respiratory distress syndrome.

Source: Adapted from Ref. 16.
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minimized by using the liposomal formulation. (see Volume
2, Chapter 53).

Hyponatremia
Causes
The normal serum sodium concentration is 140 meq/L.
Hyponatremia is defined as a serum [Naþ] of less than
135 meq/L.

Hyponatremia is usually associated with a state of
hypotonicity. However, it can also occur in the setting of
normal tonicity and hypertonicity (when other osmotically
active solutes are present in elevated concentrations).
Additionally, a clinical entity, known as pseudohyponatre-
mia, can exist in the setting of normal tonicity. Pseudohypo-
natremia (measured hyponatremia in association with
normal tonicity) is usually due to a laboratory measurement
error. The most common causes of pseudohyponatremia are
hyperproteinemia or hyperlipidemia, and as such, symp-
toms of hyponatremia do not occur.

Hypertonic hyponatremia occurs whenever there is an
increase in nonsodium serum osmoles, most commonly
hyperglycemia, but can also exist in the setting of alcohol
intoxication or concurrent mannitol use. In this state, excess
intravascular solute particles cause a shift of water from the
intracellular to extracellular space. This can also result from
methanol or ethylene glycol intoxication. In these hypertonic
states, total body sodium often remains normal.

Hypotonic hyponatremia, the most common form,
can be associated with hypovolemia, euvolemia, or hyper-
volemia (21,22). In all states, there is excess free water
relative to sodium in the extracellular space. Clinical
assessment of volume status, urine osmolarity, and urine
sodium concentration can aid in assessing the etiology
of hyponatremia (Table 7). Renal losses of sodium are
suggested by a urine sodium level .20 to 40 meq/L,
whereas extrarenal losses are suggested by a urine
sodium level ,20 meq/L. In the setting of euvolemia,
iatrogenic or psychogenic polydipsia is suggested by a

urine osmolarity ,100 mOsm/L (this is an unusual etiol-
ogy in critically ill trauma patients).

The syndrome of inappropriate antidiuretic hormone
(SIADH) can occur as a result of cerebral or pulmonary path-
ology (i.e., trauma, tumor, or infection), as well as various
tumors of the pancreas, duodenum, bladder, and prostate.
The postoperative and postinjury states often result in transi-
ent inappropriate (for serum osmolarity) ADH secretion. It
can be further exacerbated by the infusion of hypotonic
fluids (23). The diagnosis of SIADH is suggested by the
finding of urine osmolarity .100 mOsm/L and urine
sodium .40 meq/L in the setting of hyponatremia (23).

Hypervolemic hyponatremia occurs in patients with
edema and ascites, due to congestive heart failure, nephrotic
syndrome, or cirrhosis. A state of total body sodium excess
exists; however, TBW is present in excess to an even
greater degree. In these states, total effective circulating
volume is decreased, thus creating a nonosmotic stimulus
for ADH production. Renal hypoperfusion exacerbates the
problem with resultant antidiuresis and water retention.

Hypovolemic hyponatremia results from pathologic
losses of sodium-rich body fluids (gastrointestinal or
biliary losses from tubes, drains, fistulas, vomiting, or
diarrhea), which are replaced with inadequate volumes of
sodium-deficient fluids. The pediatric patient with severe
vomiting from pyloric stenosis or duodenal obstruction
may present with hypovolemic hypernatremia, if losses are
inadequately replaced with NS, or with hypovolemic hypo-
natremia, if his losses are replaced with inadequate amounts
of dextrose in one-fourth or one-half NS. This emphasizes
the fact that Naþ concentration is generally independent of
volume status. Similar conditions can exist in the adult
patient with high-volume gastrointestinal or biliary fistulas,
depending on the adequacy of fluid and Naþ replacement.

A unique entity, referred to as cerebral salt wasting
(CSW) syndrome, can occur in neurosurgical patients, and
presents as a hypovolemic hyponatremia (24). The mechan-
ism for the decreased absorption of sodium in the kidney is
thought to be due to the release of a brain natriuretic peptide

Table 6 Causes and Characteristics of Hypotonic (,280 mOsm/L) Hyponatremia

Variable

Extracellular fluid volume status

Hypovolemic Euvolemic Hypervolemic

Causes GI losses, excess

sweating/poor H2O intake

(e.g., desert exposure)

excess diuretic use,

CSW syndromea

SIADH,

hypothyroidism,

adrenal insufficiency

CHF,

cirrhosis,

nephrotic syndrome

Urine volume Decreased Varies with intake Usually decreased

Urine osmolarityb .500 mOsm/L .100 mOsm/L .100 mOsm/L

Urine [Naþ] ,20 meq/La .40 meq/L ,20 meq/Lc

Response to 0.9%

saline infusion

Clinical and biochemical

improvement

No change or worsening

hyponatremia

Minimal change

in hyponatremia,

worsening edema

aThe urine [Naþ] would be .40 meq/L in CSW; thus the most important differentiating factor between CSW syndrome and SIADH is that the intravascular

volume is decreased with CSW syndrome and normal with SIADH. The urine [Naþ] would be .20 meq/L with ongoing diuretic use as well.
bUrine osmolarity ,100 mOsm/L would indicate appropriate antidiuretic hormone and renal response to hyponatremia, and would be expected in the setting

of iatrogenic hyponatremia or psychogenic polydipsia (rare in critical care).
cThe urine [Naþ] would be .20 meq/L when the hypervolemic condition was renal failure, but in this condition, the serum sodium is less often low.

Abbreviations: CHF, congestive heart failure; CSW, cerebral salt wasting syndrome; SIADH, syndrome of inappropriate antidiuretic hormone secretion.
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(BNP), which acts on the nephron to decrease sodium reab-
sorption (probably at the proximal tubule) (25). Atrial
natriuretic peptide (ANP) and BNP are capable of decreas-
ing autonomic outflow at the level of the brain stem, and
thus may have a dual affect, causing hyponatremia (i.e.,
decreasing neural input to the kidney, and directly inhibiting
sodium reabsorption) (26).

In contrast to ANP (secreted mainly by human atria),
BNP is secreted by the brain, and also by human ventricles,
during times of increased pressure or stretch (27). The
increased BNP release, seen in patients with congestive heart
failure (CHF), has been used as a measure of left ventricular
failure. Recently, a rapid BNP immunoassay (Triage Assay,
Biosite Diagnostics, Inc, San Diego, CA, USA) was approved
by the Food and Drug Administration for point-of-care
testing, returning results within 15 minutes (27). This assay is
being used in CHF patients, but has not yet been studied in
head injured patients, who may be at risk of CSW syndrome.

CSW syndrome must be differentiated from SIADH,
because their treatments are divergent, and directly effect
outcome. Heretofore, the distinction was made
by noting that euvolemia favored SIADH, and hypovolemia
was consistent with CSW syndrome; additionally, the
urine osmolarity would be .500 mOsm/L in CSW
syndrome (Table 7). The measurement of BNPs may soon
be useful in differentiating these entities (but this must be
prospectively studied first). In the case of CSW syndrome,

both Naþ and intravascular volume must be repleted. This
can be accomplished by the administration of 3% NS.
In CSW syndrome, fluid restriction (the normal treatment
for SIADH) would likely be detrimental to neurological
recovery.

Symptoms
Symptoms secondary to acute hyponatremia typically do

not arise until the serum [Naþ] is less than 125 meq/L in
acute hyponatremic states, or less than 120 meq/L in
more chronic conditions. The symptoms of hyponatre-
mia are primarily due to the associated hypotonicity, with
resultant cellular swelling. The most pronounced effect of
cellular swelling is cerebral edema. The resultant symptoms
include headache, nausea, vomiting, lethargy, and con-
fusion. If the fall in serum Naþ continues, seizures, coma,
and respiratory arrest may occur.

Rapid development of hyponatremia may result in irrit-
ability and seizures. This most commonly occurs in the setting
of unrecognized SIADH with hypotonic fluid replacement.

Treatment
The hyponatremia treatment plan must address multiple
issues, including an estimate of the sodium deficit, and a
calculation of the sodium repletion rate that prevents the
occurrence of osmotic demyelination, often referred to as

Table 7 Evaluation of Hypernatremia (Plasma [Naþ] .145 to 150 meq/L)

Variable

Extracellular fluid volume status

Hypovolemic Euvolemic Hypervolemic

Mechanism Loss of H2O and Naþ

H2O Loss . Naþ Loss

Loss of water Gain of H2O and Naþ

Naþ gain . H2O gain

Clinical causes Chronic diuretic use, vomiting,

or diarrhea

DI, diuresis, or

excessive

evaporative loss

Aggressive

administration

of NaCl or

NaHCO3

Pretreatment

urine volume

Low High Usually high

Urine osmolaritya Nonrenal H2O losses

.400 mOsm/L

Renal H2O losses

, 300 mOsm/L

Nonrenal H2O

losses .400 mOsm/L

DIb and other renal H2O losses

,290 mOsm/L

Iatrogenic causes

variable mineralocorticoid

excess .300 mOsm/L

Urine [Naþ]a Nonrenal H2O losses

,10–15 meq/L

Renal H2O losses

.20 meq/L

Nonrenal H2O losses variable

DIb and other renal

H2O losses ,10–15 meq/L

Iatrogenic causes

variable

Mineralocorticoid

excess .20 meq/L

Treatment Replete intravascular volume

with normal saline

Then, more

slowly, replace free

H2O deficit

Replace urinary

losses with one-half

normal saline

If DI, treat with

vasopressin or

ddAVP

Slow free H2O

replacement later if

needed

Loop diuretics

Replace urinary

losses with one-half

normal saline, or add

free H2O to tube

eedings

If renal failure,

Rx with dialysis

aThe values for urine osmolarity and urine [Naþ] are taken from Ref. 41.
bIn the case of DI, urine osmolality is usually ,150 mOsm/L and urine [Naþ] ,10 meq/L.

Abbreviations: ddAVP, desmopressin; DI, diabetes insipidus; Rx, treatment.
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central pontine myelinolysis (CPM) (28). Osmotic demyeli-
nation results from rapid transfer of water out of central
nervous tissue cells. The injury and symptoms are often
delayed for two to six days after the abrupt elevation of
serum sodium has occurred. The structural damage and
symptoms resulting from CPM are usually irreversible,
and can consist of dysarthria, dysphagia, para- or quadra-
paresis, lethargy, coma, respiratory arrest, and seizures.

The term CPM refers to the earliest descriptions
demonstrating demyelination, chiefly in the pons (29,30).
However, more recently, it has become recognized that the
demyelination occurs along most of the myelinated nerve
tracts (31). Because of the rich concentration of myelinated
fibers in the pons, lesions do predominate there (65% of
cases), but other commonly involved sites include the cer-
ebral periventricular and subcortical white matter, thalami,
basal ganglia, internal capsule, and the cerebellar peduncles
and white matter (31). All of these commonly demyelinated
sites contain interdigitated gray and white matter. This inter-
digitation may interfere with the diffusion of hypertonic
edema fluid into adjacent white matter, making these areas
particularly vulnerable to rapid fluid and electrolyte
changes.

Conventional computed tomography and magnetic
resonance imaging findings lag behind the clinical manifes-
tations of CPM. However, using MR diffusion-weighted
imaging, lesions within the central pons have been identified
within 24 hours of the onset of patient tetraplegia and before
findings are conspicuous with conventional MR imaging
sequences (32).

Experimental studies in animals and observations
in humans suggest that the rate of hyponatremia correction
in the first 24 hours is the major determinant for the develop-
ment of osmotic demyelination (28–33). It is more
common when the plasma sodium concentration is
raised by more than 20 meq/L in the first 24 hours,
and rare when raised less than 10 to 12 meq/L over

the first day (33). The rate of correction must reflect
the presence or absence of symptoms, and the duration
of hyponatremia (Table 8). Longstanding hyponatremia
should be corrected over a long period (i.e., five to
seven days), and should not be corrected faster than
0.25 meq/L per hour, whereas acute hyponatremia can be
corrected more aggressively (but should not be corrected
faster than 0.5 meq/L per hour, unless symptomatic). Sympto-
matic patients require more rapid correction, and may require
correction rates of 0.5 to 1 meq/L per hour for the first two
to three hours or until symptoms resolve. However, the total
24-hour raise in serum sodium should still not be greater
than 12 meq/L.

The treatment of hyponatremia further depends upon
the volume status and the presence or absence of symptoms
(21,22). As described earlier, the treatment of CSW syndrome
requires increased intravascular volume and Naþ (either as
3% NS, or supplemental dietary salt, if tolerating enteral
nutrition), whereas water restriction is the primary therapy
for asymptomatic SIADH. Symptomatic SIADH requires
more aggressive initial therapy, which may include diuresis
with the addition of 3% NS. Serum sodium levels need to be
obtained every two to four hours to prevent too rapid a rise
in serum sodium as detailed earlier. Demeclocycline 600 to
1200 mg/day can also be utilized in SIADH resulting from
chronic conditions.

Fluid restriction plus diuresis is necessary in hypervo-
lemic edematous states, such as CHF, renal failure, and
cirrhosis. Loop diuretics are the preferred agents, whereas
thiazide diuretics should be avoided, as they may exacerbate
the hyponatremia. Overly aggressive fluid restriction and
diuresis must be avoided, because the resultant decrease in
effective circulating volume can exacerbate the stimulus for
ADH release and renal conservation of water. The correction
of excess free water may take days to weeks, depending
upon the rate of mobilization from the extracellular
compartment.

Table 8 Rules for Sodium Correction for Hyponatremia

Rule priority Sodium correction guidelines Rationale/comments

1 Correct no more than 12 meq/L in the first 24 hrs of

treatment

No patients receiving corrections this slow or slower

developed CPM in a recent study

2 Correct no faster than 0.25 meq/L per hour in asymptomatic

chronically hyponatremic patients, and complete nor-

malization of sodium in these patients over five to seven

days

Chronic hyponatremia results in brain intracellular volume

adaption, and redistribution of osmotically active par-

ticles from the brain. It takes at least five days to rebuild

the stores of the brain’s idiogenic osmoles

3 Correct no faster than 0.5 meq/L per hour in asymptomatic

acutely hyponatremic patients, and complete normaliza-

tion of sodium in these patients over 2–3 days

Acute hyponatremia (occurring over 12–24 hr) does not

allow time for loss of brain idiogenic osmoles, and

patients are theoretically at less risk of demyelination

4 If symptoms are severe (i.e., seizures have occurred), more

rapid correction is appropriate (i.e., 0.5–1 meq/L per

hour) for the first 2–3 hr or until symptoms abate

Severe symptoms (especially seizures), require prompt

treatment to avoid brain injury. These patients should also

receive an antiseizure drug (e.g., ativan)

5 Isotonic (0.9%) saline should be utilized for asymptomatic

and mildly symptomatic patients. Hypertonic (3%) saline

should be reserved for severe symptoms and CSW

syndrome

Isotonic (0.9%) saline should raise the serum sodium con-

centration 1–2 meq/L for each liter infused into a 70-kg

patient. Hypertonic (3%) saline, run at a rate of 25–30

mL/hr, will increase the serum sodium 8–10 mEq/L in a

70-kg patient

6 In ECF volume contraction, isotonic (0.9%) saline should be

used to expand the ECF volume. Three percent saline is

reserved for CSW syndrome, and to supplement other low

ECF hyponatremic states

Expanding the ECF volume leads to decreased antidiuretic

hormone release, which serves to help correct the serum

[Naþ]

Abbreviations: CPM, central pontine myelinolysis; CSW, cerebral salt wasting; ECF, extracellular fluid.
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Hypovolemic hyponatremia requires volume
repletion with isotonic saline. The degree to which a liter
of any given solution would increase serum sodium can be
estimated by the following equation (which can be used in
hypernatremic conditions as well):

Din serum½Naþ� ¼
infusate½Naþ� � initial serum½Naþ�

Total body waterþ 1

This formula demonstrates how little the serum [Naþ]
changes with only 1 L of fluid. To calculate the total
number of liters needed to change a hyponatremic
condition ([Naþ] ¼ 130 meq/L) to a normal serum sodium
state ([Naþ] ¼ 140 meq/L) by administering NS ([Naþ] ¼
154 meq/L), simply add up the aggregate changes predicted
by the earlier equation, in repetitive fashion, until the normal
value is being approached.

For a 70-kg patient with TBW ¼ 42 L, the first-liter NS
changes the serum sodium from 130 to 130.56 meq/L, the
second liter of NS brings the serum sodium from 130.56
to 131.11 meq/L, and so on. The aggregate number of
liters of NS, calculated to bring the serum sodium to
normal, divided by 24 provides the hourly infusion rate, if
the intention is to make the change in a single day.

Serial measurements of sodium are essential, because
the formula has several limitations. The equation does not
account for shifts of body water, urinary losses, insensible
losses, increases in sodium excretion in the setting of
SIADH, or the effects of potassium and other osmotically
active solutes.

POTASSIUM DISORDERS

The average 70-kg adult male contains approximately
60 meq/kg of potassium [Kþ]. Most of the potassium is
intracellular (28 L � 150 meq/L ¼ 4200 meq), with less
than 2% extracellular (14 L � 4.5 meq/L ¼ 63 mEq).
The intracellular predominance of potassium limits the
value of serum potassium in estimating total body
potassium stores, except during steady states. Because
the extracellular concentration of potassium changes
most quickly, it has the greatest effect on cell membrane
function, and is particularly important for cardiac and
nerve tissues. A sodium–potassium membrane pump
(Naþ/Kþ ATPase) maintains a gradient of 30:1 to 40:1 of
intracellular to extracellular potassium, causing a transmem-
brane potential of approximately 290 mV, as per the Nernst
Equation.

On the whole, potassium balance is dependent on
intake and both renal and extrarenal losses. The kidney
secretes approximately 90% of ingested potassium,
whereas the remainder is excreted in sweat and feces. The
net secretion of potassium by the kidney is determined by
many factors, including the amount of urine flow, amount
of sodium delivery to the distal nephron, plasma potassium
concentration, and acid–base status. An increase in urine
flow, sodium content, or plasma potassium increases the
amount of potassium excreted.

The acid–base status of the patient affects pot-
assium through the reciprocal relationship between
the hydrogen [Hþ] and potassium [Kþ] ions. Acidosis
increases intracellular Hþ and Kþ flows into the plasma
to maintain ionic balance, resulting in serum hyperkalemia.
Alkalosis decreases intracellular Hþ and plasma Kþ moves

into the cell to maintain ionic balance, resulting in serum
hypokalemia. The Naþ/Kþ ATPase pump is stimulated by
insulin, thyroid hormone, and b-adrenergic catecholamines,
resulting in cellular uptake of potassium.

Hyperkalemia
Causes
Hyperkalemia is usually defined by a serum Kþ .5.5 meq/
L. In the critically ill patient, the most common cause of
hyperkalemia is renal insufficiency, though an acute rise in
extracellular potassium levels can also occur following
crush injuries (rhabdomyolysis), or other forms of cellular
destruction, and reperfusion injury can also result in hyper-
kalemia. Other causes include acidemia, hormone abnormal-
ities, and drugs. Drugs can cause hyperkalemia through
various mechanisms (Table 9), including transcellular
shifts, involving hormonal, renal, or cellular membrane
pump effects (34).

The use of succinylcholine, the depolarizing neuromus-
cular blockadedrug, will transiently increase the serum Kþ con-
centration by 0.5–1 meq/L in most patients, including those
with renal failure. However, patients who have sustained
major burns or upper motor neuron trauma (head injuries
and spinal cord injuries), as well as those who have been at
chronic bed rest, often have an exaggerated release of Kþ, due
to the development of extrajunctional neuromuscular junction
(NMJ) receptors (Volume 2, Chapter 6). The degree of Kþ elab-
oration may be enough to cause ventricular dysrhythmias,
including asystole, which can only be treated by cardiopulmon-
ary resuscitation, the administration of calcium chloride
(to stabilize cellular membranes), alkalinization (to decrease
the plasma [Kþ]), by dialysis, if necessary.

Symptoms
The clinical manifestations of hyperkalemia are related to

cellular membrane depolarization, the most serious of
which involves cardiac muscle. Hyperkalemia shortens

Table 9 Drug-Induced Hyperkalemia

Increased potassium intake

Potassium supplements

Herbal and nutritional supplements

Packed red blood cells

Penicillin G potassium

Transcellular shift

Beta blockers

IV amino

Succinylcholine

Digoxin intoxication

Impaired renal excretion

Potassium-sparing diuretics (i.e., spironolactone)

Nonsteroidal anti-inflammatory drugs

Angiotensin converting enzyme inhibitors

Angiotensin-II receptor blockers

Trimethoprim

Pentamidine acids

Tacrolimus

Heparin

Cyclosporine
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the duration of the cardiac action potential, decreases resting
membrane potential (which depolarizes the membrane), and
suppresses automaticity of cardiac pacemakers. The earliest
electrocardiographic (ECG) manifestations are high-peaked
T waves, usually first evident in the precordial leads. As
the potassium level rises, this progresses to the prolongation
of the P-R interval, flattening of the P wave, widening of the
QRS complex with the merging of the T wave into a sine-
wave configuration, with eventual ventricular fibrillation
and cardiac standstill. Peripheral muscle can also be affected
by moderate to severe hyperkalemia. Ascending muscular
paresis can progress to flaccid quadriplegia and respiratory
paralysis.

Treatment
Treatment depends on the degree of hyperkalemia. Mild
hyperkalemia can usually be treated by hydration and the
use of loop diuretics, which will increase potassium excretion,
or treatment of volume, acid–base, or hormonal disturbances.

The presence of symptoms or ECG abnormalities
demands more immediate, aggressive therapy. Immediate
treatment with calcium salts will stabilize the cardiac mem-
brane. Using 10 ml of 10% calcium gluconate, given intrave-
nously over 3–5 minutes, provides 4.7 meq of calcium;
whereas, 10 ml of 10% calcium chloride given intravenously
over 10 minutes, provides 13.6 meq of calcium, but is best
administered through a central line because of it’s damaging
effects on small vessels. The effect of calcium salts is tempor-
ary, lasting for about 30 minutes. Sodium bicarbonate can
also be given to temporarily shift potassium into cells.
Insulin and glucose therapy begins immediately, but may
require an hour or more to demonstrate a significant effect;
likewise, the serum [Kþ] only decreases temporarily via
this treatment modality.

Longer lasting therapies that actually decrease total
potassium levels from the body include hemodialysis, pot-
assium-exchange resins, and loop diuretics. Onset of action
of these therapies on hyperkalemia is slower, and the afore-
mentioned methods should be instituted for immediate
relief when necessary. The usual dose of a potassium-
exchange resin, such as sodium polystyrene, is 0.5 to 1 g/
kg, which is usually dissolved in a sorbitol solution, and
can be given orally or rectally.

Hypokalemia
Causes

Hypokalemia, usually defined as a serum Kþ ,3.5 meq/
L, is the most common electrolyte disorder in
hospitalized patients (35), and is associated with
hypomagnesemia, and can result from decreased potass-

ium intake or increased renal or extrarenal potassium
losses.

The most common source for extrarenal losses is the
gastrointestinal tract. Drugs can cause hypokalemia
through increased renal losses (e.g., diuretics) or transcellu-
lar shift (e.g., b-agonists and methylxanthines). Metabolic
alkalosis, associated with excessive abnormal hydrochloric
acid losses from vomiting or nasogastric suctioning can
also exacerbate hypokalemia. As renal chloride levels
decrease, the chloride-linked reabsorption of sodium in the
proximal nephron decreases. Increased delivery of sodium
to the distal convoluted tubule, in addition to the alkalemia,
results in aldosterone-driven sodium reabsorption and pot-
assium (and Hþ) excretion. This situation drives both the
hypokalemia and the alkalosis. The hypokalemic alkalosis

due to excessive gastric HCL losses is termed chloride sensi-
tive, and can be treated with the administration of potassium
chloride (no more than 40 meq/hr via a central vein). Non-
chloride-sensitive metabolic alkalosis, such as hyperaldos-
teronism, usually results from increased distal nephron
absorption of sodium. Any mineralocorticoid excess can
potentially cause hypokalemia through this mechanism. In
either case, magnesium is also usually very low, and must
be replaced as well.

Symptoms
The symptoms of hypokalemia can be found in skeletal,
smooth, and cardiac muscle, and include muscle weakness
and paralysis, absent deep tendon reflexes, paralytic ileus,
and cardiac conduction abnormalities. In the average indi-
vidual with a normal heart, clinical manifestations usually
do not occur unless the potassium level is less than
3.0 meq/L.

In patients with underlying heart disease, and
especially those on digitalis, even mild hypokalemia can
cause cardiac dysrhythmias. The toxic effects of digitalis
are potentiated by hypokalemia, secondary to the inhibitory
action of digitalis on the Naþ/Kþ ATPase pump. Electrocar-
diographic manifestations include progressive depression of
the S-T segment and a decrease in T-wave amplitude. The U-
wave amplitude and Q-T interval increase. A-V conduction
prolongation and both ventricular and supraventricular dys-
rhythmias can result.

Treatment
Treatment of hypokalemia requires an understanding

that a steady-state serum deficiency of 1 meq/L can trans-
late to a total body deficit of .1000 meq. However, no
more than 40 meq should be administered per hour to a
70-kg patient (always administer via a central line to
avoid peripheral vein sclerosis). Intravenous replacement
is required if the patient is unable to take oral supplemen-
tation or if ECG changes are present. In general, potass-
ium is replaced as a chloride, which is especially useful
in the presence of alkalemia. Replacement via a peripheral
vein should occur at a rate no faster than 10 meq per
hour, and should rarely ever exceed 20 meq per hour.
Cardiac monitoring is required for rates faster than
20 meq per hour.

CALCIUM DISORDERS

Calcium is a divalent cation. A normal adult contains 1 to
2 kg of calcium, of which the vast majority is deposited in
bone (�99%) as hydroxyapatite crystals. Calcium homeosta-
sis depends on bone exchange, renal excretion, and intestinal
absorption (36). Calcium influx into the cell occurs through
specific voltage-dependent calcium channels, or through
receptor-mediated G-protein-linked channels. These G-
protein-linked channels are activated through various mem-
brane receptors that respond to endocrine and paracrine
substances. Very small amounts of calcium leak passively
through the cell membrane. Calcium in the cells functions
as a second messenger, and is found in the cytosol and
various organelles. Normally, energy is expended to pump
calcium out of the cytosol and into the organelles and ECF.
However, in the setting of shock with depletion of intra-
cellular energy, calcium accumulates in the cells and
has adverse effects, which can lead to widespread organ
dysfunction and death.
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Calcium exists in three forms in the ECF: ionized
calcium, protein-bound calcium, and nonprotein anion
calcium complexes. The ionized form functions as the most
physiologically active, and comprises about 45% of total
serum calcium. About 40% of serum calcium is protein
bound. The majority of this calcium is bound to albumin,
whereas the remainder is bound to the globulins. The
remaining 15% of serum calcium is complexed to nonprotein
anions, such as phosphate, citrate, sulfate, bicarbonate, and
lactate. Extracellular calcium is tightly regulated, and is
determined by a calcium receptor (first described in 1993),
several hormones, and calcium itself. The most important
hormones in calcium regulation are parathyroid hormone
(PTH) and 1,25-dihydroxy vitamin D. Parathyroid
hormone secretion is inversely related to serum calcium
levels, and regulates calcium through several mechanisms.
Within minutes, PTH decreases renal tubular reabsorption
of phosphate, and causes an increase in distal tubular Ca
reabsorption through a cyclic adenine monophosphate
(cAMP)-mediated process. Within hours, PTH causes
release of Caþ2 from the bone through osteoclast activation,
serving as the main reservoir for calcium exchange in the
body. As hypocalcemia persists, PTH stimulates renal
transformation of circulating prohormone 25-hydroxy
vitamin D into 1,25-dihydroxy vitamin D, the active form.
This hormone facilitates the reabsorption of calcium by the
proximal small bowel. 1,25-dihydroxy vitamin D also stimu-
lates bone reabsorption. The hormone calcitonin, secreted by
C cells of the thyroid, only moderately affects calcium
metabolism.

Normal values of total serum calcium usually range
between 8.5 and 10.5 mg/dL. Following trauma and critical
care, patients have decreased albumin levels, making the
total serum calcium measurement less useful. In the
setting of trauma and critical illness, the free ionized

(physiologically active) form of calcium is the relevant
value that should be measured. The ratio of free
calcium to protein-bound calcium is dependent on several
factors. For instance, in the setting of low albumin levels,
the total serum calcium level will also be low, whereas the
ionized or free amount of calcium may remain near
normal. There are formulas that exist to correct serum
calcium to albumin level; however, in critically ill patients,
they are inaccurate. As a general rule in the critically ill
patient, therapeutic decisions should be based on the level
of ionized calcium alone (rather than total serum calcium).

Hypercalcemia
Primary hyperparathyroidism is the most common chronic
cause of hypercalcemia. Malignancy, caused by bony metas-
tases and/or by a parathyroid hormone-related protein
(PTHrP), is the second most common cause. This protein
binds to PTH receptors in bone and kidney. Breast, lung,
and renal cell carcinoma are the most common solid
tumors that can cause hypercalcemia. Multiple myeloma
causes hypercalcemia through bony destruction, as a
result of inflammatory mediators (IL-1, IL-6, and TNF- s).
In both Hodgkin’s and non-Hodgkin’s lymphoma, hyper-
calcemia results from increased conversion of 25-hydroxy-
cholecalciferol to calcitriol by tumor cells. Other common
causes include granulomatous diseases (i.e., sarcoidosis),
drugs (i.e., thiazide diuretics, vitamin A or vitamin D
intoxication).

Symptoms
Symptomatology is often related to the degree and acute
nature of the hypercalcemia. Most cases of mild hypercalce-
mia (levels �12 mg/dL) are asymptomatic, but once calcium
levels are above 12 mg/dL, neurologic, gastrointestinal, and
renal symptoms usually appear. Neurologic symptoms can
begin with mild drowsiness, progressing to weakness,
depression, and coma. Gastrointestinal symptoms can
involve constipation, nausea, vomiting, anorexia, and
peptic ulcer disease. Renal manifestations include nephro-
calcinosis, nephrolithiasis, and nephrogenic DI. Serum
calcium levels above 13.5 mg/dL generally constitute a
medical emergency.

Treatment
Treatment of hypercalcemia initially involves volume loading
with NS and diuresis (usually furosemide). The resulting
natriuresis is accompanied by calciuresis. Depending on the
degree of hypercalcemia, urine volumes should range from
2 to 3 L/day, up to 6 L/day. The patient must remain euvole-
mic, as hypovolemia will exacerbate the problem.

The etiology of the hypercalcemia must then be deter-
mined. Most cases of severe hypercalcemia are caused by
malignancy. Bisphosphonates, which have made mithramy-
cin relatively obsolete, are utilized in the setting of increased
osteoclastic activity, such as malignancy. If primary hyper-
parathyroidism is the underlying etiology, serious consider-
ation should be given to urgent parathyroid surgery after
initial patient stabilization. Parathyroidectomy may also be
useful in cases of secondary or tertiary hyperparathyroid-
ism. Glucocorticoids have been shown to be helpful in
cases of hypercalcemia, secondary to sarcoidosis, hematolo-
gic malignancies, and vitamin D intoxication. Hemodialysis,
with a low- or no-calcium bath, is also an available treatment
modality. Thiazide diuretics and digitalis are contraindi-
cated in the setting of hypercalcemia, as thiazides can
decrease calciuria, and digitalis can cause cardiac arrest.

Hypocalcemia
Causes
Hypocalcemia is defined as a decrease in the ionized fraction
of total serum calcium. Hypocalcemia is a common
entity in critically ill patients (37). It is estimated that
about 70% to 90% of critically ill patients have decreased
total serum calcium levels, and ionized calcium

levels are deficient in 15% to 50%. The etiology is often
multifactorial.

There appears to be a relationship between sepsis and
critical illness, and altered PTH secretion and peripheral
action. Inflammatory mediators, such as TNF- s, IL-1, and
IL-6 have also been implicated. Chelating substances, such
as phosphate, bicarbonate, citrate, and even radiocontrast
dye can decrease ionized calcium levels. Hypocalcemia is a
particular problem during the anhepatic stage of liver
transplant (following massive blood and factor transfusion),
and during continuous veno-veno hemodialysis (CVVHD)
in patients with severe liver failure in the intensive care
unit (ICU). In all these cases the citrate used for chelating
calcium (to keep blood products from clotting, and to keep
blood on the CVVHD machine from clotting) is not being
metabolized by a normal liver, and thus very large quantities
of calcium gluconate, and/or calcium chloride are needed to
restore the ionized calcium concentration.

Postoperative hypocalcemia can occur following para-
thyroid, thyroid, or radical neck surgery. This decrease is
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exacerbated following surgery for hyperparathyroidism,
due to the “hungry bone syndrome,” which causes a rapid
accretion of calcium into bone as PTH levels fall to normal
or subnormal levels, which may result in profound
hypocalcemia.

Conditions of rapid cell destruction, such as rhabdo-
myolysis or tumor lysis syndrome, which result in hyper-
phosphatemia, can cause hypocalcemia. This is due to
phosphate binding to calcium. Other conditions that are
associated with increased organic anions (i.e., citrate tox-
icity) or free fatty acids (acute pancreatitis) can also decrease
serum calcium levels. Renal and hepatic insufficiency can
result in hypocalcemia owing to their effects on vitamin D
metabolism. Hypomagnesemia interferes with PTH
secretion and possibly its peripheral action. Therefore, cor-
rection of magnesium deficits is essential in the treatment
of hypocalcemia.

Symptoms
Symptoms of neuromuscular irritability predominate in the
setting of hypocalcemia. These symptoms include numb-
ness, paresthesias (typically circumoral and digital),
muscle cramps, Chvostek’s and Trousseau’s signs, laryngos-
pasm, tetany, and seizures. Chvostek’s sign is a facial twitch,
elicited by tapping the facial nerve just below the zygomatic
arch with the mouth open. Trousseau’s sign is induction of
wrist and metacarpophalangeal joint flexion, hyperextension
of fingers, and flexion of thumb and palm with brachial
artery occlusion for three minutes. Hypocalcemia also may
cause Q-T prolongation on the ECG, and this can progress
to heart block or ventricular fibrillation.

Treatment
Treatment of hypocalcemia depends upon the acuteness,
severity, and etiology. The normal serum ionized calcium
concentration is 1.13 to 1.32 mmol/L (4.52–5.28 mg/dL).
In severe hypocalcemia (,0.6–0.8 mmol/L), as seen
with citrate toxicity from massive blood product adminis-
tration, and/or hepatic dysfunction in the setting of
citrate-anticoagulated CVVHD, aggressive calcium admin-
istration is warranted. For this condition, 500 to 1000 mg
(elemental calcium equivalent) IV push via a central line,
followed by infusion at rates as high as 50 to 100 mg per
minute, may be required. In this setting, continuous infu-
sions and frequent (every 15–30 minutes) arterial blood
gasses with concomitant ionized calcium values should be
obtained to titrate therapy.

Note that in the presence of excess unmetabolized
citrate, a safe level of ionized calcium (.1.0 mmol/L
or .4mg/dL) will require the total blood calcium to be
supranormal. Indeed, in this setting, .17 mg/dL has been
recorded with massive transfusion during liver transplan-
tation (36). This concurrence of a low ionized calcium and
a high total calcium (“calcium gap”) allows recognition of
the citrate accumulation syndrome. If severe, it may
prompt a decision to minimize administration of additional
citrate-containing products. Otherwise, when the calcium
citrate complexes are subsequently metabolized, ionized
calcium levels may rise to high levels.

In the less acute setting, symptomatic hypocalcemia
and ionized calcium levels of less than 1.0 mmol/L should
be treated, but less aggressively. The amount of parenteral
calcium given initially in this less acute setting is 100 mg
(elemental calcium equivalent) over 5 to 10 minutes. This
is followed by an infusion of 0.5 to 2.0 mg/kg/hr.

Magnesium and phosphorus levels, and if clinically
indicated, PTH and vitamin D levels, should be determined.
Magnesium should be supplemented and phosphorus
lowered if indicated. Calcium administration in the setting
of hyperphosphatemia can result in metastatic calcium phos-
phate precipitation. In general, phosphorus levels should be
below 6 mg/dL prior to calcium administration. Parenteral
calcium is given for acute symptomatic hypocalcemia.
Oral supplementation and vitamin D are given for chronic
hypocalcemia.

There are different preparations for infusion of
elemental calcium. The most commonly used preparations
are calcium gluconate and calcium chloride. Calcium gluco-
nate 10% solution contains 93 mg of elemental calcium,
whereas calcium chloride 10% solution contains 272 mg.
The higher the amount of elemental calcium, the more irri-
tating it is to the veins. Calcium should be infused through
a central vein, if possible. There are various oral calcium
preparations available. Acute oral therapy generally
involves 0.5 to 1.0 g every six hours. Vitamin D3 or calcitriol
can also be given to increase calcium reabsorption from the
gut. Of note, there is an increasing body of evidence that cel-
lular calcium overload is detrimental. Therefore, a mild
ionized hypocalcemia may be desirable in acute inflamma-
tory states (37).

MAGNESIUM DISORDERS

Magnesium is the second most abundant intracellular ion. It
is an essential cofactor in many enzymatic reactions, includ-
ing the transfer of phosphate groups (energy metabolism),
replication and transcription of DNA and translation of
mRNA, membrane stabilization, nerve conduction, ion
transport, and calcium channel activity. Total body mag-
nesium content is about 21 to 28 g, most of which is in the
skeletal bone mass (.50%). Less than 1% is located in the
extracellular space. Normal serum levels range from 1.5 to
2.5 mg/dL. The total body magnesium balance is mainly
dependent on gastrointestinal absorption and renal
excretion. Bone is an extremely slow exchangeable source
of magnesium. Approximately 55% of extracellular mag-
nesium exists in the free ionized form, with the remainder
complexed to anions and proteins (38,39).

Hypermagnesemia
Causes
The most common cause of elevated serum magnesium
levels is acute or chronic renal insufficiency. This may be
exacerbated by the use of magnesium-containing antacids
and laxatives in the setting of impaired renal function.
Hypermagnesemia may also occur secondary to rhabdo-
myolysis following burn or crush injuries.

Symptoms
Clinical manifestations relate to neuromuscular depression.
Synaptic acetylcholine release is inhibited by hypermagnese-
mia. Loss of deep tendon reflexes occurs at levels of about
8 mg/dL. As levels increase above this, paralysis and coma
can occur. Cardiovascular effects consist of hypotension
and cardiac conduction disturbances. The P-R interval, in
addition to widening of the QRS complex and elevated T
waves, can eventually lead to cardiac arrest.
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Treatment
Treatment involves repleting extracellular volume deficits,
correcting acidosis, withholding exogenous magnesium
intake, and occasionally hemodialysis. Loop diuretics can
also increase magnesium renal excretion. Because hyper-
magnesemia is generally a rather benign condition
(especially in intubated patients), the need for specific
therapy is exceedingly rare. However, acute symptomatol-
ogy in nonintubated patients or hypotensive patients can
be temporarily controlled by slow intravenous adminis-
tration of 5 to 10 meq/L of calcium, which antagonizes the
neuromuscular effects of magnesium.

Hypomagnesemia
Causes
Poor intake alone is rarely a cause of hypomagnesemia,
because of the ability of the kidneys to conserve magnesium.
Most states of deficiency result from decreased intake, in
addition to increased gastrointestinal losses. Other causes
include prolonged intravenous fluid replacement without
magnesium replacement, chronic loop diuretic use, and
certain drugs, such as cisplatin, aminoglycosides, cyclospor-
ine, amphotericin B, insulin, and mannitol. It is estimated
that about .25% of patients on a medical-surgical ward and
.75% on the postoperative ICU setting are hypomagnese-
mic. Serum levels of magnesium correlate poorly with
total body stores, which may be reduced despite normal
serum levels.

Symptoms
Most states of magnesium deficiency are asymptomatic.
When symptoms do occur, a severe deficiency usually
exists. Neuromuscular symptoms mirror hypocalcemia,
with hyperreflexia, tremors, tetany, and positive Chvostek’s
and Trousseau’s sign. Seizures can ensue, as can life-
threatening cardiac dysrhythmias. Early ECG changes
include prolonged P-R and Q-T intervals and atrial tachy-
dysrhythmias. More life threatening dysrhythmias may
result with ventricular tachycardia, including polymorphic
ventricular tachycardia (torsades de pointes) and ventricular
fibrillation (Volume 2, Chapter 20).

Treatment
Acute therapy involves 1 to 2 g of intravenous magnesium
sulfate (8–16 meq) over 5 to 10 minutes, followed by an
infusion of 0.5 to 1.0 g/hr. Sulfate can bind both calcium
and potassium, and therefore, levels of these ions should
be measured during therapy. During treatment, clinically
significant hypermagnesemia can result. However, the
therapeutic window for magnesium is quite large, and the
treatment of hypermagnesemia is seldom required (and
when needed consists mainly of supportive care). Nonethe-
less, it is helpful to have calcium gluconate or calcium chlor-
ide available for nonintubated patients, who become
symptomatic. Magnesium oxide is the preferred agent for
oral supplementation.

PHOSPHORUS DISORDERS

Phosphorus is primarily contained in the ICF, but is involved
in both cellular and extracelluar processes. Cellular energy is
generated through phosphate bonds (i.e., ATP, creatine
phosphate). In addition, phosphate functions as an oxygen

carrier in hemoglobin [as a component of 2,3-diphosphogly-
cerate (2,3-DPG)], and serves as an integral component of
cAMP, cGMP, and inositol polyphosphates. Phosphorus is
also involved in the processing and synthesis of DNA,
mRNA, and proteins. It is likewise important in acid–base
balance, glycolysis, vitamin D metabolism, and in the struc-
ture of bone and cell membranes (phospholipids).

Normal total serum phosphorus levels range between
about 2.5 and 4.5 mg/dL, though serum levels are not
necessarily reflective of total body stores. Fifty-five percent
of total serum phosphorus exists in the ionized form. Phos-
phorus homeostasis is dependent upon intestinal absorp-
tion, renal excretion, and bone mineralization/resorption.
The kidneys are the primary regulators, and renal phos-
phorus excretion is increased by PTH, calcitonin, vasopres-
sin, ANP, dopamine, metabolic acidosis, volume
expansion, glucose, amino acids, NS, and ketones. Renal
phosphorus excretion is decreased by vitamin D, growth
hormone, IGF-1, glucocorticoids, thyroid hormone, and
metabolic alkalosis. In addition, PTH decreases, and
vitamin D increases the intestinal absorption of phosphate.

Hyperphosphatemia
Causes
Hyperphosphatemia can result from diminished renal excre-
tory capacity, increased exogenous phosphate or vitamin D
load, and transcellular shift. Renal failure is the most
common cause of hyperphosphatemia. Initially, in mild-to-
moderate renal failure, hyperphosphatemia leads to
increased PTH secretion. The increase in PTH leads to
decreased renal tubular reabsorption and increased urinary
excretion. In severe renal failure (usually glomerular fil-
tration rate ,25 mL/min), this mechanism often fails and
hyperphosphatemia is almost a universal finding. Cell lysis
of any etiology can cause intracellular release of phosphorus
to the extracellular space. Acidosis of either a metabolic or
respiratory etiology causes the transcellular shift of phos-
phate with resultant extracellular hyperphosphatemia.
Hypoparathyroidism, hyperthyroidism, and acromegaly
cause hyperphosphatemia through decreased phosphaturia.
Treatment with bisphosphonates can also cause hyperpho-
sphatemia, but this is believed to be secondary to both trans-
cellular shift and decreased renal excretion. Exogenous
etiologies of hyperphosphatemia include laxative phosphate
salts and phosphate-containing enemas. Patients most sus-
ceptible to exogenous hyperphosphatemia are those with
intravascular depletion, renal insufficiency, bowel mucosal
abnormalities, bowel obstruction, or ileus.

Symptoms
The clinical manifestations of hyperphosphatemia are a
result of the consequent hypocalcemia and precipitation of
calcium phosphate in soft tissues. Hyperphosphatemia
causes hypocalcemia by decreasing the renal conversion of
vitamin D, decreasing the production of calcitriol, and pre-
cipitation. When the calcium–phosphorus product exceeds
70, precipitation in the soft tissues is likely to occur.

Treatment
Treatment involves correcting the underlying disorder, elim-
ination of exogenous phosphate sources, increased phos-
phorus excretion, and treatment of associated
hypocalcemia (39). Renal phosphorus excretion is facilitated
by NS loading and loop diuretics. Gut absorption is
decreased by the use of phosphate binders. Aluminum phos-
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phate binders should only be used for short periods in patients
with renal failure, as aluminum accumulation can be detrimen-
tal with long term therapy. Calcium levels need to be moni-
tored closely when calcium carbonate is used, because
hypercalcemia can result, and if calcium is given when the
phosphorus level is greater than 7 mg/dL, calcium phosphate
is likely to precipitate. Hemodialysis is very effective in
patients with renal failure. As a temporizing measure, insulin
and glucose can cause transcellular shift of phosphorus from
the extracellular to the intracellular compartment, but
potassium monitoring in this setting is mandatory.

Hypophosphatemia
Causes

Transcellular shift is the most common mechanism
of acute hypophosphatemia, though chronic total
body hypophosphatemia results from decreased intake

and/or increased renal or gastrointestinal losses. Clini-
cal situations associated with transcellular shift generally
involve conditions that stimulate glycolysis. During glycoly-
sis, phosphorylated glucose compounds are generated and
utilized. Refeeding syndromes (in malnourished and
chronic alcoholic patients), insulin administration during
diabetic ketoacidosis, corticosteroid or catecholamine
administration, and CVVHD (with the massive quantities
of glucose containing fluids administered) can all cause
hypophosphatemia.

Hungry bone syndrome following parathyroidectomy
results in massive deposition of phosphorus into bone.
Increased urinary losses of phosphorus accompany renal
tubular defects, increased PTH, vitamin D deficiency, acido-
sis, and diuretic use. Up to 30% of patients with malignancy
have increased urinary losses of phosphorus. Increased
intestinal losses accompany chronic diarrhea, steatorrhea,
fistulas, and dietary intake of phosphate binders (i.e., mag-
nesium or aluminum hydroxide). Decreased intestinal
vitamin D absorption often accompanies these conditions
and exacerbates the problem.

Chronic alcoholic patients are especially susceptible to
hypophosphatemia for a multitude of reasons, including
dietary deficiency, decreased intestinal absorption (second-
ary to increase antacid use), vomiting, magnesium
deficiency, refeeding syndrome, and renal phosphorus
wasting. Diabetic patients are prone to increased renal phos-
phorus wasting, secondary to accompanying insulin
deficiency, glycosuria, ketonuria, and acidosis.

Symptoms
Clinical manifestations generally do not occur unless the
serum phosphorus level is less than 1 mg/dL. As phos-
phorus is involved in many cellular and extracellular pro-
cesses, the clinical manifestations can be profound and
quite diverse, and can include muscle weakness, respiratory
insufficiency, tremors, paresthesias, encephalopathy, ataxia,
coma, seizures, anorexia, rhabdomyolysis, hemolysis,
thrombocytopenia, immune cell dysfunction, insulin resist-
ance, impaired gluconeogenesis, impaired vasopressor
response, and cardiac, renal, and hepatic insufficiency.

Treatment
Phosphorus repletion is always indicated when the level is
less than 1 mg/dL and generally indicated when it is less
than 1.5 mg/dL (39). A level of 1.5 mg/dL or above usually
does not require supplementation in the absence of other
clinical evidence of phosphate depletion. The safest mode

for phosphate repletion is oral, and usual doses are 1 to
3 g/day. Intravenous phosphorus replacement is rec-
ommended for levels less than 1 mg/dL. Great care must
be taken with intravenous supplementation, as it can
precipitate a hypocalcemic crisis, and as such, calcium
levels should be followed with appropriate supplemen-
tation. Usually the phosphorus is administered as a
sodium or potassium salt in NS at 2.5 mg/kg over six
hours. Parenteral administration should discontinue when
levels are greater than 2 mg/dL.

EYE TOTHE FUTURE

Currently, research appears concentrated in the early detec-
tion of electrolyte disorders. Point of care laboratory testing
is currently available with resultant reductions in the turn-
around time for electrolyte determinations. However, the
cost effectiveness of such testing for widespread ICU use
remains to be determined.

Indwelling electrodes have been tested that give
continuous read-outs of selected serum electrolytes.
However, determination of electrolyte replacement requires
knowledge of factors other than the serum electrolyte
concentration (i.e., volume status, albumin concentration,
etc.). The electrodes are also invasive and a potential
source of infection.

Additionally, clinical trials are needed to determine
the clinical significance of basic science properties specific
to the various crystalloid solutions, colloids, and blood pro-
ducts, including their modulation of vascular permeability
and systemic inflammation. Outcome-focused clinical trials
powered to discern a mortality benefit for various resuscita-
tion fluids in septic shock and/or hemorrhagic shock are
needed, along with integrated acid base and systemic elec-
trolyte analyses. Furthermore, well-designed clinical trials
are required to evaluate the physiologic effects of colloids
and crystalloids, electrolyte and acid–base disturbances
with respect to individual organ function (including lung-
fluid balance in patients at risk for or with established
ALI/ARDS, renal function in patients at risk for renal insuf-
ficiency/failure, gut and liver function in patients with pre-
existing liver injury or ileus and those at high risk for
shock liver, the immune and reticuloendothelial system in
patients suffering from sepsis or at risk for sepsis) and the
effect on the immune system, and the central nervous
system in terms of both short- and long-term outcomes.

Another area of interest is the important problem
of CSW syndrome, and the differentiation from SIADH. We
believe the rapid determination of BNP (via newly released
bedside immunoassay, currently used for CHF) holds
promise in more quickly diagnosing CSW syndrome, and
beginning important NS and volume repletion therapy (27).

In addition, the problem of CPM, resulting from too
rapid a correction of hyponatremia, continues to be a clini-
cally important problem, which may be limited by better
understanding of the pathophysiology, and more frequent
and earlier measures of serum sodium, so as to protect
from the development of the entity in the first place.

SUMMARY

Fluid and electrolyte disorders are common in the ICU. Their
management requires more than the determination of serum
chemistries. Proper management of Naþ disorders requires
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the knowledge of volume status and sources of continued
fluid and/or Naþ losses. Similarly, management of Kþ dis-
orders requires a determination of the sources of Kþ loss
(diuretics, diarrhea, etc.) or accumulation (renal failure,
crush injury). The interpretation of Ca2þ and Mg2þ serum
concentrations must include the etiology of the disorder
and serum albumin concentrations. Phosphorus concen-
trations are dependent on renal function and calcium
homeostasis.

Thus, an approach to fluid and electrolyte disorders
that is narrowly based solely on the determinations of
serum chemistries will often inadequately correct the
abnormality and may, in fact, exacerbate the disorder.
Instead, proper treatment requires an in-depth determi-
nation of volume status, renal function, serum albumin,
and a review of current drug therapy that may be contribut-
ing to the disorder. Only then can a plan for the correction of
the given disorder be properly formulated.

The initial choice of fluid administration is guided by
the goal of optimizing perfusion of tissues; however, there is
still limited data that can predict which fluids (colloids or
crystalloids) are best in any particular scenario (Volume 1,
Chapter 11). There is an increasing amount of information
available regarding the physiochemical and biological prop-
erties of various colloid and crystalloid fluids available (40).
Yet, the goals of providing adequate tissue perfusion (with
appropriate levels of intravascular volume), and optimum
cellular function (by maintaining normal values of serum
chemistries), has not substantially changed in the last
decade. The best way to achieve these goals is by frequent
measurements of the intravascular volume and plasma
solute concentrations, and by both anticipating and monitor-
ing expected perturbations. Frequent monitoring in concert
with frequent alterations in the fluid and electrolytes being
administered represents the optimum strategy for care. It
is more likely that new monitoring modalities will provide
a greater impact on trauma and critical care management
than the development of new fluid and electrolyte
formulations.

KEY POINTS

Only a fraction of the total body potassium, about
4 mEq/dL (approx 67 meq in a 70 kg patient), is in the
blood.
Plasma osmolarity (Posm) is generally a good estimate
of total body osmolarity, because isosmotic conditions
are maintained through fluid shifts.
When the calculated Posm differs by .15 mOsm from
the laboratory-measured value, an osmolar gap exists.
Crystalloids should be the initial resuscitation fluid
administered in most situations.
Hypernatremia almost always represents a hyper-
osmolar or hypertonic state, whereas hyponatremia
can be present in a hypertonic, isotonic, or hypotonic
state.
The work-up for hypernatremia starts with determi-
nation of intravascular volume status, based on
history, physical examination, and laboratory data.
In complete central DI, the urinary osmolality is
,150 mOsm/L, but may be higher in partial DI.
The diagnosis of SIADH is suggested by the finding of
urine osmolarity .100 mOsm/L and urine sodium
.40 meq/L in the setting of hyponatremia.

Cerebral salt wasting syndrome must be differentiated
from SIADH, because their treatments are divergent,
and directly effect outcome.
Symptoms secondary to acute hyponatremia typically
do not arise until the serum [Naþ] is less than
125 mEq/L in acute hyponatremic states, or less than
120 meq/L in more chronic conditions.
Experimental studies in animals and observations in
humans suggest that the rate of hyponatremia correc-
tion in the first 24 hours is the major determinant for
the development of osmotic demyelination.
Because the extracellular concentration of potassium
changes most quickly, it has the greatest effect on cell
membrane function, and is particularly important for
cardiac and nerve tissues.
The acid–base status of the patient affects potassium
through the reciprocal relationship between the hydro-
gen [Hþ] and potassium [Kþ] ions.
The clinical manifestations of hyperkalemia are related
to cellular membrane depolarization, the most serious
of which involves cardiac muscle.
Hypokalemia, usually defined as a serum
Kþ , 3.5 meq/L, is the most common electrolyte dis-
order in hospitalized patients (35), and is associated
with hypomagnesemia, and can result from decreased
potassium intake or increased renal or extrarenal potass-
ium losses.
Treatment of hypokalemia requires an understanding
that a steady-state serum deficiency of 1 meq/L can
translate to a total body deficit of .1000 meq.
In the setting of trauma and critical illness, the free
ionized (physiologically active) form of calcium is the
relevant value that should be measured.
Hypocalcemia is a common entity in critically ill
patients (37). It is estimated that about 70 to 90% of cri-
tically ill patients have decreased total serum calcium
levels, and ionized calcium levels are deficient in 15–
50%.
It is estimated that about .25% of patients on a
medical-surgical ward and .75% on the postoperative
ICU setting are hypomagnesemic.
Transcellular shift is the most common mechanism of
acute hypophosphatemia, though chronic total body
hypophosphatemia results from decreased intake
and/or increased renal or gastrointestinal losses.
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INTRODUCTION

The invention of the pH probe ushered in a new era of critical
care medicine where a definable physiologic endpoint
became possible. A series of somewhat contradictory theories
regarding acid–base interpretation were developed culminat-
ing in the great “Trans-Atlantic Debate” which occurred in the
wake of the pH probe’s creation (1). Most of the controversy
revolves around the explanation of the metabolic component
(i.e., what causes hydrogen ions [Hþ] to increase, decrease, or
be buffered). The period during the late 1960s and early 1970s
witnessed the evolution of the “classic model” based on the
Henderson–Hasselbach relationship and the “standard base
excess” (SBE) concept whose roots trace back to standard
bicarbonate and buffer base (BB). Both of these models
evolved into the establishment of nomograms and formulas
for guiding acid–base management.

During the 1980s, Stewart (Canadian born, American
physiologist) (2) proposed a new theory of acid–base physi-
ology that challenged the existing paradigm. Stewart’s
theory is based on physicochemical principles and direct
observation of charge dynamics in various solutions, including
plasma. Stewart’s term strong ion difference (SID) utilizes con-
cepts similar to the BB principle developed earlier by Singer
and Hastings (3), though they used different nomenclature.

Despite acceptance of the underlying principles invol-
ving Stewart’s method, some traditionalists of acid–base
balance (ABB) prefer to use the more familiar HCO3

2

or SBE approach or derived nomograms to evaluate
acid–base disorders. All of these approaches, when applied
correctly will result in correct ABB determinations for
simple disorders. However, the HCO3

2 and SBE are not
dependent variables but rather associated variables that cor-
relate with changes in ABB.

This chapter will explore the Stewart SID paradigm
that is increasingly used, along with the more traditional
methods of acid–base evaluation. These techniques will be
explained so the reader will be able to investigate the
common acid–base disturbances that arise de novo or iatro-
genically during the care of trauma and critically ill patients.

In a recent review, Schlichtig et al. (4) provide in-depth
derivations, explanations, and comparisons of the various
techniques for evaluating the metabolic component of ABB
reviewed in this chapter, and they also appropriately
emphasize that all of these methodologies are internally con-
sistent. Readers interested in reviewing a more traditional
(i.e., HCO3

2) approach to acid–base disturbances and their

analysis are referred to the classic landmark article by
Narins and Emmett (5). A shorter, more practical, and clini-
cally based approach utilizing the Narins principles is
offered in the review by Haber (6). Other excellent reviews
are also recommended for those seeking greater understand-
ing of the traditional acid–base models (7–13).

In addition to the formal derivation of the SID, which
some find complicated, the practical graphical approach of
ABB presented by Schlichtig et al. (4,14) is also reviewed in
this chapter, because its simplicity appeals to graphically
minded clinicians. The rules-based approach suggested by
Haber (6) is also provided here because it represents the sim-
plest application of the classic approach using the standard
concepts put forward by Narins and Emmet (5).

Each phase of trauma care from resuscitation through
convalescence can be accompanied by prototypical acid–
base derangements. This chapter will help the reader to
recognize, characterize, and remedy the common acid–base
disorders identified in trauma patients, as well as tertiary
acid–base derangements. This chapter will also provide
ample examples of clinical conditions where ABB may be
perturbed and where application of the SID concept will
best explain the acid–base disorder and its treatment.

ACID^BASE OVERVIEW AND NOMENCLATURE
Overview of Acid^Base Balance
By convention, ABB is measured and analyzed from arterial
blood samples. However, the data are clinically interpreted
to apply to the entire volume of extracellular fluid (ECF).
ABB reflects the hydrogen ion concentration in blood and
depends upon three independent factors: (i) respiratory com-
ponent, where pulmonary ventilation results in CO2 elimin-
ation and controls the arterial PCO2

(PaCO2
); (ii) metabolic

component, primarily affected by tissue metabolism and gas-
trointestinal output and renal regulatation; and (iii) nonvola-
tile weak acid buffers: phosphate and proteins (predominantly
albumin and in the case of whole blood, hemoglobin). For
the student of ABB, most confusion stems from explanations
and interpretations of the metabolic component. The
three major presentations of the metabolic component are

(i) bicarbonate ion [HCO3
2], (ii) SBE, and (iii) the SID

between plasma strong cations and anions.
The final result of ABB is the regulation of Hþ ion con-

centration in blood (normal [Hþ] ¼ 40 nM/L). The [Hþ] is
normally presented as pH, where pH equals the negative
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logarithm (base 10) of [Hþ]. Accordingly, the normal [Hþ] of
40 nM/L corresponds to a pH of 7.40 (Fig. 1). During acide-
mia, [Hþ] increases and pH decreases ,7.35. During alkale-
mia, [Hþ] decreases and pH increases .7.45. The use of
logarithmic notation to characterize blood acid–base state
is conceptually attractive because the effective range of a
buffer generates a characteristic “S” shape when acid or
base concentration is plotted against pH, but not when
plotted against [Hþ]. The logarithmic scale for [Hþ] is analo-
gous to the Richter scale for earthquake intensity, an integer
increase in pH (e.g., 7 to 8) means a 10-fold reduction in [Hþ].
A doubling of [Hþ] (e.g., 40 nM/L to 80 nM/L) decreases the
pH by 0.3 (e.g., 7.40 to 7.10).

ABB is regulated by the respiratory center of the
medulla (respiratory component) and by the liver and
kidneys (metabolic and weak acid components). First,
we will examine the effects of changing dissolved CO2 in
blood (changing PCO2

by changing alveolar ventilation).
Second, we will examine metabolic effects on ABB. Third,
we will examine the buffer capacity of blood and ECF.

Respiratory Component (PaCO2 )
Dissolved CO2 is measured as the partial pressure of CO2 in
arterial blood (PaCO2

). Alveolar ventilation determines the
level of PaCO2

. Hyperventilation leads to CO2 elimination, and
hypoventilation leads to CO2 retention. The PaCO2

level is

regulated by the medulla, which governs the alveolar
ventilation.

The concentration of dissolved CO2 is linearly related
to PCO2

by its solubility ([dissolved CO2] ¼ PCO2
. SolCO2

,
where SolCO2

¼ 0.0306 mM/mmHg). CO2 reacts reversibly
with water to generate carbonic acid (H2CO3), which
immediately dissociates into hydrogen and bicarbonate ions:

CO2 þH2O N H2CO3 N Hþ þHCO�3 : (1)

The hydration of CO2 is rapid in red blood cells (RBCs)
because they contain the enzyme carbonic anhydrase.

According to the law of mass action, the dissociation of car-
bonic acid may be written as

K½H2CO3� ¼ ½H
þ�½HCO�3 �, (2)

where K is the dissociation constant.
It is almost impossible to measure the concentration of

undissociated carbonic acid (H2CO3) in solution because it
rapidly dissociates into dissolved CO2 and H2O as well
as Hþ þHCO3

2. However, the amount of dissolved CO2

is easily measured, and the amount of undissociated H2CO3 is
proportional to the amount of dissolved CO2. The rate and
depth of breathing is dependent upon the medulla’s set pH
point and upon its ability to measure pH levels in the blood.

Also, by substituting PCO2
. SolCO2

for H2CO3 in
Equation 2, and by taking the negative logarithm of both sides
of Equation 2, and solving for pH, the familiar Henderson–
Hasselbalch equation can be derived:

pH ¼ pK0 þ log
½HCO�3 �

(SolCO2 � PCO2 )

� �

¼ 6:1þ log
½HCO�3 �

(0:0306 � PCO2 )

� �
(3)

The Henderson–Hasselbalch equation assumes that all dis-
solved CO2 exists as H2CO3, although only 0.33% is actually
hydrated, and the pK0 is 6.1. The true pK of H2CO3 is actually
about 3.1.

High PCO2
[e.g., alveolar hypoventilation during

chronic obstructive pulmonary disease (COPD)] will cause
respiratory acidosis by driving Equation 1 to the right. In
the Henderson–Hasselbalch equation (Equation 3),
increased PCO2

will decrease the log expression and decrease
pH. PCO2

is directly measured in blood gas and pH analyzer
machines with a CO2 electrode.

Metabolic Component
Changes to the metabolic component result from the addition
of strong acids or bases to the acid-base system, where strong
acid or base means always ionized, that is, always dissociated
from Hþ or OH2. As opposed to ventilation for elimin-
ation of CO2, strong acids or bases require either elimin-
ation by the kidney (inorganic acids such as HCl or bases
such as NaOH, KOH) or gastrointestinal tract, or through

metabolism, often in the liver (organic acids such as
lactate2, acetoacetate2, and b-hydroxybutyrate2).

Hepatic ammoniagenesis (and glutaminogenesis) is
important for systemic ABB. Nitrogen metabolism by the
liver can result in the formation of urea, glutamine, or
NH4

þ. Normally, the liver releases only a small amount of
free NH4

þ, as most of this nitrogen is incorporated into
urea or glutamine. The produced urea or glutamine is sub-
sequently used by the kidney to generate NH4

þ and to facili-
tate the excretion of Cl2. Thus, the production of glutamine
can be seen as having an alkalinizing effect on plasma
pH (15).

Examination of Equation 1 reveals that [HCO3
2] by

itself would be a poor discriminator of the metabolic com-
ponent. However, Equation 1 does not act in isolation, nor
does any acid base system in the body. Furthermore, the
ratio of PCO2

to HCO3
2 does indeed describe the [Hþ] both

in theory (e.g., Equation 3) and in clinical practice.
The parameter, SBE, has been introduced to

measure the purely metabolic component of ABB in the

Figure 1 Relationship of pH to hydrogen concentration.

Broken line is drawn to emphasize the (approximately) linear

relationship between hydrogen ion concentration and pH over

the pH range of 7.1 to 7.5.
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ECF. A negative SBE occurs during metabolic acidosis and

a positive SBE is obtained during metabolic alkalosis.
The SBE (mM) estimates the amount of strong acid or base
that would be needed to correct a metabolic disturbance.
Mathematical calculation of the SBE by hand is complicated,
but it is automatically computed by most blood gas and pH
analyzers from directly measured PCO2

and pH.
Once the SBE is determined, the millimoles of

NaHCO3 required to normalize the pH can be estimated as
0.3 . Weight (kg) . SBE, where 0.3 . Weight (kg) estimates
the ECF space in liters. For example, a 70 kg man with a
SBE ¼ 28 would require (70 . 0.3.8) ¼ 168 mM of sodium
bicarbonate (NaHCO3) to correct the acidosis. However, in
practice the “bicarbonate space” is not as easily defined.
The apparent volume of distribution of NaHCO3 varies
depending on the nature of the acid–base disorder and, as
detailed below, is a rather dubious concept to begin with.

Clinicians should be aware that the administration of
NaHCO3 is almost always a temporizing maneuver while
simultaneously working to correct the primary disorder

causing the metabolic acidosis. Furthermore, full correc-
tion is seldom advisable.

The Weak Acid Buffers
A buffer is a molecule that takes up Hþ ions when they are in
excess and releases Hþ ions in times of acid deficit, thus
preventing marked changes in [Hþ] and hence pH. Three
major buffer systems maintain the pH balance in mammals
(the bicarbonate, phosphate, and protein buffer systems).
The most powerful buffers are those that have the pK at or
near the pH of interest (7.40 for humans) and are present
in large concentration.

By this standard, the bicarbonate system is not power-
ful (the pK is 6.1, and the [HCO3

2] and [CO2] are not present
in high concentrations). However, the bicarbonate system is
the most important buffer system in the body, because [CO2]
and hence [HCO3

2] can be rapidly altered by the respiratory
system. Although [HCO3

2] can also be altered directly by the
kidneys, the relative impact compared to ventilation renders
the renal effect meaningless in buffering against an acute Hþ

ion excess. Instead, the kidneys influence ABB predomi-
nately by regulating the plasma concentration of strong
acids and bases and phosphate.

The other buffers in the plasma are weak acids and
since their pKs are all close to 6.8, they can be lumped
together under the term total weak acids or ATOT. ATOT

includes phosphate, albumin, hemoglobin, etc., but not
HCO3

2 (this is discussed below). The phosphate buffer
system is one such weak acid, but its concentration in the
ECF is low, only 1/12 that of the bicarbonate system, and
hence its power is relatively limited. The most plentiful
buffer system of the body is that provided by the proteins
located in the cells and plasma.

Hemoglobin is the principle protein buffer system in
whole blood. Proteins are made up of various amino acids,
some of which have the ability to dissociate their Hþ ion.
Histadine is the predominant amino acid possessing this
property, and the most important amino acid in the blood
with regard to pH buffering. The pKa for histadine is
around 6.8. Because the proteins are so ubiquitous in the
blood, they play the greatest role in buffering, especially ex
vivo (without the ability of the lungs to ventilate off excess
CO2). For example, when a strong acid is added to blood,
the hemoglobin buffer system can reduce the change in
pH by 90%, compared to the condition when blood (and

hemoglobin) is absent. In the plasma, albumin is the princi-
pal buffer and, like hemoglobin, the histadine moieties on its
surface supply most of its buffer capacity.

The fact that hemoglobin is contained within circulat-
ing RBCs provides another important element impacting the
interaction between the bicarbonate system and the protein
buffer systems in the transport of CO2 from its tissue sites
of cellular production to the lungs for excretion. Briefly,
CO2 diffuses out of metabolizing tissues into the capillary
venous flow where it penetrates the RBC membrane.
Inside the RBC, the enzyme carbonic anhydrase catalyzes
the hydration of CO2 into H2CO3, which immediately
ionizes into Hþ and HCO3

2 (as per Equation 1). The histadine
moiety of hemoglobin absorbs the Hþ, whereas the HCO3

2

exits the RBC in exchange for entering chloride (so called
“chloride shift”). The reverse occurs in the capillary bed of
the lungs where the lower PCO2

in alveolar air enables the dif-
fusion of CO2 from the hypercapnic mixed venous blood, of
the pulmonary artery capillaries, into the alveolus.

The SBE represents the metabolic component by
assuming that the mean buffer strength of the human ECF
equals that of blood with 5 g/dL hemoglobin. Despite indi-
vidual variation of hemoglobin, the effective buffer system
changes little.

Four Primary Acid^Base Conditions
Four primary acid–base derangements are classically
described: metabolic acidosis, metabolic alkalosis, respirat-
ory acidosis, and respiratory alkalosis. The preceding over-
view helps one understand these four basic conditions
prior to identifying and repairing complex disorders such
as tertiary acid–base disorders. The clinical history is
exceedingly helpful in determining the cause and each of
the four primary acid–base conditions can be acute or
chronic (Table 1).

Metabolic Acidosis
Metabolic acidosis exists when there is more metabolic

acid present than can be balanced by the available BB.

This is analogous to having inadequate positive charge in
the serum or a reduced SID (as with Cl2 loading). When
metabolic acidosis is the only process, the HCO3

2 is lower
than normal. The respiratory compensation for metabolic
acidosis is CO2 elimination. The observed pH is lower than
expected for the observed PCO2

(for every 10 torr change in
PCO2

there is a reciprocal and inverse change of 0.08 pH
units).

Metabolic Alkalosis
This state stems from having an excess of base relative to the
available acid. It is analogous to having too much serum
positive charge (increased SID) leading to proton consump-
tion (as in Cl2 loss or Naþ loading). This concept is critical to
understanding how sodium bicarbonate (NaHCO3) raises
pH. According to Stewart (2), HCO3

2 is a dependent variable
and does not set pH. Rather, the pH is set by the three inde-
pendent variables of PCO2

, ATOT, and the SID. Thus, NaHCO3

raises pH by increasing the serum sodium concentration
since it delivers Naþ without another negatively charged
strong ion; since HCO3

2 is not a strong ion, it does not influ-
ence the SID or the pH. Therefore, with NaHCO3 adminis-
tration, the serum becomes more positive and proton
consumption is the expected mechanism to restore electrical
homeostasis. At the same time, each liberated HCO3

2 ion
combines with an Hþ ion and as per Equation 1 is converted
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to H2CO3 and then to CO2 (eliminated in the lungs) and
water. The clinical outcome is the development of metabolic
alkalosis.

Respiratory Acidosis
Respiratory acidosis is identified as a PaCO2

. 42 torr. This
state generally emerges during clinical decompensation of
a trauma patient from respiratory failure due to increased
work of breathing [e.g., due to pulmonary contusion,
bronchospasm, acute respiratory distress syndrome
(ARDS)] or due to decreased ability to do the work
(e.g., flail chest), decreased drive to breath (e.g., opioid

intoxication), or decreased neuromuscular function (e.g.
spinal cord injury). Respiratory acidosis also occurs as an
expected condition when using permissive hypercapnia to
manage acute lung injury (ALI)/ARDS (16).

In patients with an intact CO2 response mechanism,
CO2 retention triggers an increase in the respiratory rate,
which serves to normalize the PaCO2

. In cases where exces-
sive CO2 is being produced (e.g., fever or other causes of
hypermetabolism), respiratory rate must increase signifi-
cantly to normalize the PaCO2

. This is also the case in situ-
ations where the alveolar dead space is increased (e.g.,
pulmonary embolus). Thus, fever, hypermetabolism, and
increased alveolar deadspace situations are counterproduc-
tive when attempting to liberate a patient from mechanical
ventilation.

The renal compensation for respiratory acidosis is
slower as it requires altering the SID (i.e., HCO3

2 reabsorp-
tion). One should note that the deliberate induction of a
metabolic alkalosis (increasing the SID) during weaning
of a COPD patient (who retains CO2) can occasionally
facilitate liberation from mechanical ventilation because
the metabolic alkalosis helps normalize the pH change
caused by respiratory acidosis and decreases the _VE

required to normalize CO2, thereby reducing the work of
breathing.

Respiratory Alkalosis
Respiratory alkalosis is present when a primary process
causes the PaCO2

to be ,38 mmHg. It is commonly associ-
ated with hypercatecholamine states (e.g., pain, fear, and
anxiety). In the case of metabolic acidosis, compensatory
hyperventilation will decrease the PaCO2

and decrease
water dissociation via the law of mass action on Equation 1.
A secondary respiratory alkalosis is also associated with
sepsis for the same reason (compensation for metabolic
acidosis). The clinician identifies this compensation as
hyperventilation in the nonintubated patient or as increased
minute ventilation ( _VE) in the spontaneously breathing
mechanically ventilated patient.

Tachypnea and respiratory alkalosis commonly

occur in compensation for a primary metabolic acidosis in
the early post-trauma time frame, typically due to hypoper-
fusion or iatrogenic hyperchloremia. This finding may
be one of the first signs to herald metabolic acidosis of
numerous etiologies [e.g., diabetic ketoacidosis (DKA), alco-
holic ketoacidosis, lactic acidosis, hyperchloremic acidosis,
and various poisons]. Tachypnea is prominent in severe
shock; however, when there is insufficient energy and/or
cerebral blood flow to fuel the respiratory compensation
or when there is a superimposed primary respiratory
acidosis (e.g. opioid intoxication, spinal cord injury lung
injury), respiratory compensation can fail and acidosis will
worsen.

Metabolic alkalosis is more commonly seen in the

postresuscitation phase of trauma patients, commonly
during induced diuresis with a loop diuretic (induced by
the net effect of Cl2 loss in the urine). One should note
that in elderly patients on daily doses of loop diuretics,
metabolic alkalosis may be a pre-existing state prior to the
traumatic injury. In this scenario, development of an acute
metabolic acidosis will often initially be occult due to the
elevated baseline SID and [HCO3

2]. Accordingly, the initial
compensatory respiratory alkalosis will be blunted com-
pared to what would normally be expected based, for
example, on the patient’s lactate concentration.

Table 1 Medical Conditions, Historical and Physical

Findings Suggesting Particular Acid–Base Disturbances

Acute Chronic

Respiratory acidosis

(PaCO2 � 45)

Compensation: " HCO3
2

Respiratory arrest COPD (increased baseline

[HCO3
2]

Opioid or sedative drug

overdose

Increased VD/VT (can be acute

also)

Under ventilation

Exacerbation of asthma

Respiratory alkalosis

(PaCO2 � 35)

Compensation: # HCO3
2

Pain, fear, anxiety, hypoxia Cerebrovasclar accident

Fever, pneumonia Recovery from head injury

Congestive heart failure Jaundice, cirrhosis

Salicylate overdose (and

metacidosis)

Pregnancy (until post partum)

Sepsis Hyperthyroidism

Metabolic acidosis

(SBE � 2 4)

Compensation: # PaCO2

Shock (hemorrhagic, septic,

cardiogenic)

Chronic renal failure

Seizures (lactate) Renal tubular acidosis

Ketosis, toxins

Diarrhea, acetazolamide

Sulfamylon (burn patient)

Acute renal failure

Malignant hyperthermia

Iatrogenic (e.g., NSS

resuscitation)

Metabolic alkalosis

(SBE � 4)

Compensation: " PaCO2

Chloride responsive: # ‘d

[Kþ], # ‘d [Cl2]

Chloride unresponsive (usually

increased intravascular volume)

Contraction alkalosis (may

need Mg2þ also)

Vomiting Chronic diuretic use (lasix)

NG aspirate Hyper aldosteroneism

Past excessive diuretic use Cushing’s syndrome

Posthypercapnea Exogenous steroid use

Licorice (inhibits cortisol

degradation)

Barters syndrome (hyper rennin)

Citrate (postmassive blood

products)
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CLINICAL MODELS OFACID^BASE BALANCE
The Classical or Henderson^Hasselbalch Model
The classical model of ABB based on the Henderson–
Hasselbalch equation has been the most widely accepted
(especially in North America) and is well incorporated into
medical education and practice. It holds that the pH and
thus the proton concentration (Hþ) is related to a balance
between protons and the bicarbonate ion in relation to the
BB that is in plasma and the red cell mass (17). Directly
related to the Henderson–Hasselbalch equation are the
“Six Bostonian Rules” of acute versus chronic primary
acid–base disorders (Table 2), as well as the well-known
acid–base nomogram (Fig. 2). The so-called Bostonian
Rules characterize the expected human metabolic or respir-
atory compensation for primary acid–base disorders. In
the case of metabolic acidosis or alkalosis, the respiratory
compensation occurs quickly, thus there is only one compen-
sation formula needed for each entity. In the case of respirat-
ory disorders, the renal compensation takes longer, thus
there is an expected acute response, and a chronic response,
associated with each primary disorder.

The Standard Base Excess and Graphical Approaches
to Acid^Base Analysis
ABB can be depicted using a graphical relationship
(Fig. 2) charting two of three interdependent variables: (i)

respiratory PaCO2
(mmHg, x-axis) and (ii) metabolic SBE

(mM, y-axis). When using the graphical method, PCO2
is

plotted against calculated SBE, and pH isopleths are
plotted on the same graph. A change in ventilation (respirat-
ory component) moves the intersection of PCO2

and SBE hori-
zontally rightward (respiratory acidosis) or leftward
(respiratory alkalosis). A metabolic change moves the point
upward (alkalosis) or downward (acidosis).

During acute respiratory acid–base disturbances, SBE
equals zero because there has not been time for metabolic
compensation to occur; this is reflected graphically by
acute respiratory changes occurring along the SBE ¼ 0 line
of Figure 2. Chronic respiratory aberrations lie vertically
between no metabolic compensation (SBE ¼ 0) and complete
compensation (pH ¼ 7.40). The kidney eventually increases
or decreases SBE (by altering SID) but rarely to the point
of complete compensation. Metabolic disturbance lie hori-
zontally between zero to complete respiratory compen-
sation. Respiratory compensation for simple, primary
metabolic disorders is generally immediate. Table 2 summar-
izes the mathematical relationships governing the amount of
respiratory or metabolic compensation in response to a dis-
turbance to the other variable.

One of the pitfalls of the graphical approach occurs
when chronic (compensated) respiratory acidosis is super-
imposed with an acute metabolic acidosis. Chronic hypo-
ventilation results in decreased pH due to increased PCO2

.
The metabolic compensation increases SBE to partially
correct pH. Then, a superimposition of a metabolic acidosis
could normalize SBE. However, the continued increase in
PCO2

and decrease in pH would suggest only acute respir-
atory acidosis, masking the serious presence of the acute,
and clinically relevant, metabolic (e.g., lactic) acidosis. In
this situation, clinical presentation may help make the

Figure 2 Detailed clinical map of the average or typical human

compensations for acid–base imbalances. Arrows show direction

of compensatory changes from uncompensated acid base imbal-

ances. Linear pH isopleths permit location of a patient data set on

the diagram when only a pH and PaCO2 are known. Solid lines

have these slopes. Primary respiratory: PaCO2 affects SBE:

Acute ¼ AR (SBE ¼ 0) and chronic ¼ CR (DSBE ¼ 0.4 DPCO2).

Primary metabolic: SBE affects PaCO2: acidosis (lower line) ¼ M

(DPCO2 ¼ 1.0 DSBE) and alkalosis (upper line) ¼ M (DPCO2 ¼

0.6 DSBE). Abbreviations: M, metabolic acidosis or alkalosis; AR,

acute respiratory acidosis or alkalosis; CR, chronic respiratory

acidosis or alkalosis; SBE, standard base excess; PaCO2, arterial

PCO2. Source: From Ref. 60.
Table 2 Expected Human Metabolic or Respiratory

Compensation to Acid–Base Disorders

Expected metabolic compensation for a change in PaCO2

(assume starting [HCO3
2] ¼ 24 mEq/dL)

Acute respiratory acidosis or alkalosis 0.1 . DPaCO2 (e.g.,

PaCO2 ¼ 60 mmHg) HCO3
2 ¼ 26)

Chronic respiratory acidosis or alkalosis 0.4 . DPaCO2 (e.g.,

PaCO2 ¼ 60 mmHg) HCO3
2 ¼ 32)

For every 10 mmHg increase in PaCO2, the pH will decrease 0.08

pH units (e.g., when PaCO2 increases from 40 to 70 mmHg, the

pH will decrease from 7.40 to 7.16) (Providing no other con-

comitant disorders are occurring, i.e., this is a primary disorder)

Expected respiratory compensation for a change in SBE

(assume starting PaCO2 ¼ 40 mmHg)

Metabolic alkalosis DPaCO2 ¼ 0.6 . DSBE (e.g., þ5 SBE )

PaCO2 ¼ 43 mmHg)

Metabolic acidosis DPaCO2 ¼ 1.0 . SBE (e.g., 25 SBE )

PaCO2 ¼ 35 mmHg)

For a pure metabolic acidosis, Winter’s formula predicts the

respiratory compensation:

PCO2 ¼ 1.5 � HCO3
2
þ 8 (+2) (e.g., HCO3

2 ¼ 19) PaCO2 ¼

35–37 mmHg)

Alternatively

PCO2 ¼ 40þ SBE (+2)

Note: Also note that some references will list greater metabolic compensation

for a respiratory acidosis than for a respiratory alkalosis. The table provides

just one number to simplify memorization, and the ranges provided are ade-

quate for clinical decision-making. Also note that this table provides some

acute metabolic compensation for an acute respiratory process. This is

because whenever CO2 is added to the system both HCO3
2 and Hþ are

increased (Equation 1). However, the pH decreases because the proportion

of PaCO2 to HCO3
2 is increased (Equation 3). Although this is a departure

from other standard reference tables, it is more accurate.

Abbreviations: “D” denotes change in variable; SBE, standard base excess;

PaCO2
, arterial blood PaCO2.

Source: From Ref. 14.
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diagnosis. Also, examination of the anion gap (AG) or
strong ion gap (SIG) (both defined below) would detect
the presence of unmeasured anion (in this example,
lactate2).

Another pitfall of the SBE approach to patient manage-
ment involves the following common clinical example: A
70 kg patient, with normal kidneys and tissue perfusion,
undergoes a 12-hour bladder resection and urinary diver-
sion procedure, involving a 3000 mL estimated blood loss.
The losses are replaced with six units of packed RBCs, and
12 L of 0.9% saline. Blood pressure and heart rate are
stable throughout the case, urine output is 150 cc per hour.
The arterial blood gas and electrolytes at the end of the
case are: pH ¼ 7.36, PaCO2

¼ 31 mmHg, [HCO3
2] ¼

15 mmol/L, [Naþ] ¼ 140 mmol/L, and [Cl2] ¼ 115 mmol/L.
Using the SBE, a significant base deficit (of 28 to 210)
would be obtained and could trigger additional needless
fluid resuscitation or bicarbonate administration. Review
of the electrolytes reveals a normal AG ¼ 10 mmol/L, thus
eliminating lactate and underperfusion as the etiology of
the acidosis. This scenario represents a case of iatrogenic
hyperchloremic metabolic acidosis, which will resolve by
itself (if the kidneys are provided time to excrete the elevated
Cl2 and reabsorb HCO3

2).
Another limitation to the SBE approach is that SBE is

slightly unstable as PCO2
changes (Fig. 3). Furthermore, the

SBE equation assumes a normal ATOT. When albumin or
phosphate is decreased, a common scenario in the critically
ill and injured, SBE will result in even more instability
(Fig. 3). Although recent attempts to correct the SBE for
changes in ATOT have resulted in a formula that agrees
much more closely with experimental data in humans, this
formula has not yet been widely applied.

Corrected SBE

¼ (HCO�3 � 24:4)þ (½8:3� albumin� 0:15�

þ ½0:29� phosphate� 0:32�)� ( pH� 7:4)

(4)

Albumin is expressed in g/dL and phosphate in mg/dL.

Importance of the Anion Gap in Acid^Base Analysis
The AG concept is based upon electroneutrality of total
anions and cations in solution (5). The importance of the
AG in clinical medicine is underscored by the two examples

provided above and will be developed further in this
section. The addition of 1 mmol of acid to blood results in
approximately 1 mmol of bicarbonate consumption and
replacement of the lost bicarbonate with approximately
1 mmol of anion. The character of the substituted anion influ-
ences the pattern of normally measured serum electrolytes
and has important diagnostic and therapeutic value. The
AG is the difference between the concentration of cation
(sodium and potassium) and anion (chloride and bicarbon-
ate) concentrations in plasma:

½AG� ¼ (½Naþ� þ ½Kþ� � (½Cl�� þ ½HCO�3 �)

¼ 14 + 2 mEq=L (5)

Because the changes in serum potassium concentration
compatible with life are relatively small, some authors
omit the potassium from AG calculation, resulting in an
expected AG of 10 + 2 mEq/L. The “normal” AG occurs
because of the normally unmeasured anions [mostly due
to albumin, PO4

22, SO4
22, and some normal organic

acids (Fig. 4)].
The normal AGis up to14+ 2 (if [Kþ] is included) and

10+ 2 (when [Kþ] omitted), and assumes a normal albumin

concentration and a PCO2
of 40 torr (15,18). Recall that

the AG represents the negative charge that is contributed
by anions that are not measured in the usual chemistry
panel, but are necessarily present to balance the existing
positive charge in the plasma. The remainder of this discus-
sion assumes the [K+] is included in the calculation of
the AG.

The expected or normal range for AG must be cor-
rected when ATOT is abnormal. There are several ways to cal-
culate this correction (15). A reasonable approximation is to
assume that the expected AG should equal [alb] � 2.5
(where [alb] is expressed in g/dL). A more precise method

Figure 3 Carbon dioxide titration curves. Computer simulation

of in vivo CO2 titration curves for human plasma using the

traditional Van Slyke equation and various levels of ATOT (total

weak acids) from normal (17.2) to 25% of normal. Also shown

is the titration curve using the ATOT corrected standard base

excess.

Figure 4 Circulating cations always counterbalance circulating

anions, thereby maintaining electroneutrality (left). In routine

electrolyte assays, however, only a portion of circulating anions is

measured, and an apparent cation–anion disparity exists (right).

This difference, in mEq/L, is termed the anion gap.
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incorporates the affect of phosphate levels, as shown in
Equation 6.

Expected AG¼ 2½alb(g=dL)� þ 0:5½PO2�
4 (mg=dL)�+ 2

(6)

Failure to use the correct expected AG when ATOT is
reduced will result in the failure to identify an AG acidemia
when it is present (unless it is very large). For example, an
AG of 12 mEq/L in a patient with a serum albumin
concentration of 2 g/dL and PO4

22 of 2 mg/dL and metabolic
acidosis by arterial blood gas (ABG) analysis might be
initially attributed to a nongap cause. However, the expected
normal range for the AG in this patient with low levels of
albumin and PO4

22 is 2(2)þ 0.5(2) ¼ 5 + 2 and thus a
measured AG of 12 indicates that 5 to 9 mEq of unmeasured
anion exists. Accordingly, the clinician needs to employ the
AG differential diagnosis (Table 3).

Not only will the baseline AG will be lower than
normal in hypoalbuminemia states, it will also be low in
the setting of excess positively charged “para-proteins”
(e.g., Waldenstrom’s macroglobinemia). An increase in a
patient’s AG from baseline reflects anions contributed by
an acid other than HCl (since Cl2 ion is measured and will
thus not raise the AG). An increase in the AG helps detect
the presence of significant unmeasured anions, such as
lactate2, a-ketogluterate, b-hydroxybutyrate2, and those
associated with other organic acidosis syndromes listed in
Table 3. The use of the AG in acid–base analysis is criti-
cal in order to detect most of the acute disturbances requir-
ing immediate therapy (Table 3).

Metabolic acidosis is generally separated into two cat-
egories: (i) non-AG (hyperchloremic), meaning that the AG
is normal, and (ii) AG metabolic acidosis, where the AG is
greater than normal. Following a rigorous rules-based
approach to acid–base analysis (including determination
of the AG) will diminish the chance of misdiagnosing a
metabolic acidosis. Some have dismissed the utility of the
AG in acid–base analysis because it is often insensitive in
the critically ill and injured (19). Adjusting the expected or
“normal” range of the AG for the patient’s albumin and
phosphate concentrations as described above (Equation 6)
will avoid this insensitivity.

Hyperchloremic metabolic acidosis most commonly
results from the excess administration of Cl2 ions (e.g.,
NaCl). However, hyperchloremia may be due to renal
tubular acidosis (RTA) in which ion handling by the
kidney is impaired or as result of ion loss (as can occur
with profound diarrhea). Table 4 lists the common causes
of hyperchloremic metabolic acidosis.

The Stewart Model
The Stewart model of ABB is compatible with other models
which all hold that electrical balance is related to ionic
balance and therefore, proton concentration. However, the
Stewart approach emphasizes the importance of indepen-
dent versus dependent variables and that only three inde-
pendent variables control pH (PCO2

, ATOT, and SID). All
three of these factors affect the mechanism for proton gener-
ation via water dissociation. Understanding how water dis-
sociation is controlled is essential to comprehending pH
control in the Stewart model.

There are three independent control mechanisms for
water dissociation. The first is the reaction that occurs when
CO2 combines with H2O to generate carbonic acid which
then dissociates into bicarbonate and a proton (Equation 1).

The second is the sum of the weak acid buffers (ATOT)
which may exist in a form associated with a proton (AH) or
in the dissociated state (A2). In healthy humans, the charge
of ATOT is approximately 16–20 mEq/L and is principally
derived from the histidine residues on albumin (�78%), phos-
phate (�20%), and other proteins (�2%). The negatively
charged portion of ATOT (A2) together with the negative
change of bicarbonate is counterbalanced by a positive
charge from excess of strong cations in plasma, the SID.

Strong ions are those that are completely (or nearly com-
pletely) dissociated from their partners at physiologic pH. The
principal strong ions are Naþ, Kþ, Ca2þ, Mg2þ, Cl2, and
lactate. Unlike the others, lactate is only partially dissociated,
although at pH 7.4 only 1 in 3000 ions is not dissociated;
thus, for all intents and purposes, lactate can be considered a
strong ion. The SID is the difference between the strong

cations and strong anions (Equation 7) and in health has
an approximate value of 40 to 42 mEq/L.

SID ¼ ðNaþ þ Kþ þ Ca2þ
þMg2þÞ � ðCl� þ lactateÞ

ð7Þ

There is a parallel similarity between SID and the
AG, which are offset by approximately 25 mEq/L, which is
the sum of the [HCO3

2] plus the difference between the
normally circulating strong ions and cations that are not
included in the normal AG calculation (i.e., Ca2þ, Mg2þ,
lactate, urate).

Only three variables, PCO2
, ATOT, and SID set the

proton concentration in plasma, as these three are the only
independent control mechanisms; all other entities that
have been traditionally thought important in pH regulation
are actually dependent variables (e.g., [HCO3

2]). The SID’s
positive charge is counterbalanced by the charge carried by
the BB (HCO3

2 plus A2). It is the relative balance of the
total plasma charge that determines water dissociation.

For example, in patients with hypoalbuminemia, the
decreased quantity of negative charges results in a net
excess of plasma positive charge compared to the SID. A
chemical response to this imbalance is proton consumption,
which decreases the plasma positive charge and generates a
metabolic alkalosis. Similarly, a patient with a normal
albumin, but acute Cl2 loss (e.g., gastric outlet obstruction,
excessive vomiting, or NG suction without proton gener-
ation blockade) would have a net excess of plasma positive
charge due to the loss of an anion that cannot be regenerated
(Cl2). Once again, the acute chemical response is to reduce
the plasma positive charge by proton consumption.

More germane to trauma patients is the addition of
excess Cl2 in the form of large amounts of 0.9% NS, and to
a lesser extent, even large amounts of LR during resuscita-
tion (20). Each of these intravenous fluids (IVFs) are hyper-
chloremic with regard to plasma normal saline solution
(NS): 154 mEq Cl2/L; lactated Ringer’s solution (LR):
110 mEq Cl2/L; plasma: 100 mEq Cl2/L). Large volume
resuscitation (i.e., 5–10 L or more) will raise the Cl2 out of
proportion to plasma Naþ creating an excess of negative
charge (Example 1). The effect is to generate protons to
counterbalance the excess negative charge, leading to the
well-identified hyperchloremic metabolic acidosis (21).

Of course, one must recognize that acidosis is not
an invariable response to hyperchloremia secondary to
crystalloid resuscitation. There are accompanying reductions
in the weak acids (albumin, phosphate) and in many cases
strong acids such as lactate are reduced, first through

Chapter 45: Acid–Base Disorders 799



simple dilution and second by restoring tissue perfusion.
These reductions lead to the commonly identified hypoalbu-
minemia and hypophosphatemia that characterize the sig-
nificantly resuscitated trauma patient. However, these
compensatory reductions in negative charge are generally

insufficient to offset the increased negative charge from
the added Cl2 (particularly in the case of NS), thus
resulting in a clinically relevant increase in proton concen-
tration which creates a state of hyperchloremic metabolic
acidemia.

Table 3 Elevated Anion Gap Metabolic Acidosis

Acidosis type Offending acid Clinical setting Associated findings Treatment

Lactic Lactic Shock, sepsis, hypoxia, sei-

zure, drugs, liver failure,

etc.

# Cardiac function

# BP

" LFTs (if liver

failure)

O2, " volume, " ḊO2 to

tissues, remove toxins,

liver transplant (if liver

failure does not recover)

DKA Acetoacetate,

b-hydroxybuterate

Diabetes, stress (including

sepsis)

" Glucose, falsely

elevated creatinine

" volume repletion, insulin

titrated [glucose], electro-

lyte repletion (especially,

Mg2þ, Kþ)

AKA Acetoacetate,

b-hydroxybuterate

Chronic excessive alcohol

intake

Glucose may be normal or

low, PO4
22, Kþ

" volume repletion, PO4
22,

Kþ, Mg2þ repletion

Uremic Phosphoric, sulfuric,

mixed organic

End stage renal failure, worse

with: catabolism, SO4
22

diet, infrequent dialysis

" BUN and creatinine

" Osm., ‘d SO4
22

" PO4
22 (mixed gap,

non-gap)

Dialysis, improve nutrition

(catabolism increases acid

load), minimize sulfur

containing amino acids in

diet, oral supplementation

of HCO3
2

Methanol Formic Toxic ingestion of methyl

alcohol

" Osmolality,

" Amylase,

retinal (papillary)

edema

Ethanol (ETOH competes with

alcohol dehydrogenase—the

enzyme that converts metha-

nol to the toxic formic acid).

Hemodialysis if severe

Ethylene

glycol

Glycolic Toxic ingestion of ethylene

glycol (active ingredient in

antifreeze)

" Osmolality, calcium

oxalate crystalluria,

cerebral edema, direct

injury to kidneys, lungs,

liver, heart, muscles,

retinas

Ethanol or Fomepizole

(ETOH competes with

alcohol dehydrogenase—

the enzyme that converts

ethylene glycol to glycoal-

dehyde (precursor to the

toxic glycolic acid). Fome-

pizole directly inhibits the

enzyme.

Propylene

glycol

Lactic, pyruvate Prolonged etomidate infu-

sion. Propylene glycol is an

alcohol vehicle used for

some hydrophobic drugs

" Osmolality, protamine

like effects, intravascu-

lar hemolysis, percep-

tion deafness, skin

irritation, renal

insufficiency

Stop etomidate infusion.

" volume, supportive care

Renal function improves

with etomidate cessation.

Other drugs (phenytoin,

diazepam, pentobarbital)

using propylene glycol as a

vehicle, can cause propylene

glycol toxicity (unusual

when normal doses used)

Aspirin Salicylate Toxic ingestion of aspirin

(children most prone)

Rapid deep respiration,

confusion, coma,

vomiting, sweating,

dehydration

O2, " volume, Kþ, Cl2,

Mg2þ repletion alkaliniza-

tion of the urine, hemodia-

lysis if severe

Iron Lactic, mixed

organic and inor-

ganic (hydration of

Fe3þ)

Toxic ingestion of FeSO4

(children most prone)

Vomiting (blood from

gastric erosions), shock,

coma, liver failure,

renal failure

O2, " volume, desferroxa-

mine (chelation therapy),

whole bowel irrigation

(GoLytelyw), supportive

care

Paraldehyde Mixed organic Sedative hypnotic—no longer

used in USA

Coma, paraldehyde odor O2, " volume, supportive

care

Abbreviations: AKA, alcoholic (starvation) ketoacidosis; DKA, diabetic ketoacidosis; LFT, liver function test; ", increased; #, decreased.
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The transparency and simplicity of the Stewart model
is appealing to many students and researchers of ABB. For
clinicians, understanding how an acid–base derangement
is created allows one to select a repair strategy, as well as
to understand how that repair strategy works. More impor-
tantly, understanding these principles allows one to select
appropriate plasma volume expanders to minimize the
impact on ABB as a consequence of resuscitation (i.e.,
avoid hyperchloremic metabolic acidosis).

Another application of the Stewart model is the SIG.
The SIG is the difference or “gap” between the SID calcu-
lated from Equation 7 and BB calculated from HCO3

2 and
ATOT. The SIG is similar to, but distinct from the AG (22).
The BB is a term used by Singer and Hastings, and is
equal to the sum of the weak acids (chiefly albumin, PO4

22,
SO4

22) or ATOT, and [HCO3
2]

½SIG� ¼ ½SID� � ½BB� (8)

The SIG identifies unmeasured ions that are not
accounted for by any other method (Fig. 5) (22). The SIG is
normally near zero (,4 mEq/L in healthy humans). When
abnormal, it is usually positive (indicating excess unmea-
sured anions) but may be negative (indicating excess unmea-
sured cations). Several clinical conditions have been
associated with the genesis of unmeasured ions including
liver failure, trauma, resuscitation, and shock (15,23).

The entire source of these unmeasured ions is incom-
pletely understood. Strong ions (e.g., D-lactate, ketones, sul-
phate) appear to be responsible for at least half. The residual
portion may be related to intracellular or transmembrane
proteins that are released during apoptosis-triggered cell
death or other types of cell destruction. What is increasingly
clear is that unmeasured ions are useful markers of
deranged physiology. Accordingly, the utility of the SIG as
a predictive tool with regard to mortality in trauma patients
has been explored for those with major vascular injury, and a
high correlation with the risk of death has been shown (24).
Indeed, SIG is a more powerful predictor of outcome in this
population than lactate or injury severity score.

Reconciling Different Acid^Base Models
Given the wide range of seemingly contradictory inferences
that can be drawn from the three models of ABB presented in
this chapter, it is easy to see why “opposing camps” have
been formed, each advocating one approach over the
others, often with a zeal that could only be described as reli-
gious. To the casual observer, this may seem inevitable but in
fact all three models are fully compatible and no model is

perfect. Although we believe that Stewart’s quantitative
physical chemical model yields predictions that are more
consistent with experimental data, we do not deny that the
more traditional approaches are valid and may have value
in certain situations. Moreover, all three models have import-
ant common elements and apparent differences are fairly easy
to resolve. The classical model uses the Henderson–
Hasselbalch equation as a guide and then uses a set of
“rules” to analyze ABB. The SBE model builds on the classical
model by conceptualizing nonvolatile ABB as changes in BB.
Finally, the Stewart model takes this one step forward by
using the term SID in place of BB and by no longer assuming
that weak acids are either normal or constant as the other
models do. Thus, a change in SID is equal to a change in BB
which is equal to SBE. A2 (the charged portion of ATOT) is
equal to the AG. In this way, the Stewart model is merely a
more complete model of ABB.

A PARADIGM FOR EVALUATING AN ACID^BASE DISORDER
Clinical Setting

An initial step in the evaluation of an acid–base disorder
is to assess the clinical circumstance of the patient and to
develop an initial differential diagnosis based upon the

likely acid–base disorders associated with the clinical
picture. The injury history is essential in making this
determination (i.e., large volume blood loss, hypothermia,
toxic ingestion, etc.). The assessment is then tempered by
physical examination evidence.

Physical Exam
Cool extremity temperature has been validated as an

indicator of hypoperfusion (excluding exposure to
hypothermic environments and peripheral vascular
disease with arterial insufficiency).

The physical examination usually provides important
indicators of a patient’s underlying condition and acid–base
status. A patient with hemorrhagic shock is expected to

Table 4 Common Causes of Normal (i.e., Non-) Anion

Gap Metabolic Acidosis

Fistulae (pancreatic)

Uretero-enteric fistulae

Saline (0.9 or 3% NaCl administration or saline-based TPN)

Endocrine (hyperparathyroidism)

Diarrhea

Carbonic anhydrase inhibitors (e.g., Diamoxw, Sulfamylonw)

Argenine, lysine, chloride (total parenteral nutrition with excess)

Renal tubular acidosis

Spirinolactone

Note: The mnemonic F-Used Cars are sometimes used to remember this list.

Abbreviation: TPN, total parenteral nutrition.

Figure 5 Charge balance in blood plasma. “Other cations”

include Ca2þ and Mg2þ. The strong ion difference (SID) is always

positive (in plasma) and SID–SIDe (effective) must equal zero.

Any difference between SID apparent (SIDa) and SIDe is the

strong ion gap and must represent unmeasured anions.
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demonstrate signs and symptoms of impaired perfusion,
including cool extremities, confusion, tachycardia, narrowed
pulse pressure, and ultimately hypotension. Low or unread-
able pulse oximetry is a common finding as well (25). These
patients evidence lactic acidosis and an elevated AG.

The acid–base analysis becomes more complex when
the trauma patient also suffers from chronic renal failure, as
a pre-existing elevated AG acidosis (elevated [SO4

22]) and a
non-AG acidosis (renal tubular defects) will be present. Con-
versely, pre-existing chloride loss from excessive vomiting
will create a metabolic alkalosis, where normalization will
hinge on Cl2 replacement. Chloride replacement may be best
achieved using KCl, but 0.9% NS may be more appropriate,
especially when fluid resuscitation is also required.

Also, as discussed above, the AG may appear normal
with conditions that create albumin loss (nephrotic syn-
drome, cirrhosis with hypoproteinemia, massive crystalloid
resuscitation, chronic disease) necessitating that a corrected
range for expected or normal AG be used.

In the intensive care unit (ICU), physical examination
has long been used, and recently validated as a sensitive and
specific means to detect hypoperfusion (26). The value of
combining the presence of a cool peripheral extremity exam-
ination with a decreased [HCO3

2] level was that this combi-
nation strongly predicted an increased arterial lactate
concentration and a low cardiac index. In contrast, warm
extremity examination and a normal or increased [HCO3

2]
was strongly predictive of a normal lactate level and a
normal or elevated cardiac index. Two confounders were
also identified: (i) hyperlactatemia from hypermetabolism
in a patient with warm extremities and a normal or elevated
cardiac index and (ii) distributive or “warm” shock where
the extremities are warm and accompanied by an increased
cardiac index but low bicarbonate and high arterial lactate
concentrations. This method has not been validated in
patients with peripheral vascular occlusive disease, an
important consideration in geriatric trauma patients.

Biochemical Evaluation
The next step in the evaluation is to assess the serum chem-
istries and the arterial blood gases. The first step is to deter-
mine whether the PCO2

is normal or abnormal. There is a
reciprocal relationship between PCO2

and pH such that for
each 10 torr DPCO2

there is an inverse D0.08 pH. Thus, one
can determine whether the DpH is entirely attributable to
the DPCO2

. When the pH is not explained by the PCO2
, one

must explore further.
Next, the SBE must be determined. The SBE is an excel-

lent indicator of the presence or absence of nonvolatile acidosis
prior to resuscitation. Assuming a constant ATOT, the SBE
defines the amount that the SID must be changed in order to
restore the pH to 7.40 assuming a PCO2

of 40 (15). The
value of the SBE (in isolation) as an indicator of lactic acido-
sis is corrupted following resuscitation because the electro-
lyte composition of the IVF will significantly impact pH and

therefore, the SBE. Using an initial SBE, one then
assesses whether there is an acidosis (a base deficit more
negative than 24). Alternatively, one can examine the
serum [HCO3

2]; if less than 22 in a patient with a low pH,
then a metabolic acidosis is present (though other processes
can also be occurring). However, unlike SBE or SID, the
change in [HCO3

2] does not quantify the amount of acidosis
only that it is present.

If a metabolic acidosis is present, the next step is to
calculate the AG to determine whether there is an “AG” or
“non-AG” metabolic acidosis. The differential diagnosis

for an AG acidosis can be remembered using the mnemonic

“MUD PILES” and include methanol, uremia, dehydration,
paraldehyde, INH, lactate, ethylene glycol, and salicylates.
However, the differential diagnosis also includes other con-
ditions including ketoacidosis, sepsis, and liver failure,
making the mnemonic somewhat incomplete (Table 3).

The differential diagnosis of non-AG acidosis is even more
broad (Table 4). Metabolic alkaloses may be grouped into
two classifications based upon their chloride responsiveness
(Table 1).

Recall that the normal range for the AG should be cor-
rected (Equation 6) when the protein concentration is less
than normal. If the measured gap exceeds this value, then
a positive AG acidosis is present.

Next, one must assess for the presence of any of the
known causes of an increased AG. Most clinical laboratories
can also provide an arterial lactate value using the ABG
machine. If this is elevated, then one must ask whether the
increase in the AG is due to the lactate (a 1:1 relationship
exists). If it is not, then other unmeasured ions are also
present. Rarely, even the corrected AG can miss small quan-
tities (usually less than 5 mEq/L) of unmeasured anions. The
SIG, though more cumbersome to calculate, can provide a
more accurate quantification of missing anions.

The standard biochemical means of detecting acid–
base disorders regardless of time frame requires a serum
chemistry panel and an arterial blood gas sample. New
monitoring systems will allow the clinician to obtain
serum chemistries and ABG analysis every two to five
minutes using an indwelling catheter attached to an auto-
mated sampling system and point-of-care testing device.
New instrumentation allows this kind of device to be
similar in size to an alphanumeric pager. These two tests
will cover the basic disorders of metabolic acidemia or alka-
lemia and respiratory acidemia or alkalemia. A brief discus-
sion of the basic derangements was provided above.

There remains significant controversy regarding the
pH that is deemed dangerous. Previous data suggested
that at a pH , 7.25, catecholamine efficiency was reduced
and that a return to normal pH range was indicated (27).
This notion has been challenged by more recent data (28).
Nonetheless, the recent data fail to supplant the observation
that mean arterial pressure commonly increases with
NaHCO3 administration to the hypotensive and pressor
dependent patient. The reader should recognize that this
observed manipulation of mean arterial pressure has not
been demonstrated to confer a survival advantage. Yet, in
the authors’ experiences, failure to respond to the adminis-
tered NaHCO3 often portends impending death.

Differential Diagnosis
Graphical Evaluation
The graphical methodology of Grogono et al. (Fig. 2) has been
explained above. This method works well for visual thinkers,
especially when the acid–base disorder is simple. However,
for complex acid–base disorders, the rules-based approach
using HCO3

2, or SBE along with a calculation of AG, and/or
employing the SID method of Stewart are recommended.

Rules-Based Approach Using HCO3
2 vs. SBE Along with AG

Although algorithms and nomograms are useful (if
present at the bedside), the most important factor in
evaluating acid–base perturbations is to understand how
they occur in the human body and to take a systematic

approach in diagnosis. The technique of Haber (6)
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involves a simple, easy to remember, rules-based approach
incorporating the concepts developed by Narins and
Emmit and represents a practical clinical approach.

Step 1 Look at the pH, determine if acidemia
(pH , 7.38) or alkalemia (pH . 7.42) is present. This step
is based upon the principle that the human body does not
fully compensate, and never overcompensates, for any
primary acid–base disturbance.

Step 2 Determine the AG (Equations 5 and 6)

If the AG is increased, refer to Table 3 for sources.
If the AG normal, but the patient has a metabolic

acidosis (negative SBE), the patient has a non-gap
metabolic acidosis (refer to Table 4 for sources).

If the AG is significantly increased (.5 mEq/L above
expected), a primary metabolic acidosis is present
regardless of the pH, base excess, or HCO3

2. This
is because the body does not generate a large AG
to compensate for a primary disorder (6).

Step 3 Calculate the excess AG (the calculated AG
from Step 2 minus the normal expected AG (from Equation
6) is added to the value of the measured [HCO3

2]).

If the excess AG is significantly greater than the
normal serum [HCO3

2] of 24 mmol/L (i.e.,
.30 mmol/L), there is an additional underlying
metabolic alkalosis.

If the excess AG is significantly lower than the normal
serum [HCO3

2] (i.e., ,20 mmol/L), there is an
additional underlying nongap metabolic acidosis.

This third step is based upon the physical chemical
principle that 1 mmol of unmeasured acid will titrate
1 mmol of HCO3

2 (6). Using this technique, mixed acid–
base disorders can be identified. However, it must be
emphasized that neither nomograms, nor graphs, nor a
series of rules can be used in isolation. The history and phys-
ical exam should suggest a differential diagnosis, and the
acid–base analysis (as provided above) should corroborate
the clinical suspicion. Table 1 provides a list of historical
and physical findings, which suggests a classic acid–base
disturbance. In addition, Tables 3 and 4 provides clinical
information that is useful in diagnosing AG and non-AG
metabolic acidosis conditions.

Stewart Approach
Although some clinicians, using programmable calculators,
calculate SID and ATOT at the bedside, a simpler approach
is as follows. First, one can evaluate PCO2 as described
above. Next, one can assess the approximate change in
SID, if any, by examining the SBE. This method is superior
to calculating the apparent SID (Equation 6) because the
SIG may be increased or ATOT may be decreased, both of
which will alter the interpretation of SID. If SBE is increased
either the SID has increased or ATOT has decreased or both
have occurred. If the SBE is decreased, the answer is
usually that the SID has decreased since an increase in
ATOT is unusual.

Next, one can estimate the SIG by comparing the
measured AG to the normal expected value from Equation
6. In health, SIG is near zero and the measured AG will
equal the normal value. The differential diagnosis for an
increased SIG is shown in Table 3, whereas a metabolic
acidosis (decreased SID) without an increased SIG is
shown in Table 4. The primary value of the Stewart model

is that it is completely quantitative; thus, even a triple
acid–base disorder can easily be broken down.

Clinical Example Using Stewart Approach
A 75-year-old female was struck by a bus and was run over.
She was hypotensive in the field and her trachea was
intubated. She underwent evaluation in the Trauma Resuscita-
tion Suite, where a positive focused assessment by sonogra-
phy in trauma (FAST) examination revealed free abdominal
fluid and she was taken to the operating room (OR). A rup-
tured right hemidiaphragm, multiple rib fractures, as well as
a devascularized right lobe of the liver were identified. She
underwent large volume resuscitation after controlling hemor-
rhage with a Pringle maneuver and a partial hepatic resection,
diaphragm repair, and the placement of a tube thoracostomy.
She received 8 L of LR, 8 U packed red blood cells (PRBC), 6 U
fresh frozen plasma (FFP), 750 cc Cell saver, and 2 L of 0.9%
NS; her abdomen was packed and a temporary abdominal
wall closure was placed. She returned to the surgical intensive
case unit (SICU) about 1.5 hours after arrival in the hospital.

Her extremities were cool and slightly clammy. An
active convective external warming device was placed to
manage hypothermia (core temperature ¼ 94.6 F), and
additional warmed fluid resuscitation was undertaken.
Her ABG was as follows: 7.18/34/518 (FIO2 ¼ 1.0). The
SBE ¼ 215 and thus the SID is markedly decreased and
there is a metabolic acidosis.

The electrolytes and derived values are as follows:

Naþ

138
Cl2 115 BUN 9 iCa2þ 1.0 Mg2þ 1.3 PO22

4 1.0 Alb 2.3

Kþ 3.8 HCO3
2 12 Cr 0.5 Gluc 88 Lactate 2.9

According to Equation 5, the above electrolyte values show a
calculated AG ¼ 14, whereas Equation 6 predicts that the
adjusted normal range for this patient (with low albumin and
PO4

22) is 5.1+ 2. The lactate is 2.9 and thus, the SIG is approxi-
mately 6 mEq/L (14—5.1—2.9) and there is an increased SIG
acidosis. Therefore, another mechanism besides lactic acid
(LA) is responsible for the acidosis. However, this patient
appears to have a hyperchloremic metabolic acidosis as well,
since the SBE is 215, the SIG is only 6, and lactate is only 2.9
(i.e., 6.1 mEq are from a non-SIG, non-LA source).

Finally, there is a respiratory disorder as well.
Expected PCO2 should equal 40þ SBE (215) ¼ 25, yet the
PCO2

is 34 indicating a respiratory acidosis as well. In
summary, this patient has at least three sources for the meta-
bolic acidosis and a concomitant respiratory acidosis. The
Stewart SID methodology facilitated identification of these
various disturbances.

A calculator capable of performing this sort of analysis
is downloadable from the internet at the Acid–Base Phorum
(30). Inputting the data from above allows one to derive the
following values: SID SIG, AG, expected PCO2, and SBE.
One can readily determine that there are unmeasured
anions and that the patient has a tertiary acid–base disorder:
a respiratory acidosis, a metabolic acidosis (LA and SIG),
and a hyperchloremic metabolic acidosis. This knowledge
is imperative insofar as it prompts a change in therapy.
Failure to discern and understand this information would
lead to a standard response to the presence of a metabolic
acidosis, such as providing additional IVF and Cl2. This
hypothetical patient does need additional resuscitation, but
not additional Cl2 as it would accelerate the metabolic
acidosis by further reducing the SID. It is not possible to
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change the presence of unmeasured anions, thus compen-
sation for them must be initiated by using a low Cl2 resusci-
tation fluid. Therefore, a colloid for resuscitation could be
used to limit Cl2 loading—a departure from the standard
high Cl2 crystalloid resuscitation paradigm.

Trauma patients frequently have pre-existing or concur-
rent illness. The patient in the preceding example may have
hyperchloremia secondary to NS resuscitation or she may
have had an underlying RTA. The respiratory acidosis may
be due to chest wall and/or lung injury or sedation, or it
may be due to respiratory muscle failure in the setting of pro-
found hypophosphatemia. The increased SIG is an ominous
prognostic finding. In one series, trauma patients had nearly
100% mortality when their initial SIG was greater than
7 mEq/L. This may be due to acute phase stress response
protein release by injured cells. However, poisoning including
methanol and ethylene glycol (alcoholics) and toluene (glue
sniffing) is also occasionally seen in this population.

ACID^BASE STATUS AS A MEASURE OF RESUSCITATION
Effect of Acidosis on Urine Output

Urine output can be quite deceptive as a measure of
resuscitation success and as a guide to ABB.

However, acid–base disorders may influence urine output.
It has been demonstrated that infusion of large volumes of
highly hyperchloremic solutions (0.9% NS) will decrease glo-
merular filtration rate, renal blood flow, and the rate of urine
flow compared to a less hyperchloremic solution (lactated
Ringer’s solution) (31). Moreover, acidotic disorders such
as DKA may artificially elevate the urine output due to
osmotic diuresis. The Km for renal glucose transport is brea-
ched at about 180 mg% in the healthy adult. Therefore,
glucose containing solutions should not be used for resusci-
tation so as to not overwhelm renal transport mechanisms
and initiate an osmotic diuresis.

End-Tidal CO2 Measurements
The use of monitoring devices to track the success of resus-
citation is common. Recent data have validated the ability to
detect a pulse oximetry signal as a valid tracking measure of
progress in resuscitation (25). The pulse oximeter signal
amplitude has also been studied as an indicator of the ade-
quacy of resuscitation. In addition, routine application of
end-tidal CO2 (PETCO2) analysis may aid in evaluating
cardiac performance. Abnormalities of PETCO2 tracings,
not recorded values, have correlated well with the failure
or success of cardiopulmonary cerebral resuscitation (CPR)
and trauma resuscitation (32), although this device seems
best suited to identifying instances of abnormal perfusion
(i.e., low cardiac output), rather than when it is inadequately
high (i.e., high cardiac index, but persistent lactic acidemia).

Sublingual CO2
A relatively new device, the sublingual CO2 oximeter
(SLCO2) shows promise in the early detection of poor per-
fusion (SLCO2 . 70) (33). However, the value may return
to normal more rapidly than the establishment of a truly
adequate cardiac profile. The near infrared spectrometer
(NIS) has also been successfully utilized to track the ade-
quacy of resuscitation using a thigh muscle monitoring
site as an indicator of limb perfusion (34). In this study,
the NIS method was more sensitive than SvO2 and the
gastric-mucosal CO2 gap obtained via gastric tonometry

(Chapter 10). This device shows promise, but needs
additional investigation prior to recommending it as a
first-line source of information. The role of the pulmonary
artery (PA) catheter in the acute setting remains controver-
sial. At least one study in trauma patients observed
reductions in morbidity with routine use, but failed to
demonstrate a survival advantage (35).

Invasive Monitoring Tools
However, central venous pressure (CVP) monitoring in com-
bination with ABG and vital sign-derived indices have
shown strong correlations with determining fluid require-
ments for critically ill patients with sepsis in the Emergency
Department; unsurprisingly, morbidity and mortality
reductions were observed for the better and earlier resusci-
tated group (36). This observation underscores the need for
timely identification of hypoperfusion and rapid reversal
of inadequate oxygen delivery and consumption. A host of
sophisticated monitoring devices using the combination of
a CVP line and an arterial catheter are available (i.e.,
PICCO, Metracor, etc.). Despite the attractiveness of an
easily inserted monitoring system, its efficacy in reducing
mortality in the trauma setting remains undetermined.

ACID^BASE DISORDERS IN TRAUMA PATIENTS
Lactic Acidosis and Hypoperfusion
Acid–base disorders in trauma patients may be con-
veniently divided into several phases including prehospital,
resuscitation suite, OR, ICU, and then general ward/conva-
lescence (37). Generally, the first three time frames are quite
similar and may be considered together. Recall that, based
on changes in cytokine levels, trauma resuscitation may be
divided into a flow and ebb phase or an early and late
phase. When one evaluates the phase of care with regard
to mortality, there is an early phase (,72 hours post-
trauma) and a late phase (more than seven days post-
trauma) that correspond to defined mortality time-points
on the continuum of trauma care. One must recognize that
the majority of late-phase deaths are related to multi-
system organ failure (MSOF) and occur in the ICU. The
impact of iatrogenic acid–base disturbances is important
during both phases, but may not be as appreciated during
the early resuscitative phase as during the late time frame.

The early phases of the postinjury period are often

dominated by lactic acidosis. Lactate has been identified
as an important marker for mortality since the early work of
Abramson at Kings County Hospital where he identified
reduced survivorship in patients admitted to a trauma
center who failed to clear their lactate in less than 24 hours
(38). These findings helped establish a paradigm of initial
hypoperfusion reflected by lactic acidosis that could be cor-
rected by volume resuscitation and hemorrhage control. The
correlation is that by so doing, survivorship would improve.
This paradigm was recently buttressed by Claridge et al. (39)
and Blow et al. (40) as they noted that survivorship and mor-
bidity were related to failed lactate clearance whether overt
or occult. Consequently, the rather surgical notion of massive
volume resuscitation as a salubrious maneuver was born and
then deeply entrenched in surgical dogma. The side effects
of massive volume resuscitation outside of pulmonary
edema, abdominal hypertension, and subcutaneous edema
have only been examined at cursory levels. Furthermore,
although lactic acidosis may indicate hypoperfusion, it is
neither sensitive nor specific. Integrating the information
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from clinical examination and hemodymanic monitoring with
ABB will greatly enhance both sensitivity and specificity.

Hyperchloremic Acidosis Following Saline Resuscitation
A negative side effect of massive volume resuscitation is

hyperchloremic metabolic acidosis, which principally

occurs during the perioperative and ICU phase of trauma
therapy (21). This finding has long been recognized in
the anesthesia literature as an expected consequence of
massive volume resuscitation. However, only in the past
decade have surgical manuscripts addressed this problem.
In Example 1 (discussed earlier), we demonstrated that the
addition of 10 L of 0.9% NSS could significantly increase
[Cl2] and induce acidosis in a healthy individual. If this
acidosis was initiated in a patient with pre-existing lactic acid-
emia from hypoperfusion related to hypovolemic shock, then
the resultant pH may be dangerously low particularly if lactic
acidosis does not resolve quickly with resuscitation.

Relationship Between Acidosis and Acute Lung Injury
Recent work has demonstrated a strong relationship

between large volume resuscitation and the development
of ALI (41). Patients who developed ALI received larger
volumes and evidenced a lower pH than their counterparts
who did not develop ALI. One must question whether the
low pH was due to the addition of greater amounts of Cl2

in the group who received larger volumes of crystalloid resus-
citation and whether the ALI was related to the increased
minute ventilation ( _VE) needed to blow off the excess CO2

and buffer the acidosis. Unfortunately, the study by Eberhard
et al. was not reported in sufficient detail to answer these ques-
tions. Instead, the study assessed the ability of different kinds
of fluids to trigger a white cell immune activation response
and found crystalloids to be potent triggers indeed (41).
Data from isolated cells in culture suggest that acidosis itself
may result in inflammatory effects.

Acidosis and Coagulopathy
The clotting cascade is comprised of serine proteases whose
activity is pH dependent. It has been widely established that
acidosis is a common consequence of acute injury (locally
and systemically). It is also known that severe acidosis
impairs the efficiency of the clotting cascade. Thromboelas-
tography (TEG) is a sensitive means of assessing the inter-
action of all parts of the clotting cascade as they work in
concert (42). In a large trial of general surgery patients
undergoing large volume blood loss surgery (.500 cc), the
presence of hyperchloremic acidosis correlated with the
development of coagulopathy. Ex vivo data evaluating the
impact of high chloride solutions on the TEG profile also indi-
cates clotting dysfunction when the serine proteases are in a
Cl2 rich and acidemic environment (43). Gross measures
such as prothrombin time (PT) and aPTT are also deranged
by raising the Cl2 concentrations in ex vivo specimens by 16
to 20 mEq/L above baseline with 0.9% NSS or 3% NSS (44).

The Lethal Triad and Damage Control Surgery
The triad of acidosis, hypothermia, and coagulopathy (the
so-called “lethal triad”) has been well reviewed by Spahn
and Rossaint (45). Acidosis-related coagulopathy is further
exacerbated by the presence of hypothermia (Volume 1,
Chapter 40). Much like enzyme activity is related to pH, it
is also intimately related to temperature. In fact, a core
temperature of 338C is equivalent to a clinically relevant,

functional factor deficiency despite normal factor levels
(46). The presence of hypothermia (in combination with
metabolic markers of acidemia) has been identified as a
trigger to pursue damage control (DC) surgery instead of a
definitive procedure (47).

Ideally, a DC procedure (Volume 1, Chapter 21) should
be decided upon at the initiation of surgery, rather than
identified as an appropriate strategy at the end. The goals
of DC surgery are to arrest hemorrhage, control gastrointes-
tinal (GI) contamination, and deliver a viable patient to the
ICU for ongoing resuscitation and metabolic restoration.
The DC surgery time frame limits the time in the OR with
an open major body cavity and reduces heat loss. DC
surgery also potentially reduces the extent of coagulopathy
by limiting the blood loss that could accrue from ongoing
blood loss while attempting to achieve complete surgical
repair in partly resuscitated patients.

Acidosis in the Elderly
The geriatric patient population presents unique challenges
that can compound the impact of lactic acidemia on
outcome (Volume 1, Chapter 37). This patient population is
likely to present with multiple comorbidities including cor-
onary artery disease, hypertension, chronic renal impair-
ment, hepatic failure, and peripheral vascular disease (48).
Each of these entities may impair the patient’s ability to tol-
erate hypoperfusion and repair trauma or resuscitation-
related acidosis. These sequelae are identified as persistent
acidosis and a failure of lactate clearance. Recent data have
shown survivorship of elderly patients is directly related
to their injury complex as well as the number of comorbid-
ities at the time of injury (48).

The term elderly as utilized by the American College of
Surgeons Committee on Trauma (ACS-COT) is in part derived
from the data of Rutherford et al. (49) where an lethal dose
(LD50) for base deficit was influenced by the presence of
absence of TBI. Patients younger than 55 years old developed
the same mortality curve as those older than 55 years if the
younger patients also had brain trauma. The reason for this
observation is unclear, but may be related to the elaboration
of apoptotic triggers following the induction of secondary
brain damage. Furthermore, in a large database analysis of
US trauma centers, the ACS-COT identified that the mortality
rate for men acutely rose at the age of 55 (50). Thus, despite a
general trend in the literature to define elderly as �60 to 65
(Volume 1, Chapter 37), there may be a re-evaluation and
reduction in the elderly age designation to 55.

Lactate Clearance and Mortality
Interestingly, not all patients who fail to clear their lactate
levels in 24 hours die. It remains unclear from the current lit-
erature whether this represents persistent lactic acidemia, or
the more subtle entity, hyperlactatemia. It has been well
documented that plasma epinephrine levels may remain
elevated (up to 4000 pcg/mL; normal ,200 pcg/mL) for
several weeks after injury (51). This is especially true in
chronically stressed patients who are under-resuscitated
and/or inadequate analgesia. The effect of the elevated epi-
nephrine levels is to increase metabolic rate and induce a
catabolic state. The increased flux through the Krebs cycle
increases the total lactate production, but does so in pro-
portion to pyruvate. Thus, the lactate/pyruvate ratio
remains constant. Arterial lactate, when measured in this cir-
cumstance, will be greater than normal.
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An additional confounder to lactate interpretation is
that lactate may be released from the lungs of patients
with ALI or ARDS (52). This lactate release does not rep-
resent systemic hypoperfusion and does not need to be
treated as such. In fact, treating such a patient with
additional volume loading may worsen the lung injury
and aggravate the lactate output. This diagnosis is suggested
by identifying an elevated lactate level in a patient who
appears to be well resuscitated, but who has a lung injury.
Drawing an arterial lactate and comparing it to a lactate
level from mixed venous blood obtained from a pulmonary
artery catheter (PAC) will establish the diagnosis. The lactate
from the PAC will be higher than that from the peripheral
artery. In a patient with an increasing arterial lactate level,
a positive gradient across the lung indicates pulmonary
lactate release.

Multiple Organ Dysfunction Syndrome and Acidosis
The late phase of trauma care is dominated by acid–base
derangements related to organ failure as well as to iatrogenic
acid–base disturbances. The ultimate pH is determined by
the proportion of acidosis or alkalosis that is generated by
the individual organ failure in relation to the prevailing elec-
trolyte content and protein content of the patient’s blood
plasma. Acidemia from renal or hepatic failure is commonly
mixed with alkalemia from the use of loop diuretics. Dilu-
tional hyponatremia coupled with hyperchloremia leads to
a narrow SID and a metabolic acidemia. It is not uncommon
to identify complex acid–base disorders during the late
phase of trauma care for these reasons. Identifying these dis-
orders has important implications for IVF administration,
total parenteral nutrition (TPN) composition, as well as
enteral formulation selection, as the electrolyte composition
of a patient’s plasma is variable while the protein compo-
sition is not (acutely). Thus, the patient’s ABB is directly
related to both intrinsic disease and clinician intervention.

FLUID ADMINISTRATION AND ACID^BASE BALANCE

Volume 1, Chapter 11 reviews the relative merits of crystal-
loids versus colloids and their meta-analyses, whereas this
chapter focuses only on the relative effect of different plasma
volume expanders on lactate clearance, Cl2 loading, and
induced acidemia.

Earlier, we reviewed the effect of loading a patient
with 10 L of 0.9% NSS with regard to the SID and pH.

The degree to which hyperchloremic metabolic acidosis
occurs following significant resuscitation is related to the
total fluid volume and the SID of the fluid in relation to the

patient’s SID and any electrolyte losses. Solutions that
are rich in Cl2 (relative to plasma) will predictably
produce hyperchloremia. However, metabolic acidosis
occurs as function of the SID of the solution and volume
infused. Since no crystalloid contains albumin, ATOT will
always decrease as a result of crystalloid resuscitation and
will always have a mildly alkalinizing effect. A stronger
effect on ABB comes from the change in SID. A solution
with a SID of 0 (e.g., NS) will reduce the plasma SID and
this has a stronger acidifying effect relative to the alkaliniz-
ing effect of reducing ATOT. Compared to 0.9% NS (Cl2

154, SID 0), LR has a more physiologic Cl2 concentration
110 and a higher SID (20). Of note, the SID of LR is equal
to its lactate concentration (28 mEq/L) provided that the
lactate is metabolized. Lactate will be metabolized quickly

in most situations, but if lactate is not metabolized the SID of
LR is 0, just like NS.

Since one may utilize colloids suspended in low Cl2

vehicles, andcolloidsachieve a3 : 1 superiority overcrystalloids
with regard to retained intravascular volume, resuscitation
with colloid in a low Cl2, higher SID solution would markedly
reduce the total Cl2 load. This strategy would be expected to
improve ABB relative to a high Cl2, low SID strategy.

Evidence Supporting Lactated Ringer’s Solution
The above hypotheses are validated by data derived from
large volume blood loss surgery. In two studies, one con-
ducted in the United States and one in the U.K., patients
resuscitated with Cl2 rich, low SID fluids were found to
have metabolic acidosis when they were resuscitated with
NS-based IVF or NS-based colloid solution relative to LR
or an LR-like vehicle for colloid delivery (53,54). Moreover,
gastric tonometry derived gut perfusion was improved in
the low Cl2 group, as was lactate clearance. Importantly,
one of the studies identified the tripartite association of
hyperchloremic acidemia, NS-based resuscitation, and
impaired clotting identified by TEG.

Hyperchloremia is known to independently dimin-
ish measures of renal function, including glomerular fil-

tration rate (GFR), urine flow, and creatinine clearance
(30,55). It has been identified to be the factor most important
for induced acidosis not associated with lactate in the OR.

Moreover, volume loading of healthy volunteers with
either 0.9% NS or LR (50 cc/kg bw) at equivalent rates
leads to a longer time to urine generation and abdominal
pain in the NS group, as well as central nervous system
(CNS) changes (55). It is suggestive that the abdominal
pain may be related to intestinal perfusion since the above
studies in the elderly identified markedly improved gastric
tonometry values in the group resuscitated with a lower
Cl2 regimen.

An Empiric Approach to Minimize Cl2
Alterations of daily practice paradigms would appear to be in
order. On the basis of the above data, it is appropriate to avoid
large volume Cl2 loading of trauma patients to avoid com-
pounding an existing lactic acidosis with one stemming from
hyperchloremia. For those patients who have already under-
gone significant fluid resuscitation and have an extant hyper-
chloremic metabolic acidosis, reducing Cl2 and increasing the
SID in their maintenance fluid is a reasonable approach.
The authors employ solutions containing 25 to 150 mEq/L
NaHCO3, even as maintenance fluid in select patients. Since
HCO3

2 is converted to CO2 and removed almost instantly by
ventilation, it has no real role in determining pH; thus this sol-
ution is a Naþ delivery vehicle with the intent being to increase
the plasma SID. This induces proton consumption and
reverses the hyperchloremic metabolic acidosis. Ongoing res-
toration of the effective circulating (a.k.a. “stressed”) volume
can be accomplished by colloid in a balanced salt solution
(BSS) solution to minimize the total amount of Cl2 that is
delivered during resuscitation. However, no prospective
studies have yet shown benefit to this practice.

Effect of Fluids and Acid^Base Balance on Coagulation
The clotting cascade is dependent on a series of serine pro-
teases (Chapters 58 and 59). Recall that enzymes demonstrate
a pH-dependent activity profile and, as such, evidence dimin-
ished activity when their microenvironment shifts outside of
the pH optimum. This concerns many topics of this chapters

806 Kaplan and Kellum



regarding independent control mechanisms of pH to bear
upon the problem of trauma-related coagulopathy. It is
reasonable to hypothesize that the induction of hyperchlore-
mia and the accompanying acidosis may induce coagulopa-
thy. Coagulopathy is most commonly assessed by gross
measures such as PT and aPTT, associated elements such
as platelets and fibrinogen, but most sensitively by TEG.
The TEG assesses all of the elements involved in coagulation
and displays these data by means of a strain gauge coupled
to a computer deflection trace. Delayed clotting is most
clearly obvious as an increased time to clot formation, as
well as decreased maximal amplitude of the trace.

Recent data address these hypotheses. In an ex vivo
whole blood model, the deliberate induction of hyperchlore-
mia with either 0.9% saline or 3% saline predictably
decreased pH (30). Using 3% saline allowed the Cl2 to be
changed without altering the concentration of the clotting
cascade proteins. As a control, Hetastarch (HES) in 0.9% NS
or HES in a balanced salt solution were added to separate
tubes; no significant pH abnormalities were identified. This
observation stems from the much smaller Cl2 load that was
delivered to the system in the HES groups. Importantly, the
crystalloid groups consistently demonstrated a prolonged
PT and aPTT at Cl2 increases .20 mEq/L. Since neither
HES group demonstrated coagulopathy, this observation
cannot be related to the presence of Ca2þ in the HES in BSS
group since there is no Ca2þ in the HES in 0.9% NS arm. A
limitation of this study is the lack of TEG analysis.

TEG data have been provided for serial dilutions of
blood with LR, HES in 0.9% NS, and HES in a balanced
salt solution. It is clearly demonstrated that progressive
dilution of blood with a chloride-rich solution results in mul-
tiple TEG abnormalities (43). Further data stem from an FDA
phase III trial in which HES in BSS was found free of coagu-
lation abnormalities up to 5000 cc in a 24-hour period,
whereas HES in NS was clearly associated with TEG
abnormalities (54). This further implicates Cl2 as an import-
ant arbiter of coagulopathy, as the main difference between
the two regimens was the Cl2 content. Nonetheless, the
potential role of Ca2þ must be evaluated. Since none of the
patients in either group was receiving a massive transfusion,
the role of induced hypocalcemia is unlikely in explaining
the abnormal TEG profile.

TOXIN-INDUCED ACID^BASE DERANGEMENTS

Acute intoxications with agents other than alcohol derive
their acid–base imbalance from their effect in their native
state, or more commonly, as they are degraded by hepatic
metabolism and exert deleterious effects upon the liver or
the kidney (Volume 1, Chapters 30 and 31). The most
common finding is metabolic acidosis, stemming from one
of a variety of causes including (but not limited to) direct
acid loading, tissue destruction, induction of lactate, induction
of hypoperfusion from cardiovascular failure, poisoning of
mitochondrial metabolism, decreased level of consciousness
with hypoventilation and subsequent hypoxemia (respiratory
and metabolic acidosis), and the induction of hepatic and renal
failure.

Therapy consists of supportive measures including the
standard care directed by Advanced Trauma Life Support
(ATLS). However, certain intoxicants are removed by dialysis
or charcoal hemoperfusion, whereas others are remedied by
antitoxins (i.e., marine toxin envenomation) or antivennins
(i.e., snake or spider bites) (Volume 1, Chapter 32).

EYE TOTHE FUTURE

There is surprisingly much to discover about acid–base
physiology, despite this topic having been the subject of
intense scrutiny over the past several decades since the
development of the practical hospital-based blood gas ana-
lyzing machine. The exact identity of the unmeasured ions
remains obscure. Intense investigative efforts have explored
whether the unmeasured ions are lectins, serum proteins,
lysed cells, or denatured circulating proteins.

The most likely answer appears to be that the etiology
of increases in SIG is multifactorial, and different acids are
present in different patients. Similarly, the unmeasured
ions have demonstrated remarkable correlation with poor
outcome in some sepsis studies, while not in others.
However, in trauma patients, the presence of an SIG � 7
prior to fluid therapy strongly correlated with 72-hour mor-
tality regardless of mechanism of injury (24,56). In an animal
model of endotoxemia, where it was predicted that the gut
and liver would be primary sources of unmeasured ions,
the liver was either neutral or took up ions (baseline) and
then released anions during early endotoxemia. In contrast,
at baseline, the gut was neutral to anions, but then consumed
anions as endotoxemia progressed. The lung and kidney
were neutral to anions, neither generating nor consuming
in this model (57). The author has embarked upon a search
into the natural history of unmeasured ions, as well as the
development of a prognostic model for those admitted to
the critical care area.

Alterations of plasma volume expansion with agents
that are constructed to minimize acid–base derangements
may represent a major advance in altering the course of
trauma patients during the acute resuscitation phase,
especially in the areas of ALI, coagulation abnormalities,
and immune activation. Moreover, programs using colloid
resuscitation that are aimed at reducing the need for blood
product administration are being jointly developed with
the U.S. military. One such program, STORM ACT (Strat-
egies to Reduce Military and Civilian Transfusion), is sup-
ported in part by the International Trauma Anesthesia and
Critical Care Society (ITACCS), as well as a variety of other
academic organizations and trauma societies. A number of
forward thinking articles have been published speculating
how trauma resuscitation will progress over the next
decade (58). However, only multi-institutional trials that
are sufficiently powered to enable outcome analysis will
serve to accurately guide advances in resuscitation and ABB.

SUMMARY

Three widely used approaches to acid–base physiology
have been reviewed in this chapter. Each utilizes specific
variables to assess changes in ABB. Complete parity can be
brought to all three acid–base approaches. Conversion
between the descriptive approaches using HCO3

2 or SBE
and AG and the quantitative approach using SID and SIG
are fairly straightforward and have been recently reviewed
elsewhere (59).

The authors favor the use of the Stewart model
because it explains the mechanisms that underpin each
acid–base abnormality, in terms of independent and depen-
dent control mechanisms, and thus best guides therapeutic
intervention. Understanding the concepts of SID and SIG
allows one to rationally select appropriate resuscitation
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fluids to achieve effective resuscitation while minimally
impacting pH. These concepts have also been applied to
common acid–base problems that occur during trauma
resuscitation and subsequent care to illustrate the improved
control of metabolic derangements possible for insults
resulting as a consequence of injury, as well as those that
stem from the therapy for those conditions.

KEY POINTS

The three major presentations of the metabolic com-
ponent are (i) bicarbonate ion (HCO3

2), (ii) SBE, and
(iii) the SID between plasma strong cations and anions.
ABB is regulated by the respiratory center of the
medulla (respiratory component) and by the liver and
kidneys (metabolic and weak acid components).
The PaCO2 level is regulated by the medulla, which
governs the alveolar ventilation.
As opposed to ventilation for elimination of CO2, strong
acids or bases require either elimination by the kidney
(inorganic acids such as HCl or bases such as NaOH,
KOH) or gastrointestinal tract or through metabolism,
often in the liver (organic acids such as lactate2,
acetoacetate2, and b-hydroxybutyrate2).
The parameter, SBE, has been introduced to measure
the purely metabolic component of ABB in the ECF. A
negative SBE occurs during metabolic acidosis and a
positive SBE is obtained during metabolic alkalosis.
Clinicians should be aware that the administration of
NaHCO3 is almost always a temporizing maneuver,
while simultaneously working to correct the primary
disorder causing the metabolic acidosis.
Metabolic acidosis exists when there is more metabolic
acid present than can be balanced by the available BB.
Tachypnea and respiratory alkalosis commonly occur
in compensation for a primary metabolic acidosis in
the early post-trauma time frame due to hypoperfusion
or iatrogenic hyperchloremia.
Metabolic alkalosis is more commonly seen in the post-
resuscitation phase of trauma patients, commonly
during induced diuresis with a loop diuretic (induced
by the net effect of Cl2 loss in the urine).
The normal AG is up to 14 + 2 (if [Kþ] is included) and
10 + 2 (when [Kþ] omitted), and assumes a normal
albumin concentration and a PCO2 of 40 torr (15,18).
The use of the AG in acid–base analysis is critical in
order to detect most of the acute disturbances requiring
immediate therapy.
The SID is the difference between the strong cations and
strong anions (Equation 7) and in health has an
approximate value of 40 to 42 mEq/L.
An initial step in the evaluation of an acid–base dis-
order is to assess the clinical circumstance of the
patient and to develop an initial differential diagnosis
based upon the likely acid–base disorders associated
with the clinical picture.
Cool extremity temperature has been validated as an
indicator of hypoperfusion (excluding exposure to
hypothermic environments and peripheral vascular
disease with arterial insufficiency).
The value of the SBE (in isolation) as an indicator of
lactic acidosis is corrupted following resuscitation
because the electrolyte composition of the IVF will sig-
nificantly impact pH and therefore, the SBE.

The differential diagnosis for an AG acidosis can be
remembered using the mnemonic “MUD PILES” and
include methanol, uremia, dehydration, paraldehyde,
INH, lactate, ethylene glycol, and salicylates. However,
the differential diagnosis also includes other conditions
including ketoacidosis, sepsis, and liver failure, making
the mnemonic somewhat incomplete (Table 3).
Although algorithms and nomograms are useful (if
present at the bedside), the most important factor in
evaluating acid–base perturbations is to understand
how they occur in the human body and to take a sys-
tematic approach in diagnosis.
Urine output can be quite deceptive as a measure of
resuscitation success and as a guide to ABB.
The early phases of the postinjury period are often
dominated by lactic acidosis.
A negative side effect of massive volume resuscitation
is hyperchloremic metabolic acidosis, which principally
occurs during the perioperative and ICU phase of
trauma therapy (21).
Recent work has demonstrated a strong relationship
between large volume resuscitation and the develop-
ment of ALI (40).
The presence of hypothermia (in combination with
metabolic markers of acidemia) has been identified as
a trigger to pursue DC surgery instead of a definitive
procedure (46).
The degree to which hyperchloremic metabolic acidosis
occurs following significant resuscitation is related to
the total fluid volume and the SID of the fluid in
relation to the patient’s SID and any electrolyte losses.
Hyperchloremia is known to independently diminish
measures of renal function including GFR, urine flow,
and creatinine clearance (30,54). It has been identified
to be the factor most important for induced acidosis
not associated with lactate in the OR.
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INTRODUCTION

Humanity has but three great enemies; fever, famine and
war; of these, by far the greatest, by far the most terrible,
is fever.

—Sir William Osler

The ability to elevate body temperature in a controlled
manner in response to injury or infection is highly conserved
throughout both vertebrate and invertebrate species. Even
the single-celled paramecium is capable of a regulated
increase in its core temperature (a febrile response) (1).
It seems unlikely that such an energy-expensive response
would be so near universally present in the animal
kingdom if it were not beneficial. Fever has been both
deliberately induced and aggressively suppressed, and con-
sidered both a good and a bad prognostic sign. Accordingly,
core temperature is one of the vital signs routinely moni-
tored in trauma and critically ill patients.

Numerous causes of fever exist; these are generally
classified into noninfectious and infectious etiologies. The
two can also coexist in trauma and critically ill postsurgical
patients. Differentiating the causes of fever and determining
the proper treatments can be quite vexing in this patient
population. Elevations in temperature often provoke elabor-
ate and expensive diagnostic evaluations, fever control
therapies, and empiric antibiotic administration.

Although the importance of treating fever varies with
the clinical situation, the main virtue in quickly evaluating a
new fever is that it frequently reflects an inflammatory state
owing to an infectious or noninfectious etiology, which may
or may not be life threatening.

This chapter reviews the clinical significance, diagno-
sis, and treatment of fever in trauma and critically ill surgical
patients. The historical accounts of fever and its interpret-
ation over time is initially surveyed and the basic physiology
of thermoregulation is reviewed. Because fever occurs so
commonly in the first couple of days following noninfectious
tissue injury and inflammatory conditions associated with
trauma, these are discussed first. The infectious causes of
fever rarely occur less than three to five days following
trauma or surgery. However, after five to seven days infec-
tions are the most common causes of fever. These are dis-
cussed roughly in the order of their frequency and/or

urgency for treatment. Some disease processes are more
fully discussed in other dedicated chapters, and the reader
is referred there as appropriate.

BRIEF HISTORYOF FEVER

Elevations in body temperature were probably one of the
first symptoms of disease recognized by early man (2). The
Edwin Smith papyrus (circa 2500 BC) records symptoms
complicating a wound to the shoulder that likely rep-
resented infectious-related fever. References to a “hot
disease” were described in Assyria (circa 670 BC) and first
century BC China. Pictographs representing this term were
typically based on fire or a brazier (3). The same term was
often used for wound infections, inflammation, or fever
from systemic illness, depending on whether the condition
was localized or generalized.

The scientific understanding of fever began with the
development of the thermometer, which provided phys-
icians with the ability to quantify body temperature (4).
Philo of Byzantium and Hero of Alexandria in the second
or first century BC are credited with the first written descrip-
tions of devices that reflected the expansion or contraction of
air that occurs with changes in temperature using devices
called thermoscopes (5). Sanctorius (1561–1636), a colleague
of Galileo, was the first to apply quantitative determinations
to the thermoscope and actually make a crude thermometer
(6). The term thermometer first appeared in the literature in
Leurechon’s “Récréation Mathématique” (1624) (6), as a
device to test the intensity of fever.

But it was Sanctorius, a man with a passion to quantify
all aspects of human physiology, who recognized that the
human body has a normal temperature and that variations
in temperature could be an aid in diagnosis. Two centuries
later, Carl Rheinhold August Wunderlich (1815–1877) quan-
tified temperature in a large patient population. His 1868
opus magnus, Das Verhalten der Eigenwärme in Krankenheiten
(The Course of Temperature in Diseases), evaluated the
results of over a million temperature measurements in
25,000 patients in a Leipzig clinic (7). He described the
diurnal variation in body temperature and that “normal
temperature” varied among individuals with 98.68F (378C)
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being the average “normal body temperature.” He also
established 100.48F (388C) as the upper limit of this normal
range and by doing so offered the first quantitative definition
of fever.

Efforts to suppress fever were also employed by anti-
quarian physicians; indeed, cooling measures utilized to
treat the fever of Alexander the Great in 323 BC, using
water baths, are well documented (8). Cooling cloths or
cool baths were also used to provide symptomatic relief
from the headache, myalgias, and arthralgias associated
with fever. Pharmacologic treatment of fever was also
known to the ancients. Hippocrates wrote of a bitter
powder derived from the bark of the willow tree, as did
texts from Egypt, Samaria, and Assyria. This substance
was first made available commercially in 1899, with the
introduction of the minimally toxic agent “aspirin.”

Conversely, fever has also been induced in an effort to
treat disease, a practice which can also be traced back to the
era of Hippocrates. Fever was popularly applied to the treat-
ment of syphilis as early as 1659. Following the extensive
studies of Julius Wagner-Jauregg in the 1880s, fever
therapy for syphilis (alone or in combination with drugs)
became widely accepted. Indeed, this approach was so
well received that Wagner-Jauregg received the Nobel
Prize for this work in 1927 (9). Fever therapy has also been
employed to treat multiple sclerosis, tuberculosis, and rheu-
matic fever, among other conditions. Interestingly, induced
malaria was the standard means of creating a fever, but
hot baths, hot air, heat cabinets, and heat lamps were also
employed. The development of effective drug therapy
along with the complications of fever therapy led to the
abandonment of this form of treatment.

DEFINITION OF FEVER

Fever is perhaps best defined as: “an elevation in core
body temperature .18C above the patient’s thermoregula-
tory set point (TRSP).” However, clinicians seldom
know what a patient’s TRSP is prior to trauma or critical
illness. Therefore, most traumatologists will define fever
according to a set temperature criterion (e.g., 38.58C). In
a joint statement of the Society of Critical Care Medicine
(SCCM) (10) and the Infectious Disease Society of America

(IDSA) (11), fever is defined as a temperature greater than
or equal to 38.38C (�1018F).

Wunderlich was the first to emphasize that fever was a
sign of illness, and not a disease in itself. His definition of
fever is still in use today, both by the medical profession
and the general public. In the 1870s, Liebermeister suggested
that fever was not a result of the host’s inability to regulate
temperature, but rather that a higher TRSP was set (12).
Today, most investigators working in the field of tempera-
ture regulation agree with the Liebermeister concept (13,14).

THERMODYNAMICS ANDTHERMOREGULATION
Thermodynamics
Biological organisms are energy converters and as such are
subject to the same fundamental laws of thermodynamics
as are inanimate objects. Energy derived from foodstuffs is
converted to high-energy bonds such as ATP for storage.
These high-energy storage molecules then supply energy
for cellular transport, movement, synthesis, and so on.
These intracellular chemical reactions are not perfectly

efficient. Most such reactions dissipate 50–75% of the avail-
able energy as heat. For temperature to be maintained at a
constant level, heat loss must equal heat production.
Humans are capable of manipulating both variables in this
relationship to maintain a stable core temperature.

When heat production needs to be increased quickly
and significantly, as required following exposure to a cold
environment, shivering is the primary method for rapid
increases in heat production. Under hypothalamic control,
skeletal muscle rhythmically and rapidly contracts, generat-
ing large amounts of heat. Heat production can be supported
or even stimulated by catecholamines, thyroxine, glucocorti-
coids, or insulin. A second chemical mechanism of generating
additional heat, so-called nonshivering thermogenesis, exists
but is most significant in the first year of life (13–15). Nonshi-
vering thermogenesis occurs primarily in brown fat, a special-
ized tissue that largely disappears in humans after infancy.

The body loses heat to its environment via one of four
mechanisms: conduction, convection, radiation, and evapor-
ation as described in Volume 1, Chapter 40 and Chapter 11 in
this Volume (15). The rate of heat loss is subject to manipu-
lation by both physiologic and behavioral means. For
example, in a cold environment, cutaneous vessels constrict,
skin temperature is reduced, and less heat is lost via radi-
ation, conduction, and convection (Volume 1, Chapter 40).

Clinicians frequently speak of body temperature as
though it was a single number but there is no unique tempera-
ture that represents the body as a whole. The core or central
compartment consists of the brain, heart, and the other
viscera. The temperature of this core is best measured by a
thermistor on a pulmonary artery catheter, nasopharyngeal,
or esophageal probes. The tympanic membrane also reflects
core temperature. Oral, rectal, bladder, axillary, and skin temp-
eratures correlate with the core, but may be offset, and often
lag behind core temperature changes (also see Volume 2,
Chapter 11).

Body temperature is a reflection of the thermal energy
stored in the body. The heat content of any object is deter-
mined by its mass, temperature, and specific heat. The
specific heat of biologic tissues varies depending on the
tissue in question, but the average specific heat for mamma-
lian tissue is 0.83 kcal/kg (15). The higher the specific heat of
a material, the more energy must be added to raise its
temperature.

Thermoregulation
Body temperature, like many physiologic systems, is regu-
lated by a negative feedback control system. Hammel et al.
(16) first proposed a model involving the hypothalamus to
explain this feedback to the control system. Essential to
this model is the concept of a reference TRSP. Feedback
signals from several core and peripheral receptors are con-
tinuously compared with the TRSP. However, the TRSP
can be altered by physiologic conditions such as sleep, the
administration of sedatives or analgesics, as well as patholo-
gic conditions such as inflammation from both infectious,
and noninfectious causes.

If this thermostat in the anterior hypothalamus is
heated, heat loss mechanisms (e.g., peripheral vasolidation)
are invoked. Conversely, if this area of the hypothalamus is
cooled, heat production is stimulated (13,14). Temperature
control involves a hierarchy of regional inputs from
various central and peripheral thermoreceptors (refer
Volume 1, Chapter 40) (13–15). Although certain
neural lesions lead to varying degrees of dysfunction in
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thermoregulation, they seldom completely abolish thermo-
regulation in the absence of total brain and brainstem
death. Skin temperature primarily influences the gain of
the system. For example, when the skin is relatively cold, a
small decrement in hypothalamic temperature produces a
larger response than if the skin were warm.

The effectiveness of this system is demonstrated by the
observation that man’s core body temperature rarely varies
more than +18C, despite large changes in environmental
temperatures. This tight control is expensive in terms of
energy demands (17). The high-energy expenditure is
beneficial to the mammalian internal milieu by helping to
maintain enzyme reaction rates and substrate needs rela-
tively constant, providing a degree of biochemical stability.

The mechanism by which localized or even generalized
infection or inflammation leads to an elevation in body temp-
erature has been the source of much investigation. The current
understanding of this process involves a release of soluble
mediators, referred to as pyrogens, from cells involved in
the inflammatory process (18,19). These pyrogens travel to
the central nervous system (CNS), either crossing or interact-
ing with the blood–brain barrier (BBB) and altering the hypo-
thalamic thermostat so that the TRSP is raised. When the TRSP
is raised, both autonomic and volitional heat conservation
mechanisms are invoked. These responses include shivering,
vasoconstriction of the skin, and behavioral changes such as
seeking a warmer environment or more cover. This reset ther-
mostat explains why patients may feel subjectively cold
despite having elevated core temperatures.

Pyrogens can be classified into two groups: exogenous
and endogenous. The exogenous pyrogens arise from bac-
teria, viruses, or foreign bodies causing fever (and inflam-
mation), while the endogenous pyrogens arise from the
host’s own cells. The most extensively studied exogenous
pyrogens are endotoxins derived from the cell wall of
Gram-negative bacteria. However, Gram-positive bacteria,
viruses, and even antigen–antibody complexes also have
the capability to induce fever.

Most if not all exogenous sources of fever also act via
the production of endogenous pyrogens by the host’s
immune cells (14,15). Such endogenous pyrogens include
interleukin-1 (IL-1), tumor necrosis factor-alpha (TNF-a),
and IL-6. It has been widely believed that these pyrogens
cause the synthesis or release of other mediators (prostaglan-
din E) at a circumventricular area such as the organum vascu-
losum laminae terminalis (OVLT) (15), which is located near
the preoptic region of the hypothalamus and has a more per-
meable BBB than other regions. Endogenous pyrogens differ
in several significant ways from endotoxin and other
exogenous pyrogens. The endogenous pyrogens are small
proteins produced by various leukocyte populations, predo-
minantly polymorphonuclear leukocytes (PMNs) and
macrophages as components of the inflammatory response.

It has long been known that neuronal changes
combine to raise the hypothalamic TRSP, inducing a febrile
response (16). Prostaglandin E2 (PGE2) and the cyclo-
oxygenase2 (COX2) pathways are known to be centrally
involved in fever. Prostaglandin E2 binds to thermoregula-
tory neurons in the hypothalamus; mice lacking the COX2

enzyme do not mount fever following exposure to exogen-
ous pyrogens (20). However, additional influences beyond
prostaglandins are involved in the febrile response.
Neuronal responses to PGE2 may be activated by pyrogens,
and some pyrogens may directly inhibit warm-sensitive and
stimulate cold-sensitive neurons in the preoptic area of the
hypothalamus (21).

BENEFITS AND ADVERSE CONSEQUENCES OF FEVER
Beneficial Role of Fever in Host Defense
No convincing study in humans has yet established that
fever is either beneficial or detrimental to patients. Such
studies are difficult to perform as temperature is essentially
never the only variable involved in illness, or its treatment.
For example, administration of an anti-inflammatory, anti-
pyretic drug such as ibuprofen reduces fever but also
reduces inflammatory and other components of the acute
phase response (APR). The use of external cooling reduces
fever but imposes additional stresses on the host, including
increased muscular activity such as shivering, which can
confound experimental observations.

Investigators of elevated temperature on host defense
have examined individual components of the immune
response in vitro and have utilized animal models with a
standardized infection. However, neither approach provides
perfect experimental conditions; accordingly, contradictory
results have occurred.

PMNs have been shown to accelerate chemotaxis at
428C compared with 378C (22). Phagocytosis and killing of
pathogens by PMNs from human blood is enhanced at 408C
compared with that found at 378C (22). Yet, at higher tempera-
tures PMN chemotaxis is reduced (23). However, others have
not confirmed these results (24). Although less well studied,
mononuclear phagocytes (25) and complement (26) probably
behave in a similar manner.

T-cell proliferation in response to mitogens is known to
increase when cultured at 398C compared with 378C (27). In
other studies, this enhancement occurred at 38.58C, but not
at 408C. There appears to be an augmentation of the lympho-
cyte response with moderate temperature increases above
normal, but these are blunted or eliminated when the temp-
erature is increased still further. Antibody production is also
enhanced, and the timing of the temperature increase relative
to antigen exposure appears to be critical (28).

The release and activity of most cytokines and pyro-
gens is also temperature sensitive. In some cell lines, TNF-
a protein synthesis is stimulated at increased temperature,
but the associated m-RNA is less stable leading to an aug-
mented, but less persistent TNF-a effect (26).

In summary, the body’s immunoinflammatory
responses become more robust with a modest increase in
core temperature (1.5–2.08C), indicating that modest fever
during infection is likely beneficial, but that higher fevers
are less helpful to the host. Because higher fevers are associ-
ated with more severe infection and inflammatory states,
uncertainty is added to the question of whether fever
benefits the host or not.

Fever is just one component of the APR (29). The most
familiar components of this response include: increased
metabolic rate, protein catabolism, leuko- and thrombocyto-
sis, alterations in protein and hormone synthesis, and release
as well as changes in various minerals such as zinc and
copper. These changes appear to result from resets of other
“homeostats” by cytokines such as IL-1, IL-6, and TNF-a
in a manner similar to resetting of the hypothalamic thermo-
stat to produce fever (29,30).

Adverse Consequences of Fever
Despite the apparent benefits of fever, it is often
accompanied with malaise, lethargy, anorexia, somnolence,
and subjective discomfort including headache, arthralgia,
and myalgia. Changes in the TRSP often lead to severe
chills, shivering, and profuse sweating (13). The subjective
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findings, while not life threatening, can produce significant
discomfort for the conscious patient. Furthermore, when
fever becomes very high seizures can occur, and/or somno-
lence can progress to stupor and coma, both conditions
requiring airway management.

The febrile response is associated with an increase
in metabolic rate (oxygen consumption, nutritional need,
or heat production) of 7–8% per degree centigrade incr-
ease in core temperature. In addition, fever is usually associ-
ated with an increase in the pulse of eight beats per minute
for each degree centigrade of temperature increase
(Liebermeister’s rule). Such increased oxygen needs (and
myocardial work) may be difficult for a patient with
limited cardiopulmonary reserve to meet. The associated
increase in CO2 production requires an increase in minute
ventilation. Fever is also directly associated with increases
in intracranial pressure (ICP) at the same time that CNS
oxygen demands are increased. Temperatures greater than
418C have the ability to produce direct damage to sensitive
tissues, particularly in the CNS.

INITIAL FEVER EVALUATION

The differential diagnosis of fever should take into account
the many conditions that can alter a critically ill patient’s
body temperature and include environmental factors (large
volumes of fluids, dialysis, hot lights, heating, or cooling
devices) as well as clinical factors that may point to the
etiology. Fever is generally divided into infectious and
noninfectious causes (31).

Fever is frequently seen in the initial 48 hours after

trauma, burns or surgery; however, such fevers are usually
noninfectious in origin. Blood cultures, chest X-rays, and
urine studies are usually not necessary in this circumstance
unless the physician has a particular reason for concern. A
careful examination of the patient is warranted with particu-
lar attention to traumatic and surgical wounds, the chest
examination, as well as any indwelling devices such as
central lines. Particular attention should be devoted to the
patient’s history including events prior to admission as
well as anything that might suggest increased bacterial
numbers or virulence (e.g., barnyard injuries, open fractures,
witnessed aspiration, or immunosuppression).

Routine cultures are not necessary but removal of the
dressing and frequent careful inspection of all wounds is
mandatory. Although infection is unlikely in the first

48 hours following injury, Group A streptococcal infections
and Clostridial myonecrosis represent uncommon, but
important, exceptions which can present within this time
period.

The longer the patient has been in the intensive care unit
(ICU), the greater the probability that the fever is secondary to
infection, and the more aggressively the diagnosis of infection
should be pursued. Evaluation of the source of fever following
trauma and critical care includes ruling out of the etiologies
shown in Tables 1 and 2. In addition, the greatest focus
needs to be on eliminating particularly virulent infections
and the noninfectious etiologies with greatest mortality.

Examination of the patient includes scrutiny of the
entire body surface, along with every orifice, every tube
(or other foreign body passing through the skin), and

Table 1 Noninfectious Causes of Fevers

Cause Example and comments

Tissue injury Trauma, burns, postsurgical

Cerebral hemorrhage Tissue trauma, inflammatory mediators

Reabsorption of hematoma DVT, PEa, procedure-related (e.g., groin),

spontaneous (e.g., retroperitoneal, rectus)

ARDS Fibroproliferative phase of disease

Alcohol or other

drug withdrawal

Increased adrenergic state,

leads to hypermetabolism

Fat embolus PEa Release of pyrogens in the pulmonary circulation

beyond normal hematoma

reabsorption-related factors

Drug related (nonallergic) MH, NMS, nonallergic drug toxicity

serotonin syndrome, atropine, cocaine,

methamphetamines

Allergic Antiseizure drugs (DPH)

Pancreatitis Inflammatory SIRS

Adrenal insufficiency Hemorrhage, chronic use of corticosteroids,

metastatic malignancy

Thyroid storm Excessive metabolic heat thyrotoxicosis

Transfusion-related WBC membrane-related, and release

of cellular constituents

Other causes Post MI, autoimmune, malignancy

aPE can cause fever through a number of mechanisms. Some are similar to those occurring with the reabsorption of any hema-

toma. Other mechanisms include the elaboration of inflammatory mediators into the pulmonary circulation.

Abbreviations: DVT, deep venous thrombosis; PE, pulmonary embolus; ARDS, acute respiratory distress syndrome; MH, malig-

nant hyperthermia; NMS, neuroleptic malignant syndrome; DPH, Diphenylhydantion (phenytoin); SIRS, systemic inflammatory

response syndrome; MI, myocardial infarction.

814 Cone et al.



every wound on the body. The extremities can be quickly
eliminated as a source of fever, if they are free of cellulitis,
lymphagitis, lymphadenitis, or swelling (associated with
DVT). Next the head can be evaluated for sinusitis (as
described in the following), parotiditis (ruled out if parotid
glands are normal), intracranial causes [ruled out if neuro-
logical status, head computed tomography (CT), and cere-
brospinal fluid (CSF) studies are all normal]. The neck
should be evaluated for swelling, including lymph nodes,
and any internal or external jugular lines examined for
signs of infection.

If all of these are negative, attention can then be
directed solely on the torso. A complete examination of
lungs, heart, abdomen, and pelvis is essential. The skin
should be surveyed for rash, lesions, or decubitus ulcers. A
rectal exam can rule out perirectal abscess, and the genitalia
should be examined for various forms of infection. The chest
should also be evaluated with chest radiography, chest CT,
or bronchoscopy, as appropriate (32,33). A chest CT may
be useful to evaluate pneumonia, emypema (34), and nonin-
fectious causes of fever, and infiltrates such as pulmonary
contusion, hemothorax, pulmonary embolus, and so on.
The abdomen, pelvis, and retro-peritoneum can be evalu-
ated by CT scan as well (see Volume 2, Chapter 50). Gener-
ally, at least one week should have elapsed since operation
or the last abdominal CT scan for useful information to be
provided using this imaging modality (35).

With these physical and imaging studies, most loca-
lized causes of infection will be suggested (36–38). Gram
stain supplements this and helps suggest empiric antibiotic
therapy (if indicated); culture data later confirms diagnosis
and allows for narrowing of antibiotic coverage. When
these evaluations are negative, and/or the patient has any
other features (e.g., rash, muscle rigidity, and the like),
then noninfectious etiologies may be identified. The most
common of these will be reviewed in the next section.

NONINFECTIOUS CAUSES OF FEVER

Noninfectious fever is common following trauma, burns,
and surgical procedures. The list shown in Table 1 is far
from complete, but includes some of the more frequently
encountered possibilities as well as those that require
specific and urgent treatment. Noninfectious causes of
fever rarely lead to temperatures greater than 38.98C
(1028F). If the temperature exceeds 38.98C, the patient

should be considered to have an infectious etiology until
negative cultures demonstrate otherwise. Exceptions to
this generalization include drug fevers, transfusion reac-
tions, malignant hyperthermia (MH), neuroleptic malignant
syndrome (NMS), and heatstroke (36).

Tissue Injury
Trauma, burns, and surgery all cause tissue destruction; the
more severe, the greater the associated injury. Along with
the tissue trauma, inflammatory mediators are released
into the circulation, some of which are pyrogens. In addition,
macrophages and other cells that clear cellular debris also
release cytokines.

Cerebral HemorrhageçHematoma
Cerebral hematomas release brain tissue thromboplastin and
other toxins into the circulation, lending to an increased
risk of disseminated intravascular coagulation (DIC), inflam-
mation, and fever. When blood is released into the subarach-
noid space, fever occurs, probably because of the release of
pyrogens that enter the hypothalamus.

Noncerebral Hematoma
Hematomas located anywhere in the body, including deep
venous thrombosis (DVT), pulmonary embolus (PE), and
those occurring in tissue (because of trauma, procedure-
related, or spontaneous), all release inflammatory mediators,
cytokines, and pyrogens.

Drug-Related (Nonallergic)
Malignant Hyperthermia
The syndrome of MH typically occurs soon following induc-
tion of anesthesia with volatile anesthetics or succinylcholine
(39,40). Extremely rapid temperature increases are the
hallmark of MH; it can also have an insidious and delayed
onset (41). Malignant hyperthermia is characterized by elev-
ated core temperature, muscle rigidity, tachycardia, and
excess CO2 production. Hyperthermia, hyperkalemia, and
lactic acidosis are common. Hypoglycemia is often present
as well. Malignant hyperthermia is a genetic disease of skel-
etal muscle with variable patterns of inheritance (42–44).
The pathophysiology involves the uncontrolled increase in
intracellular calcium in skeletal muscle resulting in intense
and sustained muscle contraction, with resulting increase in
heat production and temperature. The molecular basis of
MH is more fully discussed in Volume 1, Chapter 40.

Table 2 Most Frequent Sites of Infection in Trauma Patients Admitted to the Surgical Intensive Care Unit (SICU)

Site of infection Comments

Lower respiratory Ventilator-associated pneumonia is most common cause of fever in SICU

Urinary tract Although a common site of infection, urinary tract infections rarely

cause SICU fever

Surgical wound Rarely a cause of early (,72 hours postoperation) fever. However, these

are responsible for approximately 25% of the nosocomial infections

occurring in trauma and postsurgical patientsa

Line sepsis Approximately 70% of bloodstream infections are associated with invasive lines

Blood stream All sources of invasive infection can cause bacteremia. Endocarditis is rarely

the initial cause of infection or fever in trauma and surgical critical care

Intra-abdominal 3–15% of surgical injuries to the gastrointestinal tract can become

infected (Volume 2, Chapter 50)

aAdapted from Ref. 119.
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Treatment consists of discontinuation of the causative
agent if still in use, immediate administration of 100% O2,
and dantrolene sodium. In addition, aggressive volume
replacement and control of acidosis and hyperkalemia are
key elements of care, along with the institution of core temp-
erature cooling measures. External cooling should be insti-
tuted immediately with ice packs, cooling blankets, iced
saline lavage, and so on, and continuous core temperature
monitoring is critical.

Neuroleptic Malignant Syndrome
The NMS is a relatively rare but potentially lethal drug-
related complication that includes fever and muscle rigidity,
and frequently is associated with the use of neuroleptic
drugs (e.g., haloperidol) (45–47). In addition, creatine phos-
phokinase (CPK) values may be elevated secondary to rhab-
domyolysis. The muscle rigidity is of the “lead pipe” variety.
The resulting chest wall involvement may result in tachyp-
nea and hypoventilation, even requiring mechanical venti-
latory support. Extrapyramidal symptoms such as
dyskinesia and dysarthria may also be seen. Leukocytosis
is a common finding.

A wide variety of drugs are associated with NMS
including phenothiazines and butyrophenones (48). Alco-
holic patients, sicker patients, and those with underlying
infection or organic neuromuscular diseases appear to be
at increased risk of developing NMS. The pathophysiology
of NMS is not clearly established, but it is related to a func-
tional dopamine2 (D2) deficiency resulting from either the
use of a drug with anti-D2 side effects (e.g., haldoperidol),
or from the abrupt discontinuation of a D2 agonist (e.g.,
Sinemet) in patients with Parkinson’s disease (45–49).

Successful management of NMS requires prompt
recognition, immediate withdrawal of D2 antagonists, and
if appropriate the reintroduction of D2 agonist. Supportive
care also requires hydration, support of respiration, treat-
ment of acidosis, and reduction of fever. Although not
proven to enhance survival, specific therapy appears to
significantly shorten the course of NMS in comparison
with supportive care alone (47). The D2 agonist bromocrip-
tine mesylate (Parlodelw) has also been shown to reduce
rigidity and temperature. Hypotension is the usual limiting
side effect of this therapy. Dantrolene sodium, the drug
of choice for malignant hyperthermia (discussed earlier),
decreases the calcium available for muscle contraction and
leads to improvement in the rigidity, which in turn leads
to less heat production and a decrease in the temperature.
Clinical improvement in patients treated with either
of these two agents begins within hours in contrast to
days required with supportive care alone. Other D2 agonists
such as amantadine and carbidopa have also been used
successfully (45–49). Rechallenge with neuroleptic drugs
after NMS may or may not result in recurrence of the
syndrome (45). If the use of such drugs is necessary,
re-exposure can usually be accomplished safely with
either less potent drugs or lower initial doses in the
closely monitored patient.

Nonallergic Drug Toxicity
Nonallergic drug toxicity is common when patients are
administered high levels of drugs with CNS effects, or side
effects. Common drugs in this category are the anticholiner-
gics (atropine, scopolamine), drugs of abuse (e.g., cocaine,
methamphetamines, and the like), as well as elevated
doses of drugs prescribed for depression particularly

selective serotonin reuptake inhibitors (SSRIs) with mono-
amine oxidase inhibitors (MAOIs) or MAOIs along with tri-
cyclic antidepressants (TCAs).

Serotonin syndrome (SS) is a recently recognized
source of temperature elevation that occurs most frequently
as a result of combination therapy with psychotropic medi-
cations that increase brain serotonin activity (50,51).

The SS is usually associated with combinations of
SSRIs with MAOIs, or MAOIs with TCAs (50,51). Illicit
drugs such as MDMA (ecstasy) have also been associated
with the syndrome. Patients with SS usually respond to dis-
continuation of the offending agent and general supportive
care. However, antiserotonin therapy with cyproheptadine
or methysergide and/or propranolol may be indicated in
severe cases (50–52).

Allergy-Related Fevers
Numerous drugs used in trauma and critically ill patients
can cause fever. There is no absolute physical finding or lab-
oratory test to confirm the diagnosis of drug fever. Drug
fevers are often high, spiking fevers with associated chills
(53). Leukocytosis and eosinophilia may be present but are
not consistent; maculopapular rash may be present as well.
Drug fevers can only be diagnosed after excluding likely
infectious causes and stopping the drug in question, hence
drug fever is often referred to as a “diagnosis of exclusion.”

After stopping a drug responsible for fever, 48–72 hours
are usually required for the temperature to fully normalize.

The b-lactam antibiotics and diphenylhydantoin are
probably the two most frequent causes of drug-induced
fevers in the surgical intensive care unit (SICU), but other
common causes include other antibiotics, dobutamine (54),
and antidysrhythmics (53). Many other medications have
been implicated in drug fevers and include those that may
be easily overlooked, such as pain medications, sedatives,
and sulfa-containing stool softeners (Table 3).

Alcohol and drug use and abuse are common in the
trauma patient population. Patients and families should be
questioned carefully for any history of alcohol or drug use
but often this use is minimized or denied. Patients who
develop disorientation, tremor, hyperarousal, or hallucina-
tions one to three days or more after admission should be
evaluated for withdrawal and managed appropriately. Find-
ings that may suggest withdrawal include fever, tachycardia,
hypertension, agitation, and delirium.

Pancreatitis
Pancreatitis is one of the classic inflammatory conditions

that can cause significant noninfectious fever, with signs
similar to sepsis. Fortunately, the majority of patients
with pancreatitis have minimal organ dysfunction and recov-
ery is uneventful. However, approximately 20% of patients
may go on to develop systemic inflammatory response syn-
drome (SIRS), leading to a fulminant course with pancreatic
necrosis and multiorgan failure. The SIRS state is partly
caused by activation of the inflammatory cascade mediated
by cytokines, immunocytes, and the complement system
(Volume 2, Chapters 47 and 63) (55). Many of the cytokines
associated with disease progression are also known to be
major causes of SIRS, evoking a febrile response (e.g., IL-1,
IL-6, and TNF) (14,15).

Because the development of infected pancreatic
necrosis significantly increases the mortality in patients
with acute pancreatitis, much attention has been given to
the prevention and early identification of patients at risk
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of developing Gram-negative pancreatitis sepsis. The major
source of Gram-negative bacteria is the gut, hence empiric
antibiotic therapy targeted at these organisms is often
employed (56).

Adrenal Insufficiency
Patients who have a vasodilated picture suggestive of

sepsis but in whom sepsis is unlikely may have adrenal
insufficiency. Serum cortisol determination, a cosyntropin

stimulation test or even empiric corticosteroid adminis-
tration may be indicated. Fever associated

with adrenal insufficiency in the trauma ICU patient is most
often secondary to chronic use of corticosteroids with result-
ing adrenal suppression. Primary adrenal failure can occur as
a result of adrenal hemorrhage associated with sepsis,
coagulopathy, or other conditions (57). This diagnosis
should be considered in any patient with sudden hemody-
namic collapse. A history of previous corticosteroid use,
anticoagulants, metastatic malignancy, or other medical
conditions may help to suggest the diagnosis but cannot
exclude it.

Suggestive laboratory abnormalities include hypona-
tremia, hyperkalemia, hypoglycemia, and prerenal azotemia.
Eosinophilia can be present. Patients with adrenal insuffi-
ciency can develop hyperdynamic shock (58), manifested by
elevated cardiac index (�4 L/min/m2), tachycardia, hypoten-
sion and low systemic vascular resistance, and a high pul-
monary capillary wedge pressure. A random serum cortisol
,10 mg/dL is sufficient to confirm the diagnosis while a
level of 10–15 mg/dL is suggestive (59).

These standard diagnostic criteria are not sufficient to
exclude adrenal insufficiency in the ICU population. The
“normal” cortisol level in critically ill patients has not been
well established. Furthermore, relative adrenal insufficiency
may play a role in the critically ill. In this condition, cortisol
levels are elevated above the normal range, but metabolic
needs may require an even higher cortisol level. The cosyn-
tropin (ACTH) stimulation test can help with the recognition
of these patients (60). Because untreated adrenal insuffi-
ciency is almost 100% fatal in critically ill patients in shock,
it is appropriate to initiate therapeutic steroid replacement
without waiting for the results of the cortisol assay or the
cosyntropin stimulation test.

Thyrotoxicosis
Thyroid storm results from excessive metabolic heat pro-
duction (61,62). It is most often characterized by fever, and
tachycardia in the presence of an enlarged thyroid gland.
Tachydysrhythmias, particularly atrial fibrillation, are
common. Treatment includes large doses of glucocorticoids
combined with propylthiouracil and iodine (62). Propranolol
antagonizes the peripheral effects of thyrotoxicosis. The com-
bined b1- and b2-blockade is preferable to the more selective
b1 antagonism seen with esmolol or metoprolol. The meta-
bolic effects of thyroid hormone are in part mediated by the
b2 receptors. Supportive measures should include surface
cooling, acetaminophen, and volume replacement.

Transfusion-Related Fevers
Transfusion-relatedfever iscausedbycellularconstituentscon-
tained in blood products, and can occur with packed red blood
cells, fresh frozen plasma, platelets, or cryoprecipitate (63).
Most febrile reactions following transfusions are related to

white blood cells (WBC), as leukocyte-depleted blood pro-
ducts have a low rate of this complication (64).
However, WBC cell wall components and various antigen–
antibody complexes can also have an immunological invol-
vement, possibly involving circulating immune cells.

Other Noninfectious Causes
Numerous other noninfectious causes of fever exist, includ-
ing postmyocardial infarction syndromes (65), autoimmune
disorders (66), and various forms of malignancy (67).

IMPORTANT INFECTIONS IN TRAUMA AND CRITICAL CARE

Although a host of noninfectious conditions can cause fever
in the ICU (Table 1), infections represent the most common
cause, particularly after the first 48–72 hours. More than
50% of trauma patients admitted to the ICU develop an
infection. In general, fevers caused by infection will have
clinical findings indicating the source (if a thorough exam
is employed). To an extent, higher temperatures are most
often because of infection. Miller et al. (31) found that temp-
eratures greater than or equal to 1028F predicted infection
with a sensitivity of 72% and a specificity of 83%.
However, when the temperature is .418C, MH, NMS, heat

Table 3 Drugs Commonly Implicated in the Development of Fever

Common Less common Rare

Antidysrhythmics Allopurinol Antacids

Amphotericin B Azothioprine Antihistamines

Barbiturates H2 blockers Insulin

Methyldopa Hydralazine Corticosteroids

Penicillins Iodides Aminoglycosides

Cephalosporins Isoniazid Macrolides

Phenytoin Rifampin Tetracyclines

Diuretics Carbapenems Clindamycin

Sleep medications Vancomycin Vitamin preparations

Sulfonamides

(including sulfa-containing laxatives)

Nifedipine

Nonsteroidal

anti-inflammatory drugs

Source: Adapted from Refs. 120 and 121.
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stroke, and other drug-related causes should also be
considered (Volume 1, Chapter 40).

The infections reviewed in this chapter constitute
the most troublesome, either in terms of their prevalence
(e.g., nosocomial pneumonia, line sepsis, and abdominal
abscesses), rapidity of progression (e.g., necrotizing fasciitis,
meningococcemia), or uniqueness to the trauma population
(e.g., orthopedic fracture prophylaxis and postsplenectomy
prophylaxis). These infections are reviewed in terms of the
organisms involved, their virulence factors, and the appro-
priate antibiotics for each condition (Volume 2, Chapter 53).

Blood cultures should be performed on patients with
new fever unless there is strong reason to doubt an infectious
cause, such as is an early post-trauma or postoperative patient
without evidence of wound infection. The SCCM/IDSA
guidelines suggest no more than three blood samples (in
most cases two are sufficient) for culture during the initial
24 hours of fever (10,11). A second pair of cultures should
be obtained in the second 24 hours if the fever persists.
Additional cultures are usually needed only if the suspicion
of bacteremia or fungemia is strong. A common source
of bacteremia is central venous lines. The highest risk is
with noncuffed temporary hemodialysis catheters and the
lowest risk is for small peripheral catheters. However, cath-
eters placed in field are at high risk for infection, and
should be replaced within 24 hours of admission. Femoral
lines are also associated with increased risk of DVT, and
should be considered for replacement on a daily basis. Mul-
tiple other sites of possible infection exist (Table 4). Rational
diagnostic approaches have been described (10,11,36–38),
and will not be reviewed further here.

Atelectasis has been widely credited as a cause of fever
but proof for this remains elusive (68). Experimental atelec-
tasis usually does not produce fever although levels of
some pyogenic cytokines are elevated (69). Most investi-

gators now recognize that atelectasis does not cause fever
in the absence of infection. However, patients with alveo-
lar collapse are more prone to developing subsequent infec-
tions, owing to the interruption of normal cleansing of
secretions, as microinfections (which would normally be
cleared) become established as a result of stagnant clearance.
Therefore, while the pathophysiologic connection between
atelectasis and fever is not fully understood, patients with
atelectasis demonstrated by diminished breath sounds or
typical chest X-ray findings should receive aggressive pul-
monary toilet and re-expansion of alveolar volume to
decrease the risk of subsequent infection.

Nosocomial and Ventilator-Associated Pneumonia
The most common infectious cause of fever in critically

ill patients is ventilator-associated pneumonia (VAP).

Members from the American Thoracic Society (ATS) and
the IDSA have recently published a consensus document

containing recommendations for the management of
hospital-acquired pneumonia (HAP) and VAP in adults (70).
Nosocomial HAP is divided into two categories, early-onset
HAP, which occurs within the first five days of hospitalization,
and late-onset HAP, which occurs after the fifth hospital day.
As a generality, the organisms that cause pneumonia that
develops within the first few days of hospitalization are essen-
tially the same organisms that are associated with community-
acquired pneumonia (CAP): pneumococci, Hemophilus
influenzae, so-called atypical pathogens such as Chlamydia pneu-
moniae, Mycoplasma spp., and Legionella spp., along with viral
pathogens. When patients develop late-onset nosocomial
pneumonia, multiresistant bacterial pathogens are much
more likely to be the microbiologic cause of pneumonia.
Common pathogens include methicillin-resistant Staphylococ-
cus aureus (MRSA), Pseudomonas aeruginosa, Acinetobacter spp.,
Gram-negative enteric flora such as Klebsiella spp. or Enterobac-
ter spp., which may contain the genetic capability to express
extended spectrum beta-lactamases (ESBLs).

Oral anaerobes are only rarely involved as pathogens
in late-onset HAP. The change in species distribution
results from changes in bacterial colonization of the buccal
mucosa that occurs in all patients within 48–72 hours, after
hospitalization for an acute illness. The appearance of
novel binding sites on mucosal cells, specific for enteric
Gram-negative organisms and pseudomonal species,
allows these organisms to completely replace the normal
flora, resulting in the virtual disappearance of viridans strep-
tococci and obligate anaerobes from the mouth. Aerobic
Gram-negative rods are the most common class of organisms
causing nosocomial aspiration pneumonia. Ventilator-
associated pneumonia is a subset of nosocomial pneumonia
but is extremely important because of the associated high
morbidity and mortality.

Proper treatment for early-onset HAP comprises use
of the same antibiotics recommended in modern guidelines
for CAP, including a third-generation cephalosporin in com-
bination with either a macrolide, a quinolone, or doxycycline
(71). Methicillin-sensitive Staphylococcus aureus (MSSA),
especially secondary to a viral respiratory illness like influ-
enza can also present as an early-onset pneumonia and can
be treated with semisynthetic antistaphylococcal penicillin
or cephalosporin (71).

As late-onset HAP and especially VAP are more likely
to result from multidrug-resistant organisms, the antibiotic
recommendations for empiric treatment differ from those
of early-onset HAP (70). Treatment for Gram-negative rods
should always include the possibility of pseudomonal infec-
tions. Initially, treatment with two drugs in different drug
classes is indicated because of the possibility of resistance
to at least one of the agents. In general, the recommended
strategy is to combine a beta-lactam agent with either an
antipseudomonal fluoroquinolone (e.g., ciprofloxacin or
levofloxacin), or with an aminoglycoside.

Third-generation cephalosporins such as ceftazidime
or cefepime are good beta-lactam choices; aztreonam should
be selected in patients with severe penicillin allergies.
Alternative treatment strategies include the use of carbape-
nems or beta-lactam/beta-lactamase inhibitors (e.g., piperacil-
lin/tazobactam). Among the carbapenems, imipenem and
meropenem are first choices, as ertapenem lacks significant
effective antipseudomonal activity. Of the available
beta-lactam/beta-lactamase inhibitors, piperacillin/tazobac-
tam is the most effective antipseudomonal drug combination.
As anaerobic organisms are of only minor significance in late-
onset HAP and VAP (unless associated with postextubation

Table 4 Less Frequent Sites of Infection in Intensive

Care Unit Trauma Patients

Sinusitis

Colitis (i.e., Clostridium difficile)

Acute cholecystitis

Decubitus

Hepatitis

Central nervous system (i.e., meningitis or encephalitis)
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aspiration), empiric anaerobic treatment is only required if
aspiration is the source of pneumonia.

Alternatively, a beta-lactam drug can be used with
either a fluoroquinolone or an aminoglycoside for the
first several days. Owing to the increased prevalence of
multiply-resistant Gram-negative organisms, the rationale
for dual therapy is to use at least one drug that is active
against the infecting bacteria. Ciprofloxacin and levofloxacin
have been widely preferred over aminoglycosides for this
purpose because they are easier to dose (drug level monitor-
ing not required), and because they have almost no nephro-
toxicity. However, as the level of fluoroquinolone resistance
among P. aeruginosa has risen, in some places to over 30% of
isolates, they are becoming less effective as first-line therapy.
Aminoglycosides are an alternative despite toxicity and a
relatively poor distribution into lung tissues compared
with other tissues.

The need for dual antibiotic coverage in nosocomial
pneumonia is much debated. Available studies suggest
that outcomes are similar with either dual antibiotic
therapy or monotherapy as long as the causative microor-
ganism is sensitive to the single drug used. Therefore, in
those situations where two drugs are used initially, one
can be discontinued when the final culture with sensitivities
are known. When these drugs are used for pneumonia,
the doses are generally higher than when used for other
diseases.

As pneumonia caused by S. aureus and especially by
MRSA is an important concern in an ICU, initial empiric cov-
erage should include linezolid or vancomycin. Although
recent data suggest that survival is improved with the use
of linezolid instead of vancomycin in MRSA pneumonia,
inadequately low doses of vancomycin were used as the
comparator drug in some of the studies. Vancomycin is a
large molecule, and its distribution into the lung parench-
yma is low. As a result, the current guidelines recommend
that trough levels of vancomycin should be between 15
and 20 mg/L rather than the usual 5–10 mg/L. The increase
in dosage will require monitoring and carries the risk of
increased nephrotoxicity.

Of important note, daptomycin probably results in the
greatest killing of MRSA in all cavities of the body except for
the lungs, where the surfactant has been found to inactivate
it. Accordingly, daptomycin is contraindicated in pneumonia.

Patients who receive early and appropriate therapy
have better survival than those who receive inappropriate
antibiotics. This emphasizes the need to obtain cultures
early, preferably before starting therapy, and with a technique
such as bronchoalveolar lavage or protected brush specimen.
Duration of therapy should be for a period of seven to ten
days (also refer Volume 2, Chapters 48 and 53) (72).

Aspiration Pneumonia
Aspiration and subsequent aspiration pneumonia are
common in patients who have experienced multiple
trauma (73). Aspiration can occur in the field, especially
during a period of decreased level of consciousness, or
during emergent intubation, either in the field or on arrival
to the trauma unit, or following extubation in debilitated
patients. In some cases, the aspirated material contains
stomach contents, including previously eaten food rem-
nants. In addition, it may contain hydrochloric acid and
digestive proteolytic enzymes which can both cause an
inflammatory chemical pneumonitis. In addition to gastric
contents, the patient can aspirate the bacterial flora residing

in the buccal cavity. The organisms that cause disease are
predominately microaerophilic streptococci and oral anae-
robes; most of these bacteria live in the gingival crevice. As
a result, therapy should be directed against this set of organ-
isms. Antianaerobic therapy may not be necessary in edentu-
lous patients. As they lack a gingival crevice, they have a
much diminished anaerobic microbial burden in the mouth.

Penicillin had been the mainstay of treatment for
aspiration pneumonia, and can be effective as a single
therapy, but clindamycin has resulted in slightly better
outcomes and fewer relapses (73). Ceftriaxone also has
antianaerobic activity and provides a more than adequate
coverage as a single agent. Combination therapy with
ceftriaxone and clindamycin, though common, has not
been demonstrated to be more effective than either drug
alone. Quinolones with antianaerobic activity, such as moxi-
floxacin, are also effective. Metronidazole is also effective
against oral anaerobes; as it has no activity against aerobic
Gram-negative or Gram-positive bacteria, it must be com-
bined with another agent (e.g., cefazolin or ceftriaxone)
that is active against those organisms.

Invasive Line Sepsis
Infections associated with peripheral intravenous catheters
can cause cellulitis, thromboplebitis and, if untreated,
severe infections. When extremity infections are becoming
severe, lymphangitis and lymphadenitis are typically
present, and should be specifically assessed for. If these
signs of advancing local infections are present, systemic
manifestations (fever and leukocytosis) are common, and
generally represent strong corroborative evidence for the
source of infection. As discussed earlier, the extremities
should be closely examined in the fever work-up. If a
source is found, the offending catheter should be removed
and antibiotics started.

Central venous catheters are a considerable source
of morbidity and mortality in ICU patients (Volume 2,
Chapter 49). Seventy percent of nosocomial blood
stream infections occur in patients with central venous
catheters. As these catheters pierce the skin to enter the
vasculature, the skin break itself is the usual portal of
entry for microorganisms. However, there is not always a
good correlation between cultures of the skin site and cul-
tures from the catheter tip. Studies have demonstrated that
the catheter hub lumen is also a common source of contami-
nation (74,75).

The predominant organisms associated with vascular
catheter infections are skin flora. Indeed, coagulase-negative
staphylococci and S. aureus comprise 90% of all isolates from
both peripheral and central line infections. The coagulase-
negative staphylococci secrete biofilms that allow the bac-
teria to survive in sites that are protected from host defenses
and antibiotics; biofilms containing other species have also
been described. Gram-negative rods such as Escherichia coli
and other Enterobacteriaceae are the third most common
group of infecting microbes. Candida spp., which was
uncommon in previous decades, has become the fourth
most common organism in line-related infections, and is
becoming an increasing problem in critically ill patients.

Infections can also be caused by contamination of the
infusate and any intravenous fluid can potentially become
contaminated. The most notable of these are infections
with lipid-dependent yeasts like Malassezia furfur and
Candida parapsilosis, which are associated with contaminated
lipid emulsions in total parenteral nutrition (TPN).
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Determining whether a central venous catheter is
infected is not always straightforward. Data exists to
support the use of semiquantitative cultures of the catheter
tips (76), the differential time to culture positivity in blood
samples drawn from the central lines and from peripheral
sites (77), and the use of quantitative blood cultures (78). A
recent meta-analysis suggests that quantitative cultures,
comparing colony forming units per milliliter of blood in
central line and peripheral blood samples, have the best sen-
sitivity and specificity (78).

As Gram-positive cocci are the largest group of infect-
ing microbes, empiric treatment should target staphylococci.
The vast majority of coagulase-negative staphylococci are
methicillin-resistant (MRSAE), and because of the increasing
prevalence of MRSA, vancomycin should be used as initial
empiric therapy. Daptomycin, linezolid, and quinupristin/
dalfopristin and, perhaps, tigecycline are alternative initial
empiric choices. If the organisms are methicillin-sensitive,
first-generation cephalosporins or antistaphylococcal peni-
cillins are therapy of choice.

When Gram-negative line-associated bacteremia is a
possibility, or is associated with greatly increased mortality
(e.g., a neutropenic patient), therapy should include an anti-
pseudomonal beta-lactam/beta-lactamase inhibitor, carbape-
nem, or cephalosporin, possibly in combination with an
aminoglycoside. If a patient remains febrile for several days
after initiating broad antibacterial treatment, the practitioner
should consider the possibility of line-associated candidemia.

Removal of infected central venous catheters is gener-
ally mandatory, especially with S. aureus, Gram-negative
bacilli, and Candida spp. Successful short-term salvage of
lines is possible with coagulase-negative staphylococci, but
recurrences of bacteremia are nearly universal, making this
an unattractive option.

Wound Infection
Surgical wound infections should be considered in all

critically ill trauma patients, and postoperative surgical
patients with fever, especially when beginning .48–
72 hours following surgery or trauma. Although wound
infections rarely develop prior to this period, dressing
should be taken down and wounds examined to rule out
necrotizing soft tissue infections (discussed next). Infected
surgical wounds manifest all the cardinal signs of inflam-
mation, rubor, color, dolor, tumor, and functio laesa (redness,
heat, pain, swelling, and loss of function), as were known
since the times of Hippocrates and Galen. In addition,
infected wounds will usually be associated with a discharge
of infected fluid or pus. Occasionally, no discharge is present
when the infection is deep, and the skin site still closed.
Whenever wound infection is diagnosed, the wound
should be opened to express the purulent material and the
patient should go to the OR for complete incision and drai-
nage. Appropriate antibiotics are also administered.

Necrotizing Soft Tissue Infections
In contrast to a simple cellulitis which only involves the
cutaneous layers of the skin, necrotizing soft tissue infections
rapidly spread, often along the deep fascia with secondary
necrosis of the fascia, subcutaneous tissues, and occasionally
muscles (79). The presence of gas-forming organisms classi-
cally results in subcutaneous air in the tissues that may be
palpated on physical examination or seen radiographically,
on plain films or by CT scan (though these signs are often
absent). Because the infection spreads along the deep fascial

planes and the overlying skin is less involved, the extent of
the infection is often underappreciated with regards to its
severity and lethality. Thus, a high index of suspicion is
necessary to make the diagnosis and promptly initiate therapy.

The bacteria associated with necrotizing fasciitis
produce toxins including cytolysins and sphingomyelinases,
which destroy tissue and allow rapid progression along
tissue planes. The fascial necrosis is followed by thrombosis
of the arterioles that bridge the space between the skin and
the fascial layer, causing loss of blood flow and oxygen to
the skin, resulting in death of the overlying skin. Necrotizing
soft tissue infections are fully discussed in Volume 1,
Chapter 29 (extremity trauma) only the salient points are
provided here. Soft tissue infections are often associated
with a paucity of inflammatory cells, which presumably
are killed by the bacterial hemolysins. The inability to
deliver antibiotics to the involved areas of muscle fascia
and the overlying skin make cure with antimicrobials
alone futile, and surgical resection (usually wide and exten-
sive) is the only effective therapy.

Necrotizing soft tissue infections can occur following
trauma (especially involving puncture wounds, and follow-
ing IV drug abuse), but can also occur following surgery con-
taminated with organisms that flourish in the relatively
anaerobic environment of the surgical wound, or deep
fascial planes. It is more common in situations involving
unrecognized foreign bodies, delayed presentation to
medical care, and in patients with immunosuppressive con-
ditions (e.g., diabetes, alcoholism, peripheral vascular
disease, HIV, neutropenia, renal failure, and so on).

Classically, necrotizing soft tissue infections are associ-
ated with anaerobic organisms, specifically Clostridia spp.
and particularly Clostridium perfringens, the organism most
commonly associated with gas gangrene, especially from
battlefield wounds. Streptococcus spp. are the second most
common group of organisms isolated from wounds (79). Sta-
phylococcus aureus or facultative aerobic Gram-negative rods
like E. coli are rarely isolated as the single etiologies of necro-
tizing fasciitis, but are often found in combination with other
organisms and may be facultative in some mixed infections
(79,80).

Mixed synergistic necrotizing fasciitis can involve a
combination of bacteria, including anaerobic pathogens
such as Bacteroides, Clostridium, Peptostreptococcus as well as
enteric Gram-negative rods like E. coli, Proteus, Serratia,
Enterobacter, and Klebsiella. Pseudomonas is also occasionally
seen. Mixed infections usually arise from the traumatic
implantation of foreign material (e.g., oral flora in a drug
addict’s needle) or in proximity to the bowel.

Swabbing of deep wounds, as apposed to superficial
wounds, followed by immediate Gram stain can provide a
presumptive microbiologic diagnosis, which can be used to
guide empiric therapy, but operative debridement is the
most important factor.

The selection of empiric antimicrobials will also
depend on anatomic location, mechanism of infection, and
Gram stain results. High-dose penicillin in combination
with clindamycin is appropriate (unless Bacteroides fragilis
is presumed or documented). Aggressive fluid repletion
and immediate wide surgical debridement is mandatory to
save the life of an individual with established necrotizing
fasciitis caused by clostridial spp. and by beta-hemolytic
streptococci.

Infections with S. aureus alone are an unusual cause of
necrotizing fasciitis although there are a few case reports
describing this (80,81). When S. aureus is the etiologic organism,

820 Cone et al.



treatment with vancomycin or an antistaphylococcal penicillin
orcephalosporin is indicated. Because of the high prevalence of
MRSA (in many hospitals it is above 50%), vancomycin should
be part of the initial antibiotic treatment. In cases of mixed
synergistic infection, appropriate coverage for facultative
aerobic Gram-negative rods and obligate anaerobes will
include a carbapenem, a beta-lactam/beta-lactamase inhibitor,
or a third- or fourth-generation cephalosporin in combination
with metronidazole.

As many of the manifestations of necrotizing soft
tissue infection are toxin-mediated, clindamycin should be
used in conjunction with other antibiotics because, as a
protein synthesis inhibitor, it shuts down further production
of toxins; it is also active in situations of high bacterial
density (i.e., in wounds) where beta-lactams and vancomy-
cin may not be—a phenomenon known as the “Eagle
Effect” (82). As an adjunctive measure, hyperbaric oxygen
(Volume 2, Chapter 73) has been shown to be effective in
delaying or stopping progression of the affected areas in
necrotizing fasciitis (83), but operative debridement should
occur first.

Interestingly, a high proportion of community-
acquired MRSA (CA-MRSA) strains (nearly 100%) express
a unique hemolysin, the Panton-Valentine leukocidin
(PVL), which contributes to virulence by causing lysis of
WBCs, specifically PMNs, thereby crippling the immune
response. Typically, only about 2% of S. aureus express this
toxin. In addition, PVL also affects cells other than WBCs
and causes separation of tissue layers, contributing to the
spread of the infection in the host. Vancomycin is the antimi-
crobial of choice against these infections, but newer anti-
biotics such as daptomycin, linezolid, and tigecycline are
also effective. Rifampin, in combination with vancomycin,
can provide synergistic antibacterial action.

Orthopedic Fracture Infections and Prophylaxis
Open orthopedic fractures constitute a surgical emergency,
and are prone to infections. Accordingly, these patients
should receive antibiotic prophylaxis. The most common
system used to classify orthopedic fractures and the associ-
ated risk of infection are those that have been modified
from that of Gustilo and Anderson (83).

This system divides fractures into three grades and
further subdivides grade 3 fractures, the most severe frac-
ture, into three subtypes. All grades can become infected,
but the prevalence of infection is higher with more severe
injury.

Grade 1 fractures are usually simple transverse or
oblique fractures that result from low-energy injuries with
skin wounds less than 1 cm in length. Grade 2 fractures
result from an injury with more energy absorption and
cause some degree of comminution and moderate crushing
component along with a skin wound that is larger than
1 cm. Grade 3 injuries are usually the result of significant
mechanical injury, such as gunshot wound, motor vehicle
injuries, especially motorcycle injuries, and other traumatic
injuries. These injuries usually have extensive soft tissue
damage, severe comminution, and large areas of denuded
skin. These wounds are likely to be contaminated with exter-
nal debris, like soil, from the site of the accident. Grade 3A
injuries generally do not require extensive reconstructive
surgery to provide skin coverage to the injured site. Grade
3B injuries, on the other hand, have more extensive soft
tissue and periosteal injury and require major reconstructive
plastic surgery to provide a flap for cutaneous coverage.

Grade 3C fractures are associated with vascular compromise
and may necessitate vascular reconstruction.

The key therapeutic principles in treating actual or
potentially infected fractures are extensive and include: ade-
quate debridement of all infected and necrotic tissue,
removal of foreign bodies, copious irrigation of the wound,
management of dead space and coverage of exposed bone
with appropriate flaps, and minimizing the time to operation
(84). Prophylactic antibiotics are adjunctive in the sense that
they decrease the incidence of wound infection and osteo-
myelitis, but do not entirely prevent all infections.

A large meta-analysis and Cochrane review demon-
strated that single-dose antibiotic prophylaxis significantly
decreased superficial and deep wound infections by about
60% (85). Prolonged treatment did not yield a better
outcome than single-dose prophylaxis. In a similar meta-
analysis, the data also supports the efficacy of prophylactic
antibiotics in preventing infections in patients with open
fractures (86). Most infections are caused by skin flora, pri-
marily by coagulase-negative staphylococci and S. aureus,
but aerobic Gram-negative rods and soil anaerobes are
increasingly frequent with more traumatic, open fractures.

In general, first-generation cephalosporins, antistaphy-
lococcal penicillins, and vancomycin are effective prophylactic
antibiotics for closed fractures and grades 1 and 2 fractures.
For grade 3 fractures, aminoglycosides and clindamycin are
useful additions (Volume 2, Chapter 53). Despite antibiotic
prophylaxis, patients with open fractures and fever should
have their wounds examined for infections, and if present,
incision and drainage should be performed.

Abdominal Infections: Following Trauma/Surgery with
Colonic Contamination
Abscesses following abdominal trauma result from injuries
to the bowel and spillage of intestinal contents into the perito-
neal cavity. In blunt trauma, the organisms that cause disease
derive from the normal commensal flora. In penetrating
trauma (e.g., gunshot wounds or shrapnel), additional organ-
isms can be directly implanted at the time of injury. In
addition, when a projectile travels through soiled clothing
before it penetrates the victim, it carries the environmental
flora living on the clothing that enters the wound.

The most common classes of organisms causing
abdominal infections in previously healthy trauma victims
are enterococci, Gram-negative enteric organisms, and intes-
tinal anaerobes. The types of organisms that predominate in
a particular patient also depend on which portion of the
intestine is injured. A stomach injury can cause gross con-
tamination following a large meal, or may release essentially
sterile contents if injured between meals after prior contents
have been bathed in hydrochloric acid and proteolytic
enzymes. Candida albicans is usually a component of the
mouth; it is present normally in the esophagus and often sur-
vives in the stomach because it is moderately acid-tolerant. If
the patient is taking medications that decrease the gastric
pH, that is, antacids, H2-blockers, or proton pump inhibitors,
oral flora, particularly oral anaerobes, and streptococci may
colonize the stomach.

The small intestine is normally colonized with
facultative anaerobic Enterobacteriaceae, like E. coli, and
enterococcal spp. In biliary trauma, the same organisms
will most likely be involved; the presence of anaerobes is
unusual. As one progresses distally along the bowel, one
finds an increasing proportion of anaerobic bacteria, such
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as Bacteroides, Prevotella, and Peptostreptococci. In the colon,
greater than 99.99% of the bacteria are anaerobic.

The Surgical Infection Society and the IDSA have
recently published guidelines for treating intra-abdominal
infections (87,88). In general, regimens that treat enterococcal
spp. have no better outcomes than those that do not. This is
because of the relative avirulence of the enterococci,
especially in nonimmunocompromised individuals. Simi-
larly, although Pseudomonas can be an intestinal colonizer,
especially in children, it is not necessary to use antibiotics
effective against Pseudomonas in an empiric fashion for
intra-abdominal infections. In the past, studies showed
that second-generation anaerobic cephalosporins, like cefox-
itin, were as effective as monotherapy. However, there has
been a steady increase in the number of B. fragilis group
organisms that are resistant to these agents. Accordingly,
cefoxitin should no longer be used alone for empiric treat-
ment of intra-abdominal infections. Adding metronidazole
to both second- and third-generation cephalosporins is
now necessary to provide adequate treatment for B. fragilis.
The newer fluoroquinolones (e.g., moxifloxacin and gatiflox-
acin) possess intrinsic activity against intestinal anaerobes;
however, the prevalence of fluoroquinolone-resistant Bacter-
oides has increased to .50% in some countries. Accordingly,
abdominal infection treatment with fluoroquinolones
should occur only in combination with metronidazole (88).
Metronidazole remains the backbone of treatment regimens
for intra-abdominal sepsis. Additionally, monotherapy with
either carbapenems or beta-lactams/beta-lactamase inhibi-
tors is an attractive alternative strategy because of simplicity.
Of note, none of these therapies adequately treats MRSA, but
MRSA is not generally a cause of intra-abdominal infection in
previously healthy individuals. If the patient is at high risk for
MRSA, for example, in an SICU after a surgical procedure,
then vancomycin or other drugs effective against MRSA
should be used. If the presence of vancomycins resistant
enterococcus, vancomycin intermediate sensitivity. Staphyloc-
cus aureus, or vancomycin resistant Staphylococcus aureus com-
plicates an abdominal infection, then linezolid, daptomycin,
tigecycline, or dalfopristin/quinupristin should be used.

Isolation of fungi from intraoperative peritoneal cul-
tures is increasingly common (89), especially in patients
with renal failure who are being treated with chronic
ambulatory peritoneal dialysis (CAPD). Candida spp. cause
the vast majority of fungal peritoneal infections as it is a
normal constituent of the gastrointestinal (GI) flora, but
other fungi such as Aspergillus spp. and zygomycetes (e.g.,
mucor) have also been reported in association with CAPD
catheter infections. Most of the candidal isolates are flu-
conazole-susceptible C. albicans, but the use of fluconazole
as prophylaxis is changing the epidemiology of candidal
infections so that fluconazole-resistant Candida spp. are
causing a greater proportion of invasive candidiasis. For
patients who have not received prophylactic azoles, flucona-
zole is an effective empiric treatment in most cases. If the
patient has received prophylaxis, then voriconazole, an
echinocandin (caspofungin, micafungin, anidulafungin) or
amphotericin should be used. Antibiotic treatment is an
adjunct to and not a replacement for proper surgical
drainage of abscess collections.

Sinusitis
Sinusitis can occur in critically ill trauma patients with tubes
or packing in their noses, or those who have sustained nasal
trauma prior to admission (90). The paranasal sinuses are

four paired structures with drainage ostea in the nose. The
sinuses are lined with ciliated pseudostratified columnar
epithelium. The cilia of the sinus mucosa propel secretions,
bacteria, and foreign material toward their ostea in the
nose. When the ostea becomes obstructed because of
foreign bodies (tubes/packing) or swelling (direct trauma),
the bacteria are not cleared and begin to proliferate,
causing a clinical sinusitis infection (90).

Common bacteria involved in nosocomial sinusitis are
quite different from those of community-acquired (91). In
most reports, the etiology is usually polymicrobial with
about one-third being Gram-positive and two-thirds Gram-
negative organisms. Staphylococcus aureus is by far the predo-
minant Gram-positive organism and Pseudomonas spp. are
the leading Gram-negative organisms. While highly resistant
organisms, such as MRSA, VRE, and Acinetobacter spp. have
not been reported in this disease; with their increasingly
important roles in nosocomial infections these organisms
must be considered when selecting antibiotics for treatment.

Diagnosis includes, fever, purulent nasal discharge,
tenderness to percussion over the sinus (often notable in
sedated or obtunded critically ill patients). Further clinical
features, diagnostic work-up (including use of nasal endo-
scopy and imaging studies), and treatment recommen-
dations are provided in Volume 2, Chapter 51 (90,91).

Urosepsis
Urinary tract infections (UTI) are the most common nosoco-
mial infection in the United States (causing about a third of
the infections in hospitals and nursing homes) (92).
However, UTI is an infrequent cause of fever or sepsis fol-
lowing trauma and critical care. Almost all UTIs occurring
in critical care are associated with instrumentation of the
bladder.

In the normal, uncatheterized bladder, several mech-
anisms allow for clearing uropathogens from the urinary
tract. These include: Tamm-Horsfall protein, glycosamino-
glycans, and an intact bladder mucosa. Micturition alone
will remove 99.9% of all microbes that enter the bladder. A
catheter overcomes these protective mechanisms by provid-
ing a direct conduit to the bladder from outside; the presence
of a foreign object can also irritate and disrupt the uroepithe-
lial mucosa. Once a catheter is in place, microbes can enter
the bladder either extra- or intraluminally. Estimates are
that about one-quarter of urinary tract colonization is intra-
luminal with the remaining occurring extraluminally (i.e.,
between the urethral epithelium and the catheter). Some uro-
pathogens, such as E. coli K1, have specialized fimbriae that
allow attachment to uroepithelial cells. Additionally, the pre-
sence of a glycocalyx or biofilm along the catheter surface
can allow colonization and persistence of bacteria in the pre-
sence of both host immune effectors and antibiotics (93).

Risk factors for catheter-associated bacteriuria or fun-
guria include: (i) the length of catheterization, (ii) absence
of a urinometer or drip chamber, (iii) colonization of the drai-
nage bag, (iv) diabetes, (v) abnormal renal function, and
(vi) breaks in proper catheter care (92). If bacteria or yeast
are in the urine cultures of an afebrile patient, the first step
in management is to change the catheter and repeat the
urinalysis and culture.

Dysuria, suprapubic pain and tenderness, back pain
and costovertebral angle tenderness may be clinical clues
to a diagnosis in a cognitively aware patient. However,
assessment of these signs and symptoms in an SICU
setting is difficult in sedated patients and in those with
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altered mental status. Fever is the most common sign. On
occasion, physical exam is useful when one finds an
enlarged epididymis on the testis or a soft, mushy prostate,
but diagnosis usually is dependent on the results of urinaly-
sis and urine culture.

The majority of microbes that colonize the urinary tract
are the host’s resident flora, usually deriving from the GI tract.
These are predominantly facultative anaerobic enteric Gram-
negative rods, Pseudomonads, Enterococci, and Candida spp.
Truly anaerobic colonic bacteria rarely cause UTIs in the
absence of a direct connection from the urinary tract to the
GI tract, as in the case of an enterovesicular fistula. The most
common organisms are Gram-negative rods (94–96).

Aminoglycosides are an attractive first choice because
they are excreted renally and are concentrated in the urine;
bactericidal levels of drug can be present for days after
even a single dose. Third-generation cephalosporins and
quinolones are second-line options. Carbapenems can be
used for multidrug-resistant organisms. Enterococcal spp.
are generally sensitive to ampicillin and vancomycin and
should be used first. Approximately 30% of a linezolid
dose is excreted into the urine unchanged and can be used
to treat vancomycin-resistant organisms. Daptomycin,
active against VRE is 80% renally excreted and is an alterna-
tive choice. Candida spp. also can cause UTIs and are an
increasingly common problem. Fluconazole is the only anti-
fungal drug that achieves significant levels in the urine and
is, therefore, the drug of choice to treat candiduria. The echi-
nocandins and voriconazole do achieve measurable amounts
in the kidney parenchyma, but only about 3% of either drug
is excreted into the urine itself. Changing the catheter is the
first step in managing candiduria and may, by itself, be
therapeutic. Alternatively, amphotericin B bladder washes
can also be effective (97).

Postsplenectomy Sepsis and Prophylaxis
Asplenic patients are at higher risk for bacteremia and fulmi-
nant septic shock, known as overwhelming postsplenectomy
sepsis (OPSS) (98). Asplenic patients include not only post-
splenectomy patients but also those individuals who are func-
tionally asplenic, such as those with sickle-cell anemia (owing
to repetitive infarct-mediated autosplenectomy), infiltrative
disorders with splenomegaly (e.g., myelodysplastias), or
deficiencies in the terminal components of the complement
(99). The microorganisms that cause these syndromes are
usually those with polysaccharide capsules that resist phago-
cytosis by PMNs and macrophages unless they are bound by
anticapsular antibody or compliment (i.e., opsonized). The
most common organisms include Streptococcus pneumoniae,
Haemophilus influenzae, and Neisseria meningitides. Of these,
the pneumococcus is the most common organism causing
OPSS, having a case-fatality rate as high as 60%. Vaccines
exist against all of these species, and their use is recommended
(as described in Volume 2, Chapter 52 (100).

Many hyposplenic individuals will also have received
prophylactic antibiotics, usually penicillin, either orally or
sometimes in monthly injections. In many cases, they will
have prescriptions for another class of antibiotics, like
fluoroquinolones. Postsplenectomy patients should be

instructed to keep antiencapsulated bacteria antibiotics
readily available, to take them at the onset of an acute,
febrile illness, and to also seek medical evaluation at that
time. When these patients are sick enough to be admitted
to the SICU, therapy should be directed against the
most likely organisms; third-generation cephalosporins or

quinolones are drugs of choice. Postsplenectomized
trauma patients should also be given a card and med-alert
bracelet declaring their condition.

Meningococcemia
The term meningococcemia is used here to describe the ful-
minant septic disease complicated by hemorrhage, purpura,
and thrombosis-associated tissue infarcts (often involving
distal extremity) (101).

The typical patient presents with fever, generalized
weakness and malaise, headache, skin rashes, and the
abrupt onset of hypotension and sepsis requiring admission
in the SICU or burn unit. A number of authors have described
a prominent rubella-like maculopapular rash, which is
initially painless, nonpruritic, and temporary. Most com-
monly, the initial rash consists of 1–2-mm petechial lesions
that are usually seen on the trunk and lower extremities,
but may occur in places like the palpebral conjunctiva or
the buccal mucosa. Often the rash is prominent under belts
or on areas that are subject to pressure. Gradually, the pete-
chiae enlarge and coalesce to form larger ecchymotic
lesions. The petechial bleeding is a result of thrombocytope-
nia. The rapid evolution from petechiae to large ecchymotic
lesions is known as purpura fulminans. The pathophy-
siology of fulminant meningococcemia results from
sepsis, vascular collapse, shock, disseminated intravascu-
lar coagulation (DIC), and tissue infarcts (101).

Some manifestations of purpura fulminans result from
damage to the vascular endothelium and protein C levels are
decreased, participating in the debilitating microvascular
infarcts of digits and extremities. Accordingly, some have
hypothesized that the use of activated protein C (APC)
might improve the outcome (102). Although, the number of
patients studied in prospective randomized controlled trials
(RCTs) with APC is low, the available series suggest that
APC does provide benefit. If APC is employed, it should
be administered early and judiciously because of the
increased risk of bleeding associated with it’s use (103;
refer to Volume 2, Chapters 47 and 63).

Meningitis
There are a myriad of causes of infective meningitis.
Organisms of all classes, including viruses, typical bacteria,
mycobacteria, spirochetes, Rickettsial spp., fungi and some-
times parasites, including protozoa and helminths, have all
been described as causes of meningitis (104). Meningitis
can also follow trauma by direct implantation of foreign
matter and can occur as a complication of therapeutic and
diagnostic intracranial devices (e.g., ventriculostomy).

Correct management of meningitis requires
establishing an etiologic diagnosis. The use of CT scan or
magnetic resonance imaging may show diffuse meningeal
enhancement, but this is not specific for any particular
organism (104).

The key procedure for establishing a diagnosis of
meningitis is sampling of the CSF. Examination of the CSF
should include assays for glucose, total protein, differential
cell counts, and Gram stain and routine culture (104).
If appropriate, there are stains for fungi (e.g., India ink for
Cryptococcus neoformans) and mycobacteria. Latex aggluti-
nation assays are routinely available to detect the capsular
polysaccharides of Cryptococcus, Hemophilus type B., the
Meningococcus, and the pneumococcus in CSF. Advances
in molecular biology-based techniques, such as poly-
merase chain reaction are now available for the diagnosis
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of enterovirus, cytomegalovirus (CMV), Epstein-Barr virus
(EBV), herpes simplex viruses (HSV), and others.

The Pneumococcus, the Meningococcus, enteroviruses,
and herpes simplex virus are the most common causes of
meningitis in immunologically normal hosts (104). Selected
hosts have an increased predisposition to infections with
other organisms, such as Cryptococcus neoformans in AIDS
patients, and other immunocompromised patients and Lis-
teria monocytogenes in pregnancy (104). In trauma patients
with CNS shunts or ICP monitoring devices, the most
common organisms are Staphylococci (implicated in �80%
of shunt infections). Gram-negative aerobic bacilli comprise
the great bulk of the remainder of the causes. True anaerobes
comprise only a small percentage of the remainder of organ-
isms; if they are present, especially in patients with ventricu-
loperitoneal shunts, it is strongly suggestive of intestinal
perforation at the abdominal end of the shunt with ascend-
ing infection.

Empiric therapy should be directed against the most
likely causative organism. Identification of a specific patho-
gen allows de-escalation to a specifically targeted regimen.
The ability of an individual antibiotic to cross the BBB is a
primary determinant for the outcome (104).

Most antibiotics do not cross the BBB in the absence of
inflammation. With inflammation, the levels of drugs like
penicillin and ceftriaxone increase markedly, but higher
doses are still a requirement to exceed the minimum inhibi-
tory concentrations of most pathogens. For acute bacterial
meningitis, ceftriaxone at a dose of 2 g IVevery 12 hours pro-
vides adequate therapy for the H. influenzae, the Meningococ-
cus, and penicillin-sensitive pneumococci. In hospitals with a
high prevalence of penicillin-resistant S. pneumoniae, most
authorities recommend the addition of vancomycin to the
regimen. Corticosteroids are useful therapeutic adjuncts in
cases of meningitis caused by S. pneumoniae, H. influenzae,
and Mycobacterium tuberculosis (105–107).

For patients with infected intracranial devices, targeted
therapy based on initial Gram stain is the best. As most
organisms are nosocomially acquired and drug-resistant,
vancomycin is the initial drug of choice. However, vancomy-
cin does not penetrate BBB well. As drug levels may be sub-
therapeutic even in the presence of inflammation, intrathecal
administration of vancomycin may be the preferred route.

If the organisms are methicillin-sensitive, it is wise to
switch to antistaphylococcal penicillin; rifampin may be a
useful synergistic agent in the presence of prosthetic
material. Aminoglycosides, colistin, and amphotericin can
also be administered intrathecally.

For Gram-negative bacteria, ceftazidime and merope-
nem achieve therapeutic levels of drug in the CSF. Shunt
removal is usually necessary for cure of the infection. The
most efficacious strategy seems to be externalization of
the shunt, treatment with antibiotics, and replacement of
the shunt after an adequate duration of therapy. Duration
of antibiotic administration depends on the infecting organ-
isms; S. aureus may need 10 days of therapy before replace-
ment of the shunt. Gram-negative organisms may require
14–21 days of therapy (104).

TREATMENTOF FEVER

In the absence of traumatic brain injury (TBI) or other
CNS injury, temperature elevation between 378C and
39.58C may be beneficial. Side effects of fever including
tachycardia and increased ICP will benefit from lowering

body temperature. In the conscious patient, fever is usually
associated with malaise, headache, myalgias, and/or arthral-
gias. In such patients, symptomatic relief may be obtained by
reducing the fever.

The most extensively studied and utilized method of
reducing temperature is to reset the thermostat downward
and let the body correct the temperature. This approach
employs drugs classified as antipyretics, such as aspirin and
ibuprofen. Other options to lower temperature require either
reducing heat production or increasing the rate of heat loss.
Heat production can be lowered somewhat by reducing or
eliminating skeletal muscle activity, reducing pain, and
anxiety, and so on. Increasing heat loss can be accomplished
by sponging with cool liquid, cold baths, cooling blankets,
fans, or ice packs. Each of these techniques has pros and cons.

Antipyretic Drug Therapy
Antipyretic agents can be classified into three types: the
largest class includes aspirin, ibuprofen, and other nonsteroi-
dal anti-inflammatory drugs (NSAIDs); while corticosteroids
and acetaminophen are each in a class by themselves (108).
The NSAIDs are inhibitors of both central and peripheral
COX. Acetaminophen decreases the production of prosta-
glandins in the brain but does not inhibit COX at peripheral
sites. Corticosteroids are thought to interfere with fever by
blocking transcription of IL-1 and by inhibiting phospho-
lipase A2 (108). Without a doubt, the high fevers seen in
heat stroke, MH, and NMS (�428C.) are inherently damaging
to tissues, but these temperatures are unresponsive to anti-
pyretics. Regulated fevers such as seen with inflammatory
processes rarely exceed 418C (109). However, specific sub-
groups benefit from antipyretic therapy, including those
with CNS pathology and critically ill patients with cardiopul-
monary dysfunction (limiting oxygen delivery).

Both animal and human studies of brain injury indicate
that fever is common and associated with a worse prognosis
(110). However, the use of antipyretic drugs to lower tempera-
ture has not been shown to reduce brain injury and is not
always effective (111,112). Regarding the safety of NSAIDs
in TBI patients, hypotension with reduced CPP, along with
nephrotoxicity and oliguria, have been reported (113). Aceta-
minophen is comparable with NSAIDs in its ability to reduce
temperature in TBI patients. Although corticosteroids have
been studied in TBI (and found to be efficacious), there are
little or no data on their use specifically as an antipyretic.
Clinical studies demonstrate a positive correlation between
ICP and brain temperature (114). Simultaneous measurement
of core and brain temperature demonstrated that in some
patients core temperature significantly underestimated brain
temperature, suggesting that if antipyretic therapy is to be uti-
lized in patients with brain injury it may be more effective if
based on brain temperature (114). The administration of

antipyretics to ICU patients in an effort to reduce fever is
common practice, but data proving a benefit to this practice
is lacking. Very few studies have addressed the use of
antipyretics such as acetaminophen in the ICU patients.
The data available suggests only a limited efficacy for anti-
pyretics in critically ill patients (115). The risks of GI bleed-
ing, acute renal failure, platelet dysfunction, and the like
should be considered when reducing fever to decrease meta-
bolic demand, or ICP.

External Cooling Techniques
External cooling reduces body temperature by increasing
heat loss but does not change the TRSP. Therefore, the
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hypothalamus sends out feedback stimulation to return
core temperature to the TRSP via means such as shivering
and vasoconstriction. The net effect can more than
offset the gains made by lowering temperature. Accord-
ingly, when external cooling techniques are employed, seda-
tives and analgesics (which decrease the TRSP) should be
used.

Although several single institution trials of hypother-
mia have shown it to be advantageous in brain-injured
patients (116), a larger, prospective, randomized multicenter
trial failed to demonstrate such a benefit to hypothermia
(117). This negative trial has not eliminated the use of
hypothermia to treat brain injury. Antipyretics are
usually the initial treatment for a febrile ICU patient
because they are convenient and well tolerated by patients,
but external cooling has generally been more successful at

lowering core temperature (115).
External cooling is widely employed for all patient

types in critical care units, sometimes by nursing personnel
without physician participation in the decision. External
cooling in the absence of sedation and/or neuromuscular
blockade often results in shivering and increased peripheral
vasoconstriction, making it ineffective at lowering tempera-
ture. But, if adequate sedation analgesia and/or muscle
relaxants are employed, metabolic demands, cardiac
output, and heart rate can all be reduced (118). Frequent
monitoring of core temperature is required during external
cooling to achieve appropriate temperature goals.

EYE TO THE FUTURE

A number of fundamental questions regarding fever remain
unanswered. Of greatest importance to the clinician is
whether fever should be treated or not. A major difficulty
in answering this question is the difficulty in maintaining
close control of the temperature. Failure to eliminate the
fever or overly aggressive efforts and hypothermia com-
plicate the interpretation of the results. This is exemplified
by studies in TBI patients in whom fever is known to be
detrimental, and hypothermia is associated with its own
set of complications. Future studies will need to ensure
that cooling is initiated early enough, and continues long
enough with greater CNS effect (i.e., case of cooling
helmet) and use of sedatives and analgesics to drop
temperature.

SUMMARY

Elevation in body temperature has been recognized as a sig-
nificant diagnostic and therapeutic finding since the begin-
ning of recorded medical history. The obvious diagnostic
value of fever in the ICU patient is often complicated by
the numerous confounding problems leading to expensive
and sometimes excessive testing and the risks of inappropri-
ate antibiotic therapy.

Both fever and infections are common complications
in critically ill trauma patients. In this group, temperatures
greater than 1028F have a high probability of being the
result of an infection, and should be assumed infectious
until proven otherwise. A short list of noninfectious causes
of fever must also be ruled out in the setting of high fevers
(MH, NMS, SS, and the like).

Despite a long history of experimental study, we
still cannot say with certainty how we should respond
therapeutically to the febrile patient. Only in cases of
extreme temperature elevation, such as MH, NMS, or heat
stroke, or in patients with acute TBI, or other brain injury,
or limited cardiopulmonary reserve should temperature
elevations be routinely treated. The optimal method of treat-
ing such temperature elevations remains uncertain.

KEY POINTS

Fever is perhaps best defined as: “an elevation in core
body temperature .18C above the patient’s thermore-
gulatory set point (TRSP).”
In a joint statement of the Society of Critical Care Medi-
cine (SCCM) (10) and the Infectious Disease Society of
America (IDSA) (11), fever is defined as a temperature
greater than or equal to 38.38C (�1018F).
Fever is frequently seen in the initial 48 hours after
trauma, burns or surgery; however, such fevers are
usually noninfectious in origin.
Although infection is unlikely in the first 48 hours
following injury, Group A streptococcal infections and
Clostridial myonecrosis represent uncommon but import-
ant exceptions which can present within this time period.
If the temperature exceeds 38.98C, the patient should be
considered to have an infectious etiology until negative
cultures demonstrate otherwise.
The SS is usually associated with combinations of SSRIs
with MAOIs, or MAOIs with TCAs (50,51).
After stopping a drug responsible for fever, 48–72 hours
are usually required for the temperature to fully normalize.
Pancreatitis is one of the classic inflammatory con-
ditions that can cause significant noninfectious fever,
with signs similar to sepsis.
Patients who have a vasodilated picture, suggestive of
sepsis, but in whom sepsis is unlikely, may have
adrenal insufficiency. Serum cortisol determination, a
cosyntropin stimulation test or even empiric corticos-
teroid administration may be indicated.
Most febrile reactions following transfusions are related
to white blood cells (WBC), as leukocyte-depleted blood
products have a low rate of this complication (64).
Most investigators now recognize that atelectasis does
not cause fever in the absence of infection.
The most common infectious cause of fever in critically
ill patients is ventilator-associated pneumonia (VAP).
Seventy percent of nosocomial blood stream infections
occur in patients with central venous catheters.
Surgical wound infections should be considered in all
critically ill trauma patients, and postoperative surgical
patients with fever, especially when beginning .48–
72 hours following surgery or trauma.
Despite antibiotic prophylaxis, patients with open frac-
tures and fever should have their wounds examined for
infections, and if present, incision and drainage should
be performed.
Postsplenectomy patients should be instructed to keep
antiencapsulated bacteria antibiotics readily available,
to take them at the onset of an acute, febrile illness,
and to also seek medical evaluation at that time.
The pathophysiology of fulminant meningococcemia
results from sepsis, vascular collapse, shock, dissemi-
nated intravascular coagulation (DIC), and tissue
infarcts (101).
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In the absence of TBI or other CNS injury, temperature
elevation between 378C and 39.58C may be beneficial.
The administration of antipyretics to ICU patients in an
effort to reduce fever is common practice but data
proving a benefit to this practice is lacking.
Antipyretics are usually the initial treatment for a febrile
ICU patient because they are convenient and well toler-
ated by patients, but external cooling has generally been
more successful at lowering core temperature (115).
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INTRODUCTION

The development of antibiotics in the second half of the twen-
tieth century led to dramatic reductions in the mortality rates
of many infectious diseases. However, the mortality rate of a
subset of acute infections associated with shock and organ dys-
function remains high at about 30% to 60% despite modern
antibiotics and critical care (1). Septic shock is a relatively
common problem; there are about 750,000 cases of severe
sepsis due to bacterial or fungal infections each year in the
United States (1). The incidence of septic shock is increasing.
From 1979 to 1987 the percentage of infectious disease diag-
noses that included sepsis increased from approximately
10% to 25% (1). This increase may be due to the increased
use of cytotoxic and immunosuppressive drugs, aging of the
patient population, the increased use of invasive medical
devices, and an increase in antibiotic resistant organisms.

This chapter will review the definition and pathophy-
siology of sepsis and its molecular mechanisms, as well as
the clinical signs and symptoms, laboratory characteristics,
inciting infections and therapeutic options. This summary
will also include a discussion on the recent successful
activated protein C trial for sepsis, as well as a review
of several of the trials that failed to improve outcome.
Finally, we will present a brief glimpse at promising
therapies still on the clinical horizon in the “Eye to the
Future” section.

DEFINITION OF SEPSIS AND RELATED SYNDROMES

In the past, the diagnosis of sepsis required the presence of a
positive blood culture in the setting of fever, leukocytosis,
and a hemodynamic profile consistent with hypotension or
shock. However, disagreements over the essential diagnostic
features, variations in sepsis research entry criteria, and the
recognition that the systemic response to infection is what
differentiates sepsis from mere bacteremia, led to much
confusion and debate about diagnostic criteria. In an effort
to bring order to this subject, Roger Bone and others
organized a consensus conference in 1991 involving the
American College of Chest Physicians (ACCP) and the
Society of Critical Care Medicine (SCCM) to propose new
definitions for sepsis and the related syndromes (Table 1).

The attendees concluded that sepsis is the systemic
inflammatory response to documented infection, but also
acknowledged, and emphasized, that this response may be
observed in a number of other clinical conditions not invol-
ving infection (see also Volume 2, Chapter 63). According
to the 1991 ACCP/SCCM criteria, sepsis is a subset of the
systemic inflammatory response syndrome (SIRS). Similarly,
severe sepsis is a subset of sepsis, and septic shock a subset
of severe sepsis (Table 1). An individual patient may meet all
of these definitions as time progresses. The 1991 ACCP/
SCCM criteria have also been widely used to describe SIRS
resulting from trauma, surgery, burns, pancreatitis, etc., in
the absence of infectious diseases. Because the definition of
SIRS is very broad, its clinical utility has been challenged
(2,3). In 2001, another consensus conference was convened
to review the 1991 ACCP/SCCM definitions and address
methods to improve their diagnostic accuracy (4). The
group of experts from the SCCM, European Society of Inten-
sive Care Medicine (ESICM), ACCP, American Thoracic
Society (ATS) and the Surgical Infection Society (SIS) con-
cluded that there was insufficient data to change the 1991
ACCP/SCCM definitions (4). However, they did recommend
expanding the list of signs and symptoms used as diagnostic
criteria for sepsis because (i) the clinical presentation is
variable and (ii) they resolved that accurate bedside diagno-
sis was of a higher priority than clear and simple entry cri-
teria for clinical trials (4). The newly expanded diagnostic
criteria for sepsis are shown in Table 2.

The 2001 SCCM/ESICM/ACCP/ATS/SIS consensus
conference also concluded that the use of biomarkers for diag-
nosing sepsis may soon be available, but their use is currently
premature. Despite this proclamation, they specifically
included the biomarkers procalcitonin (PCT) and C-reactive
protein (CRP) in their discussions, in their expanded diagnos-
tic criteria for sepsis (Table 2), and in their first iteration of the
new staging system for sepsis called PIRO (Table 3) (4). The
PIRO system stratifies patients by their “P” predisposing con-
ditions, the nature and extent of the insult (in the case of sepsis
“I” infection), the nature and magnitude of the “R” host
response and the degree of “O” organ dysfunction.

The PIRO staging system aims to stratify patients by
both their baseline risk of an adverse outcome, and their
potential to respond to therapy (4). The PIRO system is a
work in progress. The inaugural version ranks the patient’s
predisposition, insult infection, response, and degree of
organ dysfunction in terms of currently available factors,
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as well as considerations and criteria that are not yet avail-
able, but are on the horizon (Table 3).

SIRS and sepsis are usually thought of as an over-
exuberant inflammatory response, which is then followed by
an anti-inflammatory response. Therefore, many of the
attempts to treat sepsis have been directed at blunting the
inflammatory response. More recently, some authors have
stressed the anti-inflammatory and apoptotic elements of
SIRS and sepsis, and suggested that these aspects of sepsis
may be suitable targets for therapy (2,3). SIRS and sepsis

are such global responses that focusing on one or a few
aspects of the response necessarily oversimplifies the
true pathophysiology of the disease. Nevertheless, tar-
geted therapy can influence the outcome of SIRS and
sepsis (see below). SIRS and sepsis affect many organs.

Table 2 2001 SCCM/ESICM/ACCP/ATS/SIS Diagnostic

Criteria for Sepsisc

Diagnostic

criteria

Clinically

acceptable definitions,

and diagnostic ranges

Infectiona Documented or suspected,

and some of the followingb

General

variables

Fever (core temperature .38.38C)

Hypothermia (core temperature ,368C)

Heart rate .90/min or .2 SD above

the normal value for age

Tachypnea

Altered mental status

Significant edema or positive fluid

balance (.20 mL/kg over 24 hr)

Hyperglycemia (plasma glucose

.120 mg/dL or 7.7 mmol/L)

in the absence of diabetes

Inflammatory

variables

Leukocytosis (WBC count .12,000/mL)

Leukopenia (WBC count ,4000/mL)

Normal WBC count with .10%

immature forms

Plasma C-reactive protein .2 SD

above the normal value

Plasma procalcitonin .2 SD above

the normal value

Hemodynamic

variables

Arterial hypotensionb (SBP ,90 mmHg,

MAP ,70 mmHg, or an SBP decrease

.40 mmHg in adults or ,2 SD above

normal for age)

Svo2 .70%b

Cardiac index . 3.5 L/min/M2 b,c

Organ

dysfunction

variables

Arterial hypoxemia (PaO2/FIO2 ,300)

Acute oliguria

(urine output ,0.5 mL/kg/hr)

Creatinine increase .0.5 mg/dL

Coagulation abnormalities (INR .1.5

or aPTT .60 sec)

Ileus (absent bowel sounds)

Thrombocytopenia (plasma count

,100,000/mL)

Hyperbilirubinemia (plasma total bilirubin

.4 mg/dL or 70 mmol/L)

Tissue perfusion

variables

Hyperlactatemia (.3 mmol/L)

Decreased capillary refill or mottling

aInfection defined as a pathologic process induced by a microorganism.
bSvo2sat .70% is normal in children (normally, 75–80%).
cCI 3.5–5.5 is normal in children; therefore, NEITHER should be used as

signs of sepsis in newborns or children.

Note: Diagnostic criteria for sepsis in the pediatric population are signs and

symptoms of inflammation plus infection with hyper- or hypothermia (rectal

temperature .38.58C or ,358C), tachycardia (may be absent in hypothermic

patients), and at least one of the following indications of altered organ function:

altered mental status, hypoxemia, increased serum lactate level, or bounding

pulses.

Abbreviations: aPTT, activated partial thromboplastin time; INR, international

normalized ratio; MAP, mean arterial blood pressure; SBP, systolic blood

pressure; SVO2
, mixed venous oxygen saturation; WBC, white blood cell; SD,

standard deviation.

Source: From Ref. 4.

Table 1 1991 ACCP/SCCM Definitions and Criteria for SIRS/
Sepsis and Related Syndromes

SIRS/sepsis category Criteria/comments

SIRS A widespread inflammatory response to

a variety of severe clinical insults

(infectious or noninfectious)

Recognized by the presence of two or more

of the following:

Temperature .388C or ,368C
Heart rate .90 beats/min

Respiratory rate .20 breaths/min or

PaCO2 ,32 mmHg

WBC .12,000 cells/mL,

,4000 cells/mL, or with .10%

immature (band) forms

Sepsisa The systemic response to infection

If patient has sepsis, they will then

have the clinical signs of SIRS with

concrete evidence of infection

Severe sepsis Associated with organ dysfunction

hypoperfusion, or hypotension

Clinical manifestations of hypoperfusion

may include lactic acidosis, oliguria,

or an acute alteration in mental status

Septic shock Sepsis with hypotension, despite adequate

fluid resuscitation, combined with

perfusion abnormalities that may

include, but are not limited to, lactic

acidosis, oliguria, or an acute alteration

in mental status

Patients who require inotropic or

vasopressor support, despite adequate

fluid resuscitation, are in septic shock

Hypotension Defined as a systolic BP of ,90 mmHg

or a reduction of .40 mmHg from

baseline in the absence of other causes

for the fall in blood pressure

Multiple organ

failure

The presence of an altered organ

function in acutely ill patient such that

homeostasis cannot be maintained

without intervention

aNote the criteria for sepsis was expanded in 2001 (Table 2).

Abbreviations: BP, blood pressure; SIRS, systematic inflammatory

response syndrome; WBC, white blood cell.

Source: From Ref. 2.
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Table 4 lists some of the more prominent organs involved in
sepsis and their role in mediating SIRS. The inflammatory
nature of SIRS (without regard to etiology) is the subject
matter of Volume 2, Chapter 63, whereas this chapter
focuses mainly on the infectious disease etiology of sepsis.

PATHOGENESIS OF SEPSIS

A major early insight into the molecular mechanisms of sepsis
occurred following the recognition that the bacterial cell wall
constituents reproduced many of the signs and symptoms of
sepsis. Abraham Braude demonstrated that infusion of blood
contaminated with cold-growing bacteria, (i.e., unable to
grow in vivo) caused sepsis just as effectively as spontaneous
bacteremia with organisms that grow at body temperature.
He reasoned that bacterial products had to be responsible for
sepsis. He focused on bacterial lipopolysaccharide (LPS)
because of the epidemiologic association between septic
shock and Gram-negative bacteremia that was seen in the
1960s. We now realize that Gram-positive, Gram-negative bac-
teria and fungi are all associated with septic shock.

The constituents of microbial organisms that

elicit inflammatory responses are collectively known as
Pathogen Associated Molecular Patterns (PAMPs) (5).
Pathogens have molecular structures that are not shared by
mammals, but are shared by related pathogens, and are
relatively invariant (i.e., do not evolve rapidly). These struc-
tures are known as PAMPs. Examples of PAMPs include

flagellin of bacterial flagella, LPS of Gram-negative bacteria,
and peptidoglycan of Gram-positive bacteria.

We have recently come to appreciate that the PAMPs are
recognized by mammalian Pattern Recognition Receptors
(PRRs) that signal the responding cells that PAMPs are
present in the environment (6–8). PRRs are found on many
cell types, including monocytes, macrophages, dendritic
cells, polymorphonuclear phagocytes (PMNs), endothelial
cells and some types of epithelial cells. One increasingly
understood family of PRRs are the Toll-Like Receptors
(TLRs). These evolutionary conserved receptors are homo-
logues of the Drosophila Toll gene, and thus named after
them. TLRs identify the nature of the pathogen and turn on
an effector response appropriate for dealing with it.
Mammals have 11 known TLRs, each of which specializes in
a subset of PAMPs (often with the aid of accessory molecules).
Binding of the pathogen molecule (PAMP) to the TLR initiates
a signaling pathway leading to the activation of nuclear factor-
kB (NF-kB). NF-kB turns on genes needed for cell prolifer-
ation, adhesion, and angiogenesis. NF-kB also turns on
various cytokine genes. A new TLR (TLR-11) is expressed in
liver, bladder, and kidney and may have a role in protecting
against uropathogenic bacteria. Table 5 lists the currently
known TLRs and associated PAMPs.

Lipopolysaccharide, also known as endotoxin, is a
major constituent of the cell wall of Gram-negative bacteria.
It is a glycolipid that usually has a large sugar component
on the extracellular face of the cell membrane linked to
a glycolipid region that provides osmotic stability to the

Table 3 The PIRO System for Staging Sepsis

Domain Present Future Rationale

Predisposition Premorbid illness with reduced

probability of short term

survival. Cultural or

religious beliefs, age, sex.

Genetic polymorphisms in

components of inflammatory

response (e.g., TLR, TNF,

IL-1, CD14); enhanced

understanding of specific

interactions between patho-

gens and host diseases.

In the present, premorbid factors

impact on the potential

attributable morbidity and

mortality of an acute insult;

deleterious consequences of

insult heavily dependent on

genetic predisposition (future).

Insult infection Culture and sensitivity of

infecting pathogens;

detection of disease

amenable to source control.

Assay of microbial products

(LPS, mannan, bacterial

DNA); gene transcript profiles.

Specific therapies directed

against inciting insult require

demonstration and character-

ization of that insult.

Response SIRS, other signs of sepsis,

shock, CRP.

Nonspecific markers of activated

inflammation (e.g., PCT

or IL-6) or impaired host

responsiveness (e.g.,

HLA-DR); specific detection

of target of therapy (e.g.,

protein C, TNF, PAF).

Both mortality risk and potential

to respond to therapy vary with

nonspecific measures of

disease severity (e.g., shock);

specific mediator-targeted

therapy is predicated on pre-

sence and activity of mediator.

Organ dysfunction Organ dysfunction as number of

failing organs or composite

score (e.g., MODS, SOFA,

LODS, PEMOD, PELOD).

Dynamic measures of cellular

response to insult—apoptosis,

cytopathic hypoxia, cell stress.

Response to pre-emptive therapy

(e.g., targeting microorganism

or early mediator) not possible

if damage already present;

therapies targeting the injur-

ious cellular process require

that it be present.

Abbreviations: CRP, C-reactive protein; HLA-DR, human leukocyte antigen-DR; IL, interleukin; LODS, logistic organ dysfunction system; LPS, lipopoly-

saccharide; MODS, multiple organ dysfunction syndrome; PAF, platelet-activating factor; PCT, procalcitonin; PELOD, pediatric logistic organ dysfunction;

PEMOD, pediatric multiple organ dysfunction; SIRS, systemic inflammatory response syndrome; SOFA, sepsis-related organ failure assessment; TLR, toll-

like receptor; TNF, tumor necrosis factor.

Source: From Ref. 4.
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organism. The glycolipid region, known as lipid A, is
responsible for the toxicity of LPS. Infusion of LPS into
human volunteers elicits many of the signs and symptoms
of septic shock (9). Peptidoglycan is a complex sugar con-
sisting of N-acetylglucosamine and N-acetylmuramic acid
units cross linked by pentapeptides. Peptidoglycan is
found both in gram-negative and gram-positive bacteria.
Lipoteichoic acid is limited to gram-positive bacteria,
whereas lipoproteins and flagella are found in both
gram-positive and Gram-negative bacteria.

Some of the interactions between PAMPs and PRRs are
complex. Optimal recognition of LPS requires a plasma
protein that binds LPS (known as LPS binding protein or
LBP) (10). LBP catalytically transfers the LPS to a second
protein known as CD14 (11). This protein exists both on the
surface of macrophages and PMN and circulates in the
plasma. Membrane CD14 is part of the macrophage receptor
LPS receptor; soluble CD14 is part of the endothelial cell LPS
receptor. CD14 binds LPS very well and is needed for a robust
LPS response, but it cannot signal the cell that LPS is present,
because it lacks a transmembrane region. CD14 associates
with PRRs known as Toll-Like Receptor 4 (TLR-4) and an
associated protein MD-2 (12,13). TLR-4 is responsible for sig-
naling the interior of the cell that LPS is present in the
environment by forming clusters of protein that activate intra-
cellular kinases. Some of the other PAMPs react with more
than one type of TLR, so that combinations of PRRs can
signal the presence of a specific PAMP (14). Once the TLR
has signaled that PAMPs are present within the environment,
a complex series of intracellular signaling events is triggered
(15). The end result of these signals is the transcriptional acti-
vation of many genes. Studies in human dendritic cells
demonstrated that roughly 10% of the genes measured had
significant changes in transcription levels after exposure to
whole E. coli bacteria (16). Some of the specific genes that
are affected by PAMP interaction with PRR will be discussed.

Table 4 Organ Systems Involved in Sepsis and Their Role

in Mediating the Inflammatory Response

Organ system

Mediations involved

in SIRS and sepsis

Hypothalamic-pituitary

adrenal corticoid axis

ACTH! Cortisol

CNS Fever, obtundation

Peripheral sympathetic

and parasympathetic

nervous system

Epinephrine

Norepinephrine

Acetylcholine

Endothelial cells Early Tissue factor

ICAM, VCAM

TNF, IL-1, IL-6, NO

Late Apoptosis, IL-10,

TNF receptors

Monocytes/
macrophages

Early TNF, IL-1, IL-6

Tissue factor

MHC class II

Late IL-4, IL-10

IL-13

Apoptosis

Liver Acute phase proteins

C-reactive protein

IL-6, LPS-binding protein

many others

Lung Acute lung injury

ARDS

Kidney Acute tubular necrosis

Abbreviations: ACTH, adrenocorticotropic hormone; ARDS, acute respir-

atory distress syndrome; CNS, central nervous system; ICAM, intracellular

adhesion molecule; IL, interlukin; LPS, lipopolysaccharide; MHC, major

histocompatability complex; NO, nitric oxide; SIRS, systematic inflamma-

tory response syndrome; TNF, tumor necrosis factor; VCAM, vascular

cellular adhesion molecule.

Table 5 Pathogen-Associated Microbial Patterns and Their Specialized Toll-Like Receptor

TLR # PAMP Comments

TLR-1 Lipoproteins Also bound by TLR-1 and TLR-6

TLR-2 Peptidoglycan, lipoproteins,

lipoteichoic acid glucan (fungal)

Peptidoglycan is a cell wall constituent of gram-positive bacteria

(e.g., Staph and Strep). Lipoteichoic acid is a constituent of the

cell wall. Glucan is a fungal constituent. Another receptor

binding glucan is dectin

TLR-3 Double-stranded RNA (dsRNA) dsRNA genomes belong to such viruses as the Colorado tick

fever virus

TLR-4 LPS also

known as endotoxin

LPS is located in the outer membrane of gram-negative bacteria

(e.g., E. coli, Salmonella) Other receptors also binding to LPS

include MD-2, CD-14, LPS-binding protein

TLR-5 Flagellin Flagellin is a constituent of the flagella found on many motile

bacteria (e.g., Listeria)

TLR-6 Lipoproteins Also bound by TLR-1 and TLR-2

TLR-7 Single-stranded RNA (ssRNA) ssRNA genomes belong to such viruses as influenza, measles, and

mumps

TLR-8 Single-stranded RNA (ssRNA) (see above)

TLR-9 Unmethylated CpG of the DNA CpG islands in mammals are located around “promoters” of genes,

and tend to have methyl groups attached.

TLR-10 Unknown Similar in structure to TLR-1 and TLR-6

TLR-11 Unknown Found in liver, bladder, and kidney, may have a role against uro-

pathogenic bacteria (i.e., E. coli)

Abbreviations: CpG, cytosine phosphodiester guanine (a specific dinucleotide motif of DNA); LPS, lipopolysaccharide; PAMP, pathogen associated microbial

patterns; TLR, toll-like receptor.
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The Mammalian Response to Pathogen-Associated
Microbial Patterns: The Cells

A wide variety of mammalian cells respond to PAMPs.
These include PMNs, blood monocytes, tissue macro-
phages and dendritic cells. All these cells express CD14
and TLRs and are major participants in the inflammatory
response to PAMPs and microbial infection. The endothelial
cell is also responsive to PAMPs. Though it lacks CD14, it
responds to LPS via soluble CD14 and TLR-4; the endothelial
cell also expresses the other TLRs important for responses to
PAMPs (15,17). Epithelial cells, such as respiratory epithelial
cells, bladder epithelial cells and many other types of
epithelial cells susceptible to infectious organisms, are also
responsive to various microbial derived products. Vascular
smooth muscle cells, cardiac myocytes and a wide of
other cell types also respond to PAMPs.

Mammalian Response to Pathogen-Associated Microbial
Patterns: Genes and Protein Induction
As mentioned above, the transcriptional response to PAMPs is
very dramatic. To briefly summarize the response of macro-
phages, there is a decrease in the transcription of genes associ-
ated with phagocytosis and genes coding for PRR (16).
Conversely, there is a transient, but dramatic, increase in cyto-
kines (e.g., TNF-a, IL-1a and b, IL-6, IFN-g), chemokines (e.g.,
IL-8) and receptors for these proteins. Tissue factor expression
is also up-regulated. In addition, there is an up-regulation of
genes coding for antigen presentation molecules, and genes for
enzymes that make reactive oxygen intermediates and reactive
nitrogen intermediates. As time progresses, expression of the
anti-inflammatory cytokine IL-10 develops, as does expression
of genes involved in programmed cell death or apoptosis (16).

The response of endothelial cells is similar with early
increases in expression of cytokines and chemokines and
increased expression of the surface adhesion molecules. Two
of the most well described adhesion molecules are the intercel-
lular adhesion molecule (ICAM) and the vascular cell adhesion
molecule (VCAM). In the case of ICAM and VCAM, these
adhesion molecules bind to integrins located upon the
cell surface of circulating leukocyte (Fig. 1). The binding of
these receptors allows the leukocyte to undergo other
modifications involved in the immune response to infection.

Other adhesion molecules include tissue factor, and
inducible nitric oxide synthase (iNOS) (18–20). Many of
the activated genes express proteins that act to stimulate
cells further. For example, TNF-a stimulates macrophages
and endothelial cells to produce more TNF-a, IL-1a, IL-6,
and to activate expression of genes leading to apoptosis, or
programmed cell death. The response to microbial infection
changes with time: early on, there is a prominent inflamma-
tory response, but as time progresses the response changes
to an anti-inflammatory one, with IL-10 production and
apoptosis of many cell types becoming predominant
(discussed further in Volume 2, Chapter 63).

The induction of inducible iNOS probably plays a
major role in the early “warm shock” state sometimes
seen. This is low systemic vascular resistance (SVR) in the
face of hypotension; often good perfusion of the skin is
seen when the central organs are not being adequately per-
fused. Nitric Oxide (NO) made by iNOS diffuses from the
endothelial cell into the adjacent vascular smooth muscle
cell and triggers muscle relaxation.

Induction of tissue factor on the surface of endothelial
cells and macrophages triggers the coagulation pathway. The
expression of tissue factor activates Factor VII to VIIa, which

stimulates the coagulation cascade leading to the formation
of fibrin clots. This is the major mechanism by which sepsis
triggers disseminated intravascular coagulation (DIC).

Bacterial surfaces, LPS, peptidoglycan and immune
complexes activate the complement cascade. This leads
to activation of C5 to C5a, which is an anaphylotoxin. This
protein elicits PMN chemotaxis, release of granular
enzymes from phagocytic cells, vasodilatation, and
increased vascular permeability (21).

DIAGNOSIS OF SEPSIS
The Clinical Presentation
All physicians have been trained to recognize sepsis. It is a
problem that does not respect medical or surgical bound-
aries. However, definitions tend to be fairly broad. The
current and most widely used definitions are shown in
Table 1. SIRS has a very broad definition that includes most
people with significant infections. In addition, people with
pancreatitis, severe trauma or thermal burns can present
with SIRS (see Volume 2, Chapter 63). Only a subset of
patients with SIRS has sepsis. Conversely, not all patients
who are septic have SIRS. Patients who are elderly, those
who are chronically ill, and those on corticosteroids or other
immunosuppressive drugs tend not to generate as robust of
an inflammatory response as young, healthy individuals.

There are a few clinical clues to sepsis that deserve
mention. Patients frequently present with an intense feeling
of anxiety. Altered mental status is also a condition that
should trigger suspicions of sepsis as well as central nervous
system disease. Tachypnea is another very early sign of
sepsis; tachypnea with a low PaCO2 and a normal pH suggests
that lactic acidosis is occurring. All patients with SIRS should

Figure 1 Binding of leukocyte and its integrins to the endothelial

cell by way of immunoglobulin adhesion molecules during the

process of neutrophil migration. During inflammation adhesion

molecules promote leukocyte emigration from capillaries through

a series of steps involving various adhesion molecules. Rolling of

the leukocyte upon the endothelial occurs after binding L-, P-, and

E-selectins (not shown). The leukocyte is stopped by binding to

ICAM-1 and VCAM-1 (as shown). Shape change and aggregation

occurs after binding with LFA-1 receptors (shown in figure).

Migration through the endothelial cell wall occurs after binding of

ICAM-1, and VCAM-1, as well as others not shown. Abbrevi-

ations: ICAM-1, intercellular adhesion molecule; LFA, lymphocyte

functional antigen; Mac-1, macrophage antigen-1, CD11b/CD18;

VCAM-1, vascular cell adhesion molecule; VLA-4, very late

antigen 4 or CD49d/CD29. Source: From Ref. 46.
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have a complete and careful physical examination in search of
signs of infection and possible sources. The “classic” presen-
tation of septic shock is as “warm shock,” where the patient
is hypotensive with warm and well perfused skin and extremi-
ties. This state is due to a high cardiac output and low SVR.
Later in the course of sepsis, or in patients who can’t increase
their cardiac output, the hypotension may become associated
with peripheral vasoconstriction, and petechial lesions
suggest DIC (e.g., meningococcemia). A complete physical
may suggest a source of infection that will help focus efforts
to collect appropriate cultures and or drain an abscess.
Frequent sources of infection in critically ill trauma patients
include the lungs (pneumonia), invasive lines, the abdomen
(if injured or operated upon—especially if known fecal
contamination occurred), and the urinary tract, among
others (Table 6). Areas that are often forgotten include the para-
nasal sinuses (Volume 2, Chapter 51), the throat, the joints, the
sacrum (decubitus ulcers), and rectum (peri-rectal abscess).

The Laboratory Examination
Standard Laboratory Tests
Patients with SIRS typically have an elevated WBC count with
a shift toward immature band forms. However, in some cases
the WBC count falls rather than rises (Table 2). The platelet
count is variable; low counts suggest DIC (Volume 2,
Chapter 58) while high platelet counts are associated with
the inflammatory response (Volume 2, Chapter 63). The eryth-
rocyte sedimentation rate (ESR) has long been used as a
nonspecific indication of infection or inflammation. Both the
ESR and CRP are acute phase proteins, and tend to be elev-
ated, just like those that play a role in the pathogenesis of

sepsis, such as LPS binding protein. Recent studies have
tested the ability of other markers to predict the development
of septic shock in patients with SIRS. The proteins IL-6, IL-8,
and procalcitonin have been investigated as markers of
sepsis. One group has shown that an elevated procalcitonin
level is a good predictor of sepsis and septic shock (22).
These tests are not widely available, and others have suggested
that clinical parameters are perfectly adequate predictors (23).
The current understanding of CRP and procalcitonin in sepsis
and SIRS is more fully developed in Volume 2, Chapter 63.

Currently, there is no clinically useful test for LPS in
the blood. Potential reasons for this include the high
degree that LPS is bound to serum lipoproteins and a short
circulating half-life. Furthermore, since Gram-positive
bacteria can cause septic shock, a useful test for LPS could
miss as many as 50% of the cases, making LPS a less
useful universal test for sepsis, even if available.

In severe sepsis there is a tendency for lactic acid to
accumulate so the patient presents with an anion gap meta-
bolic acidosis. Often the patient will have a compensatory
tachypnea, lowering the PaCO2 and almost normalizing
the pH. If organ damage develops the laboratory signs of
that damaged organ are seen.

The timely and appropriate collection of cultures is
a mainstay of diagnostic management of sepsis. The
results of cultures are not available immediately, but if cul-
tures are not collected before antibiotics are administered,
it is impossible to clinically distinguish patients with
bacteremia from those with SIRS due to noninfectious
causes. All patients with a diagnosis of SIRS should have
blood and urine cultured. If there is a pulmonary infiltrate,
sputum Gram stain and cultures should also be obtained.

Table 6 Sources of Infection in Trauma and Critical Care

Source Diagnostic criteriaa Comments/clinical examples

Lungs (pneumonia)

(see Volume 2,

Chapter 48)

Pulmonary infiltrate, sputum gram stain and

culture identifying specific organism

Aspiration may occur at scene or during resuscitation

ALI, ARDS from TRALI, fat emboli, pulmonary

contusion, Later .3–5 days, nosocomial.

organisms (e.g., Pseudomonas, Enterobacter)

Invasive lines

(Line sepsis)

(see Volume 2,

Chapter 49)

Differential blood cultures

(catheter and peripheral site), pus and

erythema around skin entry site (unless

immunosuppressed)

Catheters should be removed whenever infection

suspected (do not change over wire).

Abdomen (peritonitis)

(see Volume 2,

Chapter 50)

Obvious acute abdominal source.

Not tolerating tube feeding

Rare unless prior ABD trauma, or prior ABD oper-

ation (risk " with spilled visceral contents.) or in

cirrhotic patients.

Urinary tract

infection (UTI)

(see Volume 2, Chapter 46)

Dysuria, frequency, urgency, bacteriuria Bacterial colonization is common in catheterized

patients. Significant UTI more common in

immunosuppressed, or those with stone, tumor,

clots, or obstruction.

Soft tissue (Abscess!

necrotizing fasciitis

Volume 1, Chapter 29)

Tenderness, swelling eryethema over site,

becomes fluctuant with abscess,

subcutaneous emphysema

and disruption of fascial plane with

necrotizing fasciitis

Many sources of skin disruption following trauma

and critical care; " risk in diabetes, and

immunosuppressed.

Sinus tract (sinusitis)

(see Volume 2, Chapter 51)

Headache, purulent nasal discharge, pain

over involved sinus(s)

Presence of tubes in nares prolonged supine position

all " risk.

Acalculous cholecystitis

(see Volume 2,

Chapters 35 and 50)

Tenderness over G.B. bed (“Murphy’s Sign”),

G.B. wall thickening and sludge

on ultrasound

Prolonged GI tract disuse. " risk

(i.e., npo þ/2 TPN).

aFever and leukocytosis are common diagnostic finds for each of these sources.

Abbreviations: ALI, acute lung injury; ARDS, acute respiratory distress syndrome; TRALI, transfusion associated lung injury; ABD, abdomen; GB, gall

bladder; npo, non per os (nothing per oral route); TPN, total parenteral nutrition; ", increased.
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Microbiology
In the setting of trauma, most patients with SIRS do not

have an infectious source. Overall, only about 30% to
40% of trauma patients with SIRS turn out to have an infec-
tion (24). In these patients, there is roughly a 50% incidence
of infections due to Gram positive bacteria and 50% incidence
of infections due to Gram negative bacteria (1,24–26). A break-
down of the most common organisms found in bacteremic
sepsis in one typical study is shown in Table 7 (24). The
most prevalent organisms are E. coli and Staphylococcus
(aureus or coagulase negative, depending on the study). In
some ICU settings, yeasts account for 10% of the cases of sep-
ticemia, with the majority of these being Candida albicans (26).
Meningococcemia and streptococcemia, classic causes of
sepsis, are rare compared to these organisms. The primary
sources of bloodstream infections are typically the pulmonary
tree (40%), the abdomen (32%), urinary system (8%), soft
tissue (5%), and intravenous catheters (4%) (24). Patients do
not have to be bacteremic to develop sepsis.

Fungemia is a growing cause of sepsis in the ICU
setting. This is almost always due to Candida species,
usually C. albicans. Candidemia is most often a nosocomial
infection in a patient receiving broad spectrum antibiotics,
which affects the normal gastrointestinal flora and allows
overgrowth of the yeast. As colonization spreads from the
GI tract to the airway, the skin, and the urinary tract, the
probability of candidemia increases. Blood cultures for
yeast often take several days to be recognized as positive.

The most common parasitic cause of septic shock is
malaria. Plasmodium falciparum is a very common cause of
sepsis in the endemic area and should be considered in
travelers to the tropics. The other species of Plasmodium
are usually not associated with shock.

Viruses are uncommon causes of sepsis except in
young children.

TREATMENT
Antibiotic Therapy for Sepsis
One of the first tasks in managing patients with trauma and
SIRS is to assess the patient and decide whether they have
SIRS or sepsis. Most patients with trauma and SIRS on

admission to the hospital do not have sepsis (24). Those
with a fever, an elevated WBC count with a left shift or
signs and symptoms of a localized infection are more
likely to have sepsis. Elevated plasma levels of procalcitonin
have also been found by one group to be associated with
sepsis in patients with trauma (22). The development of
SIRS in the hospital raises the level of suspicion that an
infection has developed, either as a result of the trauma or
a nosocomial infection.

There is no evidence that antibiotic therapy
improves the outcome of SIRS in the absence of sepsis.

A great deal of money is spent on prophylactic antibiotics
in patients with SIRS and these antibiotics have an adverse
effect on the antibiotic resistance profile of organisms
found in the ICU.

The distinction between SIRS and sepsis is critical
because it triggers the decision tree for the administration

of antibiotic therapy. Patients with presumed sepsis
should all receive antibiotics, while those with SIRS alone
should not. The choice of antibiotics depends upon the pre-
sumed or known microbiologic source of sepsis (Table 6), the
antibiotic sensitivity profile of bacteria in the hospital, aller-
gies affecting that patient, and the antibiotic choices offered
by the hospital formulary. For example, in patients with
sepsis and evidence of a urinary tract infection, coverage
should be focused on Gram-negative rods and/or Entero-
cocci. If there is no clear source of infection, antibiotic cover-
age should include both Gram-positive and Gram-negative
bacteria. The incidence of Methicillin-resistant Staphylococcus
aureus (MRSA) varies greatly from area to area. In most
urban centers, however, the incidence of MRSA is high
enough (.15%) to warrant the initial use of vancomycin
(until isolates demonstrate sensitivities). Similarly, the anti-
biotic sensitivity pattern of Gram-negative bacteria is highly
variable. In general, a third-generation cephalosporin or an
anti-pseudomonal penicillin with a beta-lactamase inhibitor
(with or without a quinolone) are reasonable choices for
Gram-negative organisms. The low incidence of obligate
anaerobes in the bloodstream (Table 7) is probably due to
the source of the cultures; in patients with an abdominal
source of sepsis obligate anaerobes should be covered as well.

Regarding fungal sepsis, fluconazole is adequate
therapy for candida colonization and prophylaxis. However,
candida species other than albicans are not reliably sensitive
to fluconazole. Sepsis due to filamentous fungi is very
uncommon, and only occurs in the immunocompromised.
Invasive fungal infections require treatment with amphoteri-
cin-B, an echinocandin (e.g., caspofungin), or voriconazole
(see Volume 2, Chapter 53).

Clinicians should develop reasonable antibiotic treat-
ment strategies to achieve microbial coverage for commonly
encountered pathogens and use those antibiotics in the
majority of situations. That allows the physician to become
familiar with the antibiotic dosages and side effects. One
should avoid using unfamiliar or novel antibiotics unless
there is a clear rationale for their use. Just as importantly, the
results of cultures should be used to modify decisions. If the
patient has bacteremic sepsis without a clear source, the anti-
biotic use can be tailored to treat the organism causing the bac-
teremia. Volume 2, Chapter 53 provides a review of antibiotic
selection for various causes of sepsis. If the patient has no posi-
tive cultures and the SIRS are improving, antibiotics can be
stopped.

A major source of sepsis in the ICU is IV
catheters. Care should be taken to insert all catheters

Table 7 Blood Culture Isolates from Patients with

Bacteremic Sepsis

No. Percentage

Gram positive (n ¼ 473)

Staphylococcus aureus 180 20

Coagulase-negative Staph. 90 10

Pneumococcus 74 8

Enterococci 46 5

b-hemolytic streptococci 34 4

Gram negative (n ¼ 406)

E. coli 246 28

Klebsiella sp. 36 4

Enterobacter, Citrobacter,

Serratia spp.

28 3

Pseudomonas 32 4

Other organisms (n ¼ 44)

Candida 14 2

Anaerobes 27 3

Source: From Ref. 24.

Chapter 47: Sepsis 835



aseptically, and catheter care should be a part of the daily
routine. If the patient develops sepsis in the hospital, blood
cultures should be drawn through the central venous and
arterial catheters as well as from a peripheral vein. If a
decision is made to change an IV catheter a new puncture
site should be used to insert the new catheter; changing a
catheter over a wire does not decrease the chance of cath-
eter-related bacteremia. Prevention of ventilator-associated
pneumonia and urinary tract infections associated with
Foley catheters is also important.

Early Goal-Directed Therapy of Fluids and
Vasopressors
A recent study has emphasized the usefulness of early, aggres-
sive and structured therapy with crystalloid and vasopressive
agents (27). The study randomized patients to “early goal-
directed” therapy versus standard therapy. In those who
were treated with the goal-directed therapy, a central venous
catheter capable of sensing mixed venous O2 (ScvO2) and an
intra-arterial catheter were inserted in the Emergency Ward.
The patients were given fluids, vasopressors, or vasodilators
to maintain the central venous pressure between 8 and
12 mmHg, the mean arterial pressure between 65 and
90 mmHg, and urine output .0.5 ml/kg/hr and the ScvO2

.70%. Once these parameters were achieved, SaO2 .93%,
hematocrit .30%, and the cardiac index was maximized by
blood transfusion and use of dobutamine in increments of
2.5 mg/kg/min (adjusted every 30 min) to maintain the
central venous oxygen saturation at 70% or higher with a
maximal dose of 20 mg/kg/min. If these parameters
could not be achieved, the patients were sedated and
mechanical ventilation was started to decrease oxygen
consumption. This therapy was done in the Emergency
Ward. After six hours of therapy, the two groups of patients
were treated identically. The mortality rate was monitored
for 60 days. The group treated with early goal-directed
therapy had a dramatically lower in-hospital mortality
(30.5%) compared to the standard therapy group (46.5%).
The 28- and 60-day mortality rates were also better in the
early goal-directed therapy group. This was a relatively
small study (263 patients total), but this approach makes a
great deal of common sense, should be easy to implement,
and is inexpensive.

Glucose Management
An important recent discovery impacting outcome in

sepsis is the importance of tight glucose control in the sur-
gical ICU population (28). Patients who were treated with
an insulin drip to maintain their blood sugar between 80 and
110 mg/dl had a significantly better survival than patients
whose blood sugar was allowed to rise to 180 mg/dl
before insulin therapy was stated. The incidence of sepsis
was also lower in the tight glucose control group (see
Volume 2, Chapter 60).

Corticosteroids
The role of corticosteroids has been studied intermittently
for 40 years. It is clear that high dose steroids are not
helpful in sepsis. More recently, the finding that some
patients had “relative” adrenal insufficiency revived the
notion that low dose corticosteroids might be helpful in
sepsis. The concept of “relative” adrenal insufficiency is
somewhat fuzzy. Patients with SIRS or sepsis tend to have
elevated baseline cortisols, which may explain their poor

response to adrenocorticotropic hormone (ACTH). One
small clinical trial has suggested that patients with a
blunted response to ACTH (75% of the total) had a lower
mortality rate than controls if they were treated with 50 mg
hydrocortisone IV every six hour and 50 mg of fludrocorti-
sone orally every day for seven days (29). All patients
were enrolled within eight hours of admission to the ICU.
There was no difference in the mortality rates in those
patients without relative adrenal insufficiency but there
was a difference in mortality rate in the whole patient popu-
lation. This paper supports the use of low dose corticoid
therapy. However, it is a single, relatively small study.
There is no clear consensus definition of a blunted response
to ACTH. The incidence of blunted responses in this study
seems extraordinarily high. For all these reasons, the
routine use of steroids cannot be recommended. In patients
who are on chronic steroids, or those who have adrenal
insufficiency, stress dose steroids should be administered.

Adjunctive Therapies for Sepsis
Activated Protein C- PROWESS Trial

Activated protein C is the first useful adjunctive therapy
for sepsis documented in a large, international randomized
clinical trial (PROWESS: Protein C Worldwide Efficacy Trial
in Severe Sepsis) (30). The rationale for this therapy was
that activated protein C (APC) inhibits the clotting cascade at
several points and has anti-inflammatory properties (31).
The levels of APC are depressed in patients with meningo-
coccal sepsis, and those patients are not able to activate
exogenous protein C (32). In the PROWESS trial, patients
had to be enrolled within 24 hour of onset of SIRS. Patients
with ,30,000 platelets, or on therapeutic doses of anticoagu-
lant, those with recent surgery, head trauma, GI bleeding,
chronic renal failure, cirrhosis, bone marrow transplants, or
HIV infection were excluded. APC was given as a 96 hour con-
tinuous infusion. The study showed that 25% of the patients
treated with APC died by 28 days after treatment compared
to 31% in the control group (P ¼ 0.005). The levels of D-
dimer and IL-6 were significantly lower in the APC group
than in the control patients. APC therapy improved the
outcome in patients with both Gram-positive and Gram-nega-
tive sepsis. Those patients older than 50 and with more than
one dysfunctional organ had maximum benefit. The incidence
of serious bleeding was higher in the APC group than in the
control group (3.5% vs. 2%), but did not quite reach statistical
significance (P ¼ 0.06).

The PROWESS trial indicates that APC is a useful
adjunctive therapy for the treatment of septic shock. There
is disagreement among experts about how widely APC
should be used. The Food and Drug Administration (FDA)
has approved APC for the therapy of septic shock in patients
with an Acute Physiological and Chronic Health Evaluation
(APACHE II) score .25. There are many issues left unre-
solved. The drug is expensive, costing $6000/patient, so it
should not be given to patients with SIRS without strong
evidence of an infection. Furthermore, many of the exclusion
criteria are common clinical situations. If a patient has DIC
and platelets of ,30,000, should they be excluded? What
about patients with chronic renal failure on dialysis, or
those who have been treated with a bone marrow trans-
plant? These questions remain unanswered.

It is interesting that another inhibitor of the coagu-
lation pathway, anti-thrombin III, is not an effective
therapy for sepsis (33). There is no clear reason why APC
is effective and anti-thrombin III is not.
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Failed Attempts of Adjunctive Therapy
There have been many other randomized trials of adjunctive
therapies for sepsis over the past 30 years and almost all of
them have failed to demonstrate any benefit. There are
several excellent reviews of these trials (21,34–39). Problems
that all of these trials face include heterogeneity of the
patient population, uncertainty of the optimal timing of
the administration of the potential therapy, uncertainty
of the optimal dose of the potential therapy and the use of
“all cause mortality” as an endpoint. These trials are also
now facing the reduction in mortality rate of sepsis to 30%.
Given the severity of some cases of sepsis, it is not clear
how much lower the mortality rate can be expected to fall,
even with effective adjunctive therapy. The decreasing
mortality rate for sepsis increases the number of patients
that must be enrolled in a given clinical trial, and therefore,
increases the expense and time involved. It is no wonder
that the “nearly 40-year history of clinical trials of anti-
inflammatory strategies for the treatment of sepsis has
been referred to as a ‘graveyard’ for pharmaceutical
companies . . .” (21).

Marshall has suggested a rational approach to decid-
ing what compounds should be tested in clinical sepsis
trials and how those trials should be done (34). These
include testing in a panel of animal models of sepsis, includ-
ing endotoxinemia and sepsis, to ensure that the interven-
tion actually has some promise in preclinical studies. He
also suggests that physiologic testing be done for patients
with sepsis before an efficacy trial is considered. He also
proposes that morbidity, as well as mortality, be considered
as an endpoint. We will not extensively review the unsuc-
cessful treatments here, but will briefly touch on a few of
the most prominent trials.

Anti-endotoxin Therapy with Antibody
The first trial of anti-endotoxin strategy was done using
polyclonal antiserum to a whole bacterial vaccine, using
an E. coli strain that lacked most of its polysaccharide
(40). Patients with Gram-negative sepsis were the popu-
lation treated, and there was a statistically significant
decrease in the mortality rate in those given immune
serum compared to those given preimmune serum. This
led to the creation of a monoclonal antibody to the lipid
A region of LPS, known as HA-1A. HA-1A was tested in
two trials. In the first, patients with Gram-negative sepsis
were thought to benefit from antibody therapy (41). In a
second clinical trial there was no benefit seen (42).
Since only 50% of the patients with septic shock have
Gram-negative infections, it is perhaps not surprising that
this therapy was not effective in the total population.
However, subsequent in vitro experiments suggested that
the monoclonal antibody bound to LPS poorly and did
not neutralize its biological activity (43). There are naturally
occurring LPS binding proteins. One of these is called bac-
tericidal/permeability-increasing protein (BPI). This is a
protein naturally found in the granules of neutrophils.
A recombinant fragment of BPI was found to have
some activity in meningococcal sepsis, using morbidity as
an endpoint (44). The study was underpowered to detect
differences in mortality, primarily because so many patients
died or became moribund before the study drug could
be administered. This study does validate the concept
that anti-LPS therapy might work in a disease where
endotoxin is the primary PAMP, such as meningococcal
disease.

Anti-tumor Necrosis Factor Therapy
The most extensively studied adjunctive treatment for sepsis
has been anti-TNF therapy, with either monoclonal anti-
bodies or soluble TNF receptors. The 10 studies investigating
anti-TNF therapies have been recently reviewed by Marshall
(34). Though some small studies show a trend toward
benefit, larger studies show no effect. In one study using a
tumor necrosis factor:Fc receptor fusion protein, higher
doses of the protein appeared to be associated with
increased mortality (45).

Nitric Oxide Synthase Inhibitors
Since Nitric Oxide is a potent vasodilator, there was initially
a great hope that inhibition of its formation would be an
effective therapy for septic shock. Unfortunately, several
different types of NO synthase inhibitors have been tested
and found to improve blood pressure and decrease the
need for vasopressors but not improve the mortality in
sepsis (34).

EYE TOTHE FUTURE

Bacterial resistance to antibiotics is an increasing problem
in medicine. Improved understanding of the receptors
allowing bacterial adherence and virulence are yielding mul-
tiple promising areas to focus treatment of sepsis. Indeed,
we may soon have techniques for manipulating surface
adhesion molecules to either promote leukocyte migration
or inhibit bacterial adherence in the first place (46). In
addition, the recent success of the PROWESS trial and pro-
gress made in understanding the molecular basis of septic
and inflammatory mediators has fostered a renewed
enthusiasm in the pharmaceutical industry to investigate
therapies for sepsis. The interest of physicians in this
problem remains high because of the large number of
patients who die every year. We will briefly discuss a few
promising ideas that are on the clinical horizon, but have
not yet been tested in clinical trials.

Extracorporeal Blood Purification
The idea of purifying blood of inflammatory mediators
and/or PAMPs by hemofiltration or hemadsorption is an
intuitively appealing one. There are a variety of techniques
that could be used. Some of these are used in septic patients
with renal failure, and they seem to be safe. However, there
are no clinical trials to formally assess safety or efficacy (47).

High Mobility Group B1 Protein
High mobility group B1 (HMGB1) protein was initially
identified as a nuclear binding protein. It also binds to the
macrophage and endothelial cell receptor for advanced gly-
cation end products and activates those cells to produce
inflammatory cytokines (36,48). In mouse models of endo-
toxinemia and peritonitis, antibody to HMGB1 protein
improved survival (48,49). HMGB1 protein levels are high
in patients with sepsis, and in one very small sample,
appeared to be correlated with mortality. There are no
intervention studies (or clinical trials) in nonhuman
primates.

Complement C5a and C5a Receptor
The mannose on bacterial surfaces activates complement
through the classical pathway via the mannose binding
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protein, and LPS activates the alternative complement
pathway. Both pathways generate the C5 peptide fragment
C5a, which is a chemoattractant and a pro-inflammatory
peptide. Antibody to C5a improved survival in a rat model
of peritonitis (50). There are no studies in humans or non-
human primates. An obvious hurdle is that C5a at the site
of infection is beneficial only for a brief window of time
(when sepsis syndrome is overwhelming but bacterial
burden is low).

Apoptosis
The idea that apoptosis of immune cells, antigen presenting
cells, and epithelial cells is a critical part of sepsis has
become recognized over the past several years (3,51,52).
One intriguing finding is that activated protein C activates
anti-apoptotic genes in endothelial cells, which may partially
explain its activity in sepsis (31). Specific caspase inhibitors
have been shown to improve survival in a mouse model of
peritonitis (53). This protection appeared to be dependent
upon lymphocytes, though lymphocyte-deficient mice
were much more susceptible to peritonitis compared to
controls.

Two recent studies in septic rodents demonstrated sig-
nificant survival benefit by inhibiting apoptosis (54,55). The
first utilized the knowledge that the protease inhibitor (PI)
class of antiretroviral agents is known to prevent apoptosis
in vitro, and was evaluated in a mouse cecal perforation
and ligation (CPL) sepsis model in regards to lymphocyte
apoptosis and consequent cytokine production (54). The
investigators used a PI mixture consisting of 125 mg/kg
nelfinavir (Agouron Pharmaceuticals, La Jolla, CA, U.S.A.)
and 13 mg/kg ritonavir (Abbott Pharmaceuticals, Abbott
Park, IL, U.S.A.) in 2% ethanol in distilled water or vehicle
control (2% ethanol). Mice pretreated with PIs demonstrated
improved survival (67%; P , 0.0005) compared with controls
(17%) and a significant (P , 0.05) reduction in lymphocyte
apoptosis. Even mice receiving therapy beginning four
hours after perforation demonstrated improved survival
(50%; P , 0.05) compared with controls.

PI therapy is also associated with an increase in the
Th1 cytokine TNF-a (P , 0.05) early in sepsis and a
reduction in the Th2 cytokines IL-6 and IL-10 (P , 0.05)
late in sepsis; despite no intrinsic antibacterial effects, PI
also reduced quantitative bacterial blood cultures. The ben-
eficial effects of PI appear to be specific to lymphocyte apop-
tosis, as lymphocyte-deficient Rag1-/- mice did not
experience benefit from treatment with PI. Thus, inhibition
of lymphocyte apoptosis by PI is a candidate approach for
the clinical treatment of sepsis (54).

The second study demonstrated that the serine threo-
nine kinase Akt over expressed in lymphocytes prevents
sepsis-induced apoptosis, causes a Th1 cytokine propensity,
and improves survival (55). Findings from this study
strengthen the concept that a major defect in sepsis is impair-
ment of the adaptive immune system, and further bolsters
the concept that strategies to prevent lymphocyte apoptosis
represent an important new avenue of sepsis therapy. Once
again, there are no studies of this promising approach in
nonhuman primates or human beings.

SUMMARY

Sepsis continues to be an important problem responsible
for the majority of deaths in the ICU. As we enter a new

millennium, the mortality rate is at 30% in the most aggres-
sively and carefully managed patients. It is likely that further
progress in this syndrome will be incremental, rather than
dramatic. The most important keys to the management of
patients with sepsis are careful attention to their fluid and
pressor management and judicious use of appropriate
antibiotics. Adjunctive therapy with activated protein C
should be strongly considered in patients who meet the
admission criteria and should be thoughtfully contemplated
in some patients who would have been excluded. As in all
phases of medicine, prevention is superior to therapy, so
preventing nosocomial infections should also be a focus of
the ICU practice.

KEY POINTS

SIRS and sepsis are such global responses that focusing
on one or a few aspects of the response necessarily
oversimplifies the true pathophysiology of the disease.
The constituents of microbial organisms that elicit
inflammatory responses are collectively known as
PAMPs.
A wide variety of mammalian cells respond to PAMPs.
These include PMNs, blood monocytes, tissue macro-
phages and dendritic cells.
The timely and appropriate collection of cultures is a
mainstay of diagnostic management of sepsis.
In the setting of trauma, most patients with SIRS do not
have an infectious source.
There is no evidence that antibiotic therapy improves
the outcome of SIRS in the absence of sepsis.
The distinction between SIRS and sepsis is critical
because it triggers the decision tree for the adminis-
tration of antibiotic therapy.
A major source of sepsis in the ICU is I.V. catheters.
An important recent discovery impacting outcome in
sepsis is the importance of tight glucose control in the
surgical ICU population.
Activated protein C is the first useful adjunctive
therapy for sepsis documented in a large, international
randomized clinical trial (PROWESS: Protein C World-
wide Efficacy Trial in Severe Sepsis).
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INTRODUCTION

Hospital-acquired or nosocomial pneumonia is the second
most common nosocomial infection in the United States
and is associated with substantial morbidity and mortality
(1). Conservative analyses estimate the cost related to
increased length of hospital stay and resource utilization to
over $1.5 billion annually (2).

Most hospitalized patients who develop pneumonia
have one or more risk factors, including the age of 65 years
or more, immuno-suppression, altered-sensorium, signifi-
cant pre-existing cardiac or pulmonary disease, or have
undergone major thoraco-abdominal surgical procedures (3).

Ventilator-associated pneumonia (VAP) is defined as
nosocomial pneumonia (NP) in patients who have received
mechanical ventilation for a time period of more than 48 hr
and did not demonstrate any prior signs or symptoms of
pneumonia (4). Although individuals receiving mechanical
ventilation do not comprise the largest subgroup among
all patients that develop NP, they are at the highest individ-
ual risk for this infection. Mechanical ventilation increases
the risk for NP in a time dependent fashion by a factor of
6–21 (5).

Recent data from the Centers for Disease Control
(CDC) National Nosocomial Infection Surveillance (NNIS)
group documents that trauma patients have one of the
highest VAP rates (16.2/1000 ventilator days, Table 1)
amongst critically ill patients (6).

Therapy of VAP can be difficult due to the involve-
ment of resistant organisms and overall reduced state
of health of the host. This contributes to the significant
morbidity and high mortality rates. Prevention of VAP
through an organized multimodality approach is one of
the most important goals in patients receiving mechanical
ventilation.

PATHOPHYSIOLOGYOF VENTILATOR-ASSOCIATED
PNEUMONIA

The pathophysiology of VAP is complex and includes
host-related, equipment-related, and microbial factors that
promote colonization of the tracheobronchial tree, impaired
clearance of micro-organisms, and alteration of the local
immune response, ultimately leading to pulmonary
infection (Fig. 1).

Ventilator Equipment and Health Care Worker Cross
Contamination
Ventilzator equipment and health care worker cross con-
tamination have long been implicated in the pathogenesis
of VAP via means of aerosolization and inhalation of micro-
organisms. The relative risk of contamination contributed by
each component in the chain of infection is reviewed in
Table 2. Although there are numerous possible equipment
related sources of infection, healthcare worker cross
contamination is generally a far more important contributor.

Because of the use of filters, the internal machinery of
mechanical ventilators is not considered an important source
of bacterial contamination of the inhaled gas. Routine sterili-
zation or high-grade disinfection is currently not rec-
ommended (7–9). The current generation of filters is
capable of protecting the internal pathways from coloniza-
tion. However, these filters require periodic replacement.
Furthermore, if patients are ventilated without the filters in
place, high-grade disinfection of the internal machinery is
required.

Studies have shown, however, that the external breath-
ing circuit may become colonized with bacteria within 8 to
24 hours of use (9). In an attempt to decrease the rate of VAP
the impact of scheduled circuit changes at frequencies
ranging from daily to weekly have been studied. No consistent
benefit could be demonstrated with these changes and there is
some evidence that changes more often than every 48 hours
may actually increase the incidence of VAP (10–12). At the
same time no data exists that delineates the maximum safe
duration of use for the circuit tubing. Given the significant
materials and labor costs, routine circuit changes are currently
not recommended and when used should not be done more
frequently than every 48 hours (13–17).

One of the mechanisms believed important in con-
taminating the patient’s tracheo-bronchial tree is related to
accidental spillage of contaminated condensate in the
tubing by improper handling. Spillage of condensate
should be avoided. No studies have shown consistent
benefits of condensate traps versus periodic drainage of
the condensate (18,19).

Most hospitals in the US currently use bubble-through
or wick humidifiers, which does not produce significant
amounts of aerosols. Although inspiratory-phase tubing
condensate formation may be increased, there is no data to
convincingly show an increase in the rate of VAP. The
water in these devices is usually heated to temperatures
that reduce bacterial growth; however, it is currently
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recommended to use sterile or distilled water when operat-
ing these devices to avoid contamination with more temp-
erature resistant species that may be found in tap water
(20–24). High-grade disinfection between uses in different
patients is recommended (21–25). Condensate formation
may be reduced by using heat-moisture exchangers (HME)
or hygroscopic condenser humidifiers (HCH, “artificial
nose”). Some of these devices are equipped with bacterial
filters. The advantage of using such filters is not known,
and all of these devices can increase the anatomic dead
space and resistance of breathing. Respiratory secretions
may lead to partial or complete obstruction and frequent
device surveillance is required (26–32). Another relatively
new attempt of decreasing inspiratory-phase condensate for-
mation is made through use of heated circuit tubing. To date
no studies adequately assess its effect on VAP.

Small volume in-line and hand-held nebulizers for the
application of medications can produce bacterial aerosols if
they or their circuit access site becomes contaminated
through improper handling. It is currently recommended
to use sterile fluids for nebulization, disinfect and air dry

the devices between uses, maintain strict aseptic technique
when accessing the circuit, and avoid multi-dose vials when-
ever possible. Under these circumstances these devices are
not considered a significant source of aerosol contamination
(33–34). It is currently recommended to avoid large volume
nebulizers (greater than 500 cc in volume) whenever poss-
ible. When used, all equipment should be sterilized or
high-grade disinfected between uses or at least every
24 hours (35–38).

Health care worker (HCW) cross contamination has
been shown to play an important role in the pathogenesis of
VAP. The pathogens that cause NP are ubiquitous in the
hospital environment, especially in critical care areas. Trans-
mission occurs via the hands of HCW, improper access to the
circuit or patient’s tracheo-bronchial tree, as well as impro-
per care of respiratory equipment (3). It is of utmost import-
ance to maintain an aseptic technique when accessing the
circuit for the administration of medications, tracheal suc-
tioning, or other manipulations. Washing hands before and
after contact and wearing of gloves must be strictly enforced,
and spillage of circuit condensate into the patient’s tracheo-
bronchial tree should be avoided (39–41).

With regard to tracheobronchial suctioning, no studies
clearly support the preferential use of multi-use closed
system catheters over open systems [single-use catheters,
as long as sterile technique (catheter, gloves)] is maintained
when using open systems (42–45).

Endotracheal Tube and Tracheal Colonization
Endotracheal tube (ETT) bio-film formation and tracheal

colonization have been acknowledged as potentially signifi-
cant factors leading to (chronic) tracheo-bronchitis and

subsequent lower airspace infection. Certain organisms,
particularly Haemophilus influenzae and Streptococci (group I
pathogens, early VAP) as well as Staphylococcus spp., Pseudo-
monas spp. and other enteric gram negative bacteria (group
II pathogens, delayed VAP) seem to have a greater propensity
to colonize the ETT bio-film.

Table 1 Ventilator-Associated Pneumonia in the Intensive Care Settinga

Type of ICU

Number

of ICU’s

Ventilator

daysb
Mean VAP

ratec
Median VAP

rated

Respiratory 7 24,519 4.3 —

Pediatric 75 285,607 4.9 3.9

Medical 134 636,355 7.3 6.0

Coronary 100 173,668 8.4 7.1

Medical-surgicale 179 674,536 8.7 7.6

Medical-surgicalf 121 494,941 10.5 9.4

Cardio-thoracic 64 251,034 10.5 9.5

Surgical 152 638,321 13.2 11.6

Neurosurgical 46 107,820 14.9 11.9

Burn 18 28,935 15.9 —

Trauma 25 106,884 16.2 15.3

aPooled data from the Centers for Disease Control National Nosocomial Infection Surveillance report, issued August 2001.
bPooled total number of ventilator days.
cVAP rate per 1000 ventilator days (mean).
d50% percentile (median) of all units reported.
eNonteaching hospitals.
fMajor teaching hospitals.

Source: From Ref. 233.
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Colonization of the tracheo-bronchial tree was found to
precede the development of VAP in the majority of patients
(46). In one study, over 70% of patients that developed VAP
had identical bacterial isolates recovered from cultures of the
ETT bio-film and tracheo-bronchial suctioning. This corre-
lation was not found in patients that did not develop VAP
(47). Similar to the ventilator circuit, colonization of the ETT
polyvinyl chloride (PVC) material begins within hours after
intubation. In this process the bacteria change from a suspen-
sion-type to a sessile-type growth mode with formation of a
protective glycocalyx layer. Layering of bacteria and poly-
morphnuclear neutrophils suggests a progressive accretion
of respiratory secretions. The sessile bacteria demonstrate
greater resistance [higher minimal inhibitory concentration
(MIC)] against commonly used antibiotics (48). Local disinfec-
tants (chlorhexidine, hexetidine) demonstrate greater bacteri-
cidal activity than standard antibiotic agents against these
sessile bacterial concreations (49). Infection of the lower air-
spaces is believed to result from a progressive descending
spread rather than aerosolization of bio-film material. Distal
spread is aided by trans-ETT airway manipulations (suction-
ing) and impaired muco-ciliary clearance of the proximal
airways (50). Early colonization (,24 hours) was found to be
a significant risk factor (odds ratio 4.1) for VAP in trauma
patients (51). Head trauma patients were found to have
more than 60% colonization within 24 hours, which may par-
tially explain the higher VAP rates in these patients (52). Late
colonization with group II pathogens in some studies has been
linked to the prior use of systemic antibiotics; the use of these
agents predicted the development of late-onset VAP with an
odds ratio of 9.2 (53). Currently, only preliminary data on
the use of alternative ETT materials (i.e., silver-coating) is
available; although these materials seem to reduce bacterial
growth in vitro, their in vivo effect on the incidence of VAP
is not clear (54). All of these devices are associated with signifi-
cant cost and have not yet found widespread utilization in
routine clinical practice (54).

Tracheostomies
The early use of tracheostomies has been proposed as an
alternative to ETT to reduce the incidence of VAP. In
certain patient populations (neurosurgical patients with
Glasgow Coma Scale (GCS) less than nine, multiple-
trauma patients, burn patients with inhalations injury) a
20–40% reduction of the mean duration of mechanical ven-
tilation was shown by some authors through the use of early
(day 3–10 of mechanical ventilation) tracheostomy (55–58).
However, no consistent differences in the incidence of VAP
or mortality rates however been demonstrated. Furthermore,
in a large prospective study on a mixed ICU cohort, the pre-
sence of a tracheostomy carried a significantly increased risk
for the development of VAP (odds ratio 6.7) (59).

With a tracheostomy in place the air stream bypasses
the physiologic filter and immune surveillance organs of
the upper airways. Similar rates of airway colonization
and impairment of muco-ciliary clearance as those found
with ETTs have been demonstrated (60). In addition, tra-
cheostomies, like ETTs, have low-pressure cuffs and do not
prevent (micro-) aspiration of pooled oropharyngeal
secretions (61–63). These findings may in part explain the
offset of results that could be expected from a reduction in
duration of mechanical ventilation. The technique of place-
ment (open surgical vs. percutaneous) does not alter out-
comes and both can be associated with significant
complications (64). To date no universal recommendations
can be made as to when and in what patient population to
consider for early tracheostomy (65).

Oropharyngeal/Gastrointestinal Colonization
and (Micro-) Aspiration
Oropharyngeal and gastrointestinal colonization and (micro-)
aspiration have long been implicated in the pathogenesis of
VAP. The most commonly found organisms in patients with

Table 2 Ventilator Equipment and Health Care Worker Cross-Contamination as a Source of Ventilator-Associated Pneumonia

Cross-contamination mechanism

Relative importance as a

contamination-source—comments

Internal machinery of mechanical ventilation Not a significant source as long as filters are in place.

External breathing circuit Source of bacterial colonization after 24 hr of use. But not a significant source as long

as condensate is frequently emptied (see below) and only one patient is assigned to

be ventilated on each breathing circuit.

Spillage of condensate Large quantities of condensate and exhaled secretions can mix in external tubing. If

spilled into patient’s trachea, this can represent a large inoculum. Condensate must

be emptied frequently.

Humidifiers Humidifiers can become contaminated. However, with proper disinfection between

patients, the use of sterile or distilled water, and frequent emptying of condensate

(see above), contamination is minimized.

In-line hand-held nebulizers In-line nebulizers have been a source of contamination. However, when sterile fluids

and strict aseptic techniques are used, these are not a significant source of

contamination.

If MDIs are used one MDI is issued per patient.

Tracheal–bronchial suctioning As long as sterile technique is maintained, not a source of contamination.

Healthcare worker cross-contamination This is the dominant source of patient cross contamination!

Infectious secretions can be accessed by the health care worker from all of the above

sources, and carried secretions from one patient to the next.

Strict hand washing and the use of gloves are mandatory when touching these items,

and any others that may be contaminated.

Abbreviation: MDI, metered dose inhalers.
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VAP are believed to be endogenously acquired, and are part
of the enteric flora. In radioisotope tracer studies, healthy
non-intubated adults were found to aspirate gastric contents
45% of the time (66). The aspiration rate is believed higher
in intubated patients, particularly in the presence of oral or
nasogastric tubes, with evidence of gastrointestinal dysmoti-
lity (i.e., after abdominal procedures), and in those patients
with swallowing abnormalities (i.e., prolonged intubation,
and depressed consciousness) (67–73).

Increased colonization of the esophagus and
stomach with a bacterial shift towards pathogenic enteric

gram-negative species and candida has been demonstrated
in critically ill patients.

Gastric pH Elevation vs. Sucralfate for Ulcer Prophylaxis
Gastric pH elevation (above four) facilitated by antacid,
H2-blockade, or proton pump-inhibition has been used as
ulcer prophylaxis or therapy. However, pH elevation regi-
ments and continuous gastric tube feeding with duodenal-
gastric reflux has been shown to lead to gastric bacterial
overgrowth (74–76).

A few small clinical trials assessing VAP risk, using
sucralfate as an alternative regimen for peptic ulcer prophy-
laxis, demonstrated lower gastric bacterial counts and a
trend towards lower VAP rates with sucralfate use (77–79).
Meta-analyses did not show a strong correlation and one
study suggested that there might not be a difference in
early onset (,4 days) VAP but a significant reduction in
late-onset VAP (5% w. sucralfate vs. 16% w. antacids and
21% w. H2-blockers) (80–82).

It is currently recommended to use agents that do
not raise the gastric pH in patients with low to moderate risk

of upper GI bleeding. Drugs that lower pH are recommended
for patients at high risk of upper gastrointestinal bleeding.

Indeed, it has been well-documented that patients
with respiratory failure requiring mechanical ventilation
for more than 48 hours have a 15.6-fold increased risk of
developing a gastrointestinal bleed, compared with other
ICU patients (total study cohort ¼ 2252), and therefore
appropriate stress ulcer prophylaxis is of paramount import-
ance (79). In the largest prospective randomized (sucralfate
vs. ranitidine) study done to date (n ¼ 1200 patients requir-
ing mechanical ventilation), sucralfate was associated with a
higher risk of stress-ulcer-related bleeding (3.8 vs. 1.7%,
p ¼ 0.02) and no difference in pneumonia rates was
identified (p ¼ 0.19) (83).

Selective Decontamination of the
Digestive Tract
Selective decontamination of the digestive tract (SDD) has
been suggested for two decades as alternative strategy to
address gastro-enteric bacterial colonization and risk
reduction for VAP (84–86). Optimal SDD regimens are
aimed at reducing colonization with aerobic gram-negative
bacilli and Candida spp. without altering the (protective)
anaerobic flora. Various regimens have used combinations
of nonabsorbable antibiotics (i.e., aminoglycosides, poly-
myxin) or quinolones with Amphotericin B or nystatin,
applied (as paste or solution) to the oropharynx or enterally
via oral or nasogastric tube, as well as combinations with
prophylactic systemic agents (i.e., 2nd or 3rd generation
cephalosporins, trimethoprim) (87–92). Two early, prospec-
tive, randomized, double-blind trials using broncho-
alveolar lavage (BAL) or protected specimen brushing
(PSB) for the diagnosis of VAP failed to demonstrate any

significant benefit from SDD in terms of duration of
mechanical ventilation, incidence of VAP, or mortality
(93,84). However, most studies, including several recent
meta-analyses, have shown an overall decrease in nosoco-
mial infections (particularly after abdominal procedures)
using SDD. The overall impact of SDD on VAP has been dif-
ficult to fully assess because of differences in study designs
and populations, as well as non-stringent criteria for the
diagnosis of VAP and, for the most part, short follow-up
periods (95–97). Formal cost-benefit analyses have not yet
been performed, and the development of antibiotic resist-
ance continues to be a theoretical concern. Because of the
unknown cost-benefit equation, and the concern for resistant
organisms, the recent evidence based guidelines on VAP
developed by the Canadian Critical Society did not
recommend SDD (98).

Enteral Feeding
Enteral feeding (Volume 2, Chapter 32) has been demon-
strated to be beneficial in terms of overall infection rates,
organ dysfunction, nutritional status, and outcome in criti-
cally ill patients (99–103). However, the presence of oral or
nasoenteric tubes and increases of gastric pH caused by con-
tinuous gastric feeding have been implemented in the devel-
opment of VAP. It is currently recommended to routinely
verify the position of these tubes in all patients prior to start-
ing feeds; the patient’s enteric motility should be assessed
routinely by clinical examination and documentation of
gastric residuals. Although gastric feeds should be withheld
upon evidence of significant gastric pooling (despite motility
agents), no data demonstrates a universal benefit of post-
pyloric tubes. Similarly, no clear benefit has been demon-
strated through use of small-bore tubes. Further distal tubes
(i.e., jejunal) and tubes with the combined ability to feed
distally and decompress the gastric reservoir (i.e., gastro-
jejunostomy) that bypass the oropharyngeal-esophageal
route may be beneficial but have not been studied adequately.
All transesophageal feeding tubes should be removed as soon
as clinically feasible (69,100). Acidification of gastric feeds has
been demonstrated to reduce bacterial colonization of the
stomach (104), but no significant difference in the incidence
of VAP was demonstrated in a prospective randomized multi-
center trial (105). Likewise, no data to date convincingly
demonstrates a difference in VAP with the use of bolus
versus continuous enteral feeds (106,107). Randomized
trials show that the semi-recumbent position (elevating the
head of bed �308) compared with the supine position
is associated with less gastroesophageal aspiration and
pneumonia in patients receiving mechanical ventilation
(102,107,108).

Oropharyngeal Colonization, Pooling of Secretions,
and Micro-Aspiration
More recently the concept of oropharyngeal colonization,
pooling of secretions, and micro-aspiration in the pathogen-
esis of VAP has drawn some attention. Studies have shown
that the currently used high-volume low-pressure ETT
cuffs do not prevent leakage of secretions into the trachea.
Although the pathogens most commonly responsible for
VAP are found only infrequently and in low numbers in
the pharynx of healthy individuals, a bacterial shift and colo-
nization similar to that of the stomach occurs in the critically
ill (109,110). The likelihood of (early) colonization substan-
tially increases with depressed consciousness, immunosu-
pression, shock, renal failure, malnutrition, and placement
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of oral or nasogastric tubes (111). Bacterial (adherence)
factors and alteration of the patient’s mucosal defense
(surface proteins and polysaccharides, IgA, pH, etc.)
improve bacterial adherence and growth (112–115).

Recent studies have demonstrated significant
reductions in VAP (37–69%) and mortality (40–45%) in

critically ill surgical and cardiac surgery patients by
improving oral hygiene through frequent suctioning of
pooled secretions and the use of the topical disinfectant
chlorhexidine (116–118).

Specialized Hi-Lo Evac Endotracheal Tubes
Assist with Continuous Aspiration of
Sub-glottic Secretions
In mechanically ventilated patients, subglottic secretions
pool above the ETT cuff, where they can contaminate the
lower respiratory tract and cause pneumonia (119). Recently,
a specialized ETT with an additional lumen that terminates
in the sub-glottic space above the ETT cuff has been devel-
oped to allow for continuous aspiration of sub-glottic
secretions (CASS) (120). The Malencrodt Hi-Lo Evac ETT uti-
lizes the CASS principle, and compared to a standard ETT
has been shown to reduce the incidence of VAP by up to
75% (120).

However, these tubes are associated with increased
material costs, some problems still exist with occlusion of
the suction port by respiratory secretions, and benefits for
patients that are intubated for less than 72 hours may be
questionable (121,122).

Pulmonary De-recruitment
Pulmonary de-recruitment (atelectasis, alveolar col-

lapse) begins early and is progressive in supine patients
receiving mechanical ventilation. The weight of the
abdominal contents is transmitted preferentially though
elevation and dysfunction of the posterior diaphragm to
the posterior inferior lung aspects. At the same time the
weight of the mediastinum is transmitted posteriorly. This
leads to a shift in the ventilation-perfusion (VQ) zones and
relative under-ventilation and vascular congestion of the
posterior lung aspects. Thoracic and abdominal procedures
significantly interfere with chest and abdominal wall com-
pliance and function and aggravate this problem. The use
of higher FiO2 with associated nitrogen washout as well as
loss of surfactant associated with more severe respiratory
failure augments the alveolar collapse. Atelectatic areas of
the lung are at higher risk for bacterial infection due to
increased build up of stagnant secretions. Conventional
mode ventilation (low inspiratory to expiratory [I:E] time
ratio) and use of positive end-expiratory pressure (PEEP)
do not reliably prevent progression of this process. Several
strategies have been employed to address this problem but
none have been studied rigorously.

Inverse I:E ventilation, higher levels of PEEP, and
alternative modes like Airway Pressure Release Ventilation
(APRV) may offer strategies for the prevention of progress-
ive de-recruitment in individual patients with adult respirat-
ory distress syndrome (ARDS).

Kinetic Beds [continuous lateral rotational therapy
(CLRT)] has been shown to be beneficial (123–128). Turn
continuously and slowly between 40–608 off the neutral pos-
ition to either side along the long axis. Some beds incorpor-
ate vibration elements to simulate the effects of chest
physiotherapy. The few studies on this subject have
yielded variable results and suffered from small patient

numbers and flawed design (no randomization, no clear
definitions of pneumonia, no adjustment for confounding
factors); these beds carry a significant cost, impose added
difficulties in routine patient care, and currently cannot be
recommended for routine use (123–128).

Prone positioning therapy has recently evolved
as an alternative means to counteract posterior lung de-
recruitment and attempt to reverse _V= _Q mismatching.
Patients are positioned on special bed frames that can
rotate 1808 along the longitudinal axis and are designed to
allow access to the face in the prone position (i.e., Stryker
frame) or turned and positioned in conventional hospital
beds. Several studies have shown improved PaO2/FiO2

ratios, decreased barotrauma and reversal of diffuse posterior
atelectasis, faster weaning from mechanical ventilation, and
improved outcomes in patients with severe respiratory
failure (129,130). However, no studies to date have specifically
looked at the impact of this mode of therapy on the incidence
of VAP.

Duration of Mechanical Ventilation
Duration of mechanical ventilation itself may be the

single most important risk factor for the development of
pneumonia. The risk for VAP increases in a time depen-
dent fashion (5). Daily cumulative hazard rates are quoted
between 1.3% and 3.3% and the overall risk approached
100% after 30 days of ventilation (131). The time dependent
risk increase of VAP does not follow a linear pattern. There is
an early steep rise in the incidence of VAP during the first
5–10 days (early VAP) and a second phase of more
gradual risk increase at two to three weeks of mechanical
ventilation (late VAP). Several studies have now shown
clear benefits in terms of VAP reduction (40–60%) and
outcome improvement (reduced mortality by more than
40%), employing strategies designed to decrease the dur-
ation of mechanical ventilation (132).

The best results may be achieved by combining several
preventative strategies that address different aspects of the
pathophysiology of VAP. Standardized weaning protocols
based on physiologic parameters (Volume 2, Chapter 28)
help decrease the duration of ventilation particularly in
patients with mild to moderate reversible respiratory
failure (133). Intensive chest physiotherapy, patient position-
ing, and ventilator recruitment maneuvers decrease the pro-
gression of atelectasis. Improved oropharyngeal hygiene
through suctioning, topical chlorhexidine, semirecumbency,
and possibly CASS decrease the impact of upper gastrointes-
tinal (GI) colonization and micro-aspiration. Appropriate
nutritional support (avoidance of large gastric volumes,
enteral feeding access, motility agents) helps to avoid the
complications associated with malnutrition and aspiration.
Strict compliance with contamination precautions and
aseptic techniques when handling airway-related equipment
will decrease tracheo-bronchial inoculation. Prevention of
VAP is the foremost goal in any patient receiving mechanical
ventilation and requires implementation of institutional
multi-specialty programs (118,119,131–134).

DIAGNOSIS OF VENTILATOR-ASSOCIATED PNEUMONIA
Clinical Diagnosis
Consensus regarding the diagnosis of ventilator-associated
pneumonia has been difficult to reach in the past.

The clinical diagnosis of VAP is based on the appearance

of new infiltrates on plain chest radiographs, new or altered
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appearance of respiratory secretions, and general signs of

infection (i.e., leukocytosis and fever).

Radiographic Evaluation of Lung Parenchyma
Critics of this purely clinical diagnosis concept point out
several problems: Plain film chest radiographs are not sensi-
tive and are often inaccurate for the assessment of pulmon-
ary infiltrates ( Volume 1, Chapter 16). In the ICU setting
the chest radiographs are most often done as portable
anterior-posterior films with the patient in a supine position
[Figs. 2(top) and 3(top)]. The anterior and posterior costo-
diaphragmatic as well as the retro-cardiac and lingular
lung areas are difficult to assess. Critically ill patients receiv-
ing mechanical ventilation may develop significant regional
lung collapse (atelectasis) that can mimic infiltrates on plain
chest films. This de-recruitment may be so extensive that
patients require increased ventilatory support, develop
(low grade) elevated temperatures, and in the past have
been labeled with the diagnosis ARDS (Volume 2, Chapter
24) (135–140). Computed Tomography (CT) of the chest
better delineates the distribution of parenchymal changes
but cannot reliably differentiate between collapse and infil-
tration (Fig. 3) (141,142).

Changed Respiratory Secretions
As outlined before, essentially all mechanically ventilated
patients develop bacterial tracheo-bronchial colonization
and altered muco-ciliary clearance with subsequent
changes in respiratory secretions (increased amount, puru-
lent appearance, numerous PMNs). Although not well
studied in ventilated patients, changes in the character and
color of sputum correlates with the degree of bacterial pro-
liferation in the airways. In a recent study in bronchitic
patients, “purulent” sputum was much more likely to have
pathogenic bacterial growth than “mucoid.” Additionally,
a darkening of the sputum color (from yellowish to brown-
ish) was associated with an increased yield of gram-
negative organisms (143). Although tracheo-bronchitis
does not necessarily represent pneumonia, the majority of
critically ill patients with purulent sputum and tracheo-
bronchitis should receive appropriate antibiotic therapy
(see Volume 2, Chapter 53).

Fever and Leukocytosis
Fever and leukocytosis are common in critically ill
patients and may represent a systemic inflammatory
response syndrome (SIRS) due to the underlying illness or
trauma (Volume 2, Chapter 46). Other potential sources of
infection, particularly of the blood stream (i.e., intravenous
catheter related), urinary tract, wounds, and intra-abdomi-
nal infections are common in this patient population and
must be sought diligently.

Transtracheal Aspiration of Sputum and Blood Cultures
In the past, transtracheal aspiration specimen of sputum
and blood cultures have been the gold standard to soli-
dify the diagnosis of NP and VAP (Table 3). The use of
blood cultures is problematic for several reasons: The
majority of patients who develop VAP (at least initially)
do not have a concomitant bacteremia; and at the same
time the false negative rate of “routine” blood cultures
(most often obtained after a temperature spike to
�38.58C) is significant (144). The use of qualitative

Figure 2 Pulmonary infiltrates representing retained secretions

and atelectasis. This series of images depicts a patient a few days

after significant blunt torso and extremity trauma. The patient

required increasing ventilator support and was (low grade) febrile.

The supine anterior-posterior projection plain film chest

radiograph (top) shows bilateral opacifications in both upper and

lower lung fields, consistent with pneumonia or ARDS. The

computed tomography (CT) image of the patient’s chest (middle)

shows predominant posterior consolidation consistent with

pneumonia of dependent atelectasis. A repeat CT of the same

patient after 48 hours (bottom) of intermittent prone position

therapy and intensive chest physiotherapy demonstrates near

complete resolution of the above changes. The patient did not

require antibiotic therapy. Abbreviation: ARDS, adult respiratory

distress syndrome.
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sputum cultures obtained via standard trans-endotracheal
tube suctioning techniques is likewise flawed. It is
impossible to reliably guide the suction catheter (blindly)
to the area in question [segment with infiltrate on chest
x-ray (CXR)]; the so-obtained specimen may become con-
taminated with colonized tracheobronchial secretions.
Although, in the presence of late VAP, there may be a
�70% correlation between the pathogens recovered in
tracheo-bronchial secretions and those responsible for
pneumonia (145), this correlation is less reliable in early
VAP and the true presence of VAP is difficult to establish.
Several studies have noted variable sensitivities (44–86%)
and specificities (95–52%) with accuracies between 61%
and 82% for quantitative endotracheal aspirate
cultures (cut-off levels between 103 and 107 cells/ml)
when compared to histopathologic findings at autopsy
(146–150).

In a study of 255 patients, the statistical agreement of
classical CDC NNIS diagnosis, Johanson Criteria and MD

Probable diagnostic criteria was analyzed (151). Agreement
was poor (kappa , 0.3) for any comparison of diagnostic
tools and VAP diagnosis rates varied from 4% to 48% on
the same patient set (151).

Bronchoscopic Guided Protected Specimen
Brushing and Bronchoalveolar Lavage
Bronchoscopic guided PSB and BAL both employ the use of
bronchoscopy to reach the pulmonary segment(s) of interest.
With these techniques, the amount and quality of secretions
can be assessed visually at the (sub-) segmental level.

For BAL a known quantity of sterile physiologic
saline solution (between 50 and 150 cc) is injected into
the (sub-) segmental bronchus and retrieved after three
to four respiratory cycles via suction aspiration into a
sterile container attached to the bronchoscope (152). In
order to obtain a representative specimen, one-fourth to
one-third of irrigate must be recovered (152). The lavage
fluid is sent for a cell count and differential as well as
gram stain and quantitative culture. In prospective
studies comparing bronchoscopically guided BAL results,
with postmortem histopathologic evaluation sensitivities
of .80% and specificities of 75% to 100% with positive
predictive values of up to �95% and negative predictive
values of up to �89%, were found using quantitative
culture cut-off levels between 103 and 104 CFU/mL
(150). Gram staining of the BAL effluent was negative in
�94% of patients without VAP and similar results were
achieved using cell count and differential with cut-off
points of 400,000 cells/mL (�50% neutrophils) (153).
Other studies found similar sensitivities and specificities
for BAL quantitative cultures when comparing it to
various methods of clinical diagnosis but less sensitivity
(�75%) for initial Gram stain and differential cell count
for the diagnosis of early VAP (positive predictive value
100%, negative predictive value �75%) (152,154).

In PSB a special catheter containing a telescoping
brush (covered by a coated tip) is advanced into the
segment of interest. Pushing off the protective tip deploys
the brush and a sample of the distal airway secretions is
obtained. The brush is retracted back into the catheter and
removed. Quantitative cultures from the brush specimen,
using similar cut-off levels as those for BAL, have yielded
75–100% sensitivity and 90–100% specificity for the correct
diagnosis of VAP when compared with histopatholic find-
ings (150–165). Critics have argued that guided PSB and
BAL are invasive, require a skilled operator, and are associ-
ated with significant cost.

Nonbronchoscopic Protected Catheter Aspirate and
Bronchoalveolar Lavage
Recently, non-bronchoscopic protected catheter aspirate and
broncho-alveolar lavage have evolved as alternative diag-
nostic methods (166). Sensitivities for these blind sampling
methods have been reported as being somewhat lower
(61–72%) than those of the bronchoscopic PSB and BAL,
but specificities ranged at a comparable 84–99% in the
initial studies (167). Qualitative concordance of the predomi-
nant pathogen was demonstrated in 83–93% (kappa . 0.8)
when comparing invasive with noninvasive PSB and BAL.
Problems with these non-guided techniques are related to
the inability to reliably direct the sampling tool to the area
of interest and, in the case of BAL, to a higher rate of

Figure 3 Pulmonary infiltrates representing pneumonia. This

series of images depicts a patient after motor vehicle crash with

significant blunt injury to the head and extremities. The supine

anterior-posterior projection plain film chest radiograph (top)

shows right middle and left lower lobe consolidation. The

patient was febrile, and demonstrated leukocytosis and

increased sputum production. Aggressive chest physiotherapy

did not significantly change the patient’s clinical picture. A

computer tomographic image of the patient’s chest (bottom)

demonstrates the consolidation and air-bronchograms consistent

with pneumonia.
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inadequate sampling (return of inadequate fluid amount,
differential cell count demonstrates .5% bronchial epithelial
cells) (147,155,168–170).

To avoid therapy delay, several studies suggest
the use of an initial Gram stain obtained via guided or
non-guided BAL or PSB as guide to initiate therapy. Sensi-

tivity and specificity are slightly lower than those of quanti-
tative cultures, but positive and negative predictive values
are between 70% and 90% (152,160,171).

In today’s clinical practice a uniform consensus as to
which criteria to use for the diagnosis of NP and VAP has
not been reached. It is recognized that the early correct diag-
nosis and initiation of appropriate antibiotic therapy
improves outcome (171,172). Similarly, over-diagnosis and
indiscriminate use of antibiotics are associated with
increased cost and complications. An evidence-based assess-
ment of diagnostic tests for VAP in 2000 concluded that
insufficient high-level evidence was available to indicate
that quantitative testing produced better clinical outcomes
than empiric treatment, and recommended formal outcome
research with randomized, controlled trials to assess
various diagnostic and management strategies for VAP
(171). However, a recent prospective randomized multi-
center study from France compared “invasive” (broncho-
scope guided) BAL to standard clinical criteria (including
suction catheter aspirate) for diagnosis of pneumonia in
413 patients (164). The use of an invasive diagnostic strategy
was associated with a decreased mortality at day 14 (16.2%
vs. 25.8%, p ¼ 0.022); decreased mean Sepsis-related Organ
Failure (SOFA) occurs at day 3 and 7, and decreased anti-
biotic use at day 14 with more antibiotic-free days at day
28 (11.5 + 9.0 vs. 7.5 + 7.6, p , 0.001) (164). The Canadian
Critical Care Trials Group documented similar reductions

of antibiotic usage in a prospective multi-center study on
92 patients receiving mechanical ventilation (173). In that
study no difference in ICU length of stay but a decrease in
mortality (18.5% vs. 34.7%, p ¼ 0.03) were noted. These
studies also demonstrated that the clinical diagnosis of
VAP could not be confirmed by microbiological data from
invasive diagnostic techniques in 22% to 60% and that the
initial antibiotic therapy was inadequate in 24–39% of
those patients with confirmed VAP (most often due to resist-
ance of Gram negative pathogens to 3rd generation cepha-
losporins) (173). A Spanish study demonstrated no
difference in outcome regardless of the method of microbio-
logical diagnosis (174).

CDC NNIS Pneumonia Flow Diagram
In an effort to resolve some of the above issues and to create
a common language that can be used to compare the results
of future studies, the CDC, through the NNIS, has developed
a new pneumonia flow diagram that incorporates classic
(clinical) diagnostic elements, PSB and BAL as well as the
immune status of the host to define four types of pneumonia
(175,176) (Fig. 4).

Invasive diagnosis with BAL or PSB may not be
necessary in the normal host that has clear clinical evidence

of VAP, an absence of other potential sources of infection,
and who responds appropriately to a course of antibiotic
therapy. Invasive diagnosis should be considered early in
patients that have equivocal clinical signs, in the immuno-
compromised host, in patients with evidence of severe

infection, in patients with ARDS and suspected VAP, in
patients who develop late VAP and those who do not
respond to therapy.

Table 3 Centers for Disease Control Definition of Nosocomial Pneumonia 2002

Main Criteriona,b Sub Criterion

Criterion 1 Patient has rales or dullness to percussion on physical

examination of the chest and at least one sub

criterion

New onset of purulent sputum or

Change in character of sputum

Organisms cultured from blood

Isolation of an etiologic agent from a specimen

obtained by transtracheal aspirate, bronchial

brushing, or biopsy

Criterion 2 Patient has a chest radiographic examination that

shows new or progressive infiltrate, consolidation,

cavitation, or pleural effusion and at least one sub

criterion

New onset of purulent sputum or change in character

of sputum

Organisms cultured from blood

Isolation of an etiologic agent from a specimen

obtained by transtracheal aspirate, bronchial

brushing, or biopsy

Isolation of a virus or detection of viral antigen in

respiratory secretions

Diagnostic single antibody titer (IgM) or fourfold

increase in paired sera (IgG) for pathogen

Histopathologic evidence of pneumonia

aPneumonia must meet at least one of the main criteria
bComments: Expectorated sputum cultured are not useful in the diagnosis of pneumonia but may help identify the etiologic agent and provide useful antimi-

crobial susceptibility data. Findings from serial chest x-rays may be more helpful than a single x-ray.

Source Notes: Nosocomial infection is defined as a localized or systemic condition (i) that results from adverse reaction to the presence of an infectious agent(s)

or its toxin(s) and (ii) that was not present or incubating at the time of admission to the hospital (see reference below). The information used to determine the

presence and classification of an infection should be a combination of clinical findings and results of laboratory data and other tests.

Source: From Ref. 234.
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Patient w/o. underlying cardio-pulmonary diseases has 1, 
patient w. underlying disease has 2 or more serial X-rays 
with 1 of the following: 

• New or progressive and persistent infiltrate

• Consolidation
• Cavitation

• Fever (>38oC / 100.4oF)

• Leukopenia (<4000) or leukocytosis (>4000 WBC/mm3)

• Altered mental status w/o. other cause in 70 y.o pt.

•

•

• Worsening gas exchange (desaturation, O2 requirement 
or ventilatory support demand)

• Hemoptysis or pleuritic chest pain (immunosuppressed)
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Immunocompromised 

patient

In the immunocompromised patient
only 1 sign from category I 
or II is required.

• Positive blood culture
not related to another infection

• Positive pleural fluid cultured

• Positive quantitative culture
from  minimally contaminated 
LRT specimen (BAL, PSB)

• 5%  BAL-obtained cells w. 
intracellular bacteria  (direct 
microscopic exam)

• Histopathology shows:
- Abscess formation or foci of 

consolidation w. intense WBC
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or alveoli

- Positive quantitative culture 
of parenchyma

- parenchyma invasion by fungi

2 signs

• Positive culture for virus or 
Chlamydia (resp. secretions)

• Positive viral Ag or Ab from 
resp secretions

• 4-fold Ab rise (paired sera,IgG)
for pathogen (titer 1:128)

• Positive PCR for Chlamydia 
or Mycoplasma

• Positive Micro-IF (resp. se-
cretions or tissue) for 
Chlamydia or Legionella spp.

• Legionella pneumophila sero-
group 1 Ag in urine
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• Matching blood and 
sputum cultures w. 
candida spp.

• Pneumocystis carinii
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A or B in immuno-
compromised patient
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• Fever (>38oC / 100.4oF)

• Leukopenia (<4000) or leukocytosis (>4000 WBC/mm3)

• Altered mental status w/o. other cause in 70 y.o patient

• New onset of purulent sputumb or change in character or
resp. secretions or suctioning requirement

•  New onset or worsening cough or dyspnea or tachypneac

• Rales or bronchial breath sounds

• Worsening gas exchange (desaturation, O2 requirement 
or ventilatory support demand)

• Hemoptysis or pleuritic chest pain (immunosuppressed)
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Figure 4 2002 CDC NNIS Pneumonia Flow Diagram.
aCardio-pulmonary diseases to be considered: congestive heart failure, interstitial lung disease, bronchio-pulmonary dysplasia, respiratory distress syndrome,

chronic obstructive pulmonary disease, smoke inhalation, pulmonary injury, etc.
bPurulent sputum contains �25 PMNs and �10 epithelial cells per low power field; pure qualitative clinical description is insufficient. A single notation of

change in character is not meaningful, repeated notations in a 24 hours period are more indicative of an infectious process
cIn adults, tachypnea is .25 breaths/min.
dScant or watery sputum is often seen with pneumonia due to viruses and mycoplasma; influenza and RSV may produce copious sputum.
eFew bacteria may be seen on stains from resp. secretions from patients with pneumonia due to Legionella spp., mycoplasma or viruses.
fSemiquantitative or nonquantitative cultures of sputum obtained by aspiration or lavage are acceptable; when sputum and blood cultures are matched,

specimen needs to be obtained within 48 hours of each other.
gImunnocompromised patients are those with neutropenia (,500WBC/mm3), leukemia, lymphoma, HIV infection w. CD4-counts ,200, post splenectomy,

post organ transplantation, on cytotoxic chemotherapy, on high dose steroids (.40 mg Prednisone/day or its equivalent) (See Volume 2, Chapter 52).

Abbreviations: Ab, antibody; Ag, antigen; BAL, bronchoalveoar lavage; CDC, centers for disease control; IF, immunofluorescence; LRT, lower respiratory

tract; PSB, protected brush specimen; PCR, polymerase chain reaction.
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ACUTE RESPIRATORY DISTRESS SYNDROME
AND VENTILATOR-ASSOCIATED PNEUMONIA

The diagnosis and therapy of VAP in patients with ARDS is
particularly difficult. These patients often require high levels
of ventilatory support for prolonged periods of time. They
demonstrate diffuse patchy bilateral pulmonary infiltrates
on plain chest films. CT scanning is only moderately accurate
in differentiating ARDS-related infiltrates from pneumonia
with 70% true negative and 60% true positive ratings when
evaluated by skilled radiologists (141,142). Fever and leuko-
cytosis from SIRS or an underlying infectious process (often
the inciting event for the development of ARDS) are exceed-
ingly common, and a significant proportion of these patients
have received prior/concomitant antibiotic therapy. Simi-
larly, patients with ARDS often develop inflammatory-type
respiratory secretions and bacterial tracheo-bronchitis,
making the interpretation of standard endotracheal aspirate
Gram stains and cultures difficult (139).

In a multi-center study by the ARDS Study Group, the
incidence of VAP (diagnosed by invasive techniques) among
ARDS patients was about 60% higher than that of non-ARDS
patients (36.5–55% vs. 23–28%) receiving mechanical venti-
lation (135). In ARDS, the combination of an altered local

immune response, loss of alveolar wall integrity, and col-
lapse or consolidation of parenchyma with subsequent
under-ventilation of these areas are thought to act synergis-
tically in predisposing these patients to the development of
VAP. Pneumonia may develop in several different lung
areas at the same time and 40% of patients develop bilateral
bacterial growth (137).

Patients with ARDS often require prolonged periods
of mechanical ventilation. The incidence of late pneumonia
as well as recurrent episodes of infection is high. Only
�10% of the first episodes of VAP occur (or are diagnosed)
before day 7 of mechanical ventilation (mean 9.8 þ/25.7
days) (138). Non-fermenting Gram-negative rods and
problem pathogens like (multi-drug resistant) Pseudomonas
spp., Ancinetobacter, and Staphylococcus spp. are found in
over 50% of these patients (144). Patients with bilateral invol-
vement are more likely to have polymicrobial growth and
.105 CFU/mL in the BAL fluid (140).

It is unclear as to what extent the development of VAP
influences the overall outcome of ARDS. Some authors
suggest no significant differences in overall mortality
whereas others found ARDS mortality increases by a factor
of 1.5–2 in patients with VAP (138). We believe it important
to maintain a high level of suspicion for VAP in patients with
ARDS that develop clinical signs of infection or fail to
improve gradually with intensive medical support. Invasive
diagnostic methods should be employed early to ensure
diagnosis. Empiric antibiotic therapy should cover the
common drug resistant pathogens and should be tailored
according to culture results as soon as possible (4).

RISK ASSESSMENT
Host-Related Factors
Independent risk factors for the development of VAP include
host related factors, like age greater than 65, a higher degree
of severity of the acute illness (i.e., APACHE II .20,
odds ratio 4.8), evidence of immunosuppresion (i.e., dia-
betes, steroid use, moderate to severe malnutrition, HIV,
bone marrow diseases and organ transplantation), and

significant pre-existing cardiac, renal, vascular, or pulmon-
ary co-morbidity (3).

Admission Diagnosis
An admission diagnosis of trauma (particularly head
trauma), thoraco-abdominal surgery, or significant burns
increase the risk for VAP by a factor of 3–5 (177). Other
factors, soon after or during admission, that increase the
risk of VAP include the need for emergent intubation
(odds ratio 6.4) or re-intubation (odds ratio 2.9) during the
course of the illness and frank aspiration before or during
the intubation process (odds ratio 12.7) (178). The develop-
ment of initial severe respiratory failure (PaO2/FiO2 , 200,
odds ratio 3.5), severe acute lung injury (ALI), and ARDS
raises the risk of VAP in a similar fashion (179).

Tracheostomy, Central Lines, Oral Nasoenteric
Tubes, Prior Use of Antibiotics
In a large prospective study on 3171 patients admitted to the
medical and surgical ICU, the placement of a tracheostomy
(odds ratio 6.7) and multiple central venous catheters
(odds ratio 4.2) also increased the risk for development of
VAP (180). Likewise the presence of oral or nasoenteric
feeding tubes and prior use of systemic antibiotic therapy
has been linked to the development of VAP (see previous
paragraphs) (181–184).

Duration of Mechanical Ventilation
VAP risk is not static but increases with the duration of
mechanical ventilation. Daily hazard rates are quoted
between 1.3% and 3.3% and overall risk approaches 100%
after 30 days of ventilation (Fig. 5) (179).

Most of these factors cannot be altered acutely in any
given patient, but knowledge of the patient’s potential risk
should heighten the clinician’s vigilance to minimize
additional risk and employ available preventive strategies.

MICROBIOLOGYAND ANTIMICROBIALTHERAPY

The mainstay of therapy in NP and VAP is adequate
systemic antibiotic coverage. The antibiotics used
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should be bactericidal to the suspected pathogen(s), and

reach adequate tissue levels in the lung. In general it is
believed that a large portion of the pathogens responsible
for VAP is acquired endogenously, mostly from the patient’s
enteric Gram negative flora (185).

In 1995 the American Thoracic Society published a set
of guidelines for the (initial empiric) treatment of NP, based
on the severity of infection, presence of risk factors for
specific organisms, and timing of NP occurrence (186).
Although the concept may be valid and is still used through-
out the country, there are several problems with these guide-
lines: the original recommendations do not include data
derived from the multiple studies on invasive diagnostic
techniques, the original selection of antibiotics is outdated
since many new agents have been Food Drug Adminis-
tration (FDA) approved, microbial resistance patterns have
shifted, and no specific recommendations regarding dur-
ation of therapy were made.

A decade later the updated 2005 Guidelines for the
Management of Adults with Hospital-acquired Pneumonia,
Ventilator-associated Pneumonia, and Healthcare-associated
Pneumonia was published (4). These guidelines are
evidence-based and were prepared by an expert committee
sponsored by the American Thoracic Society (ATS) and the
Infectious Diseases Society of America (IDSA) (4).

There is a striking difference in the prevalence of
individual pathogens between countries, hospitals, and
even individual patient care units within each hospital.
Moreover, studies and aggregate data from the NNIS
(Table 4) demonstrate an alarming increase in drug resistant
pathogens in the United States (4,6,185).

Patient-related factors, including preexisting pulmon-
ary disease, immune status, type of surgery, prior antibiotic
exposure, the timing of the VAP (early vs. late), as well as the
severity of the infection, all further influence the spectrum of
most likely pathogens (4,186–190).

Inadequate initial therapy (even when begun early) is
associated with worse outcomes (191). Therefore, it is of
utmost importance to know the patient’s clinical history,

severity, and timing of VAP, and locale-specific data
prior to making the choice for empiric therapy. Other
factors that must be considered include the patient’s
allergies and cross-allergenicity of certain antibiotic
classes, the patient’s hepatic and renal function (for dose
adjustments), potential interactions of certain antibiotics
with other medications, and specific contraindications (i.e.,
pregnancy, neuromuscular disease, cardiac disease) for
certain agents (see Volume 2, Chapter 53 for specific anti-
biotic guidelines).

In general, antimicrobial therapy is begun empirically
when clinical suspicion of pneumonia arises in the venti-
lated patient. Several studies have demonstrated that
early therapy improved outcome (192). Although there is
no clear cut-off point, the data suggests that the maximum
benefit is achieved when therapy is begun within
8–12 hours of the initial diagnosis (suspicion). Delays of
.48 hr have been associated with increased mortality
(4,191,182). The current antibiotic guidelines for VAP are
summarized in Table 5.

Early Ventilator-Associated Pneumonia
Early VAP (occurrence in less than 5–7 days), particu-

larly in trauma patients, is associated most commonly
with Streptococcus pneumoniae (SP), Haemophilus influen-

zae (HI), Enteric gram-negative bacilli (GNB) and Methicillin
Sensitive Staphylococci (MSSA). A prolonged hospital stay
prior to intubation and exposure to (broad-spectrum) anti-
biotics are linked to a higher incidence of Pseudomonas

aeruginosa (PA), Acinetobacter spp., other resistant staphy-
lococci (MRSA) and, possibly, vancomycin resistant Entero-
coccus spp. (VRE). In absence of these factors,
monotherapy with a ß-lactum/ß-lactamase inhibitor (with
or without antipseudomonal activity), 2nd or 3rd-generation
cephalosporin (with or without antipseudomonal activity),
newer generation quinolone, or carbapenem all demonstrate
equal success rates (4,6,185–189,193).

Table 4 Ventilator-Associated Pneumonia: Microbial Isolates and Resistance

NNIS aggregate data

Organism isolates 1984 1986–89 1990–96 1999

Pseudomonas aeruginosa 17 17 17 18

Staphylococcus aureus 13 16 19 18

Klebsiella pneumoniae 12 7 8 7

Enterobacter 9 11 11 12

Echerichia coli 6 6 4 4

Haemophilus influenzae – – 5 5

Candida albicans – – – 4

Others 43 43 36 32

Resistance patterns Antibiotic % Resistance No. cases % Change

Staphyloccocus aureus Methicillin 55.3 5070 þ29

Pseudomonas aeruginosa Imipenem 17.7 1848 þ23

Quinolone 27.3 2530 þ53

3rd Cephalosporin 26.4 2945 þ24

Enterobacter spp. 3rd Cephalosporin 34.9 1811 21

Klebsiella pneumoniae 3rd Cephalosporin 11.2 1659 þ5

Source: From Ref. 235.
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Late Ventilator-Associated Pneumonia Due to
Problem Pathogens
In presence of the above factors and with late VAP (occur-
rence more than 10–14 days), the initial antibiotic coverage
should include activity against pseudomonas and
take local resistance patterns into strong consideration.

According to a recent international consensus conference,
the high prevalence of resistant PA, Klebsiella pneumoniae
(KP), Acinetobacter spp. and Enterobacter spp. in these
patients may be better treated initially with a combination
regimen (aminoglycoside or quinolone plus an anti-pseudo-
monal extended spectrum ß-lactam or carbapenem) (194).

Table 5 Therapy of Ventilator-Associated Pneumonia According to Severity, Risk Factor, Onset, and Most Likely Pathogens

Severity of

illnessa
Risk

factorsb Onset Most likely organisms Core antibiotics

Mild/
moderate

Yes Any time Pseudomonas aeruginosa

(and related species)

w. prolonged ICU stay, steroids, prior

antibiotics, structural lung disease)

Antipseudomonal cephalosporin

(ceftazidime, cefepime) or

Antipseudomonal carbapenem

(imipenem, meropenem) or

B-lactam/B-lactamase inhibitor

(piperacillin/tazobactam)

PLUS

Antipseudomonal fluoroquinolone

(ciprofloxacin, levofloxacin) or

Aminoglycoside (gentamicin,

tobramycin, amikacin)

Anaerobes- w. recent abdominal sur-

gery or witnessed aspiration

Metronidazole

clindamycin is only useful for

anaerobic infections above the

diaphragm (see Volume 2, Chapter 53)

Staphylococcus aureus

w. coma, head trauma

þ/2 Vancomycin or linezolid until

MRSA excluded;

þ/2 Rifampin

Legionella

on high-dose steroids

Azithromycin or levofloxacin

No Any time Enteric gram-negative bacilli

(Non-Pseudomonal)

Enterobacter spp.

Escherichia coli

Klebsiella spp.

Proteus spp.

Serratia marcescens

Haemophilus influenzae

Ceftriaxone or

ampicillin/sulbactam or

ertapenem

Gram-positive organisms

Staphylococcus aureus (MSSA)-

Streptococcus pneumoniae

Vancomycin plus antipneumococcal

fluroquinolone (levofloxacin,

moxifloxacin)

Severe

Yes Any time Pseudomonas aeruginosa

(and related species.)

Acinetobacter spp.

See mild/moderate;

Positive risk factors

No Late

onset

Staphylococcus aureus (MRSA)

Early

onset

See: mild/moderate; no risk factors

aDefinition of severe hospital-acquired pneumonia:

Admission to the intensive care unit with:

Respiratory failure (need for FiO2 .35% to maintain SaO2 .90% or need for mechanical ventilation

Severe sepsis w. hypotension (SBP ,90 mmHg or DBP ,60 mm Hg, requirement of pressors .4 hr) and/or endorgan dysfunction (i.e., acute renal failure

w. urine output ,20 ml/hr for .4 hr)

Rapid radiographic progression, multilobar pneumonia, or cavitation of a lung infiltrate
bPatient-related risk factor include severe acute/chron. illness, coma, malnutrition, prolonged hospitalization, hypotension, smoking, COPD, diabetes mellitus,

alcoholism, renal failure, advanced age.
bInfection control-related risk factor include poor infection control measures, lack of hand washing/universal precautions.
bIntervention-related risk factor include medications (sedatives, steroids, antibiotics, antacids, H2-blockers), thoraco-abdominal procedures, intubation, naso-

gastric tubes, and others.

Source: Modified from Guidelines for the management of adults with hospital-acquired, ventilator-associated, and healthcare-associated pneumonia. Am J

Resp Crit Care Med 2005; 171:388–415.
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This recommendation has been made despite the lack of
large prospective trials comparing mono- to combination
therapy with regard to efficacy and outcomes, using clinical
and invasive microbiological data (194).

Pseudomonas
VAP due to Pseudomonas aeruginosa is associated with a high
mortality (195–197). The organism produces several exotox-
ins and causes invasive infections (195–197,198). The most
recent NNIS data demonstrate an alarming 30–50% increase
in resistance to the most commonly used antibiotics (Table 4)
(6). Monotherapy may lead to a higher incidence of resist-
ance and higher mortality rates in pseudomonal VAP. To
date there is still considerable debate as to which combi-
nation regimen is best. Aminoglycosides have good bacteri-
cidal activity and a prolonged post-antibiotic effect but a
narrow therapeutic range, poor penetration into lung par-
enchyma, and decreased activity with lower pH (abscess)
(193). These factors may be responsible for the synergistic
advantage found in vitro which is not as obvious in vivo.
On the other hand, the combination of ß-lactam and quino-
lone does not demonstrate similar synergistic effects in
vitro, but has similar efficacy in vivo (199). Fluoroquinolones
reach high levels in most tissues, including lung, pulmonary
immune cells and respiratory secretions (200). Antipseudo-
monal cephalosporins (e.g., ceftazidime or cefepime) and
carbapenems have been reserved by most clinicians as
second line agents for specific indications. With multi-drug
resistant strains of Pseudomonas aeruginosa, the use of poly-
myxin B and/or colistimethate (colistin) may be the only
alternative (201). Bacterial eradication may take a long time
and overall outcome in resistant pseudomonas cases is
worse (197–203).

Acinetobacter
Similar to PA, VAP due to Acinetobacter baumanii (AB) is chal-
lenging due to extensive resistance (up to .70% to any of the
mainstream antibiotic agents) and high mortality rates
(198,204–208). The prevalence of this pathogen is highly
different between individual units; AB VAP occurs predomi-
nantly in patients with significant pre-existing lung disease
and after prior antibiotic exposure; it should be suspected
mainly in late VAP, with failure to respond to standard treat-
ment regimen and patients with severe infections. Septic
shock in these patients is thought to be associated with pro-
duction of a cell wall endotoxin (204). Like pseudomonas,
acinetobacter has the ability to survive in a wide variety of
contaminated materials and easily spreads among patients.
Treatment must be individualized according to microbiolo-
gic data, as soon as possible; most authors agree on the use
of combination regimen. Isolation of these patients is import-
ant to prevent spread.

Extended Spectrum Beta-Lactamase Producing
Klebsiella pneumoniae
Extended Spectrum Beta-Lactamase (ESBL) producing KP
is a problem directly related to the extensive use of 3rd-
generation cephalosporins (particularly ceftazidime) in
the ICU (209,210). Whereas resistance was prevalent in
2% of strains in 1989, to date it has risen five fold. ESBL
confers resistance to essentially all 3rd generation cephalos-
porins, extended-spectrum penicillins and the monobac-
tam, aztreonam. Recent data demonstrates emerging
resistance to the quinolones as well (208). In these cases car-
bapenems become the drug of choice; however, the first

reports on resistance to these drugs are already emerging
(209). Interestingly, efforts to reduce the use of ceftazidime
(and other 3rd generation cephalosporins) have led to dra-
matic reductions (from 20–40% to 0–14%) in KP multi-drug
resistance over a relatively short time period (207–210).

Anaerobes
Anaerobes may be found in up to 35% of NP but the inci-
dence of VAP is significantly lower (1.1–3.5%). Although it
is important to pay attention to adequate sampling (PSB
sampling has been recommended) and proper transport
(,30 min) and processing of the specimen to avoid false
negative results, routine therapy for VAP does not need to
include specific anaerobic coverage (211–213).

Methicillin-Resistant Staphylococcus
MRSA is encountered mainly in patients with prior coloniza-
tion, prolonged hospital stay or duration of mechanical ven-
tilation (.7 days), prior exposure to antibiotics or steroid
therapy and significant pre-existing lung disease (COPD)
(214). Prior antibiotic exposure and significant COPD were
the factors most often associated with MRSA infection
(215). The overall incidence of MRSA in VAP is 15–18%
(NNIS) and primary empiric therapy with vancomycin or
linezolid is probably warranted in patients with the above-
mentioned risk factors (6,186,188,195,207, 214–217). A
recent prospective study in 340 patients with gram-positive
VAP documented that S. aureus was the most frequent patho-
gen isolated, and 68% were MRSA (218). In a double blind
study of MRSA VAP with patients randomized to linezolid
versus vancomycin, with aztreonam for Gram-negative
coverage (219). The cure rates in clinically evaluable
patients were 57% for linezolid-treated patients and 60%
for vancomycin-treated patients. Although this study
demonstrated the relative equivalence of the two drugs,
lack of clinical response after five to seven days of treatment
using therapeutic levels of vancomycin warrants a switch to
linezolid.

Interestingly, patients with altered mental state (i.e.,
head trauma) are at increased risk of developing (early)
infections with MSSA, which is better treated with the semi-
synthetic penicillins oxacillin or nafcillin (6,220).

Candida spp.
Candida spp. is often recovered in the respiratory specimen
of critically ill ventilated patients who have received prior
antibiotic therapy. In non-immunosuppressed patients
candida seldom causes VAP even when recovered in high
colony numbers. One of the important modes of therapy in
candidal colonization/suspected infection is to remove
foreign bodies (central venous lines, urinary catheters,
ETT) and reduce or stop systemic broad-spectrum anti-
biotics as soon as feasible. Routine antifungal coverage is
not warranted, unless the patient is neutropenic or otherwise
significantly immunosuppressed (uncontrolled diabetes,
high-dose corticosteroid therapy, HIV) or candida is found
in multiple sites (i.e., urine, abdominal, blood). Fluconazole
(at appropriate doses) will treat all candida species except
C. krusei and C. lusitaniei (194,221).

Duration of Antibiotic Therapy
One of the most important questions regarding VAP treat-
ment relates to the optimal duration of antibiotic therapy.
Most studies report treatment courses between 7 and 14
days (4). Longer courses are usually related to selective
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(resistant) pathogens or lack of overall patient improval. Pro-
longed courses of antibiotic therapy and indiscriminate
broad-spectrum coverage are linked to increased adverse
effects from the drugs, increased cost, opportunistic infec-
tions with resistant bacteria and fungi, Clostridium difficile
entero-colitis, and overall worse outcomes (4). However,
short courses of therapy may be related to treatment
failure or relapse, particularly with pathogens that are diffi-
cult to eradicate (PA, MRSA, AB, VRE).

In a randomized trial of patients with ventilator-
associated pneumonia, Chastre et al. reported patients who
received eight days of antibiotic therapy had fever recur-
rences and less resistance overall than did patients who
received 15 days of therapy (222).

In this context, the importance of obtaining unequivo-
cal microbiological data (BAL or PSB) and adjustment of
empiric therapy to local/individual resistance patterns and
clinical response to therapy cannot be overemphasized.
The adjustment (de-escalation of therapy) should be made
as soon as culture results are available (within ,72 hours
of initiation of therapy).

OUTCOMES

The development of NP and VAP is associated with signifi-
cant morbidity and mortality. Crude mortality rates of 20–
50% have been documented (4). Attributable mortality
rates are reported to be �30%, and patients that develop
VAP demonstrate a 30–50% higher mortality (relative risk
increase) than those who require mechanical ventilation
but do not develop VAP (223). VAP significantly increases
the duration of mechanical ventilation and ICU length of
stay (mean two to seven days), and thereby the amount of
resource utilization and cost (224). Studies investigating
various strategies of VAP prevention (i.e., weaning proto-
cols, chlorhexidine oral decontamination) have demon-
strated a reduction in overall mortality by 35% to 60%
related to similar decreases in the incidence of VAP in their
respective patient populations (118,119,177).

The reported impact on outcome in studies investi-
gating the use of early aggressive invasive diagnosis has
been variable. Fagon et al. demonstrated in a large prospec-
tive multicenter trial that invasive diagnosis and manage-
ment reduced death from any cause at day 14 (16 vs. 26%)
as well as organ failure scores at days 3 and 7 (225). In that
study the group managed by invasive diagnostic strategy
had significantly more antibiotic-free days (11.5 vs. 7.5,
p , 0.001) compared to the clinical group. Several other
studies have clearly demonstrated that delays in initiation
of appropriate antibiotic therapy (for as little as 48 hr)
increased crude morality rates 20–30% (odds ratio 1.72)
(164,172,174). In addition to the early initiation of antibiotic
therapy, concentrations of drugs must be adequate, and
the choice of antimicrobial agent must be appropriate
for the organism(s) present. Indeed, most studies have
shown a 50% or more reduction in mortality when appropri-
ate antibiotics are used compared to inadequate therapy
(Fig. 6).

To improve outcomes it is important to combine
several strategies in the diagnosis and therapy of VAP: in
the normal host and in absence of significant confounding
factors (i.e., ARDS, significant chronic lung disease, pro-
longed intubation, prior antimicrobial therapy, or potential
other sources of infection) the clinical diagnosis of VAP

and confirmation with qualitative endotracheal aspirate cul-
tures may be adequate to guide therapy. In all other patients,
particularly those with late or recurrent episodes of VAP,
consideration should be given to early invasive diagnosis.
The decision-making process for initial empiric antibiotic
regimen should include microbial data for the specific unit
location of the patient, the time point of occurrence (early
vs. late), as well as prior patient-specific culture data and
antibiotic usage when available. Antibiotic therapy should
be combined with intensive chest physiotherapy and strat-
egies designed to wean the patient off mechanical ventilation
(4,223–225).

EYE TOTHE FUTURE

Future research in VAP is focused in three main areas: early
accurate diagnosis of VAP with microbiology, reduction of
duration of antimicrobial therapy for VAP treatment, and,
most importantly, prevention of VAP.

Early Accurate Diagnosis of Ventilator-Associated
Pneumonia
Multiple studies have defined that both bronchoscopic and
non-bronchoscopic BAL are significantly more sensitive
and specific than non-quantitative endotracheal aspirate cul-
tures in the microbiological diagnosis of pneumonia in
mechanically ventilated patients. Non-bronchoscopic BAL
is a simple, safe, inexpensive bedside procedure, and
should be examined in a large multi-center trial to determine
if it has equal sensitivity and specificity compared with
bronchoscopic BAL. This would greatly simplify the
optimal procedure for diagnosis of VAP, and would poten-
tially become a standard for use in all future clinical trials
in VAP. At present, VAP studies are a mix of those that use
the CDC clinical definition for VAP versus bronchoscopic
BAL, making these studies difficult to compare.

Significant advances have been made in the rapid
detection of resistant organisms, such as MRSA. A rapid pro-
cedure, providing results in less than six hours, was recently
reported using mutiplex quantitative PCR for the identifi-
cation of MRSA directly from sterile sites or mixed flora
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samples, such as nasal swabs (226). A 96-well format assay
allowed analysis of 30 swab samples per run and detection
of MRSA with exquisite sensitivity compared to optimal
culture-based techniques that require two to three days.
New rapid diagnostic technology such as this will allow us
to minimize overuse of antibiotics, and employ targeted anti-
biotic therapy, in attempts to prevent widespread antimicro-
bial resistance.

Reduced Duration of Antibiotic Therapy for
Ventilator-Associated Pneumonia Treatment
It is clearly evident from the research to date that it is
imperative to prescribe initial appropriate antibiotic
therapy in VAP treatment, but duration of therapy for VAP
treatment remains controversial. Clinicians have commonly
used arbitrary durations of antimicrobial treatment ranging
from 10 to 21 days. Recent data suggest that other end-
points for defining duration of VAP treatment can be con-
sidered, such as the clinical pulmonary infection score
(CPIS) (227). Serial measurements of CPIS in VAP patients
may help define strategies to shorten duration of therapy
for VAP.

Prevention of Ventilator-Associated Pneumonia
Traditional strategies aimed at prevention of VAP include
the use of ventilator weaning protocols to reduce duration
of mechanical ventilation and the semi-recumbent position
to decrease aspiration incidence. All ICUs should aim to
achieve full compliance with these standards that have
been documented to reduce VAP.

Recent studies have focused on other innovative strat-
egies to reduce bacterial colonization (228). Modified endo-
tracheal tubes with a port for continuous suctioning of
accumulated secretions in the subglottic space (CASS, con-
tinuous aspiration of subglottic secretions) have demon-
strated potential benefit in small studies, but a large
multi-center randomized study has not yet been accom-
plished. The efficacy of silver-coated endotracheal tubes is
being investigated, using silver and hydrogel technology
that is commonplace in the use of urinary catheters, and
has been associated with reduced incidence of urinary
tract infections (229). This has been hypothesized to occur
due to the antibacterial properties of silver and its ability
to prevent bio-film formation (229). It is well known that
bio-films harbor large concentrations of bacteria that
display an inherent resistance to therapy with systemically
administered antibiotics.

Similarly, other strategies to reduce bacterial coloniza-
tion in the posterior pharynx have been investigated, includ-
ing the use of chlorhexidine gluconate oral rinse and
protegrins (230). Protegrins are extremely broad-spectrum
antimicrobial peptides, active against many bacterial and
fungal species, including those resistant to conventional
antimicrobial drugs, by attaching to and destroying the
integrity of the lipid cell membrane (230). The first protegrin
to undergo clinical trial is iseganan hydrochloride oral sol-
ution, and is in phase II/III clinical trials for the prevention
of VAP (230). Inhaled protegrins are also being investigated
for the active treatment respiratory tract infections in cystic
fibrosis patients (230).

Noninvasive positive pressure ventilation (NPPV) has
been documented to reduce VAP in patients with acute res-
piratory failure caused by exacerbations of chronic pulmon-
ary disease. Cost reduction associated with NPPV in this
group is attributed to the prevention of VAP by avoidance

of endotracheal intubation (230). The benefit of NPPV for
patients with acute nonhypercarbic hypoxemic respiratory
failure is less clear, and more clinical studies are necessary
in this area. The CDC and the Healthcare Infection Control
Practices Advisory Committee have developed a compre-
hensive Guideline for the Prevention of Healthcare-
associated Pneumonia 2003, which reviews all potential
therapies for prevention of VAP and the available evidence
supporting their use (232).

SUMMARY

Hospital-acquired or nosocomial pneumonia is the second
most common nosocomial infection in the United States
and is associated with substantial morbidity and mortality.
VAP significantly increases the duration of mechanical ven-
tilation and ICU length of stay, and thereby the amount of
resource utilization and cost. Most hospitalized patients
who develop pneumonia have one or more risk factors,
including ages above 65 yr, immunosuppression, altered
sensorium, and significant pre-existing cardiac or pulmon-
ary disease, or have undergone major thoraco-abdominal
surgical procedures. The pathophysiology of VAP is
complex and includes host-related, equipment-related, and
microbial factors that promote colonization of the tracheo-
bronchial tree, impaired clearance of microorganisms,
and alteration of the local immune response, ultimately
leading to pulmonary infection. The most important
factors contributing to the development of VAP include
oro-pharyngeal colonization and micro-aspiration, pulmon-
ary de-recruitment and decreased clearance, prolonged
mechanical ventilation, and development of ARDS.

Consensus regarding the diagnosis of ventilator-associ-
ated pneumonia has been difficult to reach in the past. The
clinical diagnosis is based on the appearance of new infiltrates
on plain chest radiographs, new or altered appearance of res-
piratory secretions, and general signs of infection (i.e., leuko-
cytosis and fever). While this approach may be sufficient for
the normal host and in absence of significant confounding
factors (i.e., ARDS, significant chronic lung disease, prolonged
intubation, prior antimicrobial therapy, or potential other
sources of infection), pneumonia is often over diagnosed in cri-
tically ill patients, using clinical criteria alone. Protected speci-
men brushing, and bronchoscopic and nonbronchoscopic
bronchoalveolar lavage (BAL) are significantly more sensitive
and specific than nonquantitative endotracheal aspirate
cultures in the microbiological diagnosis of pneumonia in
mechanically ventilated patients and are becoming the stan-
dard of care for critically ill patients.

Organized strategies for the prevention of pneumonia
in mechanically ventilated patients are of paramount import-
ance, should address various aspects of the pathophysiology
of VAP simultaneously, and include most importantly the use
of ventilator weaning protocols to reduce duration of mech-
anical ventilation, the semi-recumbent position to decrease
aspiration incidence, the use of improved oro-pharyngeal
hygiene (chlorhexidine), and prevention of progressive pul-
monary de-recruitment (chest physiotherapy, positioning
therapy). Studies have demonstrated reduction in overall
mortality by 35% to 60% using these strategies. All ICUs
should aim to achieve full compliance with these standards
that have been documented to reduce VAP.

The mainstay of therapy in NP and VAP is adequate
systemic antibiotic coverage. The antibiotics used should
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be bactericidal to the suspected pathogen(s) and reach
adequate tissue levels in the lung. There is a striking differ-
ence in the prevalence of individual pathogens between
individual patient care units within each hospital, and
studies and aggregate data from the NNIS demonstrate an
alarming increase in drug resistance and prevalence of the
problem pathogens in the United States. Patient factors
(i.e., pulmonary disease, type of surgery, immune status,
and prior antibiotic exposure) and the timing of the occur-
rence (early vs. late) of VAP, as well as the severity of the
infection, further influence the spectrum of most likely
pathogens. Inadequate initial therapy, even when begun
early, is associated with worse outcomes. Therefore, it is of
utmost importance to know the patient’s clinical history,
severity and timing of VAP, and locale-specific data prior
to making the choice for empiric therapy. Empiric therapy
should be tailored to the patient-specific pathogens as soon
as culture data are available. Duration of therapy for VAP
treatment remains controversial; currently arbitrary dur-
ations of antimicrobial treatment range from 7 to 21 days.
Recent data suggest that shorter duration of therapy may
be feasible in uncomplicated VAP and that end-points such
as serial measurements of the clinical pulmonary infection
score (CPIS) may help define strategies to shorten duration
of therapy for VAP (222).

KEY POINTS

Health care worker (HCW) cross contamination has
been shown to play an important role in the pathogen-
esis of VAP.
Endotracheal tube (ETT) bio-film formation and tracheal
colonization have been acknowledged as potentially sig-
nificant factors leading to (chronic) tracheo-bronchitis
and subsequent lower airspace infection.
Increased colonization of the esophagus and stomach
with a bacterial shift towards pathogenic enteric gram
negative species and candida has been demonstrated
in critically ill patients.
It is currently recommended to use agents that do not raise
the gastric pH in patients with low to moderate risk of
upper GI bleeding. Drugs that lower pH are recommended
for patients at high risk of upper gastrointestinal bleeding.
Recent studies have demonstrated significant
reductions in VAP (37–69%) and mortality (40–45%)
in critically ill surgical and cardiac surgery patients by
improving oral hygiene through frequent suctioning
of pooled secretions and the use of the topical disinfec-
tant chlorhexidine.
Pulmonary de-recruitment (atelectasis, alveolar col-
lapse) begins early and is progressive in supine patients
receiving mechanical ventilation.
Duration of mechanical ventilation itself may be the
single most important risk factor for the development
of pneumonia.
The clinical diagnosis of VAP is based on the appearance
of new infiltrates on plain chest radiographs, new or
altered appearance of respiratory secretions, and
general signs of infection (i.e., leukocytosis and fever).
To avoid therapy delay, several studies suggest the use
of an initial Gram stain obtained via guided or non-
guided BAL or PSB as a guide to initiate therapy. Sensi-
tivity and specificity are slightly lower than those of
quantitative cultures, but positive and negative predic-
tive values are between 70% and 90%.

Invasive diagnosis with BAL or PSB may not be necess-
ary in the normal host that has clear clinical evidence of
VAP, has an absence of other potential sources of infec-
tion, and responds appropriately to a course of antibiotic
therapy. Invasive diagnosis should be considered early
in patients that have equivocal clinical signs, in the
immunocompromised host, in patients with evidence
of severe infection, in patients with ARDS and suspected
VAP, in patients who develop late VAP, and in those who
do not respond to therapy.
In ARDS, the combination of an altered local immune
response, loss of alveolar wall integrity, and collapse
or consolidation of parenchyma with subsequent
under-ventilation of these areas is thought to act syner-
gistically in predisposing these patients to the develop-
ment of VAP.
The mainstay of therapy in NP and VAP is adequate
systemic antibiotic coverage. The antibiotics used
should be bactericidal to the suspected pathogen(s),
and reach adequate tissue levels in the lung.
There is a striking difference in the prevalence of indi-
vidual pathogens between countries, hospitals, and
even individual patient care units within each hospital.
Early VAP (occurrence ,5–7 days), particularly in
trauma patients, is associated most commonly with
Streptococcus pneumoniae (SP), Haemophilus influen-
zae (HI), enteric Gram negative bacilli (GNB) and
methicillin sensitive Staphylococci (MSSA). A pro-
longed hospital stay prior to intubation and exposure
to (broad-spectrum) antibiotics are linked to a higher
incidence of Pseudomonas aeruginosa (PA), Acinetobacter
spp., and other resistant Staphylococci (MRSA) and,
possibly, vancomycin resistant Enterococcus spp. (VRE).
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INTRODUCTION

Vascular catheterization is the most common procedure
performed in critically ill patients (1). Sites of catheterization
include the peripheral veins, central veins, large systemic
arteries, and pulmonary arteries. Insertion of peripheral
venous catheters is usually performed by nonphysician
support staff and managed by protocol that includes
removal within 72 hours. Limiting peripheral venous
catheters to 72 hours or less has virtually eliminated
these catheters as a significant source of infectious compli-
cations (2,3).

Indwelling central venous catheters are indispensable
in caring for the critically ill and are inserted in the majority
of patients admitted to the ICU. However, their use comes
with the cost of several important complications including
catheter-related infection (CRI) and sepsis (4). A developing
evidence base supports the use of catheter management
protocols. However, many ICUs still do not have modern
protocols governing insertion technique, maintenance of
catheters, duration of catheterization, or indications for
removal. Surveys of catheter management demonstrate a
continued wide diversity of practice between institutions,
and among ICUs within the same institution, and even
among practitioners in the same ICU (5). For example, prac-
tices such as routine guidewire exchanges and change of
catheter site after 72–96 hours still occur, even though
these practices have been shown not to decrease, and in
some cases increase, infectious and mechanical compli-
cations (6). We believe this diversity in clinical management,
frequently involving techniques and practice patterns at
odds with a large evidence base, is a result of a concentration
on the art (and not the science) of insertion, unstructured
methods of teaching, under-appreciation of risks, and habit-
ual physician behavior. This approach can lead to less than
optimal ICU management.

Vascular catheterization is an art and a science, but any
individual with a reasonable amount of dexterity can learn
to insert catheters. Management of catheters in a given
patient is a more difficult, decision-making task and requires
a physician well versed with recent methodological and
technological advances. CRI prolongs hospital stay and
increases cost; in the worst case the patient may suffer sig-
nificant morbidity and even mortality. In this chapter, we
focus primarily on percutaneously inserted central venous
catheters because they are associated with the highest infec-
tious complication rate. Appropriate, arterial catheters and
pulmonary artery catheters (PACs) are also discussed. Surgi-
cally implanted central venous catheters and peripherally
inserted central catheters are also placed in ICU patients,

but usually for special situations in the chronically critically
ill and the interested reader is referred elsewhere for a
review of these catheters (7,8). We first define and review
the epidemiology of CRI, followed by a discussion of the
pathophysiology of and ways to prevent CRI. We then
discuss the treatment of established CRI, provide a look at
future developments, and conclude with a plea that every
ICU director study the literature, establish strict catheter
protocols, and monitor adherence in their own units.

DEFINITIONS, INCIDENCE, AND IMPACTOF
CATHETER-RELATED INFECTION

Part of the problem in communication regarding CRI is the
disparity in definitions and methods of diagnosis. When
does catheter colonization become catheter infection?
What’s the best method of diagnosing catheter infection?
Are blood cultures drawn through central catheters
valid? Although controversies still exist, some uniformity
and agreement has emerged regarding important concepts.

Semi-quantitative catheter segment cultures are easier
to perform, but less specific than quantitative culture tech-
niques for diagnosis of CRI.

Of several methods exist for catheter segments and
hubs, including direct gram staining (9), acridine-orange
staining (10–12), qualitative broth culture (13), semi-
quantitative catheter segment culture (14), and quantitative
catheter cultures (15); the latter two are the most commonly
utilized and documented in published studies. Rolling a
catheter segment on an agar plate performs semi-quantitative
cultures, while submerging the catheter segment in broth per-
forms quantitative cultures. Semi-quantitative cultures are
generally easier to perform, but are less sensitive and less
specific for diagnosing true CRI and bacteremia (16), due in
part to the fact that quantitative cultures sample both the
external and intra-luminal parts of the catheter. Both of
these techniques involve removal of the catheter. However,
the “paired” quantitative blood culturing technique has
been developed for diagnosis of CRI without removing the
catheter, as might be indicated in a patient with limited
access. This technique involves paired blood samples, one
obtained through the central catheter and the other from a
peripheral venipuncture site. Approximately 1.0 ml of the
drawn blood is then added to a molten agar pour plate. The
number of colonies of bacteria growing on the pour plate
from each sample is compared. In some studies, time
elapsed before the culture becomes positive is also
evaluated (17,18).
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Definitions
The spectrum of CRI includes catheter colonization, catheter
infection, and catheter-related bacteremia (CRB), as
described in Table 1. The term catheter-related sepsis is
typically reserved for patients with sepsis [i.e., systemic
inflammatory response syndrome (SIRS) due to infection]
caused by CRI.

Catheter colonization is defined as �15 colony
forming units (CFU) on semi-quantitative or �103 on quan-
titative culture of the intradermal or distal catheter segment,
in the absence of accompanying signs of inflammation at the
catheter site. Catheter infection (also referred to as local CRI)
is defined as �15 CFU with accompanying signs of inflam-
mation, such as erythema, warmth, swelling, and tender-
ness. Local CRI can be limited to the exit site and involve
the pocket of a totally implantable device or the subcu-
taneous tunnel of a surgically implanted catheter. Catheter-
related bacteremia is present when a peripheral blood
sample and a catheter segment culture are positive for the
same organism, in a patient with clinical symptoms of blood-
stream infection and no other apparent source of infection. If
paired quantitative blood cultures are being utilized, cath-
eter infection is considered present if the central catheter

sample is positive and the peripheral sample negative,
while CRB is diagnosed if the colony count from the
central catheter is five to tenfold greater than the peripheral
blood colony count (19).

Incidence of Catheter-Related Infection
It is difficult to define the true overall incidence of CRI
because it is impacted by so many different variables, includ-
ing type of ICU, type and composition of catheter, duration
of catheterization, method of insertion, and site of insertion.
That is part of the reason CRI rates vary greatly between
reports and institutions, but some estimates are possible,
and all of the figures are staggering. Utilizing the above defi-
nitions, CRI occurs in 3% to 9% of all percutaneously
inserted catheters in the ICU, and 90% of these are related
to central venous catheters. This translates into between
two and eight episodes of infections per 1000 central catheter
days, the most relevant benchmark (20,21). Arterial catheters
have a much lower incidence of infection, whereas specialty
catheters, such as hemodialysis catheters, are associated
with an increased incidence of infection. Pulmonary artery
catheter infection rates are similar, assuming they are
removed within 72–120 hour (21).

Magnitude of Morbidity from Catheter-Related Infection
Approximately 5 million central venous catheters are inserted
annually, accounting for 15 million central venous catheter
days, which means there are between 150,000 and 450,000 epi-
sodes of CRI each year. On average, CRI, and especially CRB,
are associated with considerable morbidity, including an
attributable mortality of zero to 30%, prolonged hospitaliz-
ation (up to 7 days), and thousands of dollars (one estimate
as much as $ 50,000 per episode) in increased costs (22–26).

Seventy per cent of nosocomial bloodstream infections
occur in patients with central venous catheters.

An analysis of the data by Wenzel and Edmond is par-
ticularly eye opening (27). They report that of the 200,000
nosocomial bloodstream infections (NBSI) that occur
annually, 70% occur in patients with central venous cath-
eters. Assuming an attributable mortality of 10% to 30%,
NBSI represent the fourth to thirteenth leading cause of
death in the U.S., a large percentage of these directly a
result of central venous catheters. They also put into per-
spective the importance of measures proven to reduce CRI
and NBSI, estimating that the use of new catheter technol-
ogies (antiseptic or antibiotic-coated and impregnated)
could result in 4,000–9,000 lives saved annually (Table 2)
(27,28). By their estimates, simple measures such as
increased hand-washing could save between 1000–2000
lives annually (27,29). Even using the most conservatives
figures, it is obvious that every ICU, and especially surgical
and trauma units where CRI rates usually trend higher (30),
should have strict catheter protocols and strategies in place
to minimize the incidence of CRI.

PATHOPHYSIOLOGYOF CATHETER-RELATED
INFECTION/SEPSIS

Most CRI is initiated by skin (site) colonization, followed
by migration down the catheter tract, involving the bio-film

Table 1 Definitions of Catheter-Related Infection

Infection Type Definition

Catheter colonization .15 colony forming units (cfu)

(semiquantitative culture) or

.103 (quantitative culture) of a

catheter segment (or hub) without

associated clinical symptoms of

infection

Catheter infection

Exit-site infection Erythema, tenderness, warmth,

induration, or purulence involving

only the catheter skin exit site

Pocket infection Erythema, tenderness, and/or

necrosis of the skin over the

reservoir of a totally implanted

device and/or purulent exudate in

the subcutaneous pocket

Tunnel infection Erythema, tenderness, warmth, and

induration involving the

subcutaneous tract of a

tunneled catheter

Bloodstream infection

Infusate-related Growth of the same organism from

infusate and from separate

percutaneous blood cultures, with

no other identifiable source of

infection. Often an unusual gram

negative organism in an epidemic

setting

Catheter(device)-

related

Growth of the identical organism on

a catheter segment and from a

separate percutaneous blood

culture in a patient with clinical

symptoms of infection and no

other identifiable source
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surrounding the catheter and ultimately infection of the

catheter tip, bacteremia, and metastatic infection.
The pathogenesis of CRI has been better elucidated in

recent years. Most CRI (60–75%) is initiated by skin coloni-
zation, followed by migration of the infecting organism
around the catheter through the intra-dermal tract (30–34).
The organism(s) then become part of a bio-film coating the
catheter, and once the catheter and tract are involved,
quickly migrate to the catheter tip. Once infected, the cath-
eter acts as an intra-vascular source of infection with
potentially continuous bacteremia and risk for metastatic
infection. Colonization of the hub and intra-luminal
migration of bacteria may be more important in long term
catheters, but represents the etiology of CRI in only about
one fourth of infected percutaneous catheters (35–37).
Secondary infection of catheters from bacteremia of
another source, or contaminated infusate, occurs much less
frequently.

An understanding of the pathophysiology explains
many clinical features of CRI and why certain preventive
strategies are effective. Catheters associated with thrombo-
sis are more likely to be infected because the clot is part
of the biofilm, supports growth, and impedes defense
mechanisms (38–40). Triple lumen catheters have a higher
rate of CRI than single lumen catheters, but it is not three
times higher and may be more related to disease severity
(41,42). Catheters inserted through or adjacent to a highly
contaminated or abnormal skin site, such as burns or tra-
cheostomies, have a higher incidence of infection. Finally,
any intervention that more thoroughly sterilizes the skin
site (chlorhexidine) (43), impedes migration of bacteria
(silver-impregnated cuffs) (32,44), prevents formation of a
bio-film (catheter composition, heparin), or inhibits bacterial
growth on the catheter (antiseptic and antibiotic coated and
impregnated catheters) (45) logically should reduce the
overall incidence of CRI. Most of the recent advances in cath-
eter maintenance discussed below were developed with the
primary pathogenesis of CRI in mind.

PREVENTION OF CATHETER-RELATED INFECTION

Simple measures of prevention such as handwashing
with an alcohol-based solution or gel could save 1000–
2000 lives annually.

Strict adherence to hand-washing and aseptic tech-
nique remains the cornerstone to prevention of CRI (46,47).
Catheters inserted under suboptimal conditions (such as in

an emergency) should be removed as soon as feasible
(within 24 hours at the latest). Additional strategies shown
to minimize CRI are summarized in Table 3, and discussed
in greater detail below.

Operator Education and Standardization
Numerous studies have demonstrated the effectiveness of
educational and quality improvement programs for phys-
icians and nurses in reducing CRI (5,48–50). These programs
educate caregivers about recent improvements in infection
control and lead to standardization in technique and catheter
maintenance. Whether hospitals- or specifically ICU-based,
these programs should be mandatory for any physician
inserting catheters, and updated on an annual basis. At
our hospital, we incorporate a catheter education program
during hospital house-staff orientation, reinforce concepts
during ICU rotation with specific lectures and supervision,
and monitor continuously for compliance. Likewise, an
active surveillance program for CRI and overall infection
control is instrumental in early recognition of CRI. Each
institution should have their CRI rates expressed in per
1000 catheter days to measure the impact of institutional

Table 3 Steps to Minimize Catheter-Related Infection

Strict adherence to catheter insertion and maintenance protocols

Site preparation with chlorhexidine-based preparation

Appropriate site selection, avoiding heavily colonized or

anatomically abnormal areas; use subclavian veins for

anticipated catheterization of .5 days

Maximal barrier precautions during catheter insertion

Use of antiseptic or antibiotic impregnated/coated catheter for

anticipated duration of .4 days

Remove pulmonary artery catheters/introducers after 5 days

Use multilumen catheters only when indicated, remove when no

longer needed

Avoid routine guidewire exchanges

Use surgically implantable catheters or peripherally inserted cen-

tral catheters for anticipated long term (.2–3 weeks)

catheterization

Hospital-wide CRI reduction education programs

Active infection control and quality improvement programs

Note: Strategies demonstrated to decrease the incidence of CRI. See

text for details.

Table 2 Estimate of Potential Number of Lives Saved Using New Catheter Technologies

Attributable mortality

rate (%)

Expected central venous

catheter-related deaths

from blood stream

infection

No. of deaths assuming

new catheters prevent

45% of deaths No. of lives saved

15 10,500 5755 4745

20 14,000 7700 6300

25 17,500 9625 7875

30 21,000 11,550 9450

Note: See text for details.

Source: From Ref. 27.
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protocols, new catheter technologies, and for comparison to
national benchmarks (21).

Strict Indications for Central Access Limits
Catheter-Related Infection
The best way to prevent CRI is not to insert a central
venous catheter. Central and arterial catheters are over-
utilized and often placed for convenience or as an auto-
matic/habitual behavior. Indications for gaining central
venous access are shown in Table 4, and should be fol-
lowed closely. The table is important as much for what
is not listed as what is. Fluid resuscitation alone is a
less robust indication for central venous catheters
because it can be accomplished quicker in emergencies
using peripheral catheters. Determination of CVP as a
sole indication for central venous catheters is controver-
sial, given the limitations of CVP as a reflection of intra-
vascular blood volume. Pulmonary artery catheters are
probably also overutilized, and should be reserved for
established indications (51). Most importantly, patients
should be monitored daily as to continued need for
central venous catheters, arterial cathers, or PAC, and
these catheters should be withdrawn immediately when
no longer indicated.

Site Selection
The sub-clavian approach is preferred for limiting CRI,

because it can be performed (or supervised) safely by experi-
enced operators and is associated with a lower incidence of

CRI than jugular or femoral catheters.
Although there are many technical variations, most

central venous catheters and PACs are inserted with a
sub-clavian, jugular, femoral, or antecubital (peripherally
inserted central catheters) approach, and arterial catheters
with a radial, ulnar, femoral, dorsalis pedis, or brachial
approach. Which site is chosen in any given patient
depends on many variables, including operator experi-
ence, indication for catheterization, presence or absence
of pulmonary disease, and local skin conditions
(Table 4). Whenever possible the sub-clavian approach is

preferred for moderate to long duration cathererization,
because it can be performed (or supervised) safely by
experienced operators and is associated with a lower inci-
dence of CRI than jugular or femoral catheters (52–56).
We reserve the jugular approach for shorter duration
use and typically remove after 5–7 days. We utilize the
femoral vein mainly for emergency resuscitation and tem-
porary hemodialysis. The lower incidence of CRI with
sub-clavian catheters is likely due to the lower baseline
skin colony counts, and because the area is easier to main-
tain, and farther away from potentially highly contami-
nated sites, such as a body orifice or airway appliance.
Whether peripherally inserted central catheters have a
lower rate of CRI in the critically ill is controversial (57)
but they are generally much less useful in the acute
setting and usually reserved for rehabilitation and
chronic care (58).

Infectious considerations have no bearing on the
choice of arterial catheterization site. Arterial catheters
have a low overall incidence of significant infection,
and there is not a substantial difference between sites
(59–61). We reserve the use of brachial catheters to
specialized situations or in patients with limited arterial
access (62).

Barrier Protection During Catheter Insertion
Maximal barrier protection, including gloves, gown, and
mask for the operator and a large sterile body drape for
the field, regardless of the site of catheterization and area
in the hospital (i.e., operating room vs. ICU), reduces the
overall rate of CRI for central venous catheters (63,64). This
rule needs to be strictly enforced, especially in academic
centers where house officers frequently have their own
ideas about the need for gowns and drapes. Peripheral arter-
ial catheters can be inserted using gloves (after excellent
hand-washing) and local aseptic technique during insertion,
but we recommend maximal barrier protection for insertion
of femoral arterial catheters (63). The emergency department
or resuscitation suite should change catheters placed in the
field within 24 hour.

Table 4 Indications, Site Selection, and Recommended Duration of Central Venous Catheter

Indication for central venous catheter Preferred site Recommended duration

Central venous access for vasoactive

agents, caustic medications,

concentrated agents, inability to

perform peripheral catheterization

SV Indefinite, change for specific

indication

Total parenteral nutrition–long term SV

SV (surgically

implanted)

Indefinite

Preoperative preparation IJV or SV Indefinite

Acute renal replacement therapy IJV or FV Change to new site after 7 days

Emergency airway management FV or SV Change FV catheters ASAp

Transvenous pacemaker R IJV Change to new site after 7 days

Inability to lie supine FV Change to new site after 7 days

Cardiopulmonary arrest FV or SV Change FV catheter ASAP

Pulmonary artery catheterization RIJV L SV Change to new site after 5 days

Coagulopathy IJV, EJV. FV SVa Change to new site after 7 days

aSV catheters can often be placed safely in patients with coagulopathy, but the clinical situation should dictate choice. Recommendations are

based on the literature and authors’ experience. See text for details.

Abbreviations: FV, femoral vein; IJV, internal jugular vein; R, right; L, left; SV, subclavian vein.
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Skin Site Preparation and Care
Proper skin cleansing/antisepsis of the insertion site are one
of the most important measures for preventing CRI. Com-
monly used antiseptics are 10% povidone–iodine, 70%
alcohol, tincture of iodine, and 2% aqueous chlorhexadine.
Although comparative data is not extensive, it appears that
2% aqueous chlorhexidine is the superior agent in prevent-
ing central venous and arterial CRI (43,65). We use a Chlor-
aprepw One-Step applicator that is a combination of 2%
chlorhexidine and 70% isopropyl alcohol. Proper application
involves repeated back and forth strokes for 30–60 sec, and
then drying for 30 sec.

During catheter maintenance, there are many potential
measures to reduce CRI, but most have not been definitively
shown to be effective. Application of antimicrobial oint-
ments to the catheter site at the time of insertion or dressing
change is a common practice, but has not convincingly
decreased CRI and may increase fungal contamination
(66,67). A recently developed chlorhexidine patch that can
be applied to the catheter site was effective in reducing epi-
dural catheter colonization and may be effective for vascular
catheters (68). The type of dressing used probably has little
bearing on the incidence of CRI (69). Transparent dressings
that allow moisture to evaporate are not associated with a
lower CRI rate than gauze and tape, but they are more
versatile, secure the site better, permit visual inspection,
and do not have to be changed as frequently. Other mainten-
ance issues, such as routine tubing and administration set
changes, stopcocks versus needle-less systems, type of infu-
sate or flush, and in-line filters, probably have no significant
bearing on CRI (as long as sterile technique is maintained for
entering system) and their use should be dictated by insti-
tutional protocols (21).

Catheter Types and Technology
Catheter type is correlated with incidence of CRI (70). In
general, specialty catheters such as temporary dialysis and
PAC introducers have higher CRI rates due to host and treat-
ment related factors. These catheters generally must be
removed sooner than central venous catheters (Table 4).
Triple lumen catheters have higher rates than single
lumen, although not three times higher, and should only
be placed when actually needed for optimal patient care
(41). However, it is a frequently quoted fallacy that the use
of single lumen catheters is needed for total parenteral nutri-
tion or the infusion of a special drug. Single lumen catheters
are rarely indicated in the SICU because most patients
require several lines and to insert several single lumen
central lines actually would increase the complication rate
(mechanical and infectious) as compared to using multi-
port central venous catheters.

New catheter technologies that incorporate anti-
biotic-bonding or impregnation, or infection resistant
materials, reduce CRI and allow for longer duration of cathe-

terization.
New catheter technologies that reduce the rate of CRI

include antiseptic-bonded and impregnated catheters, anti-
biotic-impregnated catheters, and most recently, catheters
designed with a trimetal (silver, carbon and platinum) com-
pound inherently resistant to infection (46,71–75). Most of
the discussion regarding these new catheters is whether they
are cost-effective and which technology reduces CRI the
most, but it cannot be denied that they do effectively reduce
CRI rates and can safely remain in place longer (53,76,77).
Concerns regarding the risks of allergic reactions or induction

of resistance have so far not nearly outweighed the benefits of
reduced CRI (78,79). Impregnated catheters protect both the
inner and outer surface, and logically will be most effective,
but available evidence does not definitively justify one cath-
eter type or manufacturer over another. However, in our
opinion, available data strongly support the routine use of
one of these catheters for prolonged catheterization (more
than 3 days). Indeed, in other institutions and ours, the use
of catheters has been strongly cost-effective with a significant
drop in CRI rates (77) (data on file).

Duration of Catheterization
Obviously, individual factors and situations impact on the
CRI risk for any given catheter, and risk/benefit decisions
to withdraw or leave catheters in place must be individua-
lized. A single lumen catheter placed in the SV utilized
expressly for TPN and no other purpose can remain for
weeks, while a triple lumen catheter placed in the IJV in a
shocked patient with multiple infusions is at risk for signifi-
cant CRI within a week. Any ICU can decrease its episodes
of infection per 1000 catheter days by using all preventive
strategies and routinely changing the catheter site every
three days, but this is neither practical nor cost-effective,
and will increase noninfectious complications. Still, for infec-
tion control, it is important that each ICU have guidelines
governing, in general, the duration of catheterization and
other decisions, such as when it is appropriate to change
over a guide-wire.

Colonization of the skin site initiates most CRI, and
in the presence of adequate site care, colonization is not

necessarily going to necessarily be time-dependent, pre-
vented by guide-wire exchanges, or change to another
site. The presence of guidelines standardizes care, sets
a baseline on which recommendations for changes can be
made, and acts as a benchmark for continuous quality
improvement. Luckily, recently completed clinical trials
provide an adequate evidence base to make recommen-
dations. These trials have demonstrated that (i) SV catheters
have a lower incidence of CRI than FV or IJV catheters
(33,52,55,56,80); (ii) routine guidewire exchanges do not
prevent, and may increase, CRI (6); (iii) scheduled changes
of catheter site (e.g., at 3 or 7 days) does not lower overall
complications (81,82); (iv) the use of preventive strategies
safely prolongs the duration of catheterization at any given
site (53,83); and (v) there is not a linear association
between duration of catheterization and risk for CRI (84).
When one remembers the pathophysiology of CRI, these
results are logical.

Critical care physicians and surgeons are strong
willed, and habits die hard, thus, not all ICUs have
adapted guidelines incorporating all the above evidence.
However, it is important that every ICU have well delineated
and publicized guidelines for catheter duration that
are enforced and monitored (Table 4). Guidelines should
be dynamic and reassessed frequently, and changes
implemented in a quality improvement program that is
based on valid infection control data (48–50,83).

DIAGNOSIS ANDTREATMENTOF CATHETER-RELATED
INFECTION

Inevitably, even with best practices, CRI occurs and will
require evaluation and treatment. CRI can be uncomplicated
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and resolve with removal of the catheter, or associated with
catastrophic complications such as shock, septic thromboph-
lebitis, or endocarditis, requiring weeks of antibiotics. Man-
agement and decision making is complex because there are
invariably potential non-catheter sources of fever and infec-
tion, and patients may be at high risk for catheter change or
replacement. In this section, we review the diagnosis and
treatment of CRI, again concentrating on percutaneously
inserted central venous catheters, since they constitute 90%
of all relevant CRI (43). Arterial catheters, perhaps because
of the high flow, are much less likely to be the source of
CRB, but the principles discussed here also apply to their
management (85). Cuffed, tunneled, and peripherally
inserted central catheters are specialized catheters intended
to remain in place longer, and although the diagnosis of
CRI is made in a similar fashion, decisions to remove these
catheters are a bit more complex. In general, long term cath-
eters may not require removal for uncomplicated CRI, but
should be removed if associated with shock, septic thrombo-
sis, endocarditis, recurrent bacteremia, or with candida and
gram negative infection (19,21).

Pathogens
Gram-Positive Cocci
Coagulase-Negative Staphylococci
Coagulase negative staphylococci, especially S. epidermidis,
are the quintessential microbial pathogens associated with
device-related infections (Table 5). Staphylococci constitute
the most frequent cause of CRI because these organisms
are ubiquitous in the ICU, exist in the normal skin flora,
and elaborate a slime factor that enables them to thrive on
the surface of catheters (34,86). CRIs due to coagulase-nega-
tive staphylococci often present with fever alone, are some-
times associated with inflammation at the insertion site,
and rarely are complicated by severe sepsis (87,88). Treat-
ment approaches vary among institutions, and there are no
randomized clinical trials that offer strong guidance (89).
Clearly, some of these infections will resolve with removal
of the catheter only, but many experts recommend treatment
with an appropriate antibiotic such as vancomycin or alter-
natively, linezolid (these organisms are almost always methi-
cillin-resistant) for 5–7 days (19). Patients who develop
recurrent bacteremia, have prosthetic heart valves, infection
induced organ failure, or other complications require a
longer duration of therapy.

Staphylococcus aureus
Recently completed studies suggest that low risk patients

with CRI caused by Staphylococcus aureus can be safely
treated with 10–14 days of antibiotic therapy. S. aureus

constitutes the second most common cause of CRI in critical
care units, and is far more consequential than coagulase-
negative Staphylcoccocal infections. S. aureus infections of
percutaneously inserted central venous catheters mandate
removal of the catheter and appropriate antibiotic therapy
(90,91). Many of these infections are caused by methicillin
resistant S. aureus (MRSA) (92,93), and longer durations of
antibiotic therapy are frequently indicated. The primary
decision is whether to treat with 7 to 14 days (short course)
or 28 to 42 days (long course) of therapy. Recently completed
studies suggest that low risk patients, identified by a
physiologic response to therapy within 48 to 72 hours
(fever defervescence and white blood cell count decreased
organ function stable or improving, and no valvular
abnormalities by echocardiogram) can be safely treated
with 10 to 14 days of appropriate therapy (19,94–97). For
MSSA, nafcillin alone is usually adequate, whereas vanco-
mycin or linezolid is required for MRSA. For vancomycin
intermediate sensitive (VISA) or resistant (VRSA) S. aureus,
linezolid or daptomycin should be used. The addition of
rifampin is usually not necessary for uncomplicated, low-
risk patients.

High risk patients are individuals who do not
respond quickly to therapy, have persistent bacteremia,
evidence of metastatic infection, septic thrombosis, indwel-
ling prosthetic material, or are immuno-compromised.
High-risk CRI should be treated with an extended
duration of antibiotics, usually 28 days. Infective endocar-
ditis, best diagnosed using transesophageal echocardio-
gram (TEE) (96), usually requires 6 weeks of therapy,
frequently with the addition of rifampin for at least part
of the time (19).

Enterococci
VRE is usually identified in patients with prolonged,

complicated ICU stays who have received multiple
courses of antibiotics. Enterococci are as frequent a
cause of CRI as S. aureus and perhaps more important
because of the emergence of vancomycin-resistant entero-
cocci (VRE) (98). Vascular catheters are the most frequent
source of VRE bacteremia in the ICU, and although these
infections are usually not highly virulent, they are proble-
matic because of infection control issues. VRE is usually
identified in patients with prolonged, complicated ICU
stays and multiple courses of antibiotics (99). Treatment is
not standardized, and there are no randomized controlled
studies to guide therapy. We usually treat low risk patients
by removing the catheter, treating with 14 days of linezolid,
and documenting sterile blood and stool cultures. High-
risk patients warrant longer durations of therapy, and

Table 5 Common Pathogens Causing CRI and Associated Mortality Rates

Pathogen 1986–1989 (%) 1992–1999 (%) Crude mortality (%)

Coagulase-negative Staphylococci 27 37 21

S. aureus 16 13 25

Enterococcus spp. 8 13 32

Candida spp. 8 8 40

Gram-negative rods 19 14 37

Note: Most frequent organisms causing CRI.

Source: Adapted from Ref. 29.

868 Seneff and Senel



consultation with an infectious disease expert is frequently
indicated (100–102).

Gram-Negative Organisms
Catheter-related infection due to gram-negative organisms is
not common but is increasing in frequency, especially in
immunocompromised patients with tunneled catheters.
Gram-negative infections of percutaneous catheters
mandate removal of the device and antibiotic therapy for
10 to 14 days (low risk patients) or 4 to 6 weeks (high risk).
Gram negative infections of surgically implanted and other
tunneled catheters do not necessarily mandate removal of
the catheter, and management should be individualized,
based on the physiologic status of the patient and early
response to therapy (19). However, we almost always
remove catheters infected with gram-negatives, because of
their virulence, difficulty in clearing these organisms, and
the high rate of recurrence.

Fungal Species
Some of the patient factors that increase the likelihood of

fungal-related CRI are abdominal surgery, total parenteral

nutrition, hyperglycemia, extended length of stay, and
exposure to multiple antibiotics. Candida is the most
common fungal source of CRI (103). Anti-fungal therapy
is mandatory for all instances of CRI caused by candida
species. On occasion, when the catheter tip but not per-
ipheral blood is positive for Candida albicans, antifungal
therapy may not be necessary—but we treat all of these
patients to avoid the late recurrences which may
have devastating consequences (104–109). Patient factors
that increase the likelihood of fungal-related CRI
are abdominal surgery, total parenteral nutrition, hyper-
glycemia, extended length of stay, and exposure to mul-
tiple antibiotics.

Treatment of fungal CRI involves removal of the cath-
eter and treatment with antifungal therapy for 14 days
beyond the date of the last positive blood culture. The
biggest decision regarding therapy is whether to use ampho-
tericin with all of its attendant complications, or fluconazole,
which is better tolerated but carries a greater risk of resist-
ance. Candida tropicalis and C. krusei are inherently resistant
to fluconazole, and in some hospitals, as much as 20–40%
of albicans are resistant.

High risk, hemodynamically unstable, and previously
fluconazole-treated patients should initially be started on
amphotericin or an echinocandin until cultures and sensi-
tivities are available to guide therapy. In patients with
renal insufficiency, lipid preparations of amphotericin are
appropriate. When fluconazole is used, we favor doses at
least as high as 400 mg daily, the dose found to be as effective
as amphotericin dosed at 0.5 mg/kg/day (106). Newer anti-
fungal agents, such as caspofungin, are significant advances
with high potency and low side effects, and will likely be
increasingly utilized for CRI caused by candida species,
especially as an alternative to lipid preparations of ampho-
tericin.

Unusual Pathogens
Some unusual organisms, such as Corynebacterium JK-

1, Malassezia furfur, Candida parapsilosis, and mycobac-
teria species, are uniquely associated with CRI, usually in
the setting of long-term catheterization in immunocompro-
mised patients. When an unusual pathogen is isolated
from a catheter tip, it often represents a contaminant

unless it is an organism known to be associated with CRI.
Obviously, if catheter-related bacteremia is identified, any
organism should be regarded as a pathogen and treated
appropriately, including removal of the catheter and
initiation of appropriate antibiotic therapy (110–116).

Management of the Febrile Catheterized Patient
Because it is such a frequent occurrence, management of
the febrile patient with one or more indwelling vascular
catheters deserves special comment (Fig. 1). The majority
of fevers in catheterized patients are not secondary to
CRI but rather the myriad of other potential causative
factors in ICU patients (117). In general, management
decisions should be individualized and the decision to
discontinue a catheter is impacted by the duration of
catheterization (CRI is very unusual in catheters less than
96 hour old inserted under sterile conditions), type of
catheter (non-tunneled catheters are easier to remove
than tunneled/surgically implanted catheters), and physio-
logical status of the patient (fever alone versus organ dys-
function/shock) (117). Figure 1 summarizes our approach
to the febrile patient with non-tunneled catheters, and we
discuss below what changes to this approach are necessary
when surgically implanted catheters are involved. The
decision to discontinue a catheter is impacted by the dur-
ation of catheterization (CRI is very unusual in catheters

less than 96 hour old inserted under sterile conditions),
type of catheter (non-tunneled catheters are easier to
remove than tunneled/surgically implanted catheters), and
physiological status of the patient (When in doubt-pull

it out!).
For catheters inserted by surgery or interventional

radiology (Permacath, Quinton, Mediport, etc.) the
approach is similar, but a more concentrated effort at cath-
eter salvage is warranted. Evidence of complicated device
infection, such as tunnel infection, port abscess, or extensive
cellulitis, mandate catheter removal and 7 to 14 days of
antibiotic therapy; likewise, evidence for systemic or meta-
static infection also require removal of the catheter and a
longer course of antibiotics, as much as 4 to 6 weeks for
septic thrombosis and infective endocarditis (118). In our
experience, CRI due to non-staphylococcal organisms
almost always requires catheter removal, although in rare
instances and only when the patient is stable, the
organism can be cleared with the catheter in place utilizing
antibiotic lock therapy (19). Uncomplicated CRI caused by
S. aureus can sometimes be cleared without catheter
removal, but relapses are common and the clinician must
be vigilant for recurrent bacteremia and systemic compli-
cations (97). In the presence of uncomplicated infection
due to coagulase-negative staphylococcus, the catheter can
be retained if there is no evidence of persisting or relapsing
bacteremia.

Catheter colonization occurs when the catheter tip or
segment is positive for more than 15 cfu. but blood cultures
remain negative. Again, it is difficult to make general
recommendations and each episode should be evaluated
individually. Coagulase negative staphylocoocus generally
does not need to be treated, but other pathogens should be
respected and, if necessary, treated with a relatively short
course (5–7 days) of appropriate antibiotics. Repeat blood
cultures should be drawn to ensure clearance of the patho-
gen. If the catheter was exchanged over a guide-wire and
the old catheter segment is positive, the new catheter
should be removed.

Chapter 49: Indwelling Vascular Catheter–Related Infection and Sepsis 869



EYE TO THE FUTURE

A zero incidence of CRI is a holy grail that will be diffi-
cult to obtain. However, improvements to catheter tech-
nology, site preparation, insertion technique, and catheter
management protocols have resulted in trends of longer
catheterization durations with fewer infectious compli-
cations. In addition, advancements in non-invasive tech-
nologies have decreased the frequency of central
catheterization requirements, thereby exposing fewer
patients to its risks (119–121). Future improvements in
catheter technology will likely center on novel infection
and thrombosis-resistant materials, and development of
new anti-microbial strategies (122–125). Barrier devices,
such as the collagen cuff and chlorhexidine patch, will
see improvements in design, and concomitant increases
in utilization (32,68,126). Site decontamination will be
improved by greater availability of user friendly, existing
antiseptics, and undoubtedly, development of
new, broader spectrum and longer-acting preparations
(65). Insertion techniques that may further reduce CRI
include emphasis on the sub-clavian route, subcutaneous
tunneling for internal jugular and femoral catheters, and
changes to standardized kits, such as sutureless secure-
ment devices, needle-less systems, and bloodless syringes
(21,127–130).

Perhaps the greatest challenge in the future, and an
area for which there may be the biggest impact, is pre-
venting the emergence of resistant organisms. Vascular
catheters are one of the most important sources of VRE,
MRSA, VISA, VRSA and fluconazole-resistant candida
(especially non-albicans species) (46), and it is likely that
other resistant pathogens will appear in the future.

Prevention of resistant organisms in the modern day
ICU is a complex exercise that involves all aspects of cath-
eter insertion and management, including institutional
antibiotic policies. Rapid and accurate diagnosis of CRI
will lead to more timely, earlier, appropriate use of anti-
biotics, measures which are proven to reduce infectious
morbidity and mortality (131–132). Equally as important,
an ability to rapidly exclude CRI will also reduce the
amount of antibiotic empiricism, and decrease the
overall exposure to antimicrobials. The accurate diagnosis
of CRI may be improved by better culture techniques and,
potentially, by the use of specific serum markers (133–
138). Better institutional-wide infection control programs
incorporating new technologies will improve physician
compliance with existing protocols, and allow for more
rapid adoption of emerging technologies. As advances
occur, it will ultimately remain the responsibility of the
treating physician to incorporate these changes into
daily practice, with an overall goal of lessening the aggre-
gate burden of infectious diseases, while likewise limiting
other complications and cost.

SUMMARY

Infections caused by invasive devices continue to be an
important nosocomial complication in critically ill patients.
It is the mandate of all physicians practicing in ICUs to mini-
mize this expensive and sometimes fatal event. Technologi-
cal improvements have dramatically reduced the incidence
of CRI, and it is likely that there will be additional develop-
ments in catheter composition, site preparation, and barrier

 

Febrile patient with Central Venous Catheter

Catheter still needed for management
Remove catheter, culture 
catheter segment  Catheter site infected 
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antibiotics culture catheter
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Institute antibiotics Catheter <  96 hours 

Observe, obtain cultures Obtain cultures. Guidewire 
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catheter segment 

Catheter segment 
negative. Other source 
identified

Observe, institute appropriate 
antibiotics

Catheter segment +  

Remove catheter 

Catheter < 96 hours old and non-
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Figure 1 General approach to the patient with fever and central venous catheter(s). Many exceptions apply. Catheter segment

can be tip or indradermal. See text for details.
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devices that will further reduce the incidence of CRI.
However, physician practices continue to be the greatest
source of CRI, which is inexcusable and must be a result of
under-appreciation of factors leading to the development
of CRI. Every critical care unit should have strict catheter
insertion and maintenance policies in effect, based upon
the most recent evidence-based literature (Table 4). An
active infection control program monitors CRI and bench-
marks to regional/national standards, and measures the
impact of changes or quality improvements. When CRI
does occur, rapid diagnosis and appropriate therapy limits
the impact of infection and reduces the likelihood of emer-
gence of resistance. Treatment should be individualized
based on virulence of the organism, patient physiology, cath-
eter type, and presence of complications. It is only through
the implementation of a comprehensive catheter insertion
and management protocol, as reviewed in this chapter, that
ICU managers can begin to approach the ideal of a zero inci-
dence in device related infection.

KEY POINTS

Semi-quantitative catheter segment cultures are easier
to perform, but less sensitive than quantitative culture
techniques for diagnosis of CRI.
70% of nosocomial bloodstream infections occur in
patients with central venous catheters.
Most CRI is initiated by skin (site) colonization, followed
by migration down the catheter tract, involving the
biofilm surrounding the catheter, and ultimately infection
of the catheter tip, bacteremia, and metastatic infection.
Simple measures of prevention, such as hand-washing
with an alcohol-based solution or gel, could save
1000–2000 lives annually.
The subclavian approach is preferred for limiting CRI,
because it can be performed (or supervised) safely by
experienced operators and is associated with a lower
incidence of CRI than jugular or femoral catheters.
New catheter technologies that incorporate antibiotic-
bonding or impregnation, or infection resistant
materials, reduce CRI and allow for longer durations
of catheterization.
Colonization of the skin site initiates most CRI, and in
the presence of adequate site care, colonization is not
necessarily going to be time-dependent, prevented by
guidewire exchanges, or change to another site.
Recently completed studies suggest that low risk
patients with CRI caused by Staphylococcus aureus
can be safely treated with 10–14 days of antibiotic
therapy.
VRE is usually identified in patients with prolonged,
complicated ICU stays who have received multiple
courses of antibiotics.
Some of the patient factors that increase the likelihood
of fungal-related CRI are abdominal surgery, total par-
enteral nutrition, hyperglycemia, extended length of
stay, and exposure to multiple antibiotics.
Some unusual organisms, such as Corynebacterium JK-1,
Malassezia furfur, Candida parapsilosis, and mycobacteria
species, are uniquely associated with CRI, usually in
the setting of long-term catheterization in immunocom-
promised patients.
The decision to discontinue a catheter is impacted by
the duration of catheterization (CRI is very unusual
in catheters ,96 hour old inserted under sterile

conditions), type of catheter (non-tunneled catheters
are easier to remove than tunneled/surgically
implanted catheters) and physiological status of the
patient (When in doubt-pull it out!).
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INTRODUCTION

In a busy surgical intensive care unit (SICU), 25% to 40% of
the patients present with or develop intra-abdominal disease
(including infections) requiring medical or surgical atten-
tion. Patients with suspected intra-abdominal pathology
may have signs and symptoms referable to a primary
intra-abdominal process or referred pain secondary to
medical disease (1).

Some patients admitted to the SICU with a primary
diagnosis of an intra-abdominal infection can be managed
with medical therapy alone. Common examples include:
(i) the cirrhotic with spantaneous bacterial peritonitis;
(ii) fulminant pancreatitis; and (iii) nonperforated diverticu-
litis. However, most will need antibiotics and decompressive
or operative therapy. Some can be treated by interventional
radiologic procedures for decompression or drainage of loca-
lized suppurative disease process, such as those seen with
a pelvic abscess or complicated cholecystitis and ascending
cholangitis. Some patients will need operative therapy.
Deciding which patient requires operative intervention,
determining the timing, and selecting which operation is to
be performed are challenging decisions.

The development of sepsis or low cardiac output states
can result in splanchnic hypoperfusion. Resuscitation and
treatment of the underlying circulatory dysfunction often
resolves the end-organ ischemia. Conversely, if the patient
does not demonstrate signs of clinical improvement,
concern over continued intestinal ischemia may prompt
surgical intervention.

Other patients admitted to the surgical critical care
unit are recent postoperative cases. These patients may
develop complications as a direct consequence of their oper-
ative procedures, resulting in an intra-abdominal infection
(2). Examples include failure of the primary surgical pro-
cedure, an anastomotic leak or breakdown, a complication
of surgery such as a small bowel obstruction, unanticipated
complication of the surgical procedure such as an enterot-
omy, or colotomy with leak or devascularization of a mesen-
teric segment of the bowel. Patients may also develop
medical complications while recovering from their surgery.
These include acalculous cholecystitis, pancreatitis, ileus,
bowel obstruction, and gastrointestinal bleeding (Table 1).

Not all intra-abdominal infections are created equal.
Intra-abdominal infections that are community-acquired
have lower morbidity and mortality associated with them
than hospital-acquired infections (3). Factors contributing to

increased mortality include the nature of the abdominal com-
plication, physiologic status of the host, comorbid disease,
and microbiology of the infectious process (4). Christou et al.
reported a 32% mortality rate in patients who developed a
postoperative intra-abdominal complication. If the patient
required a reoperation, the mortality increased to 42% (5). If
patients developed secondary peritonitis due to a prior surgi-
cal procedure, the mortality rate was 50% (6). The development
of tertiary peritonitis in a postoperative patient increases the
mortality rate to 60% (7). Other factors adding to the morbidity
include advancing age, male gender, shock, poor nutritional
status, multisystem organ failure, emergency surgical pro-
cedures, and multiple surgical procedures (8).

The traditional presentation of abdominal infections
and other diseases is often altered in critically ill patients
due to changes in a patient’s neurologic status from trau-
matic brain injury (TBI), drug intoxication, or the develop-
ment of metabolic disorders (liver or renal failure), or due
to the administration of sedatives, analgesics, or neuromus-
cular blockade (NMB) drugs. The altered mental status from
trauma or critical illness makes obtaining the chief complaint
and historical information difficult as well.

Distracting postoperative pain and pain associated with
trauma can also mask or delay the recognition of abdominal
distress. The use of NMB drugs, and/or presence of spinal
cord injury (SCI) also hinder the practitioner’s ability to accu-
rately examine the patient’s abdomen for signs of peritonitis.

The first clues to the development of an intra-abdominal
infection may be the new onset of fever, leukocytosis, intol-

erance to oral feedings, abdominal distension, or deterio-
ration in the patient’s hemodynamic status (7).

Intra-abdominal infection remains an important clini-
cal entity. Familiarity with the normal postoperative

course as well as the timing and presentation of postopera-
tive complications assist in the management of critically ill
patients. Prompt recognition and correction of these pro-
blems may mitigate untoward effects and lead to a better
outcome. This chapter will discuss the pathophysiology,
diagnosis, and methods of treatment of intra-abdominal
infections. The concept of source control will be discussed,
as it pertains to intra-abdominal infections and disease.

PERITONEAL PHYSIOLOGYAND BACTERIAL CLEARANCE

The peritoneal membrane is the natural barrier between the
abdominal cavity and the blood-soft tissue interface of the
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surrounding abdominal support structures. In the healthy
adult, the peritoneal surface closely approximates the total
body surface area of skin, measuring approximately 1.7 cm
(2). The peritoneum is divided into the visceral (covering
the internal structures of the abdomen) and the parietal per-
itoneum, which covers the outer lining of the abdomen.
This peritoneal membrane is composed of mesenchymal
cells (9). The peritoneal lining is semipermeable, consisting
of multiple small fenestrations that permit the passage of
fluid and small solutes into and out of the peritoneal cavity.
These fenestrations, located within the basement membrane,
permit the bidirectional passage of fluid and small solutes
(10). The bidirectional flow is influenced by the solute concen-
tration, temperature, vasoactive compounds, local perfusion,
tonicity, and volume of the peritoneal fluid.

A small amount of intra-abdominal fluid (50–100 mL)
is normally found within the abdominal cavity. This fluid
acts as a lubricant between visceral and parietal structures
and assists with the intraperitoneal immunologic function.
The predominant cells found within the fluid consist of
macrophages (50%) and lymphocytes (40%). The constant
motion of the diaphragm exerts a gentle counterclockwise
movement of this fluid within the abdomen. Fluid initially
found in the infrahepatic area will migrate in this pattern
until it has moved inferiorly through the pelvis and then
superiorly into the left upper quadrant.

The peritoneum acts as a semipermeable mem-
brane allowing for the passage of both fluid and

solutes. Intra-abdominal and intravascular hydrostatic

pressure and oncotic pressure gradients effect movement
of intra-abdominal fluid. The movement of fluid into and
out of the peritoneal cavity is a dynamic process.

Lymphatic drainage occurs via the peritoneal-
lymphatic complex at the undersurface of the diaphragm.
This complex is composed of peritoneal mesothelial cells
with intervening stomata, which cover a fenestrated base-
ment membrane and the inner layer of the lymphatic endo-
thelium. The degree of opening at the stomata varies with
diaphragmatic movement, and changes with intrathoracic
and intraperitoneal pressure. The presence of valves in the
draining lymphatics prevents reversal of flow back into the
abdominal cavity. The constant motion of the diaphragm
facilitates the passage of these substances into the thoracic
duct (11). Thus, there is a constant movement of fluids and
solutes throughout the abdomen at any time (3).

Histologically, these mesenchymal cells are filled with
extensive rough endoplasmic reticulum and multiple cyto-
plasmic lipid inclusions, which support the active metabolic
function of the peritoneum (12). The peritoneum is very bio-
chemically active, secreting interleukin-1 (IL-1), and inter-
leukin-6 (IL-6), monocyte attractant proteins, transforming
growth factors, granulocyte, monocyte, and macrophage
colony stimulating factor.

Contamination from a viscous perforation results in a
bacterial challenge to the abdomen. The key goals in the
management of these patients is to prohibit further intra-
abdominal contamination, obtain source control, administer
antibiotic therapy to prevent secondary infection, and per-
form definitive therapy for the underlying intra-abdominal
disease process.

The initiation of the inflammatory response of the
abdominal cavity generates an intense cascade of cellular
events, which effectively attempt to contain the site of infec-
tion (13). The immune response to infection includes both
humeral and cellular activation. The increased permeability
of the peritoneal membrane facilitates an influx of polymor-
phonuclear cells, cytokines, and fluid. Macrophages secrete
proinflammatory products. Within 24 to 48 hours, levels of
IL-1, IL-6, and tumor necrosis factor alpha (TNF-a) can be
measured in the peritoneal fluid.

The coagulation cascade is also amplified. Fibrinogen
and prothrombin are released into the peritoneal cavity.
In addition, the release of tissue thromboplastin, by stimu-
lated mesenchymal cells, promotes the conversion of fibrino-
gen to fibrin. As the fibrin polymerizes, the viscous fluid
promotes the development of adhesions and thick fibrinous
peel. Bacteria become trapped within the reticulum. The
development of an ileus places the bowel wall in close proxi-
mity to the site of infection, permitting the adherence of
omentum or loops of small and large bowel, which may
wall off an infection. If successful, the infectious process
will be sequestered, permitting phagocytosis of bacteria by
macrophages and polymorphonuclear cells (14–16). If the
area of infection can be sequestered, then an abdominal
abscess will form; however, if the host is unable to contain
the area of infection then a diffuse peritonitis may occur.

Systemic manifestations, such as fever (Volume 2,
Chapter 46) and leukocytosis (Volume 2, Chapter 57)
develop. Inflammation of the somatic nerves within the per-
itoneal membrane due to abdominal distension or peritoneal
irritation will lead to subjective complaints of abdominal
tenderness. The physiologic alterations of diffuse peritonitis
are similar to those that are seen with a 50% total body
surface area burn. Rapid exudation of fluid and solutes
into the peritoneal cavity result in the decrease of circulating

Table 1 Etiologies of Abdominal Infection

Primary peritonitis

Spontaneous bacterial peritonitis

Peritoneal dialysis catheter infection

Childhood spontaneous peritonitis

Perforated abdominal viscous

Appendicitis

Diverticulitis

Strangulated bowel

Strangulated hernias

Volvulus

Trauma

Ischemia based on a vascular etiology

Gastrointestinal tumor erosion into adjacent abdominal organs

Tertiary peritonitis

Nosocomial infection

Opportunistic infection

Retroperitoneal abscess

Psoas abscess

Osteomyelitis of the spine

Solid organ infection

Liver or splenic abscess

Bacterial or protozoan

Pancreatitis

Pyelonephritis

Post operative complications: anastomotic breakdown or leak

GI or GU infection

Pyelonephritis

Tubo-ovarian abscess

Pelvic inflammatory disease

Septic abortion

Abbreviation: GU, genitourinary.
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intravascular volume. An initial rise in the systemic vascular
resistance and secondary tachycardia develop in order to
augment cardiac output. The picture of uncontrolled
abdominal infection is likely to follow a predictable course.

After the initial infectious insult and the inability of the
host to control the infection, a hyperdynamic phase develops.
Oxygen delivery is increased. Cutaneous vasodilatation and
erythema is noticed, signifying the typical “warm phase of
shock.” As the systemic inflammatory response worsens,
sepsis and systemic inflammatory response syndrome (SIRS)
can progress to septic shock. If the infection is not controlled
by antibiotics, surgery, or drainage, then a hypodynamic
phase develops. Worsening systemic vascular resistance, poor
tissue perfusion, and the uncoupling of the ATP cytochrome
system renders the cells incapable of handling the oxygen.
Microcapillary and intracellular shunting occurs, resulting in
systemic acidosis and septic shock (17). If this is not reversed,
multisystem organ dysfunction (MODS) or death can occur.

ABDOMINAL INFECTIONS FOLLOWINGTRAUMA
AND SURGERY
Scope and Pathophysiology
Intra-abdominal infections are an important complication in
critically ill, postsurgical, and trauma patients (18,19). These
infections range from an isolated intra-abdominal abscess to
diffuse infectious peritonitis. These conditions may have a
primary focus emanating from the abdomen or may be
due to a local, regional, or hematogenous spread. The host
may respond with traditional signs of infection, progress
to SIRS, or develop frank sepsis (20–22).

In a study of 2457 consecutive surgical infections

at the University of Virginia, 10% (252/2457) were due to
intra-abdominal infections (23). The leading sources of
abdominal infection were the colon (29%), the stomach
(21%), the hepatobiliary tract (16%), and the small bowel
(15%). Mortality was directly related to or was complication
of the infectious process in 25% (614 patients) with surg-
ical infections. Twenty-four percent of the cultured organ-
isms demonstrated resistance to typical antibiotic
regimens. Organisms with a high resistance rate included
Staphylococcus epidermidis (67%), Staphylococcus aureus
(49%), and Pseudomonas aeruginosa (51%) (24). Treatment fail-
ures and mortality were higher in the patients infected with
resistant bacteria.

Bochud et al. (25), reported an abdomen source of
sepsis in 27% (2430/9000) of the patients in intensive care.
In another study of 465 patients with an intra-abdominal
infection, 72% presented with primary abdominal pathology,
whereas a nosocomial intra-abdominal infection occurred in
28%. Barie et al. (27), described the colon as the etiologic
agent in 50% of all abdominal infections in the ICU. A loca-
lized process resulting in an intra-abdominal abscess was
seen in 22% of the patients. Those patients who developed
a diffuse peritonitis were sicker, older, and had a higher
rate of MODS (1).

Factors Promoting Abscess Formation
Although bacteria resistance is one factor that contributes to
treatment failure, the status of the host plays an important
role in treatment success or failure. If the host is not
capable of controlling or sequestering an infection, spread
may occur by direct extension into contiguous tissues. This
may result in a larger abscess or erosion into a contiguous

organ. In the latter instance, a fistula may develop (entercu-
taneous, colocutaneous, colovaginal, or colovesical) fistula.
A disseminated infection may occur if an abdominal
source of infection is not controlled, resulting in a systemic
inflammatory response or sepsis (28).

Certain physiologic environments hinder the host’s
ability to fight infection. Local and regional perfusion
abnormalities, due to hypotension, impair the delivery of
cell mediators of inflammation as well as the clearance
of bacterial-laden leukocytes. The presence of an intra-
abdominal hematoma acts as a good culture medium. Anti-
biotic penetration into an abscess cavity is impaired and
efficacy is reduced due to the acidic environment of an
abscess cavity. Necrotic tissue may be a nidus for bacterial
growth while hindering phagocytosis.

Role of Antibiotics and Source Control
Once the diagnosis of an intra-abdominal infection has been
made, the selection of an appropriate therapeutic regimen is
essential. Antibiotics, percutaneous drainage, or surgery of
an infected intra-abdominal infection are the mainstay of
therapy (Fig. 1). The application of these modalities
remains challenging. Appropriate antibiotic selection,
length of therapy, microbial resistance patterns, and combi-
nation versus mono drug regimens remain as the key
issues to this therapeutic arm. Does the patient have
an identifiable abscess collection? Does the abscess require
drainage? How should the abscess cavity be drained,
percutaneously or surgically? (29).

In most patients with a contained small intra-abdomi-
nal abscess, a combination of antibiotics with either percuta-
neous drainage or surgery is the preferred modality of
treatment. A favorable response to the outlined treatment
plan may yield a resolution of the intra-abdominal infection;
however, continued fever, leukocytosis, and abdominal pain
may herald an incompletely treated intra-abdominal infec-
tion, which may need more intervention. Due to the high
likelihood that many intra-abdominal infections derive
their source from a perforation or discontinuity of the gastro-
intestinal tract, therapy must be directed to the primary
etiologic anatomic area. One of the key concepts of intra-
abdominal infection management is source control. If there

Figure 1 Percutaneous drainage of anterior abdominal fluid

collection (arrow).
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is an ongoing intra-abdominal contamination from a perfo-
rated viscous, there can be neither control of the infection
nor eradication of the disease.

Imaging for Intra-abdominal Processes
Adjunct imaging studies are critical to the diagnosis of

intra-abdominal infections, postoperative complications,

or missed traumatic injuries. These studies may include
the acute abdominal radiograph series, ultrasound (US),
computerized tomography (CT), magnetic resonance
imaging (MRI), and nuclear scanning. Which of these mod-
alities is best for a specific patient is predicated on many con-
siderations. Familiarization and knowledge of relative
perioperative complications and time of presentation facili-
tate appropriate use of these diagnostic modalities.

The acute abdominal series (flat plate, upright, or
lateral decubitus films) may demonstrate free air, ascites,
renal or hepatobiliary stone disease, or bowel obstruction.
However, it has limited utility in critically ill patients.
US, on the other hand, is portable, noninvasive, reproducible,
and carries no radiation risk to the patient. Specific
pathology, such as hepatobiliary disease (acute cholecystitis,
cholangitis, and pancreatitis) are imaged well by US. Extra or
intrahepatic ductal dilatation can be identified suggesting
biliary outflow obstruction. Biliary stones greater than
2 mm in diameter can be visualized in the common bile
duct. Cholelithiasis, abnormal gall bladder wall thickening
(�3.5 mm), gall bladder wall enhancement, and perichole-
cystic fluid are suggestive of gall bladder pathology. Repeat
US examination can delineate structure-specific changes,
such as organ size, dilatation, luminal diameter, and wall
thickness. US is also useful in the diagnosis of free fluid
and acute appendicitis (30). Renal evaluation for obstruction
or intraparenchymal abscess is also accomplished with US.
Doppler US can be utilized to evaluate vascular flow or
obstruction.

The abdominal CT scan has greatly advanced our
ability to diagnose intra-abdominal pathology (31). The
delineation of anatomic structures continues to improve
with each advancing generation of scanners. Multidetector
scanning with 16, 32, or 64 slides per revolution yields
improved definition and resolution of intra-abdominal path-
ology. Adjacent structure review and analysis aids the clini-
cian in the planning of interventional procedures.

In addition to soft tissue and intra-abdominal pathol-
ogy, abdominal CT scanning is useful to study vital
retroperitoneal structures, such as the major vessels, the
kidney, and the pancreas. In patients with acute pancreatitis
who are not progressing as expected in the SICU, an abdomi-
nal CT scanning may demonstrate the complications of the
disease. CT findings may demonstrate the presence of pan-
creatic inflammation, peripancreatic abscess, pseudocyst,
or evidence of pancreatic necrosis. Retroperitoneal abscess
or vascular abnormalities are also best visualized by CT
scanning. Finally, bowel obstruction or compromise is also
well-imaged by CT.

A pelvic CT is useful when intra-abdominal pathology
is suspected within the pelvis and mandatory when perito-
nitis or abscess location is being evaluated. In this area,
transabdominal US is limited due to the distance between
the abdominal wall and deeper pelvic pathology. Often gas
within the superiorly resting bowel will obscure deeper
abdominal pathology. Transrectal and transvaginal US are
methods to circumvent these problems, and are used in the
diagnosis and management of deep pelvic pathology. CT of

the area of concern will provide a detailed picture of the
underlying disease process and surrounding anatomy (32).

Arterial and venous phase CT angiography is now
available at most institutions. Determination of vascular
integrity, perfusion characteristics, or occlusion of vessels
is now possible with faster scanning techniques. Both arter-
ial and venous flow protocols exist to image during the
appropriate vascular phase. In addition to vascular integrity,
organ perfusion can be determined. Areas of focal perfusion
defects suggest local thrombosis or embolism. Multiple areas
of poor perfusion suggest low cardiac output that may be
due to a cardiac etiology, hypovolemia, or shock.

A clinical example of the utility of abdominal CT scan-
ning in ICU patients was performed by Velmahos et al. This
was a prospective study to determine if an intra-abdominal
infection was responsible for the clinical deterioration in 86
critically ill trauma patients (33). The patients had unex-
plained fever (.38.0), leukocytosis (.12,000), and abnormal
Swan-Ganz readings, suggestive of sepsis or a clinical suspi-
cion of an ongoing intra-abdominal process. Eighty-two
percent of these patients were postoperative patients from
abdominal exploration. Major surgical findings included
gastric trauma, small intestine perforation (46%), or colonic
perforation (19%), with intraperitoneal fecal contamination.
Forty-five of these patients had abnormal (initial) CT scans
with 41 patients having their management changed based
on the CT scan. Thirty-five had CT-guided drainage of
fluid collections. Thirty had positive bacterial cultures repre-
sentative of an intra-abdominal abscess. Three patients
underwent a second abdominal operation and three patients
had their antibiotic regimen changed. The mean time for a
CT scan was nine days. Overall the abdominal CT demon-
strated a sensitivity of 97.5% and a specificity of 87.5%.
Forty patients underwent a second abdominal CT scan.
Eight patients had their management altered or avoided a
second abdominal exploration. Fifteen patients underwent
a third abdominal CT. Two patients underwent CT-guided
aspiration with one requiring abdominal exploration. Most
of the patients who developed an intra-abdominal infectious
complication did so by the ninth postoperative day.

Nuclear medicine techniques have a limited role in the
diagnosis and management of patients with intra-abdominal
pathology (34). Nuclear medicine uses radionuclide agents,
such as Technetium-99 (Tc-99) sulfur colloid scintigraphy, to
demonstrate the function of an organ in question. Evaluation
of hepatobiliary integrity and function can be performed in
this fashion.

Radionucleotide scanning can also be utilized on
recently transplanted organs to evaluate tissue blood flow
through the demonstration of normal versus pathologic per-
fusion patters. However, solid organ transplants are cur-
rently most commonly evaluated with ultrsound.
Abnormalities may suggest arterial or venous anastomotic
problems due to thrombosis inflow or outflow obstruction.

The use of radionuclide scanning with Gallium-67
citrate or Indium-111 to detect areas of active inflammation
or infection are less commonly used today, due to the
advancements in multisliced CT scanning. However, in
selected patients these scans may be used to either identify
an area of increased uptake, suggestive of a pathologic
process, or monitor the treatment plan to eradicate an infec-
tious process.

MRI offers improved visualization of soft tissue and
vascular structures (35). When gadopentetate dimeglumine
is used for contrast, the risk of contrast administration
nephrotoxicity or allergic reaction can be avoided. A

878 Potenza et al.



magnetic resonance cholangiogram may be performed to
evaluate the hepatobiliary system in lieu of the more inva-
sive endoscopic retrograde cholangiogram. Expense, una-
vailability of 24-hour accesses, difficult radiographic
interpretation for the average physician, and the need for
long scanning times in areas that offer little ability to admin-
ister ICU care make this a second-line diagnostic tool.

DEFINITIONS
Source Control

Local source control is paramount in order to manage
intra-abdominal infections; without it, fluid resuscitation,
antibiotic therapy, and critical care are unlikely to succeed
(36). Although source control may be specific for each
abdominal infection, the principles remain constant (37).
Perforations of hollow organs must be repaired or diverted.
Ongoing ischemia must be reversed with the reestablish-
ment of adequate perfusion. Discrete collections of infected
material (abscesses) must be drained percutaneously or sur-
gically. Devitalized or necrotic tissue must be considered for
resection.

Abscess Cavity
An abscess is a collection of infected material, cellular debris,
and components of leukocytes that are contained within a
fibrinous capsule. The abscess may be located within the
proper abdominal cavity, soft tissue or bone. Its character-
istics are determined by the material within the abscess
cavity, viscosity, and complexity, as determined by locula-
tions. The location of the abscess contributes to the ability
to percutaneously or surgically drain the cavity. The
abscess cavity may remain as a singular entity, enlarge, or fis-
tulize into a surrounding organ if not treated appropriately.
Abscess cavities tend to be relatively protected by the fibri-
nous capsule that had formed to sequester the infection.
Within the cavity are bacteria, necrotic tissue, and pus. The
fibrinous capsule also hinders antibiotic penetration, and
the antibiotic entry into the deeper areas of large abscess
cavity is the poorest of all. As abscess cavities enlarge or
become multiloculated, alternative methods of management
become necessary (38).

Phlegmon
Phlegmon is the term used to describe a collection of tissues
that have been inflamed and now has the characteristics of
an amorphous tissue collection. The tissue is not infected
by definition, but may become infected by hematogenous
seeding or seeding from an adjacent organ. An example of
this is the retroperitoneal pancreatic phlegmon that occurs
with necrotizing pancreatitis. It is often difficult to determine
if a phlegmon is infected. Fine needle aspiration may assist
in this decision.

Devitalized Tissue
Necrotic or traumatized tissue that is unlikely to repair itself
represents the tissue that should be removed in the face of an
infection. This tissue has the potential to be a “safe harbor”
for bacteria due to poor perfusion. Antibiotic penetration
and activity is impaired as well as native, immune, and pha-
gocytic activities. This tissue most often needs to be débrided
or excised.

Unencapsulated Free Purulent Fluid
Free infected fluid within the abdomen is seen when the host
is unable to sequester or encapsulate a collection of suppura-
tive fluid due to ongoing purulent drainage or host immu-
noincompetence. The result may be a freely flowing
collection of pus located within a dependent portion of the
abdomen or pelvis.

Soft Tissue Infections
The infection of soft tissue may involve the superficial layers
of the epidermis and dermis, as in cellulites, or involve
deeper structures such as a superficial abscess within the
layers deeper, than the dermis. Once the infection has spread
deeper it may extend to the fascial layer and track the infection
along this layer causing necrotizing fasciitis. If the infection
goes deeper it may enter into the muscle compartment and
result in a localized abscess cavity or an infectious myonecrosis.

Fistula
This represents a tract usually lined with pseudoepithelium,
which connects a perforation in a hollow viscous with
another structure. The fistula may track to a second structure
and result in a colovesical or rectovaginal fistula. It may also
track to the soft tissue through the epidermis to form an
enterocutaneous or colocutaneous fistula.

Foreign Body Infection
Foreign body infections can occur following implantation of
materials or shrapnel from external penetration during
trauma or from infection secondary to an implantable bio-
compatible device. Examples of the latter include heart
valves, peritoneal dialysis catheters, stents, and orthopedic
implants. Two modes of therapy exist for these devices.
One can attempt to eradicate the infection with antibiotic
therapy or one can remove the device. The latter can be
done if the antibiotic therapy does not succeed. Some
devices can be removed easily and replaced at a later date
when the infection has subsided. Other devices such as
heart valves are difficult to replace and must be immediately
replaced. These considerations as well as the species of the
infecting organism must be taken into account when mana-
ging patients with infected implantable devices.

SOURCE CONTROL STRATEGIES

Source control is the process by which a site of infection
(intra-abdominal or otherwise) is controlled so that further
contamination of the surrounding tissues ceases.

Options of drainage, diversion, and definitive management
of the infection vary with the organ injured or infected, the
degree of infection, and the physiologic condition of the
host (Table 2). The initial therapy may only serve the tempor-
ary goal of controlling the infection. After additional resusci-
tation, antibiotics and intensive care therapy, definitive
treatment can be more safely accomplished in the phys-
iologicall stronger host (28). Systemic antibiotics and drai-
nage may control the infection and permit a definitive
procedure to be performed at a later time when the situation
has been optimized. In this case, a one-stage colonic resec-
tion with primary anastomosis may be performed in patients
successfully managed with percutaneous drainage. On the
other hand, diffuse abdominal soilage with peritonitis due
to uncontrolled infection may require source control of the
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initial problem and an abdominal washout at one or more set-
tings. This is seen when the host is not capable of sequestering
the infectious process. In this situation a definitive procedure
may need to be delayed due to the degree of tissue inflam-
mation and adhesions that one may encounter during a
definitive procedure. Postponing may permit a resolution of
the intense inflammation and permit safer operative dissec-
tion at a later date. “Time and Mother Nature are the sur-
geon’s two greatest allies, and many a seemingly
impossible situation can be converted to one that is merely
a challenge by careful patience” (39).

Drainage
Drainage can be accomplished surgically or percutaneously.
Recent advances in interventional radiologic techniques now
make percutaneous drainage of deep-seated intra-
abdominal or solid organ abscesses a viable option. Criteria
for the use of percutaneous drainage include accessibility to
the abscess via the percutaneous route. Relative contraindi-
cations to percutaneous drainage include the sites generally
inaccessible to catheter drainage (i.e., include interloop
abscesses), the presence of continued leakage into the
abscess cavity from an uncontrolled gastrointestinal perfor-
ation, or the presence of multiloculated abscess or one that
has a highly viscous fluid or cellular debris (40).

Diversion
The need to divert a source of infection is dependent upon
the organ injured, the location of the injury, the physiologic
condition of the patient, and knowledge of the natural
history of the problem. Most diversion procedures are
done on the gastrointestinal tract; however, diversion of
the genitourinary tract is also performed. The gastrointesti-
nal tract may be obstructed, perforated, infarcted or
involved with an inflammatory process, making definitive
therapy, including excision, difficult if not dangerous.

Diversion with a loop ileostomy will prevent distal
movement of gastrointestinal succus into an area of perfor-
ation. Similarly proximal large bowel diversion will prevent
a distal perforation from continued leakage. In certain situ-
ations, the distal pathology may remain if the involved area
is so inflamed as to make operative resection dangerous.
More often, the distal lesion is resected and a diverting
small bowel or large bowel stoma is created. At a later date,
when the inflammation and infection have resolved, a
primary anastomosis is performed similar to what is done
in a two-set procedure for perforated diverticulitis.

Debridement and Peritoneal Toilette
Indications to surgically debride the source of abdominal
infection include the presence of diffuse peritonitis with
free fluid that is suspected to be purulent, an abscess that
is inaccessible to percutaneous drainage, and a complex
abscess defined as one with multiple loculations, highly
viscous material, or full of cellular debris. In these situations
surgical debridement and peritoneal toilette is carried out.

The intent of peritoneal toilette is to drain the abscess,
debride devitalized tissue, and remove gross fecal material
and foreign bodies. The goal is to reduce the burden of
infected and devitalized tissue so the host’s defense mechan-
isms will be able to eradicate the remaining infection. Free-
flowing infected peritoneal ascites or pus is suctioned and
irrigated.

There appears to be no benefit to attempt to remove
fibrinous material from the partial or visceral surfaces of
the abdomen and its contents. Clearly necrotic or devitalized
tissue should be removed. At the end of the case, the
abdomen should be suctioned so that large amounts of
fluid do not remain. Although one can anticipate postopera-
tive ascites to develop, leaving lavage fluid has the theoreti-
cal disadvantage of inhibiting macrophage function as well
as other important advantageous inflammatory processes.

In staged procedures, the patient’s initial physiology
may be so deranged and tenuous that a prolonged procedure
would adversely affect the outcome. Similar to damage
control in the trauma setting, an initial debridement lavage
and diversion (if necessary) is performed. Re-exploration
within the next 24 to 48 hours is undertaken for a second
look, lavage, and debridement. Staged abdominal repair is
performed in situations where source control has not been
possible at the initial operative settings. The abdomen is
left open, that is, without closure of the fascia or skin. A tem-
porary closure is placed, thus saving the fascia for the final
operative procedure and closure (41).

No irrigation technique seems to be superior to
another. A key point to remember is that in order for the
abdominal immunologic defense mechanisms to work,
there should be no residual irrigation fluid. Leaving irrigant
fluid would simulate an ascites situation where it is known
that the host’s defense mechanisms are diminished. The
macrophage in particular does not function well in an
ascitic fluid medium. The addition of antibiotics to the irri-
gant has not been shown to be superior to simple saline sol-
ution. If one is going to lavage or irrigate the abdomen then
the best method is to use multiple small aliquots of irrigate
and then suction the fluid rather than the usual “pour and
agitate” technique seen in most operating rooms.

Removal of Implanted Devices
The rationale to remove these sources of infection is depen-
dent upon a number of factors. These include the etiology of

Table 2 Source Control Strategies

Strategy Examples

Drainage

Percutaneous Cholecystostomy, liver abscess

drainage

Perforated diverticulitis with localized

abscess

Surgical Diffuse peritonitis or suppuration

Abscess inaccessible to percutaneous

drainage

Diversion Ileostomy or colostomy

Debridement/
peritoneal toilette

infection

Pancreatitis with necrosis, soft tissue

Deciding on the

extent of surgery

Can the patient tolerate a definitive

procedure

Do they need a temporizing procedure to

Control of gastrointestinal spillage

Peritoneal toilette vs. a definitive

procedure

Device removal Removal of peritoneal dialysis catheter

Definitive care Diverticulitis with perforation (peritoneal

toilette, bowel resection, and

colostomy vs. primary repair)
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the infecting organism and the likelihood of a therapeutic
response and resolution with antibiotic therapy, the morbid-
ity of removing the devices, and the ability of the host to
survive without the device.

The presence of a foreign body significantly lowers
the quantity of micro-organisms needed to produce infec-

tion (42). Depending upon the timing of the infection,
certain organisms predominate. Early graft infections are
typically S. epidermidis. This organism is known for its pro-
pensity to produce a biofilm layer on a prosthetic device,
which becomes adherent to the organism. Eradication
of this infection becomes more difficult in this situation
as the organism is “protected” within this layer from
phagocytosis (43).

Determining the Extent of Surgery
The extent of the surgical procedure is determined by the
underlying pathophysiology, the patient’s condition, and
knowledge of the natural history of the surgical disease.
Early in the course of a surgical disease it may be possible
to operate and achieve source control, as well as correct
the primary problem. In the later stages of a disease time
course, tissue inflammation, adhesions, or complex abscess
formations may make it difficult if not unwise to attempt
a curative and definitive procedure on the patient. The oper-
ative time spent with tedious lysis of adhesions, in order
to separate component anatomic structures, may be prohibi-
tive in a critically ill patient. The added operative time may
tax the patients’ underlying physiologic reserve, add to the
perioperative fluid requirements, and may result in excess
blood loss due to the highly inflamed nature of the hostile
abdomen. In other patients, comorbid disease and poor
physiology may render a definitive procedure unsafe. In
these instances, temporizing measures of repair, diversion,
or exclusion of an injured segment without definitive recon-
struction may be warranted.

Definitive Care
Definitive care simply encompasses all of those therapeutic
modalities, medical and surgical, which will be utilized in
the overall treatment of the patient. Although many patients
will have a stepwise approach to the eradication of their
intra-abdominal infection, the sum total of these will leave
the patient free of infectious disease with restored intra-
abdominal continuity or semi, or permanent diversion
(Table 3).

ANTIBIOTIC THERAPY FOR INTRA-ABDOMINAL INFECTIONS

In most cases of intra-abdominal infections of surgical
patients the use of antibiotics is an adjunct of therapy.
Control of the source of infection by drainage, debridement,
diversion, or resection is the essential component of the
treatment plan. The choice of antibiotics is predicated
upon thoughtful consideration of the patient’s surgical
infection in conjunction with the patient’s underlying
physiologic state as well as comorbid disease. The
benefits of appropriate antibiotic usage include eliminating
causative bacterial pathogens, prevention of the spread of
disease to distant sites, prevention of recurrent infection,
and shortening the time for the patient to resolve the signs
and symptoms of disease. The main questions to be
answered, which aid in the determination of antibiotic treat-
ment, include the following: (i) What is the etiology of the
surgical infection? (ii) What are the likely bacterial pathogens
associated with the disease process? (iii) How long has the
infection been active? (iv) What is the degree of contami-
nation or spread of the disease? (v) Is the infection community
or hospital acquired? (vi) What are the antibiotic suscepti-
bility and resistance patterns at your hospital? (vii) What is
the duration of antibiotic therapy? and (viii) What are the
potential side effects and medication interactions that might
affect antibiotic selection? In an era where there is increasing
bacterial resistance to antibiotic therapy, judicious and appro-
priate use of these agents, in addition to sound surgical prac-
tice, afford the best outcomes for these patients. It cannot be
stressed that the successful treatment of an intra-abdominal
infection is predicated upon adequate source control.

Significant factors that have been shown to
increase patient morbidity and mortality include a higher
severity of illness age greater than 50, an [acute physiology
and chronic health evaluation (2nd edition) APACHE II]

score of .8, poor nutritional status, significant cardiovas-
cular disease, inadequate source control, and the presence
of multidrug-resistant organisms (44). When there is an
intra-abdominal perforation, how the patient’s defense
mechanisms are able to cope with the infection fundamen-
tally defines the outcome. Patient outcome is better if the
contamination is small and the patient is able to localize
the infection into an abscess rather than if the spillage is
large and diffuse. Patients with generalized peritonitis
have a two-fold increase in death than if the patient has a
confined intra-abdominal abscess (21). In a study by
Merlino et al. (45), 70% of those patients with localized

Table 3 Source Control Options in Common Intra-abdominal Infections

Disease Temporizing Definitive care

Perforated peptic ulcer Omental patch Vagotomy/ pyloroplasty

Omental patch with HSV

Perforated gallbladder Cholecystostomy Cholecystectomy

Perforated stomach Oversewing Wedge resection

Perforated intestine Resection and exclusion Resection, ostomy, or primary repair

Perforated diverticulitis

Free fluid Abdominal washout Abdominal washout, resection with

ostomy or primary repair

With abscess Percutaneous drainage Surgical drainage, resection with

ostomy, or primary repair

Abbreviation: HSV, highly selective vagotomy.

Source: From Ref. 150.
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intra-abdominal abscess were treatment successes, whereas
those patients who presented with diffuse peritonitis had a
treatment failure rate of 70%. Treatment failures may result
in a worsening of the patient’s clinical condition. This in
turn may lead to a prolonged hospitalization due to an
additional antibiotic course, reoperation, multisystem
organ failure, and (rarely) death (46). Those factors known
to increase the likelihood of developing sepsis include age
greater than 40 years, perforation of a hollow viscus (nonap-
pendiceal), the presence of diffuse peritonitis, and pre-exist-
ing organ dysfunction (47). In a study by Mulier et al., all
patients died in whom source control of a gastrointestinal
perforation failed. Likewise, all patients died if source
control was achieved, but clinical signs of peritonitis did
not resolve (48).

The microbiology of intra-abdominal infections

has remained remarkably stable over the last 30 years.
The choice of antibiotics is directed by the type and expected
microbiology of the infection. Gram-positive, gram-negative
anaerobic, and aerobic organisms abound in the gastrointes-
tinal and gynecologic tract; however, the anatomic location
determines the specific makeup and concentration of the
microbe flora. The normal upper gastrointestinal tract has
only 103 organisms proximal to the ligament of Treitz. In
patients on antacid therapy, the microflora is colonized
with up to 106 organisms including Enterobacteriaceae and
Candida albicans.

Distal to the ligament of Treitz, the bacterial counts
increase, and the predominant microflora changes from
gram-positive organisms to enteric gram-negative rods and
anaerobic bacteria. Once the terminal ileum and cecum are
reached, logarithmic increases in the concentrations of
gram-negative and anaerobic organisms occur. Movement
into the colon alters the microflora to predominantly gram-
negative organisms. Within the colon, over 400 discrete bac-
terial species can be isolated. Concentrations of microbes
within the large bowel reach 1012 to 1013 mL bacteria per
gram of feces. In the large bowel the concentration of faculta-
tive anaerobes reach 1012, whereas the concentration of
anaerobic organisms concentrations are 108. Escherichia coli
constitute less than 0.1% of the intracolonic flora; however,
with a colonic perforation, the concentration of E. coli
rapidly increases in the peritoneum to levels of 33 times
than that found in the intracolon. This is due in part to the
endotoxin, adherence characteristics, and virulence of
E. coli within the peritoneum. Fifty percent of abdominal cul-
tures after colonic perforation will demonstrate the presence
of E. coli. It is important to note that of all the bacterial species
found within the colon only a small number are actually
found in the culture. This may be in part due the virulence
of the organism as well as the local intra-abdominal con-
ditions, such as local tissue oxygen tension and the inability
of the less virulent organism to coexist with rapid prolifer-
ation of E. coli and other gram-negative organisms (49).

As seen with obstruction, gastrointestinal stasis will
promote overgrowth of bacteria irrespective of the location
of the obstruction. Bacterial colony concentration and repre-
sentative species are altered, setting the stage for a more
virulent inoculum, if there is a perforation. Familiarity
with the most likely microbes involved in the infectious
process is important in the choice of antibiotic therapy. The
distinction between a community-acquired versus a hospi-
tal-acquired intra-abdominal infection is also important.
Hospital-acquired infections, due to postoperative surgical
complications or due to complications of other medical
disease processes, have a different bacteria profile than

community-acquired intra-abdominal infections. The micro-
biology of hospital (nosocomial) infections demonstrate a
more resistant microflora including P. aeruginosa, Enterobac-
ter, Enterococci, and Proteus species, as well as methicillin
resistant S. aureus and candida (50). The choice of empiric
antibiotic therapy in this group should be broader than in
the community-acquired group. Consideration of antifungal
therapy should be given in the setting of chronic illness, sur-
gical relapse, or in the face of an immunosuppressed patient.

The use of antibiotics directed against anaerobic
bacteria (Bacteroides fragilis) in colonic perforation is an

established principle. These anaerobic antibiotics do
not change the short-term morbidity of the patient, but
rather decrease the change in the development of a late
abdominal abscess formation (51).

The predominant antibacterial agents for treatment
of intra-abdominal infections include the semisynthetic
penicillins, cephalosporins, carbapenems, quinolones, and
anaerobic agents such as clindamycin and metronidazole.
Vancomycin and newer agents for use with methicillin-
resistant staphylococci include linezolid, tigecycline, and
daptomycin (see Volume 2, Chapter 53). Therapy with ami-
noglycosides has been declining due to the use of other
less toxic antimicrobial agents.

Single-agent coverage is reserved for shorter duration
of therapy as well as less serious infections. These agents
tend to be either semisynthetic penicillin with beta-lactamase
inhibitors, such as piperacillin/tazobactam, or a cephalos-
porin, such as cefoxitin. They afford broad aerobic and
limited anaerobic antimicrobial coverage. Broader spectrum
agents such as the carbapenems are reserved for serious
intra-abdominal infections. These include meropenem and
imipenem. Combination therapy provides additional cover-
age for anaerobes with the addition of clindamycin or
metronidazole to any of the other antibiotics. Synergistic
antipseudomonal coverage includes semisynthetic penicillin
or a third-generation cephalosporin plus a quinolone or an
aminoglycoside. The Society for Surgical Infections has rec-
ommended single- and double-coverage antimicrobial regi-
mens for intra-abdominal infections, which are listed in
Table 4. They have also developed broad guidelines for
who should receive antibiotics, as well as the duration of

Table 4 Antibiotic Regimens for Intra-abdominal

Infections

Single agents

Extended spectrum penicillins

Ampicillin/sulbactam

Piperacillin/tazobactam

Cephalosporins

Cefoxitin

Cefotetan

Carbapenems

Imipenem/cilastatin

Meropenem

Combination agents (all include anaerobic coverage)

Aztreonam plus clindamycin

Ciprofloxacin plus metronidazole

Cefuroxime plus metronidazole

Third generation cephalosporin plus metronidazole

Aminoglycide plus metronidazole

Source: Adapted from Ref. 55.
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antibiotic therapy for intra-abdominal infections. Those
patients for whom antibiotic therapy is recommended for
�24 hours include the following: (i) patients with iatrogenic
or traumatic enteric perforations with peritoneal contami-
nation, who are able to be operated upon within 12 hours,
(ii) patients with gastroduodenal perforation operated on
within 24 hours, (iii) patients with acute or gangrenous
appendicitis or cholecystitis without perforation, and
(iv) patients with transmural bowel necrosis without
bowel perforation, peritonitis, or abscess formation. In
these patients a single dose of preoperative antibiotics are
indicated. A second group of patients for whom antibiotic
therapy would be indicated for �24 hours include those
patients with established surgical intra-abdominal infections
or more extensive intraoperative findings than the former
described group of patients (52–55).

The efficacy of the overall treatment plan should yield
an improvement in the patient’s overall condition. Although
there is no definitive duration of antibiotic therapy, the
improvement of the clinical course, resolution of leukocyto-
sis, a normalization of temperature, and return of their gas-
trointestinal function are good markers of infection control.
Those patients may have their antibiotics ceased 24 to 48
hours after these markers have been achieved. In the
patient with a favorable clinical response a total time of anti-
biotic therapy should be no longer than five to seven days.

In those patients with compromised immune systems,
a longer time frame should be established. In some patients
(i.e., a periappendiceal abscess), a shorter course may be suf-
ficient. Use of antibiotics in trauma where there has been
abdominal contamination is dependent upon the amount
and duration of spillage. Typically the duration of time is
short unless the injury has been missed and the patient’s
infection is well established. Trauma patients with a perfor-
ation of a hollow viscus and surgical repair within 12 hours,
show no benefit from antibiotic therapy for longer than 24
hours of antibiotic therapy (52). A course of 24 hours of anti-
biotics appears to be as good when compared to a three- to
five-day course of antibiotics. In trauma patients with estab-
lished infections such as those with missed intra-abdominal
injuries, therapy should be carried out for five to seven
days as in other established gastrointestinal perforations
(52,54,56). Lack of clinical response, suggested by persistent
fever, leukocytosis, prolonged fluid requirements, and gas-
trointestinal dysfunction suggest ongoing infection and the
need to be reevaluated after five to seven days of appropriate
treatment. Complicated intra-abdominal infections
with ongoing contamination, organ infection (pancreatitis),
or an open abdomen may need prolonged antibiotic
therapy. The duration in this group of patients is dictated
more on the clinicians’ impression as to patient progression
or deterioration.

Whether or not there is a need to culture all peritoneal
fluid or aspirate remains a debated topic (57,58). Reasons
for the routine use of intra-abdominal cultures would be to
identify bacteria that are not suspected in the infectious
process or to identify resistant bacteria to the treatment
regimen (58,59). Those who oppose the use of routine cul-
tures claim that the bacteria profile of the intra-abdominal
infection can be predicted with a great degree of certainty,
and routine cultures are neither sensitive nor specific
enough to guide therapy.

There may be subsets of patients where routine intra-
abdominal cultures may be efficacious. These include immu-
nocompromised patients, hospitalized patients, patients
already on antibiotics who then present with an intra-

abdominal infection, patients who develop postoperative
abdominal complications, or patients who fail to clear their
initial intra-abdominal infections. Intraoperative cultures
can assist in appropriate antibiotic selection. There is a 15%
to 20% incidence of resistant bacteria found in an intra-
abdominal infection, and knowledge of this fact along with
sensitivities of the organism may alter antibiotic therapy.
Routine cultures of intra-abdominal fluid remain an unre-
solved issue; perhaps a middle-of-the-road approach to
selective culturing of infected abdominal fluid in higher
risk patients may be of benefit.

Certain bacteria and fungi are sometimes present
in the intra-abdominal cultures. The significance of
these organisms remains a pertinent question for the prac-
titioner. Organisms such as Enterococci, Candida, and
methicillin-resistant S. aureus are common isolated bacteria.
Enterococcus has been found in 5% to 20% of patients with
peritonitis; yet, large-scale studies have described successful
treatment for intra-abdominal infections without specific
antibiotic coverage for Enterococci (60,61). In most instances,
it functions as a copathogen rather than the active infect-
ious agent. In community-acquired abdominal infections,
there appears to be no role for antimicrobial coverage for
Enterococci (60,62). Hospital-acquired (nosocomial) infec-
tions, such as those seen in postoperative patients, are cir-
cumstances where Enterococci may play an active role and
are not simply co-pathogens (63–65). Recent studies have
demonstrated an increased risk of postoperative compli-
cations and a higher mortality rate in subgroups of patients
with Enterococci cultured (66). These include patients with
peritonitis who are immunocompromised, a prosthetic
heart valve, severe sepsis, prior cephalosporin therapy, or
persistent intra-abdominal collection without clinical
improvement (63,67). These patients may benefit from
enterococcal antibiotic coverage. The choice of antibiotic
should be driven by culture sensitivities and institutional
protocols, but would include monotherapy with vancomy-
cin, ampicillin, an aminoglycoside, or linezolid. Linezolid
and daptomycin are newer agents for soft tissue infections
with Enterococci (68).

The isolation of candida has been associated with an
increase in morbidity as well as mortality in intra-abdominal
infections (69). Yet in a large series of patients with C. albicans
and intra-abdominal infection, there appeared to be no
difference in clinical outcome if antifungal treatment of
candida was undertaken (70). One explanation for this
finding may be that what most cultures represented was
colonization with candida, rather than a true infection with
candida. Again, in subgroups of patients with intra-abdomi-
nal candida, the outcome seems to have been dependent
upon early administration of antifungal therapy (71).
Patients likely to be included in the latter group include
those with recurrent gastrointestinal perforation, patients
with postoperative complications of acute pancreatitis
surgery, or patients with repeated positive intra-abdominal
cultures (72). Present therapeutic strategies include flucona-
zole, amphotericin, or liposomal amphotericin for those
patients with renal insufficiency.

In summary, the Surgical Infection Society guidelines
aid in the choice and duration of antibiotic therapy (68).
These include: (i) Those patients undergoing an elective
gastrointestinal surgery should receive a bowel preparation.
(ii) Patients in whom source control is achieved at the first
operation can be treated for 24 hours and then discontinued
(53). (iii) Trauma patients with a perforated abdominal
viscus can be treated for 24 hours. (iv) Patients with an
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established abdominal infection should undergo antibiotic
therapy for five to seven days. If the patient develops signs
or symptoms suggestive of an ongoing abdominal infection
then prompt diagnostic workup should be initiated. (v) The
use of antifungal therapy should be withheld unless the
patient is at risk of development of a fungal infection.

SPECIFIC ABDOMINAL INFECTIONS
Peritonitis
There are three forms of peritonitis: primary, secondary, and
tertiary. Primary peritonitis, also called spontaneous bacterial
peritonitis (SBP), may be due to an inflammatory or infectious
process. Secondary peritonitis is due to breakdown, perfor-
ation, or leak of an intra-abdominal hollow organ or viscus
that permits contamination of the abdomen. Tertiary perito-
nitis is a latent infection seen in chronically ill or immunosup-
pressed critically ill patients. It tends to be due to atypical
nonpathogenic organisms and is not due to a disruption of
the gastrointestinal tract or other solid organs.

Primary Peritonitis
SBP is infectious in origin and is usually seen in patients

with cirrhosis and ascites (73). The ascites become
infected without evidence of an intra-abdominal source.
The bacterial flora typically has only one bacterial species,
which is often due to gram-positive organisms, such as
Staphylococcus sp. and Streptococcus sp., or gram-negative
organisms, such as E. coli or Klebsiella.

Speculation as to the source of the infection includes
translocation through the gastrointestinal wall or hemato-
genous spread from distant foci, such as the genitourinary
track or skin infection. Patients with indwelling peritoneal
dialysis catheters may develop peritonitis due to a break in
the sterile technique. The dialysis fluid may become infected
during changing of the peritoneal dialysate or due to a
dialysis catheter. A sterile form of primary peritonitis may
be due to the presence of blood, bile, or urine within the per-
itoneum. Many episodes of blood or bile in the peritoneum
do not lead to peritonitis. Release of pancreatic enzymes
into the peritoneum during acute pancreatitis will most cer-
tainly result in peritoneal inflammation and abdominal pain.
Granulomatous peritonitis is less common, but may result
from an infectious source, such as tuberculosis, or from a
chemical source, such as talc from surgical gloves.

The diagnosis of primary peritonitis is usually made
by documentation of ascites, by physical examination or
US. Paracentesis is performed and the fluid sent for cell
count and culture. Leukocytes (WBC) of 500 or polymorpho-
neutrophils (PMNs) of 250 or greater are diagnostic. Gram
stain and culture will help direct appropriate antibiotic cov-
erage. In the case of a peritoneal dialysis infection both sys-
temic administration and intraperitoneal administration of
antibiotics are the mainstays of treatment. If there is a true
dialysis catheter infection, the treatment remains the same.
Clinical response to antibiotic therapy is reflected by an
improvement in the patients’ condition and a clearing of
purulent exudate from the peritoneal fluid within 48 to 72
hours. A negative peritoneal culture is obtained at the end
of the treatment. In patients failing to improve, the perito-
neal dialysis catheter must be removed.

The outcome of primary peritonitis in cirrhotic
patients is variable and dependent upon whether this
occurred in the outpatient setting or as an inpatient. In out-
patient cirrhotic patients there is a 3.5% incidence of SBP

with a corresponding one-year survival of 67% (74). In a
group of hospitalized patients the prevalence of SBP was
10% to 20% with an in-hospital mortality of 20% to 30%
(75). The presence of acute renal failure increases the mor-
tality rate to 58% if the renal failure is at steady state,
versus nearly 100% for those patients with permanent
renal failure (76–78).

Secondary Peritonitis
Secondary peritonitis is a result of a break in the intra-

abdominal viscera integrity (13). Perforation or trans-
mural necrosis of a hollow viscus may lead to spillage of gas-
trointestinal contents into the abdomen. These leaks may
occur from perforated, gastric or duodenal ulcers, perforated
small bowel, appendicitis, inflammatory bowel disease,
ischemia, or diverticulitis. Spillage of gastrointestinal con-
tents may occur due to abdominal trauma, operative pro-
cedures (enterotomies), or anastomotic leaks. Although
gastric perforations may have low bacteria concentrations,
progression from proximal to distal in the gastrointestinal
tract demonstrates increasing bacterial counts and the pre-
sence of anaerobic microbes.

The diagnosis of secondary peritonitis is suspected in
a patient with fever, leukocytosis, abdominal peritoneal
findings, unexplained hypotension, or intolerance to oral
nutrition. An abdominal radiograph may demonstrate
pneumo-peritoneum, intestinal wall thickening, pneumo-
cystis intestinalis, or thumb printing. In other patients,
abdominal and pelvis CT scans may detect free fluid in the
presence of free abdominal air, focal area of intestinal
edema, pneumatosis intestinalis, or an abscess. Patients
with a localized abscess may develop localized findings
without systemic signs or symptoms of illness. They may
be treated with percutaneous catheter drainage (66,79).

The initial therapy of the patients is fluid resuscitation.
Secondly, control of the intra-abdominal source of infection
is obtained. This may include a definitive procedure such
as resection of the affected segment of sigmoid diverticulitis
with primary anastomosis. Conversely, it may involve a tem-
porizing measure with a diverting colostomy. The abdomen
is then cleaned of any purulent material via controlled
lavage. If there is no evidence of elevated intra-abdominal
pressures, the fascia is approximated. The wound is left
open to heal with a delayed primary closure, wet-to-dry ban-
dages, or a vacuum-assisted closure. Lastly, the prevention of
further intra-abdominal infection and faster resolution of
active disease symptoms are facilitated by antibiotic adminis-
tration (36,80). In patients with severe diffuse peritonitis, a
single operation to control the source of infection was success-
ful in 88% of the patients. In other patients reoperation at 24 to
48 hours or open abdominal management with repeated
staged operative procedures is indicated.

In some patients, a single definitive operation is not
possible. Declining physiologic reserve, hypothermia, coa-
gulopathy, and acidosis are conditions where damage
control surgical principles should be employed (81). In
severely compromised patients, a shorter operative pro-
cedure, both in time and in scope, may be beneficial. The cor-
rection of hypotension, coagulopathy, and hypothermia
could be accomplished in the SICU (82). In certain patients,
abdominal edema due to fluid resuscitation and the systemic
inflammatory response may limit the surgeon’s ability to
close the abdomen safely (Table 5).

In some patients, the degree of abdominal soilage and
contamination is so great that a second-look operation with
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further debridement and lavage may be indicated. Source
control can usually be controlled with two to three operative
procedures (80). At some point if the abdomen cannot be
surgically closed, temporary mesh and skin grafting or a
component closure may be necessary.

There is a cost to abdominal reexploration that can be
measured in increased patient morbidity and mortality (83).
Mortality rates for reoperation range between 30% and
52% (82). Each trip back to the operating room extolls a
physiologic price on the patient. It has the potential to
incite the second hit, which may trigger a broader inflamma-
tory response such as SIRS. Patients who require additional
operative interventions seem to do better with reoperation,
based on demand rather than simply planned at some time
interval. Those patients with a planned reoperation devel-
oped SIRS (21%) versus reoperation on demand patients
(13%). Similarly, multisystem organ failure developed in
68% of patients with planned reoperation versus 39% if the
reoperation was performed on demand (32,84,85). If a
second-look operation is necessary, mortality is reduced if
the procedure is undertaken within 48 hours of the first pro-
cedure.

Frequent abdominal reoperations are associated with
the development of intense inflammation of the bowel and
subject it to ongoing tissue trauma. The rate of intestinal fis-
tulae formation, perforation, and anastomotic leaks increase
with each subsequent operative procedure (86). This obser-
vation can be readily seen by the operating surgeon. The
bowel becomes more edematous and adhesions grow
denser with each operation. An intense serositis develops
on the bowel wall. Dissection of free tissue plains within the
abdomen becomes difficult. At this point, it is probably
better to attempt to secure some type of abdominal closure
rather than continue to reoperate, if possible (85,87).

The decision for temporizing surgery rather than
definitive surgery is determined by intra-operative evalu-
ation of the three key areas: (i) evaluation of the overall
physiologic status of the patient, (ii) evaluation of the con-
dition of the surgical anatomy, and (iii) knowledge of the
natural history and course of the disease encountered.

Tertiary Peritonitis
Tertiary peritonitis occurs in critically ill patients. These
patients tend to be immuno-compromised or have been hos-
pitalized for a long period of time. In the latter group of
patients, they are often not clinically improving and have
gone from one medical or surgical problem to the next,
never seeming to fully recover (88). These patients have
poor physiologic reserve and nutritional status. Tertiary per-
itonitis is not a common disease, but is often seen in patients
who were originally seen with secondary peritonitis. In the
medical ICU, patients may develop tertiary peritonitis
without any antecedent operative therapy. The recovery in
these patients is hindered by recurrent infections, which
are dominated by nosocomial bacteria and opportunistic

infections. Mortality for this disease ranges from 30% to
60% (89).

The diagnosis of tertiary peritonitis is difficult to make
(90). There are a paucity of clinical signs, symptoms, and
findings to direct the clinician. Suspicion of tertiary perito-
nitis may be initiated by a gradual downward course of a
patient without an obvious etiology, heralded by fever and
leukocytosis. Fluid collections are aspirated and therapy
directed by gram stain and culture. In these patients, S. epi-
dermidis, Pseudomonas spp., and Candida spp. are frequent
pathogens. These patients are succumbing to pathogens
that are typically nonpathogenic to the immunocompetent
host. Their ultimate demise is not due to the organisms,
but to multisystem organ failure.

Perforated Abdominal Viscous
The management of a perforated abdominal viscus follows
the same basic treatment principle of source control. Perfor-
ations must be contained either through normal host defense
mechanisms, drainage, or surgery. If there is to be spon-
taneous healing or sequestration of a perforation, the sur-
rounding tissue must be of good quality so that an
inflammatory reaction may develop and sequester the infec-
tion. All but small (3–5 mm) intra-abdominal abscesses
should be considered for drainage. Diffuse peritonitis with
accompanying free suppurative abdominal fluid most
often requires operative intervention.

The most common etiologies of upper gastrointestinal
sources of abdominal perforations are gastric and duodenal
ulcers. Unfortunately, currently, many patients are on anta-
cids that effectively bypass the stomach’s natural defense
mechanism. In these patients, the upper gastrointestinal con-
tents are of higher bacterial concentrations and often contain
atypical bacteria and fungi.

The diagnosis of an upper gastrointestinal perforation
may be heralded by epigastric pain, fever, and leukocytosis.
The pain is constant and may radiate into the posterior epi-
gastrium or right upper and lower quadrants. Nausea and
vomiting may accompany these symptoms. Physical examin-
ation may reveal abdominal pain or guarding in the
epigastrium and right upper quadrant. Plain films of the
abdomen, including upright and lateral decubitus films
may reveal free intra-abdominal air. If a CT of the abdomen
is performed, both free air and free fluid may be seen.
Additionally, local tissue edema may be seen near the area
of perforation. If oral contrast was administered it may be
seen outside the confines of the stomach or duodenum.

Primary repair of gastroduodenal ulcer perforation
is dependent upon the etiology of the perforation. Simple
perforated ulcers may be repaired by oversewing and
Graham patch. More complex ulcers, such as giant ulcers
or ulcers due to gastric cancer, may require resection and
anastomosis. Definitive surgical anti-ulcer therapy needs to
be weighed against this benchmark. More and more
younger people are using nonsteroidal anti-inflammatory
agents. The incidence of Helicobacter pylori-associated gastro-
intestinal perforation is rising. A study by Tokunaga et al.
(91), and another by Ng et al. (92), discovered that 80% to
90% of patients with a perforated ulcer were found to test
positive for H. pylori. In these patients simple oversewing
with a patch and treatment with antibiotics effective
against H. pylori was sufficient to control the disease
process (92). Hydrogen pump inhibitors are very effective
acid-reducing agents. In selected patients (the elderly or

Table 5 Indications for Open Abdomen Management

Excessive bowel, peritoneal and soft tissue edema

Massive soft tissue loss to the abdominal wall

Inability to obtain source control

Need for a second look procedure (to assess bowel perfusion)

Damage control surgery (hypothermia, coagulopathy, or acidosis)

Abdominal compartment syndrome
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critically ill) these pump inhibitors may be more beneficial
than the morbidity of a larger resection.

Small bowel perforation is unusual and is often times a
result of inflammatory bowel disease, obstruction, or
trauma. Large bowel perforation is more common and
includes the additional differential diagnosis of diverticuli-
tis, volvulus, and malignancy. Within the colon the concen-
trations of anaerobic organisms increase so that one gram
of stool contains 1012 anaerobes and 108 aerobes (93).

Management is specific to the disease process.
Ischemic or infarcted bowel is resected and usually recon-
structed with a primary repair at the first operation if the
patient’s physiology permits it. Revascularization of mesen-
tery vessels may be indicated in the presence of a proximal
obstruction due to embolic or occlusive disease. Intestinal
obstruction is relieved as adhesions are lysed or hernias
reduced. If the bowel is viable then no gastrointestinal
surgery is performed. Inflammatory bowel problems may
present with bleeding, obstruction, or perforation.

Surgical repair is directed toward the correction of the
underlying problem, with the understanding that most of
the inflammatory diseases are chronic and recurring. Surgi-
cal repair of traumatic small bowel injuries are the mainstay
after debriding any nonviable tissue from the site of injury.
Primary repair of large bowel perforations has become the
first line of therapy in patients who can tolerate the added
time to the initial operation (94). In those patients who
physiologically cannot tolerate a longer operation can be sur-
gically temporized by leaving a segment of bowel in discon-
tinuity to be repaired at a second-stage operation or by
diversion ostomy (95).

Intra-abdominal Infections Due to Trauma
The management of seriously injured patients is complex.
Operative versus nonoperative strategies, use of adjunct
angiographic procedures, and supportive critical care are
commonplace in the management of these patients.
Overall, 25% of postoperative trauma patients develop an
intra-abdominal infection (Table 6). Surgical wound compli-
cations occur in 12% and intra-abdominal abscess formation
develops in 9% of patients. The remaining patients develop

diffuse peritonitis, solid organ, or retroperitoneal abscesses.
In the multicenter trial of the American Association for the
Surgery of Trauma (AAST), 297 patients underwent laparot-
omy for bowel perforation, 19% (55) patients developed an
intra-abdominal abscess, 9% (27) patients developed fascial
dehiscence, and 4.3% (13) patients developed a colonic
leak. Primary infectious sources include gross fecal contami-
nation, hepatic, gastric, enteric, and colonic perforation.
Intra-abdominal complications may also occur as a result
of treatment, delay in diagnosis, or due to missed injuries.
Sometimes, the gastrointestinal injury may not result in
immediate perforation. Rather, ongoing tissue injury from
ischemia, intramural hematoma or acute distension of a
partial thickness bowel injury may result in a late compli-
cation. Medical complications, secondary to critical illness,
such as pancreatitis or cholecystitis are seen in 14% of the
cases (96). The nonoperative management of selected
abdominal trauma is associated with the development of
intra-abdominal complications.

Over the last 20 years, there has been a paradigm shift
to the nonoperative management of liver injuries. Mortality
from higher-grade injuries, the AAST Grade 4 and 5, has
decreased. Yet, this has not come without a cost. Morbidity
from the nonoperative management of liver injuries includes
intra-abdominal complications (97,98). Bile leaks may pro-
gress to form a biloma, become infected, or develop diffuse
peritonitis. Devitalized hepatic tissue may become infected
and develop an intrahepatic or intra-abdominal abscess.

In a study by Wahl et al. (99), 33% (94/281) of patients
with hepatic injuries developed an intra-abdominal compli-
cation. These complications were bile leak, liver abscess,
or an intra-abdominal abscess. Patients who developed a
complication had higher liver Abbreviated Injury Scores
(AIS � 4). Almost half of the patients who underwent
operative therapy developed a liver-related complication.
Fifty-three percent of the patients who underwent simple
angiography and 60% of those with angioembolization
developed a complication. In the nonoperative and nonpro-
cedure group only 1.5% of the patients developed a compli-
cation. Presenting symptoms included unexplained fever,
leukocytosis, or peritonitis. The diagnosis was confirmed
with a hepato-iminodiacetic acid (HIDA) scan using Tc-99.
The sensitivity and specificity of this test were both 100%.
Treatment consisted of laparoscopic drainage or abdominal
washout and placement of a closed suction drain.

Complications increase with increasing severity of
hepatic injury. Patients with AAST Grade 3 liver injuries
experience a 4.7% chance of developing an intra-abdominal
infection. This increases to 21% with Grade 4 injuries and
63% of Grade 5 injuries (100,101). Options of treatment
include percutaneous drainage, endoscopic retrograde cho-
langiography (ERCP) with stent placement, laparoscopic
drainage, and washout or open exploration.

Splenic injuries do not have the same complication
profile. Here, recurrent hemorrhage rather than infection
appears to be the main complication with nonoperative
management. Those patients managed nonoperatively, and
who undergo angiography, seem to have a slight increase
in the risk of developing an infectious complication.
Recently, there have been case reports and small series of
splenic abscess formation (6%) after angioembolization of
ongoing splenic hemorrhage (102).

From a surgical standpoint, one of the most dreaded
complications has been the breakdown or leak of a gastroin-
testinal primary repair or anastomosis. The stomach, due to
the rich vascular supply, tolerates repair well. Caveats to

Table 6 Traumatic Etiologies of Abdominal Infections

Incomplete peritoneal toilette with residual peritoneal

contamination

Continued lack of source control

Gastrointestinal anastomosis leak

Gastrointestinal repair leak

Gastrointestinal fistula

Gastrointestinal ischemia with perforation

Hepatic abscess due to trauma

Infected biloma

Missed injury with continued peritoneal contamination

Soft tissue infection

Postoperative intra-abdominal abscess

Postoperative pancreatitis or leak with infection

Infected vascular prosthesis

Infectious complications due to open abdomen management

Tertiary peritonitis

Retained foreign body infection (bullet, explosive fragments)

Incomplete tissue debridement

Delayed gastrointestinal perforation after blunt trauma
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obtaining a good repair are adequate debridement of the
injured tissue, standard repair techniques, and postoperative
gastric decompression. Leak rates are less than 6%.

The evolution from diversion colostomy to primary
repair of colon injuries has been a slow process. During
World War II, both British and American surgeons per-
formed these procedures as a standard of care for battlefield
colonic injuries. With improved technique, antibiotics, rapid
evacuation, and perioperative care, surgeons gradually
tested primary repair of the colon. From 1949 to 1990, there
were 26 studies examining this premise. Leak rates from
the primary closure of traumatic colonic injuries were 1.3%
(20/1507). Leaks from resection and anastomosis were 5.7%
(19/335). Some of these studies were retrospective and
many not randomized. In four prospective studies, where
patients received primary colonic repair without exclusion-
ary criteria, there were no leaks in the simple suture repair
group and there was a leak rate of 3.7% in the resection
and anastomosis group (103). In a large multicenter trail of
297 patients with colonic injury, an abdominal complication
occurred in 24% of the cases (104). There was no statistical
difference between the primary anastomosis (22%) and the
diversion group (27%). Independent risk factors for the
development of an abdominal complication included
severe fecal contamination, transfusion of RBCs of �4
units in the first 24 hours or single-agent antibiotic prophy-
laxis. Current recommendation is to consider primary gas-
trointestinal repair or resection and anastomosis in most
trauma patients. In a study by Sasaki et al. (105,106), there
was no difference in septic complications in the primary
repair group versus the diversion colostomy group.

With these statistics in mind it is important to put this
knowledge in a conceptual postoperative timeframe.
Behrman et al. (107), examined the temporal frame of devel-
opment of the intra-abdominal infection after a leak. In 222,
intestinal repairs were done in 171 patients. There were 11
complications (5%) that occurred in 11 patients. There were
four duodenal, four small bowel, and three colon-failed
repairs that were diagnosed on an average on postoperative
day 15. The four duodenal leaks (4 of 12) were in primary
enterorrhaphies with associated pancreatic injury. The
small and large bowel leaks all occurred in patients with
resection and primary anastomosis. In three of the four
small bowel leaks the patients had developed abdominal
compartment syndrome. Overall complications were associ-
ated with more seriously ill patients, with higher blood
transfusion and fluid requirements during the initial resusci-
tation and operation.

Missed abdominal injuries are seen at variable rates in
the literature (0.3–31.4%) (108,109). The higher missed injury
rates were reported by institutions with relatively low
volume; less than 200 patients per year (110). Other insti-
tutions reported a much lower incidence. Buduhan et al.
(111), reported an abdominal missed injury rate of 1.6%
which was a splenic laceration. Data from our own insti-
tution examining over 13,000 patients over a 12-year
period, revealed an overall missed injury rate of 3% (all ana-
tomic areas). Missed abdominal injuries were diagnosed in
0.5% (65 patients). Most of these missed abdominal injuries
were due to a false initial read on the CT of a solid organ
(liver and spleen). This did not impact on immediate care
as these were managed nonoperatively. Other abdominal
injuries resulted in 38% of (22/65) of patients requiring oper-
ative intervention. These included small bowel perforations
(11), diaphragm (9), splenic injury (1), stomach (1), and per-
forated duodenal ulcer (2). Thus 0.3% of all the trauma

patients admitted to our center had missed abdominal
injury (stomach, bowel, or duodenal) that had the potential
to cause an intra-abdominal infectious process (112).

Acute Appendicitis
Complicated cases of appendicitis may send a patient to the
SICU with a diagnosis of abdominal sepsis. Acute appendi-
citis begins with obstruction of the lumen of the appendiceal
orifice. Secondary bacterial overgrowth occurs with disten-
sion of the appendix.

Simple appendicitis can become a suppurative appen-
dicitis. In addition, a perforated appendicitis can develop
into a periappendiceal abscess. Diffuse peritonitis may
occur in a patient who is unable to sequester the suppurative
process. This may be seen in the immunoincompetent or
elderly patient. These patients are at risk of developing
sepsis due to an uncontrolled intra-abdominal source. Com-
plicating the diagnosis sometimes is a redundant sigmoid
colon with diverticula. This situation may resemble acute
diverticulitis; however, the management of these two con-
ditions in the early stages is very similar. Although US
imaging may demonstrate a distended appendix, CT scans
better delineate the anatomy of the disease process. The sen-
sitivity of the abdominal CT was 94% with a sensitivity of
95%. US had a sensitivity of 86% with a sensitivity of 81%
(113). Radiographic findings on CT for acute appendicitis
include appendiceal wall thickening .5 mm, periappendi-
ceal inflammation or fat streaking, nonfilling of the appen-
dix, the presence of a fecalith, or a periappendiceal mass
or abscess.

Simple appendicitis and suppurative appendicitis are
treated surgically by appendectomy. An appendiceal
abscess is typically drained percutaneously or treated opera-
tively. Perforated appendicitis is managed operatively
unless there is a periappendiceal abscess. Localized
abscesses may be drained percutaneously. If the abscess
cavity is small and adjacent to the appendix, both may be
operatively resected. On the other hand, if there is a
complex picture of inflamed bowel and a large abscess
then percutaneous drainage may be more beneficial. Early
operation on stable patients with this ileocecal inflammation
has been shown to increase the likelihood of complications
and more extensive operative intervention. Appropriate
antibiotics include second-generation cephalosporins or qui-
nolones or semisynthetic penicillin. Improvement in the
patient’s condition at 48 hours should be demonstrated. If
not, rescanning for an undrained abscess or operation is
necessary. Complex abscesses or regional peritonitis is best
managed by operation. A patient with an appendiceal phleg-
mon is probably best treated conservatively with antibiotics
and an interval appendectomy at six weeks (114). However,
if patients do not undergo interval appendectomy, only 20%
go on to develop signs and symptoms of a second episode of
appendicitis. The majority of these cases will present within
one year of the first episode and tend to be uncomplicated
(115). Therefore, there are advocates of watching and
waiting rather than performing an interval appendectomy.
If this management strategy is utilized in patients over the
age of 40, then screening colonoscopy is recommended at a
later date to exclude other significant colonic pathology
such as colon cancer or inflammatory bowel disease.

Appendectomy can be performed via the open tech-
nique or laparoscopically. In patients whom the diagnosis
is not known for certain, the laparoscopic approach affords
the opportunity to visually explore the abdomen (116).
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Acute Cholecystitis
Over 90% of the patients with acute cholecystitis have associ-
ated cholelithiasis. The remaining patients have acalculous
cholecystitis, a disease primarily of critically ill patients. Cal-
culous cholecystitis is secondary to cystic duct obstruction
with secondary gall bladder dilatation.

Signs and symptoms of acute cholecystitis include
right upper quadrant pain and referred pain to the right
scapula and back. There may be associated nausea and
vomiting. The pain tends to be unremitting in contradistinc-
tion to biliary colic that waxes and wanes, but subsides typi-
cally in six hours.

US is the primary diagnostic procedure as it is
noninvasive, quick, and offers no risk to the patient.
Typical findings include cholelithiasis, a distended gall
bladder (.5 mm) with wall thickening (.3.5 mm), and peri-
cholecystic fluid (32). In some cases, there may be mucosal
wall separation or intramural air. A HIDA scan will demon-
strate nonvisualization of the gall bladder. Care must be
used in the interpretation of a nonvisualized gall bladder
in a fasting critically ill patient. The gall bladder may be
contracted due to disuse and not pick up the technetium
contrast material and give a false positive result (117).

Acalculous cholecystitis is rarely seen outside of
the SICU. It typically occurs in very ill patients who have
been receiving parenteral nutrition. The pathophysiolo-
gic mechanism of acalculous cholecystitis appears to be an
alteration to the microcirculation of the mucosa of the gall
bladder wall. This in turn leads to gall bladder wall ische-
mia, inflammation, bacterial invasion, necrosis, and possibly
perforation (118). Risk factors for this process include recent
hypotension, as seen with septic and burn patients, or pro-
longed biliary stasis (total parenteral nutrition). The diagno-
sis of this condition is more difficult to make and is often
inferred. A critically ill patient who suddenly decompen-
sates without an obvious cause, a newly developed intoler-
ance to feedings, development of an ileus and unexplained
fever or leukocytosis should prompt consideration of acalcu-
lous cholecystitis. Serum chemistries may be misleading
with relatively normal liver function tests. Only a mild-to-
moderate leukocytosis may be present.

A right upper quadrant US may demonstrate all the
findings seen with calculous cholecystitis, except for the
stones (Fig. 2). More often, the only ultrasonic finding will
be a distended gall bladder. The additional finding of a
thickened gall bladder wall (.3.5 mm) is supportive evi-
dence for acalculous cholecystitis. Serial USs may demon-
strate an enlarging gall bladder with some pericholecystic
fluid or some slough in the gall bladder.

Surgical treatment is the mainstay for both acalculous
and calculous cholecystitis. Both open surgical as well as
laparoscopic surgical approaches have been utilized (119).
Due to the intense inflammatory nature of this process one
needs to exercise caution and sound surgical judgment
when utilizing the laparoscopic approach. Conversion to
an open surgical procedure may be indicated in patients in
whom the anatomy is distorted or the inflammation prohibi-
tive for a safe dissection (120).

Antibiotics are administered in the perioperative
period and consist of a second-generation cephalosporin. If
the patient is stable, laparoscopic cholecystectomy with cho-
langiography as indicated should be carried out. Patients
whose symptoms have been present for longer than three
to four days may have a very inflamed gall bladder that
would make operative resection difficult. In these patients,
a delayed surgical procedure after antibiotics and a cooling

down period may make a laparoscopic procedure feasible.
Conversion rates of ,2% are seen in acute cholecystitis of
less than two days duration. More advanced cholecystitis
is associated with an 11% to 32% conversion rate to open
cholecystectomy (121).

In those patients with an intense inflammatory reac-
tion of the gall bladder, partial cholecystectomy is an alterna-
tive. Here the posterior wall of the gall bladder can be left on
the liver and it is safer to dissect the gall bladder in a retro-
grade fashion from the fundus toward the neck. Transection
of the gall bladder is performed when it is deemed too trea-
cherous to dissect further. Attempts to perform a cholangio-
gram through the proximal gall bladder may be of benefit in
these circumstances. Otherwise, the remaining gall bladder
wall is oversewn and a closed suction drain is placed in
the Morison’s pouch. If the gall bladder cannot be sutured,
the placement of a drain should suffice in the absence of
common bile duct obstruction. In the case of an obstructed
common bile duct, an ERCP can be employed postopera-
tively to clear the duct.

Figure 2 Acalculous cholecystitis. (A) Acalculous

cholecystitis-distended gallbladder with pericholecystic fluid and

edema. (B) Percutaneous drain placed demonstrating collapsed

gallbladder (arrow).
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If a patient is critically ill, and has acalculous cholecys-
titis, consideration of a percutaneous drainage of the gall
bladder is possible. A note of caution is that the ischemia
to the gall bladder walls may lead to necrosis and eventual
perforation. The presence of gall bladder wall necrosis
may be missed on both CT and US; therefore, if a percuta-

neous drain is placed, the patient needs to be observed
closely over the next two to three days to ensure clinical
improvement. Antibiotics are generally continued for a
7 to 14-day course in these patients. If the patient improves
an interval cholecystectomy can be performed (122).

Acute Cholangitis
Acute cholangitis is an ascending infection of the hepatobili-
ary tree caused by obstruction of the common bile duct. The
resulting stasis of bile behind an obstruction is fertile
material for bacteria to colonize. Biliary obstruction may be
acute or more indolent. The most common cause of obstruc-
tion in North America is due to choledocholithiasis (30–
60%) (123). Hemobilia may be seen in trauma and transplant
patients, leading to occlusion of the bile duct due to the RBC.
Biliary strictures due to malignancy, ischemia, sclerosing
cholangitis, or recurrent episodes of pancreatitis may cause
obstruction. Malignant strictures are associated with infected
bile in 25% to 33% of the cases. Infection of the biliary tree may
also follow manipulation from ERCP. Common bile duct
stents as well as biliary decompressive tubes may become
infected. Extrinsic compression of the common bile duct
may be seen with pancreatic cancer, gastric cancer, duodenal
hematomas, and lymphomas. Patients who have undergone a
biliary decompressive surgery with a choly-enteric anasto-
mosis are at an increased risk for biliary infection.

Signs and symptoms are manifested by Charcot’s tri-
angle of right upper quadrant pain, jaundice, and fever. In
15% of the patients a more severe ascending cholangitis is
seen with accompanying hypotension and mental status
changes. The addition of the mental status changes and
septic picture along with Charcot’s triad, form the Reynold’s
pentad (124).

Laboratory tests demonstrate an elevated WBC
(12,000–22,000), total and direct bilirubin, alkaline phospha-
tase, [alanine aminotransferase (ALT) also known as serum
glutamic pysuvic transaminase (SGPT)] and [aspartate ami-
notransferase (AST) also known as serum glutamic oxaloace-
tic transaminase (SGOT)]. The degree of hyperbilirubinemia
is proportional to the length of time and completeness of
the obstruction. Diagnostic tests include US, HIDA scan,
and CTscan. US is usually the first test of choice. The US typi-
cally demonstrates a dilated common bile duct with associ-
ated intrahepatic ductal dilatation. There is usually
evidence of cholelithiasis, and choledocholithiasis may be
demonstrated. Stones .2 mm can be visualized by the US,
if imaged in the appropriate plan.

A HIDA scan will demonstrate filling of the liver and
gall bladder without emptying of the Tc-99 into the duode-
num. CT scans are beneficial when malignancy is suspected.
Magnetic resonance cholangiopancreatography (MRCP) also
visualizes the hepatobiliary tree, but a secondary test is
usually reserved for patients who cannot tolerate an ERCP.
An ERCP is both diagnostic and therapeutic in most cases.

Biliary stones can be retrieved with a basket or
crushed. A sphincterotomy may be done to accommodate
the passage of larger stones or a stent may be placed if a
stricture is present to relieve the infected obstruction.
Biopsies may be taken if there is suspicion of

cholangiocarcinoma or ampullary carcinoma. The most
common bacteria found in these infections are E. coli, Kleb-
siella pneumoniae, and Enterococcus faecalis. In two-thirds of
the cases there is a mixed flora. Anaerobes are uncommonly
found in this type of infection.

Treatment of ascending cholangitis is a medical

emergency and requires prompt decompression. Anti-
biotic therapy should be started with a broad-spectrum anti-
biotic, such as second- or third-generation cephalosporin or
semi-synthetic penicillin. Septic patients may benefit from
dual antibiotic coverage. A quinolone may be started in
the penicillin-allergic patient. Fluid resuscitation should
be instituted immediately. Seventy percent to 85% of the
patients will respond favorably to this initial treatment.
After 24 to 48 hours of clinical improvement, ERCP is
attempted to relieve the obstruction. This management
scheme is successful in 85% to 90% of the cases. Cannulation
of the common bile duct and identification of the obstruction
are diagnostic.

In patients in whom there is no clinical improvement
in 24 hours, surgical decompression with cholecystectomy
and common bile duct exploration should be considered
(125). Morbidity and mortality are greatly increased in this
patient population and correspond to the patient’s under-
lying physiologic state [and approach 30% to 40% (126)].
Those patients who present in shock with comorbid
disease are at higher risk. These patients are quite ill and
typically require an open procedure rather than a laparo-
scopy. If surgical decompression is unsuccessful, placement
of a T-tube for drainage also affords the interventional
radiologist a chance to retrieve a stone in six weeks, when
the T-tube track may be sequentially cannulated and
dilated. Outcomes of mild-to-moderate ascending cholangi-
tis are excellent. Severe cholangitis or a poor host has signifi-
cant morbidity and mortality associated with this disease.
Patients in septic shock have a 20% to 25% mortality rate
associated with this disease (127).

Acute Diverticulitis
The presence of fever, leukocytosis and CT evidence of free
fluid, abscess, hemoperitoneum or micro deposits of free
air around the inflamed colon signify a more serious case
of diverticulitis (128). Advanced diverticulitis may present
with a localized abscess, peritonitis, or fistula formation.
The latter may present as colocutaneous, colovaginal, colo-
vesical, or coloenteric fistula. Patients with diverticulitis
who are unable to sequester the infection can develop
peritonitis. Indications for operative care of diverticulitis
include: (i) diffuse peritonitis, (ii) unresolving obstruction,
(iii) fistula, (iv) symptomatic stricture, (v) failure to improve
on medical therapy, (vi) recurrent attacks, (vii) inability to
exclude carcinoma, (viii) bleeding, and (ix) immunosuppres-
sion (129). Patients may be admitted to the SICU with
newly diagnosed diverticulitis after percutaneous drainage
of an abscess or in the perioperative period. These patients
are typically elderly and have a more advanced disease.
Their needs include ongoing fluid resuscitation, control of
heart rate, ventilation, or general supportive critical care
measures. Patients returning from the operating room will
have undergone resection of the affected segment of colon,
drainage, and debridement of the surrounding abscess
cavity and a diverting colostomy with a Hartman’s pro-
cedure. In selected patients, primary colonic anastomosis
in the setting of an unprepped bowel may be considered
(130). Choosing the proper patients for a primary repair is
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dependent upon the patient’s physiologic state, nutritional
state, and added operating time (36,95). The abdomen may
be left open with only a fascial closure.

OTHER INTRA-ABDOMINAL INFECTIOUS PROCESSES
Clostridium difficile Colitis
Clostridium difficile is a gram-positive, spore forming, anaero-
bic bacillus. The primary source of infection is nosocomial. It
is estimated that 20% to 30% of patients will test positive for
C. difficile after admission to the hospital, compared to 2% of
healthy individuals in the community. The spores from
C. difficile are resistant to oxygen, desiccation, and many dis-
infectants facilitating the nosocomial transmission of C. diffi-
cile via the fecal–oral route.

In order for clinical C. difficile colitis to develop, altera-
tions in the normal colonic microenvironment must be
changed to favor this proliferation of C. difficile. Antibiotics
are the most common cause for this alteration. Although
all medications have been associated with C. difficile colitis,
including vancomycin and metronidazole, those most com-
monly linked are clindamycin, cephalosporins, quinolones,
amoxicillin, and ampicillin. Antibiotic factors associated
with clinical disease include the dose and frequency of anti-
biotic use, route of administration (oral most associated),
and the bactericidal effect of the antibiotic to anaerobes.

Only one-third of the hospitalized patients who
become colonized with C. difficile will go on to have clinical
manifestations of colitis (131). Fifty percent of all colo-
nized patients will harbor the toxigenic strains. The host
immune system is thought to play a significant role in who
becomes symptomatic. Significant correlation has been
found between high levels of IgG Anti-Toxin A and asymp-
tomatic carriers. Higher levels of anti toxin IgG may play a
role in lessening risk of onset and/or clinical severity of
the patient’s disease (132). The pathogenicity of the C. difficile
strain is also an important factor. C. difficile becomes patho-
genic when it acquires the ability to produce Toxin A or
Toxin B. These toxins incite an inflammatory reaction in
the lamina propria, and recruit proinflammatory cells (133).

Risk factors of clinical disease are: duration of hospital
stay, an ICU admission, use of multiple antibiotics, and dur-
ation of antibiotic exposure. Increased age and severity of
underlying illness were also found to be important and cor-
related with an eight-time increase in the likelihood of clini-
cal infection. C. difficile colitis occurring in the absence of
antibiotics has also been reported in the chemotherapy and
Hirschsprung disease population.

Given that antibiotics are one of the leading risk
factors for developing C. difficile colitis, prolonged surgical
antibiotic prophylaxis should be avoided. Antibiotics contin-
ued postoperatively versus a single or three-dose prophy-
laxis regimen have been found to significantly increase the
incidence of C. difficile infections. Prophylaxis preop with
metronidazole has not been found to be effective in protec-
tion against C. difficile.

The spectrum of clinical disease varies widely. As pre-
viously discussed there is a significant hospitalized popu-
lation who becomes colonized with pathogenic strains of
C. difficile, but remain asymptomatic. These patients are
without clinical symptoms, and will require no further diag-
nostic testing or treatment.

Antibiotic-associated diarrhea is the most common
clinical manifestation of intestinal C. difficile disease. This is
usually manifested by watery nonbloody diarrhea without

true systemic signs of infection, such as fever or leukocytosis.
Endoscopic findings vary from a normal to a mildly edema-
tous-appearing colonic mucosa. These cases typically
resolve after the offending antibiotic has been stopped. In
more advanced clinical C. difficile colitis cases, the colon will
demonstrate luminal inflammation, edema, and in severe
cases, the classical pseudomembrane. These changes may
endoscopically appear to be continuous or present as
patchy areas of colonic involvement (134). These patients
usually have watery mucoid diarrhea, and possibly hemoc-
cult positive stool. Frank blood is rare. Often patients com-
plain of abdominal pain with distension and systemic signs
(nausea, low grade fevers, leukocytosis, and fatigue). The pre-
ferential areas of colonic disease are usually limited to the
sigmoid and rectum. In some patients, the colitis is limited
to the cecum and right colon. These patients may present
with abdominal distension, ileus, and minimal diarrhea.

Fulminant pseudomembranous colitis is a rare conse-
quence of C. difficile intestinal infection. These patients may
present with any combination of signs and symptoms from
abdominal pain and watery diarrhea to abdominal distension
and a paralytic ileus. In the most severe cases, patients may
present with a toxic megacolon, signs of a systemic inflamma-
tory response, tachycardia, and hypotension. C. difficile colitis
should be considered in any patient who has recently
received antibiotics and presents with toxic megacolon of
unknown etiology. Cytomegalovirus (CMV) colitis must
also be in the differential, especially if the patient is immuno-
compromised and presents with symptoms of pseudomem-
branous colitis with negative C. difficile toxin assays (135).

A suspicion of C. difficile colitis should be raised if anti-
biotics have been used in the last three months or if the patient
has been hospitalized for greater than 72 hours. The gold stan-
dard diagnostic test is a stool sample cytotoxicity assay for
Toxin B. This test is costly and requires several days for
results. An ELISA for Toxin A or B is more rapid, with sensi-
tivities and specificities similar to the gold standard. Endo-
scopic evaluation is indicated if significant disease is
present and stool labs are repeatedly negative, or if a rapid
diagnosis is required. On endoscopy, the presence of
pseudomembranes correlates with a .95% chance of C. dif-
ficile infection. Flexible sigmoidoscopy or colonoscopy is
indicated as 20% of pseudomembranes are beyond 25 cm
from the anal verge. A CT scan of the abdomen will demon-
strate a thickened colonic wall in involved regions, and may
show pneumatosis or perforation in advanced cases.

No benefit has been found in the treatment of asymp-
tomatic carriers with antimicrobials. Treatment of mild-
to-moderate disease should focus on fluid and electrolyte
replacement, discontinuation of antibiotic regimen, and
avoidance of medications that impair gastrointestinal peri-
stalsis (narcotics/antidiarrheal agents). Drugs that impair
gastrointestinal motility impair the clearance of C. difficile
toxin and allow more time for the toxin to incite an inflam-
matory reaction in the gastrointestinal tract. High-risk anti-
biotics should be discontinued if possible or substituted
with those that are less likely to contribute to C. difficile
colitis. Clinical improvement is seen in 15% to 25% of
patients after discontinuing the inciting antibiotics.

If symptoms continue despite discontinuing or chan-
ging antibiotics, and C. difficile infection has been confirmed,
then either metronidazole or vancomycin is indicated. Oral
metronidazole is the first drug of choice with a dose of
500 mg TID for 10 to 14 days. In patients unable to take oral
metronidazole, intravenous therapy should be attempted
for a longer course of 14 days. Attempts to coadminister
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oral metronidazole via a nasogastric tube can be undertaken.
With this regimen, greater than 90% of cases of C. difficile will
resolve. Metronidazole has been found to be therapeutically
equivalent to vancomycin in the treatment of C. diffucile, is
less expensive, and carries a theoretically decreased risk of
creating vancomycin resistant strains of Enterococcus. Oral
vancomycin (125 mg TID) is indicated as a first line medi-
cation in pregnant females, children under ten, and those
who fail a course of metronidazole.

The treatment of severe/fulminant pseudomembra-
nous colitis is not standardized. Although this represents
3% to 5% of C. difficile associated disease, the mortality rate
is 65%. Oral vancomycin is recommended as the initial
pharmacologic intervention, along with fluid and electrolyte
replacement, and discontinuing high-risk antibiotics as dis-
cussed above. Although vancomycin and metronidazole
have been shown to be therapeutically equivalent, some
feel that patients respond more rapidly to oral vancomycin.
Because decreased gastrointestinal motility may interfere
with drug delivery, many increase the dose of vancomycin
to 500 mg every 6 hr and deliver it via a nasogastric or
nasointestinal tube. A few small studies have also reported
infusing vancomycin via colonic catheters during colono-
scopy. Passive immunization with anti C. difficile toxin
immunoglobulin has also been reported as effective, but
needs further investigation via controlled studies.

Surgery is required in approximately 5% of C. difficile
cases. Generally, these fall into the severe/fulminant cat-
egory, which is initially unresponsive to medical treatment
and in those patients who present with perforation. There
is no consensus as to how long medical treatment should
be continued before declaring failure and pursuing surgical
options. If possible, a therapeutic course of 48 to 72 hours of
medical treatment should be attempted if the patient’s con-
dition permits before proceeding onto a surgery. Some of
these patients may present as an “acute surgical abdomen”
and undergo a laparotomy prior to establishment of the
C. difficile diagnosis. The most common complications in
these patients who ultimately require surgery for fulminant
colitis include toxic megacolon with perforation, volvulus,
and complicated acute diverticulitis. Plain films often
demonstrate dilated small or large bowel, mucosal edema
with thumb printing, and intramural gas, which may be
indistinguishable from obstruction or ischemic bowel. A
CT scan is also usually unhelpful in establishing the diagno-
sis of C. difficile fulminant colitis. Bowel thickening with peri-
colic streaking and possible ascites may be present with a
classic cloverleaf or accordion sign in 20% of the cases. Sever-
ity of clinical disease has not been found to correlate with CT
appearance. Colonoscopy may be helpful in decompressing
a dilated colon, but increases the risk of perforation.

At laparotomy, the external wall of the involved bowel
may appear normal. Because of this deceptive appearance of
“healthy bowel,” some have been tempted to perform seg-
mental resection with reanastomosis (136). Several studies,
although with smaller number of patients, have found a
decreased mortality rate with subtotal colectomy versus seg-
mental resection or colostomy (137). The failure rate of sub-
total colectomy has been reported to be 24% versus that of
segmental resection and diverting stomas, which are 40%
and 75%, respectively (138).

C. difficile will recur in 16% to 20% of patients who
initially responded to treatment. No difference in recur-
rence exists between patients initially treated with vancomy-
cin versus metronidazole. Risk factors for recurrence include
treatment with additional antibiotics and history of a

previous recurrence. Although recurrence may be due to
reactivation of persistent C. difficile spores in the colon,
approximately 50% of recurrences are a consequence of rein-
fection with a different C. difficile strain. These patients may
simply be retreated with the same agent (metronidazole or
vancomycin). Patients with a second relapse should be on
vancomycin 125 mg QID for six weeks of therapy. Multiple
recurrences are seen in 8% of the treated patients.

Anion-binding resins have also been used in the treat-
ment of C. difficile colitis. Cholestyramine binds C. difficile
toxin and helps with elimination of the toxin. Anion-
binding resins also bind vancomycin, and should not be
given within three hours of one another. Probiotics have
also been investigated in an attempt to establish a colonic
microenvironment, which limits C. difficile overgrowth.
Saccharomyces boulardii has been found, in a recent
European study of 124 patients, to significantly decrease
recurrences of C. difficile in patients with a history of multiple
recurrences when used in conjunction with vancomycin
or metronidazole. No difference in recurrence rates was
discovered when used in the patients’ first episodes of
C. difficile.

Cytomegalovirus Colitis
CMV is a DNA virus belonging to the herpes family that is
clinically active in critically ill patients with acquired
immuno deficiency syndrome (AIDS) and organ transplan-
tation. CMV is ubiquitous, and seropositivity for CMV
ranges from 30% to 100% depending on the population
studied (139). CMV is present in most bodily secretions
including urine, feces, semen, saliva, breast milk, blood, cer-
vical, and vaginal secretions. The initially asymptomatic
inoculation and infection is followed by a period of latency
that can last for the life of the patient if they remain immu-
nocompetent. Immunosuppression or immunodeficiency
allows for reactivation of the disease.

Patient populations found to be particularly at risk
include AIDS and transplant patients, as well as patients
on immunosuppression for inflammatory bowel disease
(140). Ninety percent of patients with AIDS, at autopsy,
have been found to have disseminated CMV. The most
common infectious complication of solid organ transplant
remains CMV, occurring in 60% to 70% of patients. Ten
percent of these patients manifest clinical CMV colitis.

Symptomatic CMV infection rates for solid organ trans-

plantation have been as follows; kidney (8%), liver (29%),
heart (25%), and heart–lung transplant recipients (39%)
(141). The two major factors that seem to correlate with
symptomatic CMV colitis in transplant patients include
exposure to CMV prior to transplantation and the degree
of immunosuppression after transplantation. Many trans-
plant patients are placed on prophylactic antiviral regimens,
such as ganciclovir 3 gm/day or acyclovir 3.2 gm/day for
disease prevention (142).

Although CMV colitis typically presents with watery
diarrhea, 30% of patients may have fever and weight loss
without diarrhea and some may present simply with bloody
stools and no diarrhea. Associated symptoms are
nausea, vomiting, fever, weight loss, and gastrointestinal
bleeding. CMV infection of the colon causes vasculitis, and
may result in bowel ischemia and a clinical presentation,
which mimics surgical acute abdomen. Toxic megacolon,
perforation, and hemorrhage have been reported as compli-
cations of intestinal CMV infection. The Wilson group
reported that the most common reason for AIDS patients
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receiving abdominal surgery was CMV colitis. Antiviral
therapy has been effective in reducing the incidence of the
most severe complications associated with CMV colitis and
have made surgery for this disease uncommon.

CMV colitis may be difficult to distinguish from other
causes of colitis. On endoscopy, friable mucosa, erythema,
and isolated shallow or deep coalescing ulcers are present.
Submucosal hemorrhage may also be present, and is a
result of CMV-induced vasculitis. These lesions are usually
patchy and limited to one region of the colon. Isolated
right colonic lesions are reported in the literature from 13%
to 40%, underscoring the importance of full colonoscopic
evaluation versus sigmoidoscopy. Endoscopic biopsy with
demonstration of CMV inclusion bodies is the gold standard
of diagnosis (143). In addition, 25% of patients may have
mucosa that appears grossly normal. Random biopsies of
inflamed and noninflamed regions from the cecum, ascend-
ing, transverse, descending, and sigmoid are important.
Although uncommon, CMV has been isolated from grossly
normal bowel.

Biopsies typically demonstrate an inflammatory infil-
trate consisting of leukocytes, lymphs, and plasma cells.
Enlarged mucosal cells with basophilic intranuclear
inclusions are pathognomonic for CMV. CMV cultures of
stool have not consistently been found to be predictive of
active infection and are not advised. Polymerase chain reac-
tion of patient serum is the best method of diagnosis and
monitoring therapy. CT scan generally shows nonspecific
colonic thickening consistent with colitis, and is often a non-
specific diagnostic tool.

Most patients with CMV colitis are managed medi-
cally. Typically an initial treatment regimen includes ganci-
clovir (5 mg/kg IV q 12 hours). Improvements in
histological samples have been seen within three weeks.
Complete response to therapy is seen in about 90% of
patients. If complete response is not achieved, Foscarnet
(60–90 mg/kg IV TID) is initiated. The lowest recurrence
rates in patients with AIDS-associated CMV colitis have
been those on protease inhibitors. The “outcome of AIDS-
associated CMV colitis in the era of potent antiretroviral
therapy” was examined by Bini et al. (144). The patient
population consisted of severely immunocompromised
AIDS patients. Although rectosigmoid colon was most
commonly affected, 29% on endoscopy had disease limited
to the right side of the colon. Bini felt strongly that full
colonoscopy was important in AIDS patients with chronic
unexplained diarrhea or gastrointestinal bleeding. Recurrent
CMV infection has been found in up to 75% of patients.

Indications for the surgical management of CMV

colitis include perforation, massive gastrointestinal bleed-
ing, and toxic megacolon. Patients with mild signs of per-
itoneal irritation with no free air and strong likelihood of
CMV colitis should initially be treated medically. Patients
who require surgery should have segmental resection
of the colon without reanastomosis at the initial surgery.
Surgical mortality of AIDS patients undergoing emergency
bowel resection was 28% on the first postoperative day.
One-month mortality rose to 71%. Six-month mortality was
86%. Death was usually due to sepsis and Pneumocystis
carinii pneumonia.

Genitourinary Infections
Genitourinary infections that may present in the critically ill
patient include simple urinary tract infections, perinephric
abscess, acute focal bacterial nephritis, and renal abscess

(145). Urinary tract infections (UTI) present no differently
than in noncritically ill patients and are suspected with a
change in the color of the urine, cloudy sediment, or hema-
turia. Under normal conditions, the genitourinary tract is
sterile. In the face of obstruction, secondary infection may
develop. Urinalysis may demonstrate the presence of leuko-
cytes, bacteria, or test positive for leukocyte esterase or
nitrate, which are supportive evidence of an infection.
Urine cultures confirm that the diagnosis may be classified
as a solitary carbuncle or multifocal medullary abscess.

Ascending infections, pyelonephritis, and medul-

lary abscess are usually accompanied by history of reflux,
calculi, or obstruction due to previous surgery. Urinaly-
sis usually demonstrates pyuria and bacteria. Medullary
abscess may present as acute pyelonephritis. Classically
with this presentation, fever and leukocytosis continue
after initiation of antibiotics (146).

Hematogenous spread of bacteria to the kidneys is
also possible. Primary sources of infection include infected
skin wounds, osteomyelitis, and use of contaminated intra-
venous devices via intravenous drug use or hemodialysis.
Currently, the most common etiology of renal abscesses is
ascending urinary tract infection usually associated with
“renal tubular obstruction from previous infection or
calculi” (147).

Clinical presentation usually includes fever, chills,
flank pain, and occasionally weight loss and malaise.
Important historical points are recent Staph infection
(within last 1–8 weeks), recent history of urinary stasis,
calculi, pregnant neurogenic bladder, and diabetes. Typi-
cally, renal abscess due to hematogenous spread presents
with acute onset of fever, chills, flank pain without history
of UTI, and usually demonstrates no growth on urine
culture. The cutaneous Staph infection that leads to hemato-
genous seeding may occur up to eight weeks prior to the
renal symptoms.

Urinary cultures correlate well with the etiologic agent
of the renal abscess. Although pyuria and proteinuria are
common, one-third of the urinalysis will be normal and
40% of urine cultures will have no growth. One-third of
patients will have positive blood cultures, whereas anemia
and azotemia are present in 40% and 25%, respectively.

Radiographic data may be helpful in establishing the
diagnosis. Plain film is a nonspecific tool, but may demon-
strate obliteration of the psoas shadow or enlargement of
the kidney. A CT scan is the diagnostic procedure of choice
and will best define the relationship of the abscess with the
surrounding structures. The appearance of the infectious
process will depend on its stage of development. In the
early stages of infection, a “focal region of decreased attenu-
ation” will be present. In the next few days, the focus of
infection becomes walled off. When the chronic abscess is
established, surrounding tissue planes are obliterated,
Gerota’s fascia appears thickened, and the abscess is a
“low attenuating mass with a ring of higher attenuation
which represents the inflamed wall.” This is known as the
ring sign. Generally, renal carbuncles appear as solitary
space-occupying lesions, whereas medullary abscesses
appear as small multifocal lesions or simply as a poorly
functioning kidney.

Treatment of the infection depends on its size.
Abscesses less than 3 cm that are discovered early may be
treated with intravenous antibiotics and close obser-
vation. Percutaneous drainage becomes necessary when
abscesses are 3 to 5 cm or if the patient is either immuno-
compromised or unresponsive to antibiotics and close
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observation. Surgical drainage is required when abscesses
are greater then 5 cm.

Tubo-ovarian Abscess
Tubo-ovarian abscess (TOA) is a major complication of pelvic
inflammatory disease. The history of prior pelvic inflamma-
tory disease is elicited from 30% to 50% of the patients with a
tubo-ovarian abscess. Tubo-ovarian abscess occurs most fre-
quently in the third and fourth decades of life. Abdominal
and pelvic pain present in greater than 90% of tubo-ovarian
abscesses in the literature. This is usually accompanied by
fever, chills, and occasional vaginal discharge and/or bleed-
ing, and nausea. Twenty to thirty-five percent of these
patients may present afebrile with a normal white count.
The clinical picture of the tubo-ovarian abscess may be
further complicated by some presenting as uncomplicated
pelvic inflammatory disease. The key to diagnosis of
tubo-ovarian abscess is “inflammatory adnexal mass.”
Because physical exam alone may be inadequate, when
suspicion arises, imaging test should be used.

US or CT is the most appropriate investigation for
imaging a potential pelvic/intra-abdominal abscess. US
will not only localize the mass, but also provide information
as to its complexity. Transabdominal US has 90% sensitivity
for diagnosing pelvic abscess. Endovaginal US has improved
on both sensitivity and specificity. An additional use for US
is its ability to determine efficacy of therapy once antibiotics
or drainage has been employed.

In most patients, the tubo-ovarian abscess is composed
of mixed aerobic and anaerobic bacterial flora. The predomi-
nant organisms discovered, in a recent study, by the Landers
group included E. coli (37%), B. fragilis (22%), Prevotella
(26%), aerobic streptococci, Peptococcus (11%), and Peptos-
treptococcus (18%). Although pelvic inflammatory disease
is a key risk factor for tubo-ovarian abscess, Neisseria gonor-
rhoeae and Chlamydia trachomatis are rarely isolated from the
tubo-ovarian abscess. Most infections are polymicrobial and
contain anaerobes. Similar to intra-abdominal infections, it is
the anaerobic bacteria that are responsible for abscess for-
mation within the oviducts and ovaries.

With an unruptured tubo-ovarian abscess and concerns
regarding future reproductive ability and maintenance of the
hormonal axis, a conservative medical approach is initially
pursued. If there is no clinical response to antibiotics (persistent
fever, persistent leukocytosis), if the patient’s condition
worsens (increased size of tubo-ovarian abscess, increased
sedimentation rate), or a suspicion of rupture exists in the
first 48 to 72 hours, then surgery is indicated. In young nullipar-
ous women, some allow for an additional 24 to 48 hours before
declaring a failure of antibiotic therapy. The presence of an
adnexal mass .8 cm and/or bilateral adnexal involvement
were predictive of medical failure. Degree of leukocytosis,
fever, and past history of pelvic inflammatory disease (PID)
were not predictive of medical failure. Response to medical
therapy ranges from 16% to 95% in the literature with a mean
of 69.4% (148). Broad-spectrum antimicrobial agents with
anaerobic coverage are indicated for these infections (149).

Indications for surgical management of TOAs
include rupture and suspicion of rupture. Delay in treatment

of TOA significantly increases mortality. The surgical
approach to unruptured tubo-ovarian abscess includes
extraperitoneal drainage, drainage via posterior colpotomy
or vaginal colpotomy, total hysterectomy with bilateral
adnexectomy, unilateral adnexectomy, percutaneous drai-
nage, and laparoscopic drainage. Extraperitoneal drainage

requires the “adherence of parietal and visceral peritoneum”
to be effective. This modality is infrequently used because
better results have been achieved with laparoscopic and per-
cutaneous techniques. Posterior colpotomy is used primarily
for “fluctuant abscess in the midline, which dissects the rec-
tovaginal septum and is firmly attached to the parietal per-
itoneum.” This specific indication has limited the number
of tubo-ovarian abscesses, which would benefit from this
procedure. A danger of peritoneal sepsis also exists as a
potential complication from this approach. Vaginal colpot-
omy is rarely used and carries a high complication rate.
Aggressive debridement with total hysterectomy and bilat-
eral adnexectomy has been advocated by some. Unilateral
adnexectomy is recommended to maintain fertility and a
normal hormonal axis. Seventeen percent of patients after
this procedure required additional surgery at a later date
and 14% had subsequent intrauterine pregnancies. Studies
that support this approach are retrospective and lack signifi-
cant long-term follow-up.

CT-guided drainage is usually carried out via the
transgluteal approach that often causes significant patient
discomfort. Endovaginal and transrectal US guided drainage
have demonstrated good results in the limited number of
cases that have been reported. The additional benefit of CT
and US are that they can later be used to evaluate the effec-
tiveness of the therapeutic drainage. Reported cases of
laparoscopic drainage are also encouraging, but are limited
in number.

EYE TOTHE FUTURE

Better understanding of the perioperative course of a criti-
cally ill surgical patient affords the clinician the best oppor-
tunity to provide high quality care. Improved diagnostic
equipment, such as abdominal CT scans with 32 and 64
arrays, produce a more comprehensive scan. Multiplanar
scanning and computerized reconstruction will produce
body images of a quality not yet achieved.

Antibiotic resistance is an ever-increasing problem.
Clinicians will need to embrace evidence-based recommen-
dations for surgical antibiotic therapy. These recommen-
dations describe which patients would benefit from antibiotic
therapy and specify the duration of therapy. The recommen-
dations must become widespread, rather than each clinician
basing antibiotic therapy on personal experience.

Source control will remain the cornerstone of abdomi-
nal infection control. Basic principles of drainage, diversion,
debridement, and definitive care are essential to eradicate
any infection. Patient physiology will continue to drive the
intraoperative surgical decision-making. Whether the
patient has the reserve to continue on the operating table
or if the patient should undergo a temporizing procedure
will remain a difficult and crucial question. Ultimately,
patient care will depend upon thoughtful consideration of
these choices often made under very difficult circumstances.

SUMMARY

Intra-abdominal infections remain a significant problem.
Knowledge of the normal and abnormal postoperative
period is essential for the clinician taking care of critically
ill patients. ICU patients are often unable to demonstrate
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the typical signs and symptoms of intra-abdominal disease.
Attention to the patient’s progression in the perioperative
period is essential, to notice subtle changes in the gastroin-
testinal function, which may be the only harbinger of
abdominal disease.

The abdominal and pelvic CT have done more to aid in
the diagnosis of an intra-abdominal infection than any other
diagnostic modality. Often times, not only is the abdominal
pathology visualized but important information concerning
the adjacent structures is obtained. This facilitates better
operative planning and patient management. In trauma
patients, the delineation of bowel wall characteristics sug-
gestive of injury are now becoming commonplace. Thin
cuts through the hepatobiliary system aids in the diagnosis
of injury. The use of the CT angiography to identify vascular
flow within intra-abdominal organs and vessels greatly
assists in our diagnostic abilities. Perfusion of organs, such
as the pancreas in disease, is much better delineated so as
to determine the viability of this organ.

Antibiotic selection and duration of antibiotic therapy
is an important issue particularly in light of the increasing
pattern of microbial resistance. Those patients for whom
antibiotic therapy is recommended for �24 hours include
the following: (i) patients with iatrogenic or traumatic
enteric perforations, with peritoneal contamination, who
are able to be operated upon within 12 hours; (ii) patients
with gastroduodenal perforation operated on within 24
hours; (iii) patients with acute or gangrenous appendicitis
or cholecystitis without perforation; and (iv) patients with
transmural bowel necrosis, without bowel perforation, per-
itonitis, or abscess formation. In these patients single dose
of preoperative antibiotics are indicated. A second group
of patients for whom antibiotic therapy would be indicated
for �24 hours include those patients with established surgi-
cal intra-abdominal infections or more extensive intraopera-
tive findings than the former described group of patients.

The ultimate resolution of an intra-abdominal infec-
tion is predicated upon adequate source control. Methods
include drainage, diversion, debridement, and definitive
care. The choice of which modality to use is determined by
the underlying disease process, likelihood of establishing
source control, and patient physiology.

Paradigm shifts to the nonoperative management of
solid organ injury has generated a new set of complications.
High grade liver injuries (4–5) are associated with the for-
mation of a bile leak, biloma, hepatic, or intra-abdominal
abscess. Suspicion of these problems by day 4 postinjury
should prompt the clinician for a workup, which may
include an US or CT. Drainage and possible washout of
bile collections is usually performed in these patients.

Missed injuries in trauma patients represent only a
small area for which intra-abdominal infections occur. Con-
stant vigilance to potential injuries that may present in a
delayed fashion should be suspected in selected patients.
Yet, it is clear that missed abdominal injuries that result in
gastrointestinal perforation result in increased morbidity
and mortality if there is a delay in diagnosis. If a patient
unexpectedly deteriorates, appropriate diagnostic testing
should be performed and resuscitative measures taken.

Other disease entities may cause intra-abdominal
infection. These include colitis, genitor-urinary infection,
and gynecologic infections. C. difficile colitis, in particular,
is a great masquerader. Patients should be suspected
with this disease in situations where they have been on
long-term antibiotics or have long-term hospitalizations.
The disease is readily treatable, however, when a toxic

colitis has developed, treatment options are limited and
the end result may be a subtotal colectomy with diverting
ileostomy.

Overall, a fundamental understanding of the perio-
perative course of a surgical patient and recognition of devi-
ations from this is essential to provide critical care. Armed
with this knowledge a physician can act upon subtle clinical
signs and disease presentation to rapidly diagnose and treat
an underlying intra-abdominal infection.

KEY POINTS

The first clues to the development of an intra-abdominal
infection may be the new onset of fever, leukocytosis,
intolerance to oral feedings, abdominal distension, or
deterioration in the patient’s hemodynamic status (7).
Familiarity with the normal postoperative course as well
as the timing and presentation of postoperative compli-
cations assist in the management of critically ill patients.
The peritoneum acts as a semipermeable membrane
allowing for the passage of both fluid and solutes.
In a study of 2457 consecutive surgical infections at the
University of Virginia, 10% (252/2457) were due to
intra-abdominal infections (23).
Adjunct imaging studies are critical to the diagnosis of
intra-abdominal infections, Postoperative compli-
cations, or missed traumatic injuries.
The abdominal CT scan has greatly advanced our
ability to diagnose intra-abdominal pathology (31).
The use of radionuclide scanning with Gallium-67
citrate or Indium-111 to detect areas of active inflam-
mation or infection is less commonly used today, due
to the advancements in multisliced CT scanning.
Local source control is paramount in order to manage
intra-abdominal infections; without it, fluid resuscita-
tion, antibiotic therapy, and critical care are unlikely
to succeed (36).
Source control is the process by which a site of infection
(intra-abdominal or otherwise) is controlled so that
further contamination of the surrounding tissues ceases.
The intent of peritoneal toilette is to drain the abscess,
debride devitalized tissue, and remove gross fecal
material and foreign bodies.
The presence of a foreign body significantly lowers the quan-
tity of micro-organisms needed to produce infection (42).
The choice of antibiotics is predicated upon thoughtful
consideration of the patient’s surgical infection in con-
junction with the patient’s underlying physiologic
state as well as comorbid disease.
Significant factors that have been shown to increase
patient morbidity and mortality include a higher sever-
ity of illness, age greater than 50, an APACHE II score of
.8, poor nutritional status, significant cardiovascular
disease, inadequate source control, and the presence of
multidrug-resistant organisms (44).
The microbiology of intra-abdominal infections has
remained remarkably stable over the last 30 years.
The use of antibiotics directed against anaerobic bacteria (B.
fragilis) in colonic perforation is an established principle.
SBP is infectious in origin and is usually seen in patients
with cirrhosis and ascites (73).
Secondary peritonitis is a result of a break in the intra-
abdominal viscera integrity (13).
Primary repair of gastroduodenal ulcer perforation is
dependent upon the etiology of the perforation.
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Acalculous cholecystitis is rarely seen outside of the
SICU. It typically occurs in very ill patients who have
been receiving parenteral nutrition.
The presence of gall bladder wall necrosis may be missed
on both CT and US; therefore, if a percutaneous drain is
placed the patient needs to be observed closely over the
next two to three days to ensure clinical improvement.
Treatment of ascending cholangitis is a medical emer-
gency and requires prompt decompression.
Patients with diverticulitis who are unable to sequester
the infection can develop peritonitis.
Only one-third of the hospitalized patients who become
colonized with C. difficile will go on to have clinical
manifestations of colitis (152).
On endoscopy, the presence of pseudomembranes cor-
relates with a .95% chance of C. difficile infection.
Treatment of ascending cholangitis is a medical emer-
gency and requires prompt decompression.
Symptomatic CMV infection rates for solid organ trans-
plantation have been as follows: kidney (8%), liver
(29%), heart (25%), and heart–lung transplant recipi-
ents (39%) (162).
Although CMV colitis typically presents with watery
diarrhea, 30% of patients may have fever and weight
loss without diarrhea and some may present simply
with bloody stools and no diarrhea.
Indications for the surgical management of CMV colitis
include perforation, massive gastrointestinal bleeding,
and toxic megacolon.
Ascending infections, pyelonephritis and medullary
abscess are usually accompanied by history of reflux,
calculi, or obstruction, due to previous surgery.
The key to diagnosis of tubo-ovarian abscess is “inflam-
matory adnexal mass.” Because physical exam alone
may be inadequate, when suspicion arises, imaging
test should be used.
Indications for surgical management of TOAs include
rupture and suspicion of rupture. Delay in treatment
of TOA significantly increases mortality.
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INTRODUCTION

Paranasal sinusitis is an important potential cause of fever in
the intensive care unit (ICU) (1). The pathophysiology of sinu-
sitis in the ICU setting is similar to that of outpatient sinusitis
and is related to obstruction of the osteomeatal complex
(OMC), or to disruption of normal mucociliary transport.
This is true for the critically ill trauma patient who often has
additional risk factors beyond simple inflammatory sinus
obstruction, for example, structural injury and disruption of
the sinus drainage system. Patients in the ICU often have com-
plicating debilitating medical issues such as nosocomial colo-
nization and immune suppression. Paranasal sinusitis in this
setting may lead to severe complications including pneumo-
nia, meningitis, and sepsis (2–5). Thus, when there is clinical
concern of sinusitis in the ICU setting, it is evaluated and
treated aggressively. This chapter will review the anatomy,
pathophysiology, microbiology, diagnosis, and treatment of
sinusitis in the critically ill patient. A typical case will be pre-
sented to illustrate the key points of diagnosis and treatment.

ANATOMY

The paranasal sinuses consist of four paired pneumatized
cavities of the skull and facial bones with ostia that drain
into the nose (Fig. 1). These are named from top-medial to
bottom-lateral as the frontal, ethmoid, sphenoid, and maxil-
lary sinuses. The ethmoid sinuses are unique in that they are
composed of 18 to 20 small air cells (like a honeycomb)
rather than a single large cavity. The ethmoids are divided
into anterior cells, which drain into the middle meatus,
and the posterior cells, which drain into the superior
meatus. The sphenoid sinus drains via the superior
meatus. The frontal, maxillary, and anterior ethmoids all
drain via the middle meatus. All of the paranasal sinuses
are lined with ciliated pseudostratified columnar epithelial
cells (6). The cilia of the sinus mucosa propel a mucus
blanket of secretions, bacteria, and purulence toward the
ostia. In normal adults, approximately 1500 cc of fluid is
produced each day from the epithelium of the nose and
paranasal sinuses. Mucociliary transport is estimated to be
at a speed of 0.5 cm/min in normal conditions (7). The com-
bination of a large fluid production and a healthy active

mucous transport system keeps the bacterial colony count
low in normal healthy patients.

The most frequently diseased paranasal sinuses are
those that drain into a small region in the middle meatus
called the ethmoid infundibulum, a part of the OMC. This
small space has a maximal volume of 2.88 cc (7) and contains
multiple small narrow clefts that can be easily occluded and
obstructed. Obstruction and consequent inhibition of the
mucociliary transport system causes decreased ventilation,
leading to stagnation of the secretions, resulting in an infec-
tion commonly called sinusitis.

PATHOPHYSIOLOGY

The area of the middle meatus where the sinus ostia drain
from the frontal, maxillary, and anterior ethmoid sinus is
called the OMC. Nasogastric (NG) tubes can physically
obstruct the ostia or paralyze the mucocilliary transport
system. The anterior ethmoid and maxillary sinuses are the
most commonly involved paranasal sinuses in patients
with nosocomial sinusitis. However, many patients with
radiologic maxillary sinusitis also have abnormalities of
the posterior ethmoid, frontal, and sphenoid sinuses.

Mechanical Obstruction
The single most important factor in the development of

sinusitis is the disruption of the mucociliary transport
system, typically from obstruction of the normal drainage
pathways, the OMC of the paranasal sinuses. In the
intensive care setting, mucociliary transport from the para-
nasal sinuses is commonly obstructed in the nasal cavity
by NG tubes or nasotracheal intubation. These tubes may
directly obstruct the sinus osteum, or cause swelling of the
nasal osteum via inadvertent trauma occurring during inser-
tion (8). However, impaired mucociliary clearance or
changes in the mucous composition in states of dehydration,
chronic disease, and mechanical ventilation also lead to
mucociliary stasis, obstruction of sinus ventilation, and
impaired mucous outflow. Trauma to the nasal mucosa
leads to mucosal edema and inflammation that can impair
mucociliary clearance. Interestingly, no difference in sinu-
sitis rates was seen in critically ill patients who were intu-
bated via the nasal route compared to orally intubated
patients (9). This is partly explained by the fact that most
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of the orally intubated patients also had nasal tubes for GI
decompression or enteral feeding.

Non-mechanical Factors
The composition of the sinonasal mucus is sensitive to mul-
tiple factors. Changes in the mucous viscosity can affect
mucociliary clearance (10). In acutely ill patients, dehy-
dration, chronic disease, or mechanical ventilation may
lead to thickened mucus, mucociliary stasis, and consequent
sinusitis (11). Even in patients without nasal tubes, the
supine position and limitation of head movements in the
ICU setting impedes the natural sinus drainage facilitated
by gravity (12). Furthermore, the supine position is associ-
ated with decreased venous drainage from the head and
neck regions, leading to increased nasal congestion and
mucosal edema, further obstructing mucociliary transpor-
tation. In the intubated patient, positive pressure ventilation
may compound this problem by raising central venous
pressure (5).

Trauma-Related Risk Factors
Patients in the trauma ICU often have additional risk factors
that predispose them to developing paranasal sinusitis. For
example, craniofacial trauma can lead to the presence of
blood and bony debris in the nose and paranasal sinuses,
which predispose the patient to bacterial sinusitis. Further-
more, fractures of the facial bones may lead to mechanical
obstruction of the OMC, with resultant development of
ostial obstruction, mucous stasis, and sinusitis (13).

Pre-existing Conditions
There are a number of additional pre-existing conditions
completely unrelated to trauma or critical illness that
increases the risk of sinusitis. These include anatomic
abnormalities such as congenital choanal atresia, septal devi-
ation, foreign bodies, and tumors. In addition, allergic
rhinitis causes nasal mucosal swelling and predisposes the
patient to sinusitis. Similarly, patients with prolonged and
repeated infections, chronic or recurrent sinusitis may
undergo changes in the mucosal lining of the sinuses.
These patients may undergo replacement of the normal
ciliated epithelium with stratified squamous epithelium
that does not maintain normal sinus sterility and these
patients are prone to congestion stagnation and exacerbation
of the underlying sinus disease (14). Immuno compromised
and out of control diabetics are not only prone to sinusitis
but also fungal diseases such as mucormycosis.

MICROBIOLOGY
Bacterial Sinusitis
Community-acquired acute sinusitis is usually of viral
origin. Additionally, less than 2% of all upper respiratory
tract infections in adults are complicated by bacterial sinu-
sitis (15,16). Thus, antibiotic treatment for community-
acquired sinusitis is only recommended if symptoms
persist for more than seven days, and in patients with clini-
cal symptoms of purulent nasal secretions, maxillary facial
or tooth pain, or tenderness (15).

When cultures are taken in patients with community-
acquired sinusitis, only 15% demonstrate a viral origin, the
remainder being caused by bacterial organisms. The most
common bacteria cultured from community-acquired sinu-
sitis are pneumococcus and Haemophilus influenzae, with
almost no isolates from Pseudomonas spp, Acinetobacter spp,
or Escherichia coli (15,16). This contrasts sharply with the
findings in nosocomial sinusitis.

Sinus infection isolates from ICU patients have a dis-
tinctly different profile. Nosocomial sinusitis may be
caused by both gram-negative bacilli and gram-positive
cocci, with 20% being polymicrobial (14). Thus antibiotics
with broad coverage directed at gram-positive as well as
gram-negative bacteria with efficacy against Pseudomonas
should be initiated when treating nosocomial sinusitis.
More virulent, gram-negative bacilli (Pseudomonas spp., Aci-
netobacter spp., etc.,) were found in 47% of cases of bacterial
sinusitis documented with transnasal puncture, with P.
aeruginosa being the most common. Staphylococcus aureus
was found in 35% of the cases, and fungus in 8% (Table 1).
Fungal sinusitis should be considered when the patient
does not improve clinically despite removal of inciting
agents and broad-spectrum antibiotic coverage.

Fungal Sinusitis
In rare situations, usually involving immunosuppression,
fungi may be the causative organisms. In the outpatient
setting, fungal sinusitis is rare and usually caused by Asper-
gillus found in soil and decaying plant matter. Fungal sinu-
sitis with Aspergillus is rarely invasive and is usually
treated with immunotherapy and/or corticosteroids (17).
However, in immune-compromised patients (e.g., patients
in the ICU setting) and in patients with poorly controlled
diabetes, fungal infection of the paranasal sinuses caused
by Mucor and Rhizopus fungal species is extremely serious

Figure 1 Superimposition of coronal computed tomographic

image through paranasal sinuses on photograph of male patient.

The paranasal sinuses occupy a large volume within the human

head and produce a large amount of mucus each day. However, the

drainage outflow from these sinuses must pass through narrow

clefts that are easily obstructed. Note: The outflow tract (arrow) is

in the superior medial aspect of the maxillary sinus; thus gravity

has a limited role in the drainage of mucosal secretions. Arrow,

maxillary sinus ostia through which mucus secreted by maxillary

sinus mucosa must pass. Abbreviations: E, ethmoid sinus; IT,

inferior turbinate; M, maxillary sinus; MT, medial turbinate.
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and often fatal (18). Granulocytopenic patients are most
vulnerable to these invasive fungi. Thus, there should be a
high index of suspicion for fungal sinusitis in patients in the
ICU that do not respond to medical control, especially in the
setting of granulocytopnea or periorbital inflammation (19).

DIAGNOSIS
Clinical Presentation

The usual clinical symptoms and signs of sinusitis seen
in otherwise healthy outpatients may be missed in critically

ill patients. Acute sinusitis in the normal population
usually presents with headache, facial pain, nasal obstruc-
tion, mucopurulent nasal discharge, malaise, and lethargy.
Many ICU patients are sedated and analgesed to such a
degree that fever, purulent nasal discharge, or air-fluid
levels on sinus imaging may provide the first clinical indi-
cation of sinusitis. Interestingly, fever is present in less
than 50% of patients with acute (community-acquired) sinu-
sitis. Thus, the presence of fever and radiographic evidence
of sinusitis does not necessarily indicate that sinusitis is the
cause of fever in the ICU patient.

Nosocomial sinusitis is fairly common in the ICU
setting, ranging from 5% to 35% of patients (20–25).
Indeed, nosocomial pneumonia, sinusitis, and bloodstream
infections are the most common infectious sources of fever
in ICU patients (1). However, given the multitude of
additional potential sources of fever, the presence of sinusitis
alone does not mean that sinusitis is the cause of fever in the
ICU patient (26).

An important risk factor for the development of
sinusitis in the ICU setting is the presence of nasal tubes.

Unfortunately, in this patient population, localized symp-
toms of infection (headache, facial pain, malaise, and
lethargy) are difficult to elicit and the presence of purulent
discharge may only be present in a minority (�25%) of
patients (5). When sinusitis is in the differential for fever,
computed tomography (CT) scans are the most useful tool
for imaging the paranasal sinuses, and is better than mag-
netic resonance imaging (MRI), which has false positives.
Plain films have no value in the assessment of sinusitis.

Diagnostic Significance of Fever
The Society of Critical Care Medicine defines fever in the
ICU as a temperature of .38.38C (.101.08F) (27,28). Any
disease process that results in the release of proinflammatory
cytokines IL-1, IL-6, and TNF-a may result in the develop-
ment of fever (29). Thus infectious as well as a large list of
noninfectious inflammatory conditions [including trauma,
burns, and systemic inflammatory response syndrome
(SIRS)] may result in a febrile response (see Volume 2,
Chapter 46 for evaluation of febrile ICU patient).

Historically, especially in the preantibiotic era,
increased body temperature has been shown to be associated
with improved outcome (including survival) from infectious
diseases (30–33). The acute development of fever in a
previously stable and afebrile ICU patient must immediately
trigger a search for a treatable infection. Indeed, infection
is the most common cause of delayed morbidity in trauma
patients. Furthermore, elevated body temperature is associ-
ated with a number of additional deleterious effects such
as increased cardiac output, oxygen consumption, carbon
dioxide production, and energy expenditure (34). Addition-
ally, fever is associated with a worse neurologic outcome
following traumatic brain injury (TBI) (35,36). Accordingly,
these deleterious side effects far outweigh any potential
benefit of fever in the ICU setting.

Sinusitis is only one of a host of infectious
etiologies of fever in critically ill patients (see Volume 2,

Chapter 46). Unfortunately, many of the normal diagnos-
tic clues to sinusitis will be absent in critically ill patients,
due to sedation or neurologic injury. In the ICU setting,
fever may be the only indication that sinusitis is present.

Imaging Studies
One-third of patients with radiologic evidence of sinusitis
(e.g., air-fluid levels or mucosal thickening in head CT)
have clinically significant infectious sinusitis documented
by bacterial cultures (22). Thus, the clinical importance of
radiologic data in isolation is unknown, and should never
be assumed to be the sole source of a fever in a critically ill
patient until cultures are obtained and other sources of
fever are excluded.

Plain Film Radiography
Plain film radiography was historically used in the outpati-
ent setting for the diagnosis of acute sinusitis. Although
the specificity of plain films is adequate, the sensitivity has
been shown to be unacceptably low as compared to that of
CT (37) and thus is not used as a tool in the diagnosis of sinu-
sitis either in the clinic or in the ICU. Furthermore, as plain
film radiography cannot clearly delineate the relationship
between soft tissue and the bony sinus framework, it is not
very helpful for diagnosis in the setting of bony trauma or
anatomic abnormalities. However, some critically ill patients
are too unstable to transport to the CT scanner; for these
patients plain film radiography may be considered.

The four standard radiographic projections are as
follows: occipitofrontal (“Caldwell’s view”), occipitomental
(“Water’s view”), lateral, and submental vertex (axial
view). Because the maxillary sinuses are most commonly
involved, and are best seen on the Water’s view, some advo-
cate this simple projection, rather than all four.

Computed Tomography
CT is the most useful radiographic method to evaluate

the presence of sinusitis in the paranasal sinuses. CT

Table 1 Microbial Flora of Sinusitis

Community-

acquired (%)

Nosocomial

(%)

Streptococcus

pneumoniae

31

Haemophilus

influenzae

21

Moraxella catarrhalis 2

Group A streptococcus 2

Anaerobes 6

Viruses 15

Staphylococcus aureus 4 35

Gram-negative bacilli 47

(Pseudomonas spp.,

Acinetobacter spp.,

Escherichia coli)

Fungus 8

Source: Adapted from Refs. 15, 16.
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is the preferred imaging study for paranasal sinuses because
it clearly delineates the relationship between the soft tissue
density of paranasal sinus mucosa, the integrity of the
bony framework, and the presence or absence of air/fluid
within the sinuses (38). Mucosal thickening, opacification,
or air-fluid levels suggest infection (Fig. 2) (22). CT scans
should be obtained, 5 � 5 mm with coronal views without
contrast. Air-fluid levels on CT are not pathognomonic for
acute sinusitis, because blood in the sinuses (resulting
from head trauma) can also appear as an air-fluid level.
Using sterile technique and a diagnostic threshold of
10,000 colony-forming units/milliliter (cfu/mL), sinus cul-
tures should be obtained, when both clinical and radiologic
evidence of sinusitis exists. Significant infection as diag-
nosed by positive sinus culture is only found in 38% of
patients with radiologic (CT) evidence of sinusitis. Bac-
teremia with the same microbial flora was found in 17% to
25% of patients with nosocomial sinusitis (22).

Sinus Ultrasound
Sinus ultrasound is another emerging technique that has been
shown to be useful in the evaluation of acute sinusitis. A pro-
spective trial comparing the accuracy of sinus ultrasound to
that of standard sinus radiography revealed more than 92%
sensitivity and specificity for the diagnosis of maxillary sinu-
sitis in the outpatient setting (39) as well as in the ICU setting
with mechanically ventilated patients (40). However, the use
of sinus ultrasound in the diagnosis of sinusitis requires train-
ing and has not gained popularity in the United States, despite
its common usage in other countries (39,40).

Diagnostic Procedures
Nasal Endoscopy
Nasal endoscopy is emerging as an important new tool in the
evaluation of paranasal sinusitis. This technique has been
shown to be both sensitive and specific in predicting a posi-
tive bacterial culture from paranasal sinusitis. In a prospec-
tive study involving 141 patients in the ICU, Skoulas et al.
found that plain film radiography and CT scans were only
41% and 47% accurate, respectively, in predicting the pre-
sence of maxillary sinus purulence. However, the presence
of purulent exudates emanating from the middle meatus
seen by nasal endoscopy was 78% accurate in predicting a
positive culture (41). Given the need to have a significant

clinical suspicion for sinusitis prior to confirming the diag-
nosis with an invasive procedure such as antral puncture
and culture, nasal endoscopy is increasingly utilized.

Antral Puncture
The gold standard for the diagnosis of sinusitis is maxil-

lary sinus puncture (antral puncture), aspiration, Gram

stain, and culture (Fig. 3) (42). This technique involves
accessing the maxillary sinus through the bony maxillary
(canine) fossa, is invasive, time-consuming, and carries the
risk of orbital hemorrhage, infection, and blindness (43,44).
However, it has been shown that a change in antibiotic
therapy guided by culture of maxillary sinus aspirate
results in improved patient outcome (45). Thus, the question
of when to perform maxillary sinus tap remains controver-
sial. Recent studies suggest that nasal endoscopy should be
performed first and antral punctures should only be per-
formed if purulence is seen in the middle meatus (41).

TREATMENT
Removal of Intranasal Tubes and Promotion of
Nasal Drainage

The most important factor in treating nosocomial sinu-
sitis in the ICU setting is the removal of inciting factors
causing impairment of mucociliary transportation and para-
nasal sinus ventilation. Thus, if the patient has any
foreign bodies within the nasal passages such as nasotra-
cheal or NG tubes, these should be removed completely or
switched over to the other nasal passage. This is a difficult
decision for it may mean that if a patient is nasally intubated,
one must transfer these tubes to the oral cavity or neck, that
is, consider tracheostomy. If a patient requires enteral
feeding, consider an orogastric tube, a cervicogastric tube,
or a gastric feeding tube. To further facilitate mucociliary
transport, mucosal congestion can be reduced with topical
decongestants, elevating the head of the bed 308, and
improving hydration of the patient (both intravascular and
with humidified oxygen if extubated).

Antibiotics
Acute bacterial sinusitis is routinely treated in the outpatient
setting with amoxicillin, doxycycline, or erythromycin (15).

Figure 2 Coronal computed tomographic (CT) images of paranasal sinuses. On the left is a coronal CT image showing the maxillary (M)

and ethmoid (E) sinuses in a healthy patient. Note that the sinuses are air-filled cavities (black) enclosed by bony walls (white). On the right is

a coronal CT image showing paranasal sinuses in a patient with maxillary sinus mucosal thickening (small arrow) and ethmoid sinus

opacification (large arrow).
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However, sinusitis occurring in the ICU requires broad-
spectrum antibiotics due to the increased incidence of
gram-negative and polymicrobial organisms. Initial
empiric antimicrobial therapy requires coverage of both
gram-positive and gram-negative bacteria (with adequate
pseudomonas coverage) (Table 2). If clinical assessment
reveals inadequate improvement following antibiotic
therapy along with the removal of the inciting agents (naso-
tracheal/NG tubes), the antibiotic regimen can be changed
either empirically or with guidance by nasal endoscopy,
with culture or direct aspirate via antral puncture (46). As
mentioned above, although direct aspirate via antral punc-
ture has traditionally been the gold standard for establishing
a diagnosis of bacterial sinusitis (15,45), multiple recent
studies indicate that cultures obtained with swab via nasal

endoscopy are equally specific and sensitive as are cultures
derived from antral punctures with direct aspiration (47,48).

Surgery
As the majority of patients develop nosocomial sinusitis in
the ICU setting as a consequence of foreign bodies blocking
normal drainage of the paranasal sinuses, the removal of
these foreign bodies is usually adequate treatment. Thus,
all foreign bodies should be removed from the nasal cav-
ities, topical decongestants used to minimize mucosal con-
gestion, and adequate hydration insured. Surgery in the
absence of invasive fungal sinusitis or central nervous
system/orbital complication has a limited indication in the
setting of ICU sinusitis. Antibiotics are used when
deemed clinically indicated. Surgical drainage is rarely
indicated in the setting of nosocomial sinusitis in the
absence of anatomic abnormalities, sepsis, or secondary
complications (49).

CLINICAL PERSPECTIVE: CASE ANALYSIS

The clinical lessons described herein are further emphasized
with the following case presentation. This is a typical critical
care trauma patient with fever, upon whom an ear, nose, and
throat (ENT) consult was obtained to rule out sinusitis. The
patient is a 35-year-old male with closed head injury and
fever of 39.28C.

One week prior to consult, the patient was involved in
a motor vehicle accident and suffered a closed head injury
with subdural hematoma. The patient was intubated orally
in the field because of loss of consciousness and brought to
the hospital by the emergency medical services. Following
surgical evacuation of the subdural hematoma, the patient
remained intubated and was brought to the surgical ICU.
Despite withdrawal of all sedatives, the patient remained
unresponsive and ventilator-dependent. A soft, small-diam-
eter NG tube was placed on the left side on hospital day 2 to
initiate enteral nutrition. On hospital day 6, the patient
developed fever of 39.28C.

This patient is otherwise healthy without any signifi-
cant prior medical or surgical conditions, has no history
of prior sinusitis, is not taking any medication other
than phenytoin for seizure prophylaxis, and is not allergic
to medicines.

The physical examination reveals that the patient has a
Glasgow Coma Scale (GCS) equivalent to 9-T. He can open
his eyes spontaneously, can localize pain with all extremities,
but does not follow commands, and cannot vocalize (endo-
tracheal tube in place). His head, eyes, ears, nose, and
throat examination reveals the craniotomy incision for eva-
cuation of subdural hematoma; the wound is clean and
dry, no obvious nasal discharge is noted, but left serous
otitis media is noted with otoscope. An NG tube is seen
passing through the left nare, the nasal mucosa is edema-
tous, and no evidence of purulent discharge is detected.
His extraoccular muscles and pupillary examination are
normal. The chest examination reveals diffuse rhonchi bilat-
erally. The heart examination is normal, the abdomen is soft
and nondistended, there is no organomegaly, and he is toler-
ating his enteral nutrition. His extremity examination reveals
a left antecubital IV without erythema or induration, a right
radial arterial line, and there is no lymphadonopathy in
either axilla. A Foley catheter is in place.

Figure 3 Sinus cavity aspiration equipment and technique.

(A) The equipment necessary to perform a sinus aspiration:

betadine swab, 18-gauge spinal needle, 10-cc syringe, intravenous

tubing, and injectable sterile saline without preservatives.

(B) Following infiltration with a local anesthetic/vasoconstrictor

(lidocaine 1% with epinephrine 1:100,000), the superior

gingivolabial groove at the level of the canine fossa is prepared

with betadine. The 18-gauge spinal needle is advanced through

the mucosa and bone superior to the root of the canine tooth,

medial to the zygomatic buttress, and lateral to the piriform

aperture. Advance the needle until the sinus mucosa is penetrated,

and then remove the introducer. Aspirate a sterile sample for

gram stain, culture, and sensitivities. Irrigate the sinus with

sterile saline solution, which allows flow of purulent secretions

through the natural ostium. Irrigation should commence only

once the position of the spinal needle is confirmed to be in the

antrum by aspiration of air or purulent fluid.
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Figure 4 Diagnostic and treatment algorithm for the febrile intensive care unit patient.

Table 2 Antimicrobial Therapy for Sinusitis

Community-acquired Nosocomial

Primary treatment Amoxicillin (500 mg PO tid �10 d)

Amoxicillin/clavulanic acid

(875 mg/125 mg PO bid or

500 mg/125 mg PO tid � 10 d)

Cefdinir

(300 mg PO bid or 600 mg PO qd � 10 d)

Cefpodoxime (200 mg PO bid)

Piperacillin and Tazobactam

3.375 gm IV q6 hr

Imipenem (0.5 mg IV q6 hr)

Meropenem (0.5 mg IV q6 hr)

Alternate treatment

(resistant disease/
penicillin allergy)

Levofloxacin (500 mg PO qd � 10 d)

Moxifloxacin (400 mg PO qd � 10 d)

Amphotericin B (for

mucormycosis)

(0.8–1.5 mg/kg/d IV)

Abbreviations: IV, intravenously; PO, per OS (orally).

Source: Adapted from Refs. 15, 16.
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His white blood cell count is 14.7% with 87% segmen-
ted neutrophils. His chest radiograph is clear except for a left
lower lobe atelectasis, which comes and goes periodically.
The abdominal CT from admission (one week ago) is nega-
tive. A sinus CT is ordered by the head and neck surgery
consultant revealing both left maxillary and ethmoid
sinuses’ mucosal thickening and opacity, with an air-fluid
level in the left maxillary sinus. Initial assessment by the
ENT consultant (based upon above data, without culture
data) was as follows: “Radiologic evidence of left maxillary
and ethmoid sinusitis in febrile patient with NG tube in
place.” Suggestions to the critical care team included: (i)
change NG tube to orogastric tube, (ii) start oxymetazoline
topical decongestant for three days, and (iii) elevate head
of bed to 308.

Twenty-four hours following removal of NG tube and
initiation of the oxymetazoline topical decongestant, the
patient defervesced to 38.28C. However, over the ensuing
48 hours, the patient became febrile again with Tmax of
39.48C. Nasal endoscopy was performed revealing purulent
material at the maxillary sinus ostia bilaterally. Following
disinfection with betadine, maxillary sinus puncture was
performed and aspirate sent for Gram stain and culture.
Gram stain revealed Gram-negative bacilli and multiple
polymorphonucleocytes. Intravenous ciprofloxicin was
initiated. Cultures subsequently became positive for P.
aeruginosa. Twenty-four hours following the initiation of
antibiotics, the patient defervesced to 37.48C and remained
afebrile.

Lessons from the case report include: (i) Most patients
with a nasal tube .728 will have air-fluid levels and (ii) nasal
endoscopy is simple and noninvasive and should have been
performed on the initial consultation. When purulent dis-
charge is seen in the sinus ostia, cultures should be obtained
and antibiotics started.

EYE TO THE FUTURE

Although the gold standard in the diagnosis of paranasal
sinusitis has been maxillary sinus puncture, aspiration,
and culture, this technique is fairly invasive, time-consum-
ing, and painful in the nonsedated patient. Recent advances
in nasal endoscopy have shown that it is a useful tool for the
diagnosis of paranasal sinusitis. The advantage of this non-
invasive technique is that it can be performed quickly and
is not operator-dependent. Further studies will be needed
to confirm the correlation between nasal endoscopy and
antral puncture. Continued development of endoscope tech-
nology has notably improved the image quality and ability
to visualize the sinus ostia. Additional developments in
ENT will improve the ability to diagnose and manage
nasal sinusitis including continued development of
imaging capabilities with both spiral CT scans and MRI.
Increasing recognition of the morbidity of large nasal tubes
in critically ill patients should also have a beneficial effect
on lowering the incidence of disease. Ultrasonography
may play a future role in the evaluation of paranasal
sinusitis.

SUMMARY

Paranasal sinusitis is a known cause of fever in the ICU. The
pathophysiology of acute paranasal sinusitis is usually due

to decreased muciliary clearance leading to OMC obstruc-
tion, mucous stasis, and consequent infection. The treatment
of paranasal sinusitis is fairly straightforward—eliminate
the source of OMC obstruction (i.e., intranasal intubation)
and improve intranasal mucous drainage (head elevation
and topical decongestants).

Acute bacterial sinusitis in the community is chiefly
due to Streptococcus pneumoniae and H. influenzae (50),
whereas sinusitis in critically ill patients generally results
from S. aureus, Acinetobacter spp., Pseudomonas spp., and,
up to 8% of the time, fungi (Table 1). The majority of ICU
patients with bacterial paranasal sinusitis respond appropri-
ately to antibiotics.

The most common clinical dilemma involving sinusitis
in the ICU revolves around determining in which patient
sinusitis is a significant contributing factor to fever, when so
many other conditions following trauma and critical care
also elevate the temperature (Volume 2, Chapter 46).
Increased use of nasal endoscopy and study of the correlation
between CT scan images, surgical culture data, and antral
culture may clarify the future therapy of this vexing condition.

KEY POINTS

The single most important factor in the development of
sinusitis is the disruption of the mucociliary transport
system, typically from obstruction of the normal drai-
nage pathways, the OMC of the paranasal sinuses.
Nosocomial sinusitis may be caused by both gram-
negative bacilli and gram-positive cocci, with 20%
being polymicrobial (14).
The usual clinical clues of sinusitis seen in otherwise
healthy outpatients may be missed in critically ill
patients.
An important risk factor for the development of sinu-
sitis in the ICU setting is the presence of nasal tubes.
The acute development of fever, in a previously stable
and afebrile ICU patient must immediately trigger a
search for a treatable infection.
Sinusitis is only one of a host of infectious etiologies of
fever in critically ill patients (see Volume 2, Chapter 46).
CT is the most useful radiographic method to evaluate
the presence of sinusitis in the paranasal sinuses.
Significant infection as diagnosed by positive sinus
culture is only found in 38% of patients with radiologic
(CT) evidence of sinusitis.
The gold standard for the diagnosis of sinusitis is
maxillary sinus puncture (antral puncture), aspiration,
Gram stain, and culture (Fig. 3) (42).
The most important factor in treating nosocomial sinu-
sitis in the ICU setting is the removal of inciting factors
causing impairment of mucociliary transportation and
paranasal sinus ventilation.
Initial emperic antimicrobial therapy requires coverage
of both gram-positive and gram-negative bacteria (with
adequate pseudomonas coverage) (Table 2).
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INTRODUCTION

By their very nature, traumatic injuries commonly break
down our most important barriers to infection: the external
skin and endothelium of the gut, lung, and genito-urinary
systems. Even in “closed” injuries such as bony fractures
or head injuries, many of our supportive and resuscitative
therapies violate these barriers, for example, placement of
central venous catheters, endotracheal intubation, and surgi-
cal repairs. The experienced physician is mindful of the
potential harm that may result from invasive interventions,
as well as the anticipated benefits.

As we learn more about the immune system, we are
discovering that major immunological changes are trig-
gered by traumatic injury, some of which enhance the
immune response, and others that seem to suppress it.
Old ideas become new again as we marvel at the complex-
ity of regulatory mechanisms involved in immunity, and
strive to understand the variations of the immunological
response to similar antigens under varying conditions.
Other elements of treatment including antibiotics, nutri-
tion, and ventilation strategies are also known to affect
immunity.

This chapter reviews the human immune system
and the effects of trauma, burns, and critical illness. The
chapter also reviews the effect of some common systemic
diseases on the immune system, including an illuminating
section on autoimmunity, presently an area of intense
research. Autoimmunity has been discovered to play an
important role in otherwise idiopathic disorders such as
inflammatory bowl disease, myasthenia gravis, rheuma-
toid arthritis, and other ailments previously known as
“collagen vascular diseases.” A specific section is dedi-
cated to human immunodeficiency virus (HIV) infection
in trauma and critical care. Next, the most common infec-
tious agents that afflict immunocompromised patients are
surveyed, followed by a brief review of the considerations
for immunosuppressed solid organ transplantation.
Section “Eye to the Future” provides a glimpse at the con-
siderable research ongoing in the area of immune modu-
lation in trauma and critical care.

REVIEWOF THE HUMAN IMMUNE SYSTEM
Anatomic Barriers
The first line of defense against infection includes the normal
anatomic barriers of the skin, airway, and gut. These defenses
are often disrupted by traumatic injuries or by invasive thera-
pies intended to treat critically ill patients. Because of the
physical barriers provided by keratinized epithelium, bacteria
seldom survive in large numbers on the skin surface. In
addition, the direct antibacterial effects of lactate and fatty
acids in sweat and sebaceous secretions decrease the pH
and generate an external surface that is hostile to most bac-
teria. An exception is Staphylococcus aureus, which often
invades the hair follicles and sweat glands.

Protection is also provided by the antimicrobial mucous
lining the inner surfaces of the body, including the gut and
airway epithelium. Special antimicrobial protection factors
such as immunoglobulin A (IgA) and complement also help
kill invading microbes. Bactericidal factors are also provided
by gastric acid, spermine and zinc in semen, lactoperoxidase
in breast milk, and lysozyme in tears, nasal secretions, and
saliva. Lactic acid produced by commensal organisms in the
vagina also helps protect against pathogenic bacteria. Microbial
invaders are often trapped in the mucus and removed mechani-
cally by cilia, coughing, and sneezing. Other mechanical factors
include washing by tears, saliva, and urine. Langerhans cells in
skin, and dendritic cells in the interstitium of various tissues, are
also constantly on the prowl for foreign invaders.

Once a pathogen has overcome the primary barrier
of the skin, respiratory, gastrointestinal (GI), or genito-

urinary epithelium, the immune system must then combat
the invader.

The natural or innate immunity process refers to the
older, nonspecific immune system that involves recruitment
and release of macrophages, neutrophils, natural killer (NK)
cells, cytokines, some cellular receptors, and the complement
system (1–3). Adaptive or acquired immunity involves
recognition of specific antigen and confers both specificity
and a “memory effect” by T- and B-lymphocytes. The
acquired immune system can be further divided into
the humoral and cellular immune systems, both of
which communicate through the influence of cytokines.
The complement system is also active in both cellular and
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humoral immunity, and serves as an interface between the
innate and adaptive immune systems.

Cellular Immunity
A large array of white blood cells (WBCs), or leukocytes, are
involved in the immune system (Table 1). Cellular immunity
is mediated by thymus derived (T) lymphocytes. The T-cells
constitute approximately 65% of the circulating lymphocytes.
Each T-cell is genetically programmed to recognize and bind
to specific cell-bound antigens by way of an antigen-specific
T-cell receptor (TCR). Each antigen-specific TCR is linked to
a cluster of nonvariable polypeptides referred to as the CD3
molecular complex. The CD3 proteins are involved in signal
transduction into the T-cell after the antigen-specific TCR
binds antigen. In addition to CD3 proteins, T-cells express a
variety of nonpolymorphic-function-associated proteins, of
which CD4 and CD8 are particularly important.

The CD4 and CD8 proteins are expressed on two
mutually exclusive sets of T-cells, and are co-receptors of

T-cell activation. During antigen expression, CD4 mol-
ecules bind to the nonpolymorphic portions of major histo-
compatibility complex (MHC) class II molecules on the
antigen-presenting cells. In contrast, CD8 molecules bind
to the nonpolymorphic portions of MHC class I molecules.
The CD4þ T-cells are referred to as helper T-cells, and the
CD8þ T-cells are known as cytotoxic/suppressor T-cells.
The CD4þ T-cells are the major regulators of cellular immu-
nity. The CD4þ T-cells secrete cytokines influencing
virtually every cell type in the immune system including
other T-cells, B-cells, macrophages, and NK cells. The
important regulatory role of CD4þ T-cells is evident when
HIV infects the host and selectively kills CD4þ T-cells

(described subsequently). The CD8þ T-cells secrete cyto-
kines as well, but are mainly cytotoxic cells.

The bone marrow derived (B) lymphocytes consti-
tute approximately 15% of the peripheral circulating
lymphocytes. In mature patients, they are found in the
bone marrow, lymphocytes, spleen, tonsils, and extralym-
phatic organs (including Peyer’s patches in the ileum).
After antigen stimulation, B-cells transform into plasma
cells and secrete immunoglobulins, which are the main
mediators of humoral immunity.

Immunoglobulin M (IgM) is present on the surface
of all B-cells, comprising the antigen-binding component of
the B-cell receptor. Like the T-cells, the B-cell receptor has
antigen specificity, partly due to the IgM molecular structure. In
addition to the IgM molecule, the B-cell has a nonpolymorphic
transmembrane protein similar to the CD3 proteins of the TCR.
B-cells have other nonpolymorphic receptors required for func-
tion including complement receptors, Fc receptors and CD40.
Interestingly, the B-cell complement receptor (CD21) binds
Epstein-Barr virus (EBV), explaining why EBV often infects B-
cells. Additionally, the CD40 molecule is a member of the
tumor necrosis factor-a (TNF-a) family of receptors, and is
instrumental in interactions between the CD4þ T-helper cells
and B-cells. Activated T-helper cells express the CD40 ligand
that binds CD40 expressed on B-cells, and are required for
mature plasmacytes to secrete IgG, IgE, and IgA. Patients with
a mutation in the CD40 ligand do not secrete sufficient immuno-
globulins and have a defined immunodeficiency called
X-linked hyper-IgM syndrome.

Macrophages are part of the mononuclear phagocyte
system involved in both inflammation and immunity. The
first cells to migrate to areas of injury following trauma are

Table 1 Leukocytes Involved in the Immune System

Cell type Function Surface marker Special traits

T helper (Th) Stimulate B-cells: provides specific and

nonspecific cytokine signals for

activation and differentiation

CD3þ, CD4þ, CD82 MHC class II markers restrict

activation Th2 activates

B-cells, makes IL-4

Activate macrophages: cytokines

provide message for activation

CD3þ, CD4þ, CD82 MHC class II markers restrict

activation Th1 activates

macrophages, makes

interferon-g

T cytotoxic (TC) Lyse antigen expressing cells: such as

those infected by virus, or allografts

CD3þ, CD42, CD8þ MHC class I markers restrict

activity

T supressor (TS) Downregulates cellular and humoral

immunity

Can be CD3þ or CD32 Usually

CD42, CD8þ

T regulator (TREG) Suppresses T-cell-mediated

inflammation

CD4þ, CD25þ Diminishes autoimmunity

NK Spontaneous lysis of tumor cells,

Ab-dependent cellular cytotoxicity

Fc receptor for IgG MHC class I markers restrict

activity

NK T-cells Amplify both cell-mediated and

humoral immunity

CD4þ Express a restricted subset of

surface markers (Va)

B cells Ab Production, and presents antigen to

T-cells

Fc and C3d receptors MHC

class II

Differentiate into plasma cells

(which produce Ab)

Macrophages

(monocytes)

Phagocytosis, secretion of cytokines to

activate T-cells (e.g., IL-1),

neutrophils

Macrophage surface antigens,

and “armed” with Ab binding

to Fc receptors

Express surface receptors for

C3a, kill ingested bacteria by

oxidative bursts

PMN (neutrophils) Phagocytosis killing Can be “armed” with Ab Protective in parasitic infections,

but adverse effects (e.g., gran-

uloma) can occur

Abbreviations: Ab, antibody; C3a, activated third component of complement; IL, interleukin; MHC, major histocompatibility complex; PMN, polymorpho-

nuclear; NK, natural killer.
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the polymorphonuclear neutrophils (PMNs) with quantities

peaking in the first 24 hours, followed by the macrophages,
which reach their zenith at 72 hours. Macrophages play a
key role in the immune response and, initially, the macrophages
process and present antigens to T-cells. Additionally, in the pre-
sence of certain cytokines from the CD4þ T-cells, macrophages
will kill tumor cells and other benign cells. Macrophages are also
important in humoral immunity as they phagocytose bacteria
and other microbes that have been opsonized (coated) by IgG
or C3b (a factor in complement). Dendritic cells have antigen-
presenting roles and are so-named because of the cytoplasmic
extensions, extending from the main cell body. Langerhans
cells are dendritic cells located in the epidermis that may be
killed during severe burns. Dendritic cells are widely
distributed within lymphoid tissues and within non-lymph
interstitial space of tissues such as lung and heart. In the
spleen and lymph nodes, dendritic cells are referred to as follicu-
lar dendritic cells and express IgG Fc receptors serving to trap
antigen opsonized by these antibodies.

NK cells comprise approximately 10% of the peripheral
lymphocytes. These NK cells are larger than most lympho-
cytes, they possess Fc receptors that bind to IgG and kill opso-
nized cells. However, NK cells have another method of seeking
out and killing foreign cells. The NK cells have a receptor
mechanism that recognizes MHC class I molecules (which
are on the surface of all normal mammalian cells) and do not
attack these. However, cells lacking the MHC class I molecule
(e.g., bacteria, tumors) are attacked by perforating the cell
membrane with a molecular punch called “perforin,” and
injecting cell destructive proteins called “granzymes.” NK
cells are part of the innate immune system. Additionally, NK
cells may attack some host cells with MHC class I molecules
associated with other surface molecules that indicate to the
NK cells that the host cell has been infected by a virus. MHC
class II molecules are restricted to lymphocytes, macrophages,
and (antigen-presenting) dendritic cells.

Erythrocytes and platelets also have a role in the
immune system, which is not often acknowledged. Both
red blood cells and platelets have receptors for complement,
and platelets in addition have IgG Fc receptors. Thus, they
could play a role in clearing immune complexes and anti-
gens that have been opsonized by complement.

Humoral Immunity
Passive humoral immunity is conferred when preformed
antibodies are obtained from an external source. This

occurs naturally during human gestation by the transfer of
maternal IgG. Maternal IgG is gradually lost over the first
year of life. Breast-fed babies also obtain maternal IgA
affording local protection particularly to the gut. Beyond
infancy, passive humoral immunity can be conferred by par-
enterally administered human immunoglobulin.

In contrast, active humoral immunity develops when
the immune system encounters an antigen either due to
natural infection or by vaccination. The relative serum con-
centrations and characteristics of separate classes of immu-
noglobulins are summarized in Table 2. Antigen may be
categorized as thymus-independent (TI) type 1 or type 2
and thymus dependent (TD) based on its predominant mech-
anism of B-cell activation. TI-type 1 antigens are microbial or
vegetable molecules that bind to B-cells and stimulate pro-
liferation and differentiation of specific or nonspecific anti-
body responses. TI-type 2 antigens elicit predominantly
antigen-specific antibody responses. Most protein and glyco-
protein antigens encountered by the immune system are TD
antigens. Two types of cellular interactions are required for
antibody responses to TD antigens. T-cells must recognize
antigen associated with MHC class II molecules on the
surface of the antigen-presenting cell. Next, the B-cell and
T-helper cell interact, and the B-cell internalizes antigen.
Once the antigen is processed and associated with the
MHC class II molecules, the T-helper cell is able to recognize
appropriate cells to deliver its stimulating signal.

When the host has pre-existing circulating anti-
bodies due to vaccination or prior infection, microbial repli-
cation can be halted at the onset of infection. This
secondary antibody response results from activation of a
memory B-cell. Memory cells typically circulate widely
and survive for long periods of time. Upon interaction
with antigen, antibodies (predominately IgG, IgA, and IgE)
are rapidly produced. In contrast, the primary humoral
immune response (predominately IgM) may be too slow to
protect against many pathogens (1).

The Complement System
The complement system consists of a group of plasma pro-
teins, which are essential for antibodies to achieve destruction
of foreign cells, bacteria, and apoptotic cells. The complement
proteins lack immunologic specificity, but comprise a highly
complex cascade system consisting of 35 discrete proteins
(12 of which are directly involved in the complement path-
ways, while the rest have regulatory functions) (4).

Table 2 Structural and Biological Properties of Human Immunoglobulins

Property IgG IgA IgM IgD IgE

Approximate mass (Da) 150,000 160,000

460,000

900,000 memb.

180,000

180,000 190,000

Serum concentration (mg/mL) 15 3.5 2.0 0.003 0.0005

Serum half-life (days) 23 6 5 2–8 1–5

Exist as polymer 0 þ þþ 0 0

Agglutinating 0 0 þþ ? ?

Complement fixation þ 0 þþþ 0 0

Reagenic activity ? 0 0 0 þþþ

Lysis of bacteria þ þ þþþ ?

Antiviral activity þ þþþ þ ? ?

Present in secretions 0 þþþ 0 0 0

B-cell receptor for antigen þ (memory) þ (memory) þ (primary) þ (primary) þ (memory)

Placental transfer þ 0 0 0 0

Abbreviations: Ig, immunoglobulin; ?, unknown.
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The protein components of complement are numbered
in the order of their discovery rather than the sequence in
which they are activated. Although there is no immuno-
logic specificity in complement activation, or in its effects,
there are several immunological methods by which the
complement system can be activated. Some complement
components enhance the effects of antigen–antibody
interactions (as occurs with opsonization), whereas others
increase the inflammatory response by stimulating the
release of vasoactive substances, and by stimulating chemo-
taxis of leukocytes (Table 3) (4).

Three biochemical pathways can activate the comp-
lement system (all converging at C3): (1) the classic
pathway, (2) the alternative complement pathway, and (3)
the mannan-binding lectin (MBL) pathway (4). All three path-
ways generate homologous variants of C3-convertase. The
enzyme, C3-convertase initiates the membrane-attack
pathway culminating with the assembly of the membrane-
attack complex (MAC), the cytolytic endproduct of the
complement cascade consisting of C5b, C6, C7, C8, and
polymeric C9. The MAC pentamer inserts into the cell
membrane and forms a transmembrane channel which
causes osmotic lysis of the target cell.

Classic Pathway
The classic complement pathway is initiated by antigen–
antibody complexes involving IgM or IgG, either by
binding to C1 at their Fc portions or by direct binding of
C1 to the pathogen surface. The C1 complex is inhibited by
C1-inhibitor. The C1 complex now binds to and splits C2
and C4 into C2a and C4b. C4b and C2a bind to form C3-
convertase (C4b2a complex). Production of C3-convertase
signals the start of the membrane-attack pathway (the final
common pathway of all three activation routes).

Alternative Pathway
The alternative pathway is more primitive than the classical
pathway, and does not require the presence of antibody.
Instead, C3 can be hydrolyzed directly by endotoxin, or
following contact with bacterial cell wall constituents, aggre-
gated IgA, or as a form of amplification feedback following
activation of C3 by any of the three major complement path-
ways. In the alternative pathway, C3 is split into C3a and
C3b. Some of the C3b is bound to the pathogen where it
will bind to factor B; this complex will then be cleaved by
factor D into Ba and the alternative pathway C3-convertase,

Bb. In other words, after hydrolysis of C3, C3b complexes to
form C4b2a3b, which cleaves C5 into C5a and C5b. C5a and
C3a are known to trigger mast cell degranulation and release
histamine among other products (see Volume 1, Chapter 33).
C5b, together with C6, C7, C8, and C9, form the MAC
(C5b6789).

Lectin Pathway
The lectin pathway is homologous to the classical pathway,
but with the opsonin, MBL, instead of C1. This pathway is
activated by binding MBL to mannose residues on the
microbial cell walls, which activates the MBL-associated
serine proteases, MASP-1 and MASP-2, which can then
split C4 and C2 into C4b and C2a, which then binds together
to form C3-convertase, as in the classical pathway.

Complement Involvement in Immunologic Diseases
The complement system plays a role in numerous immuno-
logic diseases including anaphylaxis, asthma, systemic
lupus erythematosus (SLE), and various forms of arthritis,
autoimmune heart disease, and multiple sclerosis. Addition-
ally, deficiencies of the constituents in the terminal portion of
the complement pathway predispose to infections, particu-
larly meningitis, and infections due to encapsulated bacteria
requiring opsonization for death (e.g., Pneumococcus,
Neisseria, and Haemophilus influenzae) (4,5).

Immunologic Regulation and Tolerance
Immune effector mechanisms are powerful processes that
can lead to cell and tissue destruction; therefore, close
control of immune system activation is essential. T-cells
regulate both humoral and cellular effector mechanisms.
The division of CD4þ helper T (Th) cells into two functional
subsets, Th1 and Th2, is a paradigm for understanding how
autoimmune inflammation is orchestrated by cytokines and
chemokines. The cytokines interleukin (IL)-12 and inter-
feron-a, secreted by antigen-presenting cells, promote proin-
flammatory and cytodestructive Th1 responses via secretion
of interferon-a and TNF-a, whereas IL-4 promotes Th2
responses with activation of B-cells. Chemokines are chemo-
tactic proteins secreted by various cell types and, through
their interaction with specific receptors, direct the selective
traffic of leukocytes throughout the lymphoid system and
into inflammatory sites. Once activated, large numbers of

Table 3 The Three Main Physiologic Functions of the Complement System

Function Mechanism of action Complement protein responsible for activity

Host defense against infection Opsonization Covalently bound C3 and C4 fragments

Chemotaxis and leukocyte activation Anaphylatoxins (C5a, C3a, and C4a); leukocyte

anaphylatoxin receptors

Lysis of bacteria and cells MAC (C5b–C9)

Interface between innate and

adaptive immunity

Augmentation of antibody response C3b and C4b bound to immune complexes and to

antigen; C3 receptors on B-cells and antigen-

presenting cells

Enhancement of immunologic memory C3b and C4b bound to immune complexes and to

antigen; C3 receptors on follicular dendritic cells

Disposal of waste Clearance of immune complexes from tissues C1q; covalently bound fragments of C3 and C4

Clearance of apoptotic cells C1q; covalently bound fragments of C3 and C4

Abbreviation: MAC, membrane-attack complex.

Source: From Ref. 4.
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cytokine-producing cells are produced; therefore, it is essen-
tial that the process be self-limited to avoid excessive injury.

The immune system is closely regulated by a process
termed “tolerance.” In vertebrates, tolerance occurs at mul-
tiple levels. One of the most fundamental is the presence
of “self”-markers on the native cell membranes, for
example, the MHC class I binding structures described
above. Cells without the MHC class I “self”-protein are
attacked as foreign.

Another mechanism of negative regulation is acti-
vation-induced cell death, a form of apoptosis that even-
tually kills the cells (2). The complement system plays an
integral role in the clearance of apoptotic cells and the
immune complexes from plasmas and tissues. Some other
negative feedback signals include prostaglandins produced
by macrophages, transforming growth factor-b, and IL-10,
which deactivates macrophages, in turn decreasing cytokine
production by T-cells. Disruption of any or all of these toler-
ance systems or other immune system control mechanisms
leads to autoimmune disease (described further below).

Hypersensitivity reactions are exuberant, impro-
perly regulated immunological responses to various anti-
genic molecules resulting in tissue injury to the host.
These have been classified into four major types by Gell
and Coombs based upon the mechanism of tissue injury
(Table 4). In Type I disease, the antigen triggers an IgE-
mediated anaphylactic response (Volume 1, Chapter 33).
Type II disorders involve the formation of antibodies
against native tissues, so-called cytotoxic response, as seen
in Goodpasture Syndrome. Type III hypersensitivity
disease is caused by immune complexes that fail to clear
properly, thereby causing tissue injury as seen with SLE.
Type IV disorders involve delayed tissue injury that is
mediated by sensitized T-lymphocytes.

EFFECTOF TRAUMA, BURNS, AND CRITICAL
ILLNESS ON IMMUNITY
Overview of Immune Modulation Following Injury
The effects of severe trauma and burns are often manifest as
an overwhelming “systemic inflammatory response syn-
drome” (SIRS) followed by a relatively immunodepressed
state during which life-threatening infections may occur (6).

This period of recovery from systemic inflammation is
called the “counter-regulatory anti-inflammatory response”
(CARS). A traumatic insult typically initiates an inflamma-
tory state that will establish a balance between the beneficial
effects of controlled inflammation and potential injurious
effects such as “adult respiratory distress syndrome”
(ARDS) and “multi-organ dysfunction syndrome” (MODS)
due to uncontrolled inflammation. The normal initial result
of massive injury and shock can be an excessive inflammatory
response; this is commonly called the “one-hit” model. In
other cases, this response may result from a “two-hit”
model where the patient receives a relatively mild initial
inflammatory stimulus that would normally resolve, fol-
lowed by a second hit such as a surgical procedure or an infec-
tion that leads to hyperstimulation of the immune system. In
either case, the innate immune system including macro-
phages, leukocytes, NK cells, IL-8, and complement com-
ponents are excessively activated leading to SIRS and MODS.

The opposite may also occur in which the initial
inflammatory response is relatively mild yet the recovery
response is marked by excessive immunosuppression.
Patients may have inadequate neutrophil chemotaxis, pha-
gocytosis, lysosomal enzyme content, and respiratory
burst. This relatively immunosuppressed state following
trauma likely contributes to an increased risk of infection fol-
lowing traumatic injury. The production of immunoglobu-
lins and interferon falls and many patients become anergic.
In the context of excessive CARS, infection and sepsis
become more likely and mortality increases. The cytokine
profile and interplay ultimately determines whether SIRS
or CARS will manifest.

Several studies support the notion that the immune
response is suppressed following severe trauma. There
is evidence that levels of some naturally occurring anti-
inflammatory mediators, such as soluble TNF-a receptor
and IL-1 receptor antagonist are increased during the 14
days following severe traumatic injury. There were higher
levels in patients with more severe injury, and patients with
higher levels had higher mortality (7). Likewise, the ability
of peripheral blood mononuclear cells to respond to endo-
toxin is reduced in severely injured patients. In these patients
with an average injury severity score (ISS) of 39, release
of proinflammatory cytokines (TNF-a, IL-1b, IL-6, IL-8,
IL-12, and IFN-a) in response to stimulation with

Table 4 Gell and Coombs Classification of Immune-Mediated Hypersensitivity Reactions

Hypersensitivity class Prototype disorder Immune mechanism

I—Anaphylactic Anaphylaxis, some forms of

bronchial asthma

Formation of IgE (cytotropic) antibody! immediate

release of vasoactive amines and other mediators from

basophils and mast cells followed by recruitment of other

inflammatory cells

II—Cytotoxic Autoimmune hemolytic anemia,

erythroblastosis fetalis,

Goodpasture syndrome

Formation of IgG, IgM! binds to antigen on target cell

surface! phagocytosis or lysis of target cell by C8,9

fraction of complement or antibody-dependent cellular

cytotoxicity

III—Immune complex Arthus reaction, serum sickness,

SLE, certain forms of acute

glomerulonephritis

Antigen–antibody complexes! activated

complement! attracted neutrophils! release of

lysosomal enzymes and other toxic moieties. Failure of

complement to clear

IV—Cell-mediated (delayed) Tuberculosis, contact dermatitis,

transplant rejection

Sensitized T lymphocytes! release of lymphokines and

T-cell-mediated cytotoxicity

Abbreviations: Ig, Immunoglobulin; SLE, systemic lupus erythematosus.
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lipopolysaccharide was inhibited compared with healthy con-
trols (8). It has been demonstrated previously that following
burn injury, PMN function is impaired (9). Significant trau-
matic injury can influence leukocyte function and cytokine
expression leading to both immunoactivation and immuno-
suppression. In fact, the optimal goal of therapy may be
best understood in terms of the goal of restoring the balance
between immunostimulation and immunosuppression (10).

As our ability to measure inflammatory mediators has
improved, there have been many studies attempting to
determine serum markers of patients at highest risk. For
example, C-reactive protein is typically elevated within the
first two days following traumatic injury. However, it is non-
specific and has not been shown to predict complications
(11). Another marker, procalcitonin, is produced in the
thyroid and not detected in normal individuals. Although
it is elevated after trauma or infection, there is no consensus
on its usefulness as a marker (12). TNF-a is one of the central
regulators in the acute phase response involved in leukocyte
chemotaxis, fever, hypotension, and endothelial cell
adhesion. Persistently elevated levels are associated with
poor outcome. Its usefulness as a marker has been inconsist-
ent and treatment with anti-TNF-a has not proven successful
(13–15). IL-1 and IL-8 have also been unreliable as markers.
IL-6 and IL-10 may be more reliable (16,17), and in one study
the ratio of IL-6 to IL-10 was recommended as a useful
marker to predict the degree of injury following trauma (18).

Measures of Immunocompetence
Cell-mediated immunity is most commonly evaluated clini-
cally by placing an anergy panel in which small quantities of
common antigens are injected intradermally, to see if indura-
tion occurs within 48 to 72 hours. Common antigens used to
assess cell-mediated immunity include proteins from
tetanus toxoid, diphtheria toxoid, Candida, Tricophyton,
Streptococcus, and Proteus. If no response occurs within 72
hours, the patient is said to be anergic, and is probably
unable to mount an adequate immune response to foreign
invaders. Many institutions have stopped performing these
in conjunction with ppd testing, but anergy panels remain
a clinically sound method to determine a patient’s cell-
mediated immune status.

Of the markers of cellular activity, monocyte human
leukocyte antigen (HLA)-DR class II molecules seem to
most consistently serve as an index of antigen-presenting
capacity(19–21). HLA-DR class II molecules mediate
antigen processing which allows cellular immunity to
proceed. As an index of antigen-presenting capacity, it
stands to reason that their decline and recovery rates are
closely linked to clinical outcome. In fact, multiple measures
of PMN function are altered in ways that would seem to
increase the likelihood of infection (22). The infectious
agents commonly found in these patients include opportu-
nistic organisms such as Pseudomonas aeruginosa, Staphylo-
coccus epidermidis, S. aureus, and Candida albicans. In many
cases, the source of infection may be distant from the
initial wound, further indicating that there is systemic dys-
function of the immune system.

One study of chest trauma demonstrated an aggres-
sive inflammatory response locally at the source of the
injury, followed by systemic immunosuppression (23).
Therefore, the innate systemic phagocytic cells, particularly
PMNs and monocytes, appear to become suppressed follow-
ing traumatic injury (24).

Other cellular markers such as endothelial adhesion
molecules (ICAM-1, L-selectin) and the CD11b leukocyte
receptor have received some attention but results have
been mixed (25,26). As other markers are characterized, the
ability to predict and intervene before specific complications
arise for a particular patient will likely be enhanced.

Treatment-Related Immunomodulation
In addition to the disruption of barriers and tissues from the
initial trauma and the response of the immune system to the
inflammatory cascade, the treatments applied to traumati-
cally injured patients can also influence infection risk. Some-
thing as simple as intravenous (IV) access can have a
profound impact on the patient’s infection risk due to type
of access, location of placement, and line care both during
and after placement (Volume 2, Chapter 49).

The timing of surgical intervention may have a pro-
found effect on the immune response to trauma. In patients
with limited orthopedic injuries, early total care allows rapid
mobilization and restoration of function. However, in patients
who are more severely injured, limiting primary surgery to
only essential, life-saving interventions give the patient the
best chance of recovery. Early surgical repair of bony fractures
in these patients may be associated with a massively increased
inflammatory response leading to SIRS, ARDS, and MODS
(27–29). Damage control surgery in severely injured
patients was first applied to abdominal surgery (Volume 1,

Chapter 21), and is now known to improve outcome for
orthopedic trauma surgery as well (29).

Severe traumatic injury is related to an increase in gut
permeability (30–32), allowing translocation of gut flora into
the systemic circulation (33,34). The gut has emerged as a
target for immunomodulation; glutamine, arginine, V-3 fatty
acids, and nucleotides have been added to enteral feeding as
a means to enhance the patient’s immune response (35–37).
Early enteral nutrition is an important element of prophylaxis
against nosocomial infections (see Volume 2, Chapter 32).

Patients in the hospital, particularly in the intensive
care unit (ICU), are sleep-deprived both in quantity and
quality of sleep. Sedatives and narcotics are known to inter-
fere with the quality of sleep as well. There appears to be a
relationship, possibly involving the autonomic nervous
and neuroendocrine systems, between sleep deprivation
and the immune system that might lead to increased risk
of infection (38).

Patients who are intubated are at increased risk for
ventilator-associated pneumonia (Volume 2, Chapter 48).
Treatment decisions, such as the timing of a tracheostomy,
can influence the rate of infection and mortality (39). Venti-
lator settings with lower tidal volumes can reduce the
inflammatory response in acute lung injury and has been
shown to reduce mortality in the setting of ARDS (40,41).

Other commonly employed treatments have also been
shown to have adverse effects on the immune system. Blood
transfusions have been shown to correlate with an increase
in infection rate in a dose-dependent manner (42,43),
although there remains controversy if this is causal or a
marker of injury severity (44). Hypertonic saline may even
have an immunosuppressive effect, possibly beneficial in
blunting the immune hyperstimulation typical of the acute
phase of resuscitation (45). Many, if not all of the vasoactive
agents that are used in critically ill patients, also have
immunologic activity. The interactions of this therapy
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with the patient’s immune system is only beginning to be
understood (46).

Agranulocytosis, a syndrome characterized by severe
neutropenia, was first reported to be associated with medi-
cation exposure in 1934 (47). A host of pharmacologic
agents, for example, antibiotics, antidysrhythmics, and anti-
seizure medications, can cause marrow suppression and
agranulocytosis (see Table 6 in Volume 2, Chapter 57)
(48,49). Severe neutropenia (,0.5 � 109 neutrophils/L) is a
life-threatening disorder, rendering the patient unable to
battle infection. The agents most frequently implicated are
antibiotics, antithyroid drugs, antiplatelet agents, and neuro-
leptic and antiepileptic agents, although drug-induced agra-
nulocytosis is a rare event with an incidence around 3 to 12
cases per million population (for a more complete list
and explanation, see Volume 2, Chapter 57) (49). Risk
increases with increasing age and drug exposure and
appears to be more common in women than men (50). Treat-
ment with hematopoietic growth factors such as granulocyte
colony-stimulating factor has been shown to shorten the dur-
ation of neutropenia (51).

SplenectomyçSpecial Case of Immune Component Removal
The spleen is the most commonly injured intra-abdominal
organ (see Volume 1, Chapter 27), and a missed splenic
injury is the most common cause of preventable death in
trauma patients (see Volume 1, Chapter 42). The optimal
management of splenic trauma has shifted during the last
two decades from nearly uniform splenectomy to an
emphasis on spleen salvage (52). Part of the reason for
this trend is the decreased post-trauma morbidity observed
with properly staged nonoperative treatment. Another
major factor driving nonoperative management of spleen
injuries is the increasingly recognized immunological
importance of the organ (especially in children ,5 years
of age) (52–54).

The most worrisome infectious complication follow-
ing splenectomy is overwhelming postsplenectomy sepsis
(OPSS). Chronic thrombocytosis (see Volume 2, Chapter
55) is the most common long-term effect of splenectomy,
but it is clinically benign. Though relatively rare, OPSS has
a high mortality (50%) (52). The risk of OPSS is particu-
larly high following splenectomy in children under five
years of age (especially infants splenectomized for

trauma, with reported infection rates of .10%) (53). Infec-
tion most commonly occurs with encapsulated organisms
(Streptococcus pneumoniae, Neisseria meningitidis, Haemophilus
influenzae-type B). Encapsulated organisms are problematic
because the spleen is integral in the removal of opsonized
microbes such as these bacteria (54). Early antibiotic therapy
is essential to avoid death from a rapidly progressive infection.

Protection against OPSS involves vaccination and less
commonly antibiotic prophylaxis (Volume 2, Chapter 53).
The optimal timing of vaccination has long been a subject
of debate. Shatz et al. demonstrated that a 14-day delay in
vaccination after emergent splenectomy resulted in
improved antibody response, but that total postvaccination
IgG levels were not significantly different from normal
control subjects regardless of the time of vaccination (1, 7,
or 14 days following splenectomy). The better functional
antibody responses occurred against the serogroup and sero-
types studied with delayed (14-day) vaccination, but not all
serotypes were studied (55). In a follow-up study, antibody
response was not improved any further by delaying vacci-
nation to 28 days (56).

Although the antibody response may be better two
weeks after splenectomy, if a delayed vaccination strategy
is used, many patients would be discharged home from
the hospital prior to receiving vaccination, and either
missed immunization completely due to loss to follow-up,
or develop infection prior to immunization. Many trauma
surgeons in North America (44.1%) vaccinate their patients
within the first week after emergent splenectomy, chiefly
for this reason (57).

Table 5 Postsplenectomy Vaccination Guidelines

Vaccine name (bacterial

species covered) Adult dose Pediatric dose Optimum timing/comments

Pneumovax 23 (pneumococcal

vaccine with antigens for 23

most common pneumococcal

strains)

0.5 mL IM/SC 0.5 mL IM/SC (contraindicated

for age ,2 years)

For traumatic splenectomy:

administer immediately upon

arrival (prior to splenectomy).

For elective splenectomy at

least 2 weeks prior to sched-

uled surgery

MCV4-conjugate MPSV4-old

formulation [tetravalent

meningococcal vaccine,

including capsular polysac-

charide antigens (groups A, C,

Y, and W-135) of Neisseria

meningitidis]

0.5 mL SC 0.5 mL SC (contraindicated for

age ,2 years)

Same as above MCV4—licensed

in 2005 confers longer lasting

immunity. MPSV4—available

since 1970s provides only

short (,1 year) immunity

ActHIB, HibTITER, PedvaxHIB

(Haemophilus B conjugate

vaccine)

Not indicated Age and Hib titer dependent (see

package insert)

Initial Rx is same as above, but

requires repeated doses per

schedule

Abbreviations: HIB, Haemophilus influenzae-type B; IM, intramuscular; MCV4, meningococcal tetravalent conjugate vaccine; MPSV4, meningococcal tetra-

valent polysaccharide antigen vaccine; SC, subcutaneous.

Source: Data for pneumococcal, meningococcal, and hemophilus from Refs. 145–147.
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The current vaccination recommendations for trau-
matic splenectomy patients call for administration of
indicated vaccines as soon as possible, preferably prior to
splenectomy (58). Pneumococcal vaccine should be
administered at least two weeks before an elective splenect-
omy. If the above time frames are not practical for various
reasons, the patient should be immunized as soon as poss-
ible after recovery and before discharge from the hospital
to minimize the possibility that the patient will be lost to
follow-up prior to vaccination (58).

The three commonly administered vaccines used in the
post-traumatic splenectomy patient are summarized in
Table 5. Pneumococcal vaccine (Pneumovax 23) contains cap-
sular polysaccharide antigens of 23 pneumococcal types, com-
prising 98% of pneumococcal disease isolates (59). As one
might predict, the most virulent pneumococcal serotypes
tend to be the least immunogenic. Unfortunately, vaccine effi-
cacy is poorest in younger patients, who are at higher risk.
However, under ideal conditions in a healthy immunocompe-
tent host, the vaccine offers a 70% protection rate.

Amoxicillin is recommended for antibiotic prophylaxis
against encapsulated bacteria in asplenic children, especially
for the first two years after splenectomy (60). Patients who
are allergic to penicillin should be offered erythromycin.
Some investigators advocate continuing antibiotic prophy-
laxis in children for at least 5 years after splenectomy
or until aged 16 (61). However, long term antibiotics are
less frequently utilized.

PRE-EXISTING IMMUNOSUPPRESSIVE MEDICAL DISEASES

It is intuitive that known immunosuppression should
adversely affect outcome in traumatic injury, and this is
often the case. Disorders of the immune system can result
from hypersensitivity reactions, such as anaphylaxis
(Volume 1, Chapter 33), or from numerous triggers for SIRS
(Volume 2, Chapter 63). Autoimmune diseases and immuno-
deficiency syndromes are also debilitating. Additionally,
several important systemic diseases (including diabetes,
renal failure, and liver failure) impair the native immune
system, and will be briefly reviewed here.

Diabetes
It has long been known that hyperglycemia and diabetes pre-
dispose patients to infection (see Volume 2, Chapter 60).
However, the role of diabetes and hyperglycemia in trauma-
associated infections is just now becoming elucidated. In a
large retrospective review of the Pennsylvania trauma registry
over a two-year period, the group of patients with a history of
diabetes had an increased risk of sepsis (odds ratio, 1.61) (62).

Several immunological mechanisms are distorted by
hyperglycemia and diabetes. The release of IL-1 and
oxygen radicals by macrophages and neutrophils is
inhibited, and phagocytosis by macrophages is impaired
(63). Conversely, tight glycemic control improves the leuko-
cyte oxidative burst and phagocytic activity (64). Therefore,

Table 6 Autoimmune Diseases with Immunomodulating Treatments in Use or Being Developed

Disease Autoimmunological mechanism of disease Treatment(s)

Myasthenia gravis Antibodies nicotinic Ach receptors in muscle

disrupt transmission at the NMJ

Anticholinesterase drugs (e.g., pyridostigmine,

neostigmine), thymectomy (improves 80%),

plasmapharesis

Multiple sclerosis Anti-myelin antibodies Interferon b-1a (inhibits IL-12)

SLE Auto-antibodies to numerous structures including

DNA, nuclei, immune complex nephritis, etc

(due to IL-2 inhibition)

Steroids, and other immunosuppressive therapies.

Soon, may have IL-s2 boosting therapy for

defective cells.

Administration of complement may be thera-

peutic (SLE is more common and severe in

complement deficiencies)

Rheumatoid arthritis Auto-antibodies to numerous structures including

synovium. TNF-a activated macrophages con-

tribute to synovial inflammation

Methotrexate and blockade of TNF-a receptor

(etanercept) or a monoclonal antibody against

TNF-a (infliximab)

Inflammatory bowel disease CD4þ CD45ROþ T-cell migration into inflamed

mucosa elevated IL-2, IL-7, IL-10 production

Corticosteroids; aminosalicylates; anti-TNF-a

agent (infliximab); inhibition of leukocyte

migration into inflamed intestine by blocking

integrins (cellular adhesion molecules)

Psoriasis T-lymphocyte-based immunopathogenesis with

Munro microabscesses below the stratum

corneum

Alefacept, efalizumab, and etanercept, mono-

clonal antibodies, cytokines, and fusion pro-

teins (see text for explanation)

Pemphigus IgG anti-BM auto-antibodies, anti-BPAG1, and

anti-BPAG2 produced, and T-cells are

Immunosuppressive agents (e.g., azathioprine,

mycophenolate mofetil, or cyclophosphamide),

plasmapharesis to remove anti-BPAG1 and

anti-BPAG2

Addison’s disease 21-Hydroxylase auto-antibodies impair adreno-

cortical function (takes years)

Corticosteroid replacement (targeted immuno-

suppressive regimens being developed)

Type 1A diabetes Anti-insulin antibodies as well as transglutami-

nase auto-antibodies

Immunosuppressive regimens

Abbreviations: Ach, acetylcholine; BPAG1, bullous pemphigoid antigen1; BPAG2, bullous pemphigoid antigen2; CD45RO, markers on cell surface; CD4þ

CD45ROþ T-cell, T helper cell with CD4 marker; IL, interleukin; NMJ, neuromuscular junction; SLE, systemic lupus erythematosus; TNF-a tumor necrosis

factor alpha.

914 Sinz et al.



it is not surprising that tight glucose control with IV insulin
in diabetic critically ill postoperative open-heart cardiac
surgery patients demonstrated a reduced incidence of deep
sternal wound infections (0.8% vs. 2% for subcutaneous
insulin injections) (65) and decreased mortality overall
(66,67). The incidence of bacteremia is reduced by

almost 50%, and sepsis-associated mortality is similarly
reduced when critically ill patients are intensively treated
with exogenous insulin to maintain normoglycemia.

The link between hyperglycemia and increased risk of
serious infections, regardless of a previous history of dia-
betes, was provided only recently (see Volume 2, Chapter
60). Improved capacity to clear bacterial invaders with
euglycemia was observed in a novel rabbit model of pro-
longed critical illness (68). In this study, Weekers et al. (68)
demonstrated that aggravation of insulin resistance and
hyperglycemia likely plays a role in the reduced phagocyto-
sis capacity and impaired bacterial killing of monocytes, and
that this can be ameliorated with insulin administration and
tight blood sugar control. Diabetic patients have additional
stigmata that may increase their risk of infection such as
arteriolar sclerosis which decreases tissue perfusion to
various vascular beds. However, titrating insulin to maintain
tight blood glucose control at normal levels appears to mark-
edly enhance the immune system of critically ill patients.

Renal Failure
Chronic renal failure (CRF), particularly in patients who are
hemodialysis-dependent, results in considerable immuno-
suppression (69,70). Additionally, these patients have
decreased perfusion to numerous tissue beds, and increased
blood sugar, both of which favor microbial growth rather
than host defense. Furthermore, these patients require
specialized vascular access that can readily become seeded
with infection with bacteremia (71).

Immune dysfunction in patients with renal failure
involves both cellular (PMNs, T-cells, B-cells, dendritic
cells), and humoral systems (alterations in complement,
immunoglobulin levels, and cytokines) (72). The accumu-
lation of both low- and high-molecular-weight uremic toxins
(e.g., p-cresol, guanidine compounds, oxidation products,
and granulocyte inhibitory proteins) are believed to be
causal. Additionally, the secondary hyperparathyroidism
associated with CRF is also thought to play an immuno-inhibi-
tory role. With the frequent co-morbidity of malnutrition, the
immune system is even more profoundly impaired.

Of the known uremic retention solutes, p-cresol dose
dependently decreases PMN function by depressing the res-
piratory burst activity at concentrations commonly found in
CRF patients (73,74). The toxicity of p-cresol is greater in the
setting of hypoalbuminemia, a common problem following
trauma and critical illness (75). Additionally, a factor
removed by continuous ambulatory peritoneal dialysis but
not by conventional hemodialysis was found to inhibit the
function of PMNs in CRF patients (76). Whether these
“toxic factors” are cleared by continuous renal replacement
therapies has not yet been fully established.

Intracellular calcium plays an important role in many
cellular functions, and increased cytosolic calcium is associ-
ated with secondary hyperparathyroidism of CRF, and with
alterations in PMN function (77). Interestingly, normalization
of cytosolic calcium by treatment with a calcium channel
blocker (verapamil) resulted in improved PMN function
without influencing the elevated parathyroid levels (78).

Liver Failure
The immune system is altered in liver failure due to

chronic inflammation, decreased production of proteins
including complement with increased circulating TNF-a,

and increased production of cytokines by the Kupffer
cells. Accordingly, bacterial infection is a frequent com-
plication of cirrhosis, particularly in those patients with GI
bleeding or ascites (79). Additionally, these patients often
have other co-existing disease such as malnutrition and dia-
betes that further impair their immunologic response. Infec-
tion in patients with fulminant hepatic failure is a major
source of mortality as 44% to 80% of patients with fulminant
hepatic failure develop bacterial infections. Empiric broad-
spectrum antibiotics should be initiated on clinical suspicion
of infection (80).

Bacterial and fungal infections are common in acute
liver failure for a number of reasons. Patients with acute
liver failure have diminished serum opsonic activity (81),
faulty PMN leukocyte function (82), and impaired cell-
mediated and humoral immunity (especially alcoholic cir-
rhosis) (83). Bacteremia is common because patients are
comatose, have numerous indwelling catheters, and may
be receiving H2-receptor blockers, steroid therapy, or
broad-spectrum antibiotics. In one prospective study of 50
patients, 80% had culture-proven infection, and in half of
the remaining patients, infection was suspected (though
cultures were negative) (84). Gram-positive organisms,
mainly streptococci and S. aureus, predominate in acute
liver failure, suggesting that the entry through the
skin is more important than GI entry (the pathway of
Gram-negative organisms) (85). Regular microbial surveil-
lance and aggressive treatment of presumed infection are
essential, since prophylactic antibiotic regimens have
shown little benefit (86). A finding of disseminated fungemia
is particularly ominous (87).

Autoimmune Diseases
Autoimmune diseases result from a failure of immune

tolerance; it fails to recognize native cells and tissues as

“self,” instead treating these structures as though they are
foreign invaders. Damage occurs to native cells and
organs due to activation of T-cells and/or B-cells, in the
absence of an ongoing infection or other discernible cause
(88). There are a number of known ways in which tolerance
of self-tissues is bypassed and autoimmune disease occurs.
Genetics is involved, and there is an increased incidence in
females (approximately 75% of autoimmune diseases) (89).
However, environmental triggers are also exceedingly
important (and almost universally required). A typical
environmental trigger is infection. For example, following
Group A Streptococci infection, patients may develop rheu-
matic fever due to cross-reaction between the bacterial anti-
gens and myocardial tissue. Additionally, viral infections
can lead to gene insertions or immunogenic circulating pro-
teins that can trigger immune cross reactivity. Some auto-
immune diseases such as pemphigoid may result as a
paraneoplastic syndrome (90). Finally, several putative auto-
immune diseases may have an immunological component
that is not antiself. For example, women with scleroderma
who have had children have significantly higher levels of
fetal WBCs circulating in their blood decades after
pregnancy than do mothers without the disease (89).
Perhaps, scleroderma will eventually become re-categorized
as graft-versus-host disease.
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Because autoimmune diseases can cause significant
organ failure, it is not uncommon for these patients to become
critically ill. When such patients are injured, their course is com-
plicated by their unique organ system dysfunction and
immunological dysregulation. Moreover, the heavy use of glu-
cocorticoids potentiates overall immunosuppression. A com-
plete review of these processes is beyond the scope of this
text, and the reader is referred to a recent review by Davidson
and Diamond for a more comprehensive discussion (88).
Table 6 summarizes briefly the selected autoimmune diseases.

While the best remedy is treating the root cause of auto-
immune disease (i.e., blocking the specific cytokines or che-
mokines produced by improperly regulated T- or B-cells),
symptomatic relief is particularly important when the struc-
ture attacked by the immune system involves the central
nervous system (CNS), or neuromuscular junction (e.g.,
myasthenia gravis). Plasma exchange and administration of
IV immunoglobulin (IVIG) are both effective in many auto-
immune neurologic diseases (91). However, the specificity
of IVIG can vary, and the proper patient selection in terms
of initiation and duration of long-term maintenance requires
additional randomized clinical trials. Clinical symptom relief
for myasthenia gravis is provided by administration of antic-
holinesterase drugs, such as pyridostigmine and neostig-
mine. Psoriasis is an example of an autoimmune disease
where immunomodulation has been employed at several
levels of the disease including: (i) inhibition of T-cell acti-
vation; (ii) depletion of pathogenic T-cells (high-affinity IL-2
receptor or CD4); (iii) inhibition of key adhesion molecules,
for example, selectins or integrins [Integrins are adhesion
molecules that confer mechanical stability between the cells
and their environment (92). They also act as cellular sensors
and signaling molecules. Adhesion molecules can be inhib-
ited by drugs such as efalizumab, a monoclonal antibody
that interferes with adhesion mediated by leukocyte-func-
tion-associated antigen 1]; (iv) inhibition of key inflammatory
cytokines (the monoclonal antibodies infliximab and adali-
mumab, as well as the fusion proteins etanercept and oner-
cept all focus upon TNF-a); and (v) shifting the cytokine
milieu dominated by Th1 cells to a milieu weighted with
Th2 cells, thus alleviating psoriasis by minimizing the IL-10
and IL-4 levels (93). There are no current studies reviewing
the morbidity and mortality of pre-existing autoimmune dis-
eases in trauma patients, but those with pre-existing organ
dysfunction will have a more complicated course.

Elderly
Elderly patients who sustain traumatic injuries and burns
have a higher mortality. One reason commonly cited is
their compromised immune response (94–97). The elderly
are also at increased risk for diabetes, renal insufficiency,
liver insufficiency, and malnutrition, all associated with
immune impairment. In addition, there is considerable evi-
dence that both chronic and acute ingestion of ethanol
causes suppression of the immune response as well as
impaired intestinal immunity and barrier function (98,99).

With regard to malnutrition, a recent mouse perforated
bowel study showed that malnutrition was an independent
risk factor for infection and mortality (100).

HIV/AIDS ANDTRAUMA OR CRITICAL ILLNESS
Brief Review of HIV/AIDS
The acquired immunodeficiency syndrome (AIDS) is a pro-
found immunosuppression state resulting from infection

with HIV, causing opportunistic infections, secondary neo-
plasms, and neurological manifestations. The virus is trans-
mitted inside infected CD4þ T-cells and macrophages.
Clinically, the disease is spread sexually or through blood
or blood products as encountered by IV drug abusers.

Two genetically distinct but related forms of HIV
(HIV-1 and HIV-2) have been isolated from patients with
AIDS. HIV-1 is the predominant source of AIDS in the
United States, Europe, and Central Africa (where it likely
originated from the chimpanzee) (101). HIV-2 is more preva-
lent in West Africa, where it likely emerged from the sooty
mangabey monkeys indigenous there (102).

HIV infection targets the immune system along with
the CNS. The CD4 molecule is a high affinity receptor
for HIV, explaining the tropism of the virus for CD4þ T-
cells and other CD4þ cells (i.e., monocytes/macrophages,

and Langerhans cells/dendritic cells). The loss of these
cells leads to profound immunosuppression, primarily
cell-mediated immunity.

Early in the disease, HIV colonizes the lymphoid
organs (spleen, lymph nodes, tonsils) producing over 100
billion viral particles per day, and killing one to two billion
CD4þ T-cells daily. Initially, the immune system can regen-
erate the dying T-cells, and the CD4þ T-cell loss appears
deceptively low. The Center for Disease Control classifi-
cation of HIV stratifies patients into three categories on the
basis of CD4þ T-cell counts: CD4þ �500, 200 to 499, and
,200 cells/mL. Patients in the first group are usually asymp-
tomatic, those with levels from 200 to 499 are associated with
early symptoms, and levels below 200 are associated with
severe immunosuppression; the last group is conventionally
considered to have AIDS.

The HIV epidemic continues to expand globally,
especially in third world countries (103). The U.S. statistics
demonstrate that AIDS- and HIV-related deaths peaked in
1993, but that the prevalence of HIV continues to increase
(104). Indeed, in December 2004, the estimated prevalence
of HIV infected individuals was near one million persons
(including 180,000–280,000 who do not know they are
infected) (105).

Trauma and Critical Illness Involving HIV1Patients
As the prevalence of HIV increases, traumatologists will
become increasingly involved in the care of HIV-positive
(HIVþ) patients. A recent study of HIV infection in trauma
patients demonstrated a prevalence of 0.3% (106). Most
other North American trauma centers have reported a
higher prevalence of HIV infection ranging between 0.96%
and 4.3% (107,108). In one study, male patients from an
urban area who were victims of interpersonal violence had
an HIV prevalence of 3.5% (107).

HIV and AIDS can undoubtedly affect outcome in
trauma patients. Much has been written about the preva-
lence of HIV infection in trauma patients, however, little is
known about how the infection affects morbidity and mor-
tality in these patients. Similarly, the stresses of trauma
may affect the progression of HIV disease, yet little is actu-
ally known about these relationships either. Indeed, no ran-
domized prospective trials have been conducted in trauma
patients to evaluate the effects of HIV disease.

Patients who were identified as being immunosup-
pressed (AIDS, HIVþ, routine steroid use, transplants, or
active chemotherapy) comprised a smaller group, but their
risk of sepsis was markedly increased (odds ratio, 4.43)
(62). In other studies, HIVþ patients have been more likely
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to develop infection after bony fracture (109), and HIVþ
burned patients were more likely to develop systemic infec-
tions with higher associated mortality (110). In contrast,
those patients who did not develop infection had similar
length of stay and recovery characteristics as non-HIVþ
patients, also the case in a study of nonburn traumatic
injury (106). Another study showed no increased mortality
in burned patients with HIV infection compared with pre-
viously healthy controls (111).

A recent Pennsylvania trauma outcome study (PTOS),
retrospectively evaluated the status of HIV disease in trauma
(106). PTOS reported some anticipated results, for example,
that the majority of HIVþ patients were male, with a mean
age of 39 years. The study also showed higher rates of pene-
trating trauma among HIVþ patients than in control
patients, a pattern previously reported by others (112,113).

However, PTOS has made a first estimation at quanti-
fying the various risk factors and co-morbidities. Compared
with age-matched controls, HIVþ trauma patients were sig-
nificantly more likely to suffer from chronic drug and
alcohol use; neurologic disorders; renal, pulmonary, GI,
and liver disease; non-HIV hematologic disease; and a
history of psychiatric diagnosis (all P , 0.01) (106).

The HIVþ status was also associated with significantly
longer hospital length of stay (10.2 days vs. 6.8 days for con-
trols, P ¼ 0.001). Additionally, HIVþ patients spent more
days in the ICU (P , 0.02), and were more likely to remain
in the ICU for .7 days (106). These observations are partly
explained by the greater overall number of complications
in the HIVþ group.

Although there was no overall statistical difference in
mortality between the two groups (3.6% vs. 3.1%,
P ¼ 0.6447), infection/sepsis and pulmonary complications
were associated with significant mortality in HIVþ patients.
HIVþ patients also underwent more thoracostomies (7.5%
vs. 4.4%, P , 0.03) and exploratory laparotomies (7.0% vs.
2.4%, P , 0.001) (106).

The greater proportion of pulmonary complications in
HIVþ patients occurred despite lack of significant difference
in abbreviated injury scale score for the chest between the
two groups. In a separate study by Rosen et al. (114) invol-
ving 63 HIVþ patients admitted to an ICU, 44% of those
patients required mechanical ventilation, with a 57% associ-
ated mortality.

The PTOS study authors speculated that the incidence
of post-traumatic complications may be related to the greater
frequency of pre-existing conditions in the HIVþ trauma
population. Although exact diagnoses are not reported in
the PTOS database, HIVþ patients had nearly double the
rate of pre-existing pulmonary disease compared with
control patients. In the Rosen study of HIVþ ICU patients,
16 of 25 patients who died had primary pulmonary diagno-
sis and 3 of 25 died as a result of sepsis (114). In another
study, mortality with a pleural effusion was two times
higher for HIVþ patients with pleural effusion than for
those without effusion (115). Others showed that the inci-
dence of bacterial infectious complications in trauma
patients was tied to increasing ISS and not the CD4
count (116).

HIVþ patients in the PTOS study underwent more
operative procedures than the control group, and had
nearly twice the frequency of exploratory laparotomy and
chest tubes, and more frequent laparoscopy and thoracot-
omy (106). Hebra et al. (117) examined the types of pro-
cedures performed on 150 HIVþ patients admitted to the
hospital for various surgical procedures (including trauma,

general surgical, orthopedic, cardiac, thoracic, and vascular
procedures). They found that nearly half of 30 operations
performed on their patients were performed to treat
AIDS-related complications or to facilitate the workup of
AIDS patients (117). In contrast, a study in burn patients
showed similar number of procedures in HIVþ and control
groups (118). The disparity of these results (especially
without reporting absolute CD4þ T-cell numbers) empha-
size the current inability to predict the relative detrimental
outcome weight that HIVþ status connotes for various
injuries.

Although the overall HIVþ patient mortality was not
statistically different from the control group in the PTOS
study, the operative mortality for HIVþ patient was 5.6%.
Other studies agree with this finding, with mortality rates
ranging from 3.8% to 5% (116,119). Additionally, having
the stigmata of AIDS increases mortality (118,119). In a
small study involving 10 general surgical patients with
AIDS who underwent emergency laparotomy, Burack et al.
(120) reported a 70% mortality in the postoperative period.

Although it has been suggested that major surgery or
trauma can advance a patient’s HIV stage as measured
using the World Health Organization HIV clinical staging
system (120–122), PTOS did not investigate this phenom-
enon. Other significant limitations of this study include
its retrospective nature, inability to distinguish asympto-
matic HIV from symptomatic AIDS, and lack of information
on CD4þ count and retroviral or antimicrobial therapies
used.

HIV Drugs During Trauma and Critical Care
Complex treatment regimens are frequently required to
manage unique infectious diseases and medical problems
in HIVþ patients (123). However, there have not been any
recent reviews in medical management for the HIVþ
trauma patient in a decade (124).

The most common current therapy for HIVþ patients
include the protease inhibitors that block the protease
enzyme used by HIV to infect new cells. Protease inhibitors
can reduce the amount of virus in the blood and increase
CD4þ T-cell counts. In some cases, these drugs have
improved CD4þ T-cell counts, even when they were very
low or zero.

With the advent of protease inhibitors in combination
with other drugs, the number of HIVþ patients who became
ill from opportunistic infections, or died from AIDS,
dropped by about 70%. However, some HIV strains have
become resistant to protease inhibitors. Thus, it is rec-
ommended that protease inhibitors be taken in combination
with at least two other anti-HIV drugs. This is called highly
active anti-retroviral therapy or HAART, which increases the
anti-HIV effect, and helps prevent resistance.

Nine Food and Drug Administration (FDA) approved
protease inhibitors are available: darunavir (Prezistaw),
indinavir (Crixivanw), lopinavir/ritonavir (Kaletraw), ritona-
vir (Norvirw), saquinavir (Fortovasew and Invirasew), nelfina-
vir (Viraceptw), and atazanavir (Rayatazw), tipranavir
(Aptivusw), and fosamprenavir (Lexivaw).

Because of the rapidly expanding array of anti-HIV
drugs, and the rapidity with which research results are chan-
ging in this area, any recommendations regarding the
general treatment of HIVþ patients is likely to become
quickly obsolete. Accordingly, readers are referred to the
latest recommendations from the International AIDS
Society—USA Panel (123). In addition, when HIVþ patients
are admitted to the trauma unit or surgical ICU, it is
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recommended that an HIV specialist be immediately con-
sulted to assist with the decisions regarding antiretroviral,
and other immunological therapy.

INFECTIOUS DISEASES IN THE IMMUNOCOMPROMISED

A consensus document was published in 2004 by an inter-
national group of critical care and infectious disease
experts containing management guidelines for sepsis associ-
ated with immunosuppressive medications (125). The most
commonly described infectious complications of immuno-
suppressive therapy are summarized in Table 7. The most
common immunosuppressant medications are corticoster-
oids, cytoreductive agents such as methotrexate, immuno-
philin-binding agents such as tacrolimus, mycophenolate,
anti-TNF agents, and other monoclonal antibodies and
fusion proteins. Agents are commonly used in combination
making the exact risk of infection for any one agent or
patient difficult to discern. Nevertheless, patterns of infec-
tion have been noted and Table 7 shows the likely categories
of micro-organisms for different types of patients.

It is very important to make the correct diagnosis to
appropriately direct therapy at the causative organism.
The preferred methods for diagnosis of the common patho-
gens infecting immunocompromised patients are summar-
ized in Table 8. Interestingly, various categories of
immunosuppressive drugs are associated with a specific
set of infectious organisms that are normally suppressed
by pathways they disrupt (Table 9). Finally, treatment rec-
ommendations based upon the status of the patient are
given in Table 10.

It is useful to recognize that no unique combination of
antibiotics is universally appropriate in this setting. The
prevalent pathogens in a given ICU and antibiotics currently
being administered must be put into the context of the
patient’s immunocompromised status and infectious symp-
toms. Prompt initiation of adequate antimicrobial coverage
is of utmost importance; any delay results in worse
outcome for the patient (126–129). Therefore, most experts
in the management of immunocompromised patients tend
to use very broad-spectrum coverage initially when
dealing with severe sepsis of unknown origin in this
patient population. Once the pathogens have been accu-
rately identified, the coverage can be tailored more specifi-
cally. The reader is referred to Volume 2, Chapter 53 for a
more complete review of the antimicrobial options.

TRANSPLANTATION ANDTRAUMA

Although the number of trauma patients presenting with a
history of organ transplantation is small, these patients
have a more complicated interaction between immunosup-
pression and inflammation than others. The risk of infection
is related to the patient’s overall immune state, including
patient factors and medication effects, and the intensity of
exposure to potential pathogens (130). In the hospital,
these patients may become infected more easily from
exposure to pathogens from other patients as well as con-
tamination of air, water, or equipment in the building.
Given the fact that steroids are the mainstay of most immu-
nosuppressive regimens following transplant, these patients
are at increased risk for osteoporosis and bony fractures
(131–134). It is reasonable to assume that transplant recipi-
ents will be a small, but regular clientele on the trauma
service. The typical timing of certain types of infection
after transplant is reviewed below.

1. First month following transplantation During the
first month after solid organ transplantation, the infections
usually encountered in transplant recipients are the same

as those found in a typical surgical population (135).
Like other cases, the most important factors determining
the incidence of infections are the type of operation, the tech-
nical skill applied to the operation, and the postoperative
care of the patient. Duration of vascular access, use of drai-
nage catheters, duration of intubation, and presence of
indwelling stents, devitalized tissue, or fluids will all
increase infection risk. Although uncommon, primary infec-
tion may be transmitted from the donor with the allograft.
Opportunistic infections are also uncommon during the
first month after transplant. If opportunistic infections
occur during the first post-transplant month, it likely indi-
cates significant environmental exposure, immunosuppres-
sive state prior to transplant, or pre-existing infection in
the donor or recipient (130).

2. Second through sixth month following trans-
plantation After the first month, the immunomodulating
viruses can become clinically significant, in addition to
residual agents from prior infections and events. The
combination of sustained immunosuppression and viral infec-
tion with cytomegalovirus (CMV), EBV, hepatitis B virus
(HBV), hepatitis C virus (HCV), or HIV makes infection with
opportunistic infections Pneumocystis carinii, Aspergillus,
Candida, and Listeria monocytogenes more likely. This time
period is when immunosuppression is typically at the highest.

Table 7 Categories of Micro-organisms Responsible for Sepsis in Immunocompromised Patients According to Various Etiologies

of Impaired Immunity

Cause of impaired

immune status

Gram-positive

bacteria

Gram-negative

bacteria

Listeria, Legionella,

Mycobacteria

CMV and

other HSV

Respiratory

viruses

Candida

species

Aspergillus

and other molds

Sepsis þþ þ 2 þ/ 2 þ/ 2 þþ þ

Glucocorticoids þ þ þþ þ/ 2 þ/ 2 þþþ þþ

Neutropenia þþ þþþ 2 2 þ þþþ þþ

HIV/AIDS þþ þþ þþ þ þ/ 2 þþ þþ

Solid organ transplant þ þ þ þþþ þ þþþ þþþ

HSCT þ þ þ þþþ þþþ þþ þþþ

Abbreviations: CMV, cytomegalovirus; AIDS, autoimmune deficiency syndrome; HIV, human immunodeficiency virus; HSCT, hematopoietic stem cell trans-

plant; HSV, herpes simplex virus; 2, not a significant problem;þ, occasional problem;þ/2, may become a problem;þþ, significant problem;þþþ, major

problem.

Source: From Ref. 125.
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Table 8 Diagnostic Methodology for Selected Pathogens in Immunocompromised Patients

Suspected pathogen Method of diagnosis Alternate diagnosis Comments

Bacteria

Fastidious or unusual

bacteria

Two to three BCs using aerobic

and anaerobic bottles contain-

ing resin or charcoal neutral-

ization particles

Standard aerobic, anaerobic BC

bottles

Prolonged (i.e., 7–14 days

incubation required

Legionella species BAL or sputum Cx. Legionella

may not be seen in Gram stain

or DFA of respiratory

secretions

Urinary antigens PCR promising,

but no standardized assay

available

Urinary antigen detects only

Legionella pneumophila

serotype 1

Nocardia Modified acid-fast stain or GMS

of respiratory secretions or

tissue Bx

Blood culture (note these may

frequently be negative)

Beaded branching gram-

positive bacilli should

raise suspicion

Mycobacterium

tuberculosis

Fluorochrome stain of BAL or

sputum; amplification of

rRNA or DNA using TB rapid

broth Cx (Bactec, BactAlert,

ESP systems)

Transbronchial Bx in case of

negative BAL; bone marrow

Bx if disseminated “miliary”

TB

Disseminated TB may have

skin lesions amenable to

Bx. QuantiFERON-

TBwGold (QFT) can

measure TB proteins in

blood

Nontuberculous

mycobacteria

Sputum/BAL in case of lung

lesions

BC (isolator or rapid mycobac-

terial bottle); Bx of skin

lesions

Bone marrow Cx is not more

sensitive than BC, but may

allow for earlier Dx

Fungi

Pneumocystis jiroveci

(formerly Pneumocystis

carinii)

Direct fluorescence antibody

from induced sputum or BAL

Silver stain from induced sputum

or BAL

PCR may be more sensitive,

particularly in non-HIV

patients

Candida species Bx of suspicious lesions; 2–3

aerobic BCs plus Cx of

catheters

Funduscopic exam may be sug-

gestive; CT scan helpful in

chronic disseminated

candidiasis

BCs may be negative in acute,

and are typically negative

in chronic disseminated

candidiasis

Cryptococcus

neoformans

EIA detection of cryptococcal

antigen in serum or CSF

Two to three BCs; CSF India ink

and Cx

Histoplasma

capsulatum

Stain of tissue Bx, two lysis-

centrifugation (isolator) BCs

EIA detection of histoplasma

antigen in urine; two aerobic

BCs

Urine antigen positive only in

disseminated disease

Mold infections (Asper-

gillus species, Fusarium

species, etc)

BAL; biopsy of any suspicious

lesion; sputum, tracheal aspi-

rate, bronchial brush

Plasma galactomannan antigene-

mia (but this cross reacts with

some other molds such as

Penicillium)

Isolation of molds from spu-

tum indicates high risk of

invasive disease—not to be

ignored

Viruses

CMV CMV antigen detection, CMV

PCR, shell vial from BAL

Viral Cx; cytopathic effect seen

in cells from BAL suggests

pneumonia

CMV antigen in the blood,

and CMV PCR in the BAL

does not mean CMV is

causing disease

EBV Quantitative PCR in blood (also

useful for monitoring viral

load)

Bx with immunohistochemistry

is required for Dx of EBV

lymphoproliferative disease

EBV causes lymphoproli-

ferative disease in some

transplant patients

Human herpes virus 6 PCR (preferably quantitative)

detection of DNA in CSF

Serology (usually EIA) for IgM

antibody; IgG only confirms

previous infection

Detection of human herpes

virus 6 by PCR in serum

does not mean there is

active disease

Adenovirus Direct immunofluorescence

staining and cell Cx (or shell

vial) of secretions; BAL or

blood PCR

Electron microscopy of respirat-

ory secretions

Disseminated infection is

Dx’d when adenovirus is

found in the blood by PCR

or if isolated from three

different body sites

(Continued )
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3. Beyond 6 Months Most transplant patients are
maintained on minimal long-term immunosuppressive
therapy with good allograft function after 6 months. The
most common infection in these patients is respiratory and
is generally similar to what is seen in the general community.
Opportunistic infections are rare unless there has been an
unusually intense exposure (130). A small group of patients
will have ongoing viral infection with human papillova-
virus, HBV, HCV, CMV, or EBV. The most challenging
patients are those who develop recurrent or chronic rejection
requiring an escalation in the use of immunosuppressive
agents and a corresponding increased risk of chronic viral
infections. These patients are very prone to opportunistic
infections and must be guarded carefully.

A few other considerations in transplant recipients are
worth mention. Transplant patients who are seronegative for
varicella-zoster virus should receive varicella immune globu-
lin and antiviral prophylaxis if exposed to varicella-zoster
virus. These people are at risk for developing chronic active
infection if exposed. The use of prophylactic therapy such
as trimethoprim-sulfamethoxazole during the first 4 to 12
months after transplantation has markedly reduced the inci-
dence of P. carinii, other respiratory infections, and urinary
tract infections. When antibiotics are needed for transplant
patients, the interactions with the immunosuppressive
regimen must be carefully considered. Some combinations
are particularly problematic and can cause excessive toxicity.
Aggressive modes of diagnosing infection in immunocom-
promised patients are warranted, such as bronchoalveolar
lavage for pulmonary infiltrates (136), because the patient’s
presentation may be altered due to their immunocompro-
mised status. Consultation with experts in transplantation
and infectious disease may be very helpful.

EYE TO THE FUTURE

An area of great promise is that of human genomics and the
possibility of identifying patients at high risk for either
excessive immunoactivation or immunosuppression at the
time of presentation after traumatic injury occurs (137,138).

This may permit patient-specific interventions to modify
the natural response to the patient’s benefit (139). In fact, it
is already known that gender can play a role in outcome
after traumatic injury. It seems that females are immunologi-
cally in a better position to recover from a septic insult than
males (62,140).

Some of the potentially promising new treatment
options are interference with MIF, HMGB1, C5a, or TREM-1
signal transduction pathways and an inhibition of apoptosis
(141). These interventions, or others, may improve the
prognosis of septic patients in the future. Simple measures
including thorough irrigation and debridement of contami-
nated wounds will likely continue to be a mainstay of
therapy, just as proper immunizational prophylaxis against
tetanus continues to be important (142).

The relationships between the neuroendocrine and
immune systems is another area of future interest as we
learn how these systems interact (143). Indeed, some are
attempting to develop a unifying theory of post-traumatic
inflammation with the hope that this might better guide
our research efforts and make sense of the many com-
ponents. One such theory is based on the nutritional needs
of cells following traumatic injury (144). Early immunonutri-
tion may after the cytokine balance preventing SIRS and/or
CARS. It is hoped that this type of immunity-based thinking
will improve the treatment of our patients, by giving rise to
new ideas and therapies.

SUMMARY

Traumatic injuries disrupt natural barriers to infection.
Immunocompetent patients who sustain these injuries are
likely to experience an acute inflammatory response that is
proportional to the degree of tissue destruction, followed
by a more prolonged immunosuppressed state. Patients suf-
fering trauma with a pre-existing immunosuppressed state
may not have as exuberant of an initial inflammatory
response, but are at increased risk of infection and involve-
ment of atypical organisms.

Table 8 Diagnostic Methodology for Selected Pathogens in Immunocompromised Patients (Continued)

Suspected pathogen Method of diagnosis Alternate diagnosis Comments

Parasites

Toxoplasma gondii PCR detection of DNA in blood,

BAL, or lung tissue; cysts may

occasionally be seen on

Giemsa staining of lung or

other tissues

Serology—IgM often negative,

presence of IgG only confirms

previous infection

Ninety percent of toxoplas-

mosis disease in critical

illness is reactivation;

septic shock can occur in

AIDS and transplant

patients

Strongyloides

hyperinfection

First-stage “filariform” larvae in

BAL, sputum, and feces;

detection of adult larvae and

eggs in intestine Bx (obtained

by EGD)

Serology; migration test of larvae

by plating stool on blood agar

plate

The clinical syndrome of

Strongyloides hyperinfec-

tion includes recurrent

polymicrobial bacteremia

with enteric bacteria

Abbreviations: AIDS, acquired immunodeficiency syndrome; BAL, bronchoalveolar lavage; BC, blood culture; Bx, biopsy; CMV, cytomegalovirus; CSF,

cerebral spinal fluid; CSF, colony-stimulating factor; CT, computed tomography; Cx, culture; DFA, direct fluorescent assay; Dx, diagnosis; EGD, esophago-

gastroduodenoscopy; EIA, enzyme-linked immunoassay; GMS, Gomori methenamine silver; IgM, immunoglobulin M; PCR, polymerase chain reaction;

rRNA, recombinant RNA; TB, Mycobacterium tuberculosis.

Source: From Ref. 125.
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The balance between the inflammatory and immuno-
suppressive responses can also be affected by the type and
timing of therapeutic interventions employed, including
surgery, transfusion, and IV access choices. Indeed, each of
these interventions primarily intended to treat the patient
with traumatic injuries can increase the likelihood of associ-
ated infectious complications.

A significant number of patients are at increased risk of
infectious complications due to immunocomprome-related
illness such as renal failure, liver failure, diabetes, HIV, malig-
nancy, autoimmune disease, malnutrition, or therapies

including use of steroids, chemotherapy, or splenectomy.
These patients deserve special attention in regards to infec-
tious complications. Broad-spectrum antibiotic coverage
should be started without delay in immunocompromised
patients who demonstrate evidence of sepsis.

Understanding the balance between inflammation and
immunosuppression following trauma will likely lead to
improved treatment modalities. The current goals of
therapy may be best approached in terms of restoring
appropriate balance between immunostimulation and
immunosuppression.

Table 9 Association Between Immunosuppressive Drugs and Specific Infections

Agent Mechanism of action Infection Comments

Corticosteroids Prevents release of IL-1 and

IL-2 from macrophages;

inhibits phagocytosis by

macrophages and PMNs;

prevents T-cell prolifer-

ation and Ig production

Bacterial infection most com-

mon; HSV, fungi (Candida,

Aspergillus, Cryptococcus,

Pneumocystis), and Strongy-

loides superinfection

No increased risk with ,10 mg

of prednisone equivalent per

day or ,700 mg cumulative;

aspergillosis risk after allo-

geneic BMT increases with

�1 mg/kg prednisone equiv-

alent for �1 week

Calcineurin inhibitors

[Cyclosporine A (CsA),

Tacrolimus]

CsA binds to cyclophilin-A;

tacrolimus binds to

FKBP12; inhibiting calci-

neurin and decreasing IL-2

gene transcription and

T-cell proliferation

No specific association with

severe infection

Role of CsA and tacrolimus

alone is difficult to quantitate,

but appear to be associated

with the smallest risk of

infection compared with other

agents

Sirolimus (rapamycin) Inhibits lymphocyte

proliferation

Decreased risk of CMV infection

compared with CsA and

tacrolimus

One study reported increased risk

of invasive aspergillosis

Cyclophosphamide Inhibits lymphocyte

proliferation

Bacterial complications of

neutropenia, herpes zoster

Azathioprine Inhibits lymphocyte

proliferation

Bacterial complications of

neutropenia

No difference in infection rate

between methotrexate with

azathioprine in rheumatoid

arthritis

Mycophenolate (MMF) Antilymphoproliferative

agent (purine synthesis

inhibition)

Increased incidence of CMV

disease, VZV

No increase in bacterial or fungal

infections; less frequency of

Pneumocystis

Methotrexate Inhibits lymphocyte

proliferation

Histoplasmosis, Listeria,

Pneumocystis

Pneumocystis is the most com-

mon opportunistic infection

associated with methotrexate

Anti-TNF-a agents (eta-

nercept, infliximab)

Infliximab is a chimeric Ab

against human TNF-a, and

can fix complement and

lyse target cells; etanercept

is a modified soluble TNF-

a receptor

Bacteremia, Listeria, tuberculo-

sis, cryptococcosis, aspergil-

losis, CMV

Severe infection most common

with infliximab; also, dimin-

ished signs and symptoms of

infection until they are very

advanced

Anti-CD25 antibodies

(daclizumab,

basiliximab)

Blocks high-affinity IL-2

receptors

No increase in bacterial, fungal,

or viral infections

Delayed wound healing

described by manufacturer

Purine analogues (2-

chlorodeoxyadenosine,

fludarabine)

Inhibits DNA synthesis Cryptococcus, Listeria, herpes

virus

Used in hematologic

malignancies (themselves

immunosuppressive)

Alemtuzumab (campath) Anti-CD52, targets T- and

B-lymphocytes, monocytes

Respiratory virus, adenovirus,

CMV

Reactivation of CMV is com-

mon; CMV disease is rare

except with HSCT

Abbreviations: BMT, allogeneic bone marrow transplantation; CMV, cytomegalovirus; CNV, choroidal neovascularization; FKBP, FK-site binding protein;

HSCT, hemopoietic stem cell transplantation; HSV, herpex simplex virus; IL, interleulcin; PMN, polymorphonuclear neutrophil; TNF, tumor necrosis factor;

VZV, varicella-zoster virus.
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KEY POINTS

Once a pathogen has overcome the primary barrier of
the skin, respiratory, GI, or genito-urinary epithelium,
the immune system must then combat the invader.
The CD4 and CD8 proteins are expressed on two
mutually exclusive sets of T-cells, and are co-receptors
of T-cell activation.
The important regulatory role of CD4þ T-cells is
evident when HIV infects the host and selectively kills
CD4þ T-cells.
Immunoglobulin M (IgM) is present on the surface of
all B-cells, comprising the antigen-binding component
of the B-cell receptor.
The first cells to migrate to areas of injury following
trauma are the polymorphonuclear neutrophils (PMNs)
with quantities peaking in the first 24 hours, followed
by the macrophages, which reach their zenith at 72 hours.

When the host has pre-existing circulating antibodies
due to vaccination or prior infection, microbial replica-
tion can be halted at the onset of infection.
Although there is no immunologic specificity in comp-
lement activation, or in its effects, there are several
immunological methods by which the complement
system can be activated.
Hypersensitivity reactions are exuberant, improperly
regulated immunological responses to various anti-
genic molecules resulting in tissue injury to the host.
Damage control surgery in severely injured patients
was first applied to abdominal surgery (Volume 1,
Chapter 21), and is now known to improve outcome
for orthopedic trauma surgery as well (29).
The risk of OPSS is particularly high following splenect-
omy in children under five years of age (especially
infants splenectomized for trauma, with reported infec-
tion rates of .10%) (53).

Table 10 Immunocompromised States and Empirical Antibiotic Recommendations

Cause of

immunosuppression Pathogens causing severe sepsis

Recommended empirical

antimicrobialsa Comments

Neutropenia Enteric gram-negative bacilli,

Pseudomonas aeruginosa,

viridans group streptococci,

Candida species

Carbapenem or cefepime or pipera-

cillin/tazobactamþ a quinolone or

aminoglycoside + vancomycin

Antifungal coverage should be

added if shock develops late in

the course of neutropenia or if

there is evidence of Candida

colonization

Splenectomy Streptococcus pneumoniae, Haemo-

philus influenzae, meningococcus,

others

Third generation

cephalosporinþ vancomycin

Patients should be vaccinated

against encapsulated organ-

isms (Table 6)

HIV/AIDS P. aeruginosa, Staphylococcus aur-

eus, S. pneumoniae, Salmonella

enteritidis, Cryptococcus neofor-

mans; rarely: Toxoplasma gondii,

Helicobacter, Mycobacterium

tuberculosis

Ceftazidime or fluoroquinoloneþ

vancomycin + amphotericin B

lipid formulation

Stage of disease and associated

risk factors also to be con-

sidered: IVDA is risk factor for

S. aureus; Neutropenia for

Pseudomonas; only advanced

AIDS increases risk for septic

shock due to Cryptococcus and

Toxoplasma

Solid organ transplant—

early

Surgical site source: gram-negative

bacilli (including Pseudomonas),

S. aureus, and VRE

Antipseudomonal

beta-lactamþ linezolid

Solid organ transplant—

late

Pathogens related to defect in cell-

mediated immunity (e.g., Legio-

nella, Listeria, etc.)

Flouroquinolone + vancomycin

HSCT—pre-engraftment See “neutropenia” above See “neutropenia” above See “neutropenia” above

HSCT—early (,day 100) Without GVHD: catheter-related

Staphylococcus epidermidis,

S. aureus, nonfermentative

gram-negative bacilli; with acute

GVHD: enteric gram-negative

bacilli, fungi

Too diverse for sole recommendation;

combination therapy appropriate in

septic shock

When considering antifungal

coverage, septic shock is more

commonly caused by Candida

sp., than with mold infections;

consider azole-resistant

Candida

HSCT—late (�100 days) Chronic GVHD: combination of

splenectomized and steroid-

recipients

Third generation

cephalosporinþ vancomycin

Consider specific immunosup-

pressive agents being used

aThese recommendations are based upon expert opinion and present a logical empirical approach. Local microbial resistance patterns, or known colonization

with resistant pathogens should also be considered.

Abbreviations: AIDS, acquired immunodeficiency syndrome; GVHD, graft-versus-host disease; HIV, human immunodeficiency virus; HSCT, hematopoietic

stem cell transplant; IVDA, intravenous drug abuse; VRE, vancomycin-resistant enterococcus.

Source: From Ref. 125.
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The current vaccination recommendations for trau-
matic splenectomy patients call for administration of
indicated vaccines as soon as possible, preferably
prior to splenectomy (58).
The incidence of bacteremia is reduced by almost 50%,
and sepsis-associated mortality is similarly reduced
when critically ill patients are intensively treated with
exogenous insulin to maintain normoglycemia.
Immune dysfunction in patients with renal failure
involves both cellular (PMNs, T-cells, B-cells, dendritic
cells), and humoral systems (alterations in complement,
immunoglobulin levels, and cytokines) (72).
The immune system is altered in liver failure due to
chronic inflammation, decreased production of proteins
including complement with increased circulating TNF-
a, and increased production of cytokines by the
Kuppfer cells.
Autoimmune diseases result from a failure of immune
tolerance: it fails to recognize native cells and tissues
as “self,” instead treating these structures as though
they are foreign invaders.
With regard t and mortality (100).
The CD4 molecule is a high affinity receptor for HIV,
explaining the tropism of the virus for CD4þ T-cells
and other CD4þ cells (i.e., monocytes/macrophages,
and Langerhans cells/dendritic cells). The loss of
these cells leads to profound immunosuppression, pri-
marily cell-mediated immunity.
During the first month after solid organ transplan-
tation, the infections usually encountered in transplant
recipients are the same as those found in a typical sur-
gical population (135).
After the first month, the immunomodulating viruses
can become clinically significant, in addition to residual
agents from prior infections and events.
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INTRODUCTION

Infections occurring in the intensive care unit (ICU) almost
always involve nosocomial organisms, which are more resist-
ant and more virulent than those typically acquired in the
community. Nosocomial infections develop in approximately
24% of medical ICU patients, and 31% of surgical ICU patients
(1), increasing morbidity (2), and prolonging hospital stay (3).

Trauma related injuries are the second largest source
of health care costs in the United States (US) (3), and
account for a significant portion of morbidity and mortality
in all regions of the world (4,5). Infections in trauma patients
can increase mortality up to three-fold (6).

The principles of antimicrobial use and the mechan-
isms of antibacterial resistance are reviewed in the first
two sections of this chapter. Next, the factors increasing
the risk of infectious disease following trauma and critical
care are reviewed. The remainder of the chapter reviews
the important clinical considerations for the various antimi-
crobial drugs currently in use.

All antibiotics must be evaluated in terms of their
antimicrobial spectra, toxicities, and pharmacokinetic and
pharmacodynamic attributes. Susceptibility results of
antimicrobials reflect in vitro properties and do not always
correlate with clinical results. Hence the reader is advised
to consider many factors during antimicrobial selection (7).
Several antibiotic choices are usually effective in the
treatment of most infections. The recommendations listed
here reflect the perspectives of two infectious diseases
physicians and an infectious diseases pharmacist specialist.

PRINCIPLES OFANTIMICROBIAL USE

Antimicrobial selection for trauma and critical care is
based on the following seven considerations: (i) whether

the antibiotics are planned for prophylaxis or treatment of
an established infection; (ii) the anatomic site of infection;
(iii) whether the infection is community-acquired or nosoco-
mial; (iv) best guess of the most probable causative micro-
organism (based upon geographical and institutional

isolate profiles); (v) the patient’s innate immunological
status; (vi) the severity of the infection and general con-
dition of the patient; and (vii) financial cost.

General Rules for Selecting Single vs. Multiple Antibiotics
On some occasions, a single antibiotic is appropriate, for
example, the treatment of cellulitis with cefazolin. However,
there are several circumstances where combination anti-
microbial treatment should be employed. The first is the pre-
vention of the emergence of resistant organisms while on
therapy; an example is the absolute necessity to use an anti-
staphylococcal agent, like nafcillin, in combination with
rifampin to prevent the emergence of rifampin-resistant
mutations, which are single-step mutations to full resistance
in the gene that encodes the bacterial RNA polymerase, the
rifampin site of action. A second example is with polymicro-
bial infections (e.g., intraperitoneal and pelvic infections).
The flora causing these infections includes gram-negative
enteric rods, a multiplicity of different obligately anaerobic
species, as well as enterococci and, occasionally, yeast. A
third circumstance where antimicrobial combinations is in
empiric therapy where early aggressive treatment improves
survival and mixed microbial infection is probable, for
example, necrotizing fasciitis.

Antibiotic Synergy vs. Antagonism
In order to use combinations of antimicrobial drugs properly,
the prescriber should be familiar with the concepts of anti-
biotic synergy and antagonism. Synergy occurs when the
use of one antibiotic enhances the antimicrobial activity of
another. In general, synergy occurs when the agents of any
particular combination act on different biochemical pathways
of the microorganism or act sequentially along the same meta-
bolic pathway; an example of the first is the use of ampicillin
(or vancomycin) and gentamicin against enterococci. Amino-
glycosides are ineffective as single drugs in treating gram-
positive organisms because they cannot penetrate the thick
peptidoglycan cell wall to reach their site of action at the ribo-
some within the bacterial cytoplasm. The combination of
ampicillin (or vancomycin) and gentamicin is synergistic for
enterococci because ampicillin (and vancomycin) damage
the bacterial cell wall (as their antimicrobial mechanism of
action) thereby allowing the aminoglycoside to penetrate
into the cell. Clinical studies have shown that the addition of
gentamicin to ampicillin significantly improves outcome in
patients with enterococcal endocarditis, even though entero-
cocci are relatively resistant to ampicillin (8). Similar effects
are noted with the combination of antistaphylococcal
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penicillins (or vancomycin) combined with an aminoglycoside
against Staphylococcus aureus, but the magnitude of the effect is
less. Another clinical example of synergism involves the use of
anti-pseudomonal beta-lactams such as piperacillin or ticarcil-
lin in combination with aminoglycosides to treat serious infec-
tions with Pseudomonas aeruginosa (9).

The combination drug trimethoprim-sulfamethoxazole
(Bactrim or Septra) is an example of synergism resulting from
using two antibiotics that act sequentially in the same pathway.
Sulfamethoxazole acts first and trimethoprim (TMP) second in
the microbial pathway for de novo synthesis of folic acid,
which is necessary for synthesizing precursors for DNA and
other molecules involved in bacterial intermediary metabolism.
For treating fungi, 5-FC is not used alone because of the develop-
ment of rapid resistance. However, the combination of 5-FC and
amphotericin is synergistic in vitro, and this combination is com-
monly used clinically to treat cryptococcal meningitis (10).

Antagonism occurs when the combination of anti-
biotics is less effective than either agent alone. For
example, the use of bacteriostatic drugs such as tetracycline
or chloramphenicol that inhibit protein synthesis generally
decrease the effectiveness of beta-lactam drugs that act on
the cell wall (11). Another example of antagonism in vitro
involves the use of azoles like fluconazole in combination
with amphotericin. Ergosterol, a sterol in the fungal
plasma membrane, is the target site of amphotericin; azole
drugs inhibit the enzyme necessary for ergosterol synthesis
and decreases the amount of ergosterol present in the
plasma membrane, thereby decreasing the target of action
for amphotericin and making it potentially less effective.

MECHANISMS OFANTIBIOTIC RESISTANCE

Factors influencing the emergence of resistance in microorgan-
isms include: (i) the indiscriminant use of broad-spectrum anti-
biotics in medicine, (ii) the widespread use of antibiotics in
animal husbandry and fisheries, (iii) prolonged hospitaliz-
ations, (iv) the increasing numbers of immunocompromised
patients, (v) international travel, and (vi) medical progress
resulting in increased use of invasive procedures and devices.

Bacteria evade antimicrobial action by diverse mechan-
isms. These mechanisms include changes in permeability of
the bacterial cell wall and plasma membrane to the antibiotic,
antibiotic efflux from bacterial cells, inactivation of the anti-
biotic (usually enzymatically), modification or elimination of
the target site(s) for the antibiotic, and the development of
auxotrophs (bacterial strains with growth requirements differ-
ent from those of the wild-type strains) which can bypass
steps inhibited by antibiotics. Understanding the general
mechanism of resistance has clinical relevance when choosing
a specific antibiotic for a specific organism. For example,
methicillin-resistant S. aureus (MRSA) is resistant to beta-
lactam agents by virtue of possessing an altered penicillin-
binding protein (PBP), the target of all beta-lactams. Therefore,
combination products increasing the duration of beta-lactam
activity with a beta-lactamase inhibitor, (e.g., piperacillin/tazo-
bactam or ampicillin/sulbactam) will not demonstrate any
activity against MRSA (12–17).

A primary tenet of antimicrobial therapy is to use

the narrowest spectrum antibiotic possible, rather than a
broad-spectrum agent. Empiric treatment (prior to the
final identification of specific microorganisms) is by necessity
broad-spectrum, and the antibiotic selection is based upon
several features.Theseincludethelocationwherethe suspected
infection developed (e.g., community vs. hospital-acquired),

the anatomic site involved (e.g., oropharynx vs. colon), sus-
pected organisms (based on prior literature and local experi-
ences), the local antibiotic sensitivity and resistance patterns,
the current gram stain and prior culture results, patient aller-
gies, renal/hepatic function, and other clinical factors. Emer-
gent, empiric antimicrobial treatment is indicated in only a
few situations, including, for example, suspected sepsis, bac-
terial meningitis, some fulminant pneumonias (i.e., Bacillus
anthracis)andsomeseveresoft-tissueinfections(i.e.,necrotizing
fasciitis). There is usually adequate time for a thorough clinical
evaluationofa patient in othercircumstances, includingthecol-
lection of adequate specimens (forgram stain and culture) prior
to the institution of antibiotics. Fever alone in a clinically stable
patient can result from either an infection or a myriad of other
causes (e.g., major trauma, burns, surgery, hematoma in soft
tissue or subarachnoid blood, etc.), and frequently does not
require antimicrobial therapy. (Volume 2, Chapter 46)
Hence the dictum “antibiotics are not the antipyretic of choice.”

Prophylactic antibiotic use in surgery should be
limited to proven indications and duration. A good example
of this principle are the recently published guidelines for
the appropriate use of vancomycin to reduce the emergence
of vancomycin-resistant enterococci (VRE) and possible
vancomycin-resistant S. aureus (VRSA) (16). These guide-
lines discourage the use of vancomycin except for limited
situations, which include: (i) severe beta-lactam allergy,
(ii) infections caused by gram-positive cocci that are resistant
to beta-lactams, (iii) empiric use in circumstances where
there is a high institutional prevalence of MRSA, (iv) life
threatening infections until definitive culture results return,
and (v) the oral treatment of Clostridium difficile colitis (only
when there is a failure of metronidazole) (16).

RISK FACTORS FOR INFECTIONS IN TRAUMA AND
CRITICAL CARE

Many factors increase the infection risk in trauma and criti-
cal illness. Defects in the mucosal and skin surfaces after
trauma allow microbes to bypass initial defenses. Chest
tubes, endotracheal tubes, catheters, and drains facilitate
pathogen entry. Devitalized tissues and obstruction of drai-
nage ports (e.g., sinusitis) increase the bacterial count,
impair the normal self-cleansing of bacteria, and decrease
the ability of white blood cells (WBC) to have access to
bacteria—all serving to increase the risk of infection.
Within a few days, patients lose the normal protective skin
and gut flora and become colonized with nosocomial organ-
isms, which subsequently cause hospital-acquired infections
with microbes that are often resistant to many antibiotics.

The most basic question to be answered by the physician
contemplating antibiotics in a critically ill patient is whether the
patient is in fact infected. The cardinal signs and symptoms of
infection (elevated WBC count, fever, hyperdynamic state),
and inflammation (rubor et tumor cum calore et dolore [from
Celsus]—redness and swelling with heat and pain) are also
common accompaniments of acute trauma, and therefore, do
not necessarily indicate an infection (18). These signs can
persist for days after admission, especially with multiple frac-
tures, burns, or diffuse soft tissue injury. Further complicating
infection evaluations in this patient population are patient
care devices, limited mobility, and ventilators. Another clinical
conundrum is deciding whether a patient is colonized or actu-
ally infected, once organisms have been isolated. This can be
especially problematic when the culture isolate was derived
from suctioned sputa or previously placed drains.
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Infection control measures are vitally important to
mitigate the spread of resistant organisms. As Ignaz
Phillip Semmelweis discovered 150 years ago, the most
important means of preventing the transmission of microor-
ganisms from one patient (via the doctor or nurse) to
another patient is strict hand washing (and now, the use

of clean disposable gloves).
Bacterial organisms commonly responsible for infec-

tions in trauma and critically ill patients are divided into
three main classes: aerobic gram positive, aerobic gram
negative, and anaerobic. The common gram-positive patho-
gens and the currently recommended antibiotics for these
organisms are listed in Table 1. The recommendations
provided in this and other tables in this chapter reflect
general sensitivity and resistance patterns as of the publi-
cation of this textbook, and local conditions may be different.

Organisms causing infections in trauma patients have
changed over time. At present, the majority of infections
occurring in hospitalized trauma patients are due to gram-
positive organisms (19), for example, MRSA and VRE, and

to a lesser extent, multi-resistant gram-negative rods (20).
This is in sharp contrast to a few decades ago where

gram-negative organisms prevailed.
Gram-negative organisms include many of the enteric

bacteria and some of these are developing extended spec-
trum beta lactamases (ESBLs), especially the so called

“SPACE” organisms (Serratia spp., Pseudomonas spp., Acine-
tobacter spp., Citrobacter spp., Enterobacter spp). The
common gram negative aerobic bacteria, along with the anti-
microbial drugs of choice, are summarized in Table 2.

With appropriate antibiotic use, fungal infections are
still rare in trauma injured patients, excluding catheter-
related urinary tract infections. Judicious prophylactic
antibiotic use in the trauma setting is generally accepted
practice in specific situations (21–24).

Penetrating intra-abdominal injury, perforated
abdominal viscera, and open fractures all warrant antibiotic

prophylaxis (22–25).
Infections involving the mouth and gastrointestinal

tract (including most intraabdominal abscesses) involve
anaerobic bacteria, in addition to aerobic gram-positive and
gram-negative organisms. The common anaerobic pathogens
involved in trauma and critical care are summarized in
Table 3. In general, infections involving anaerobic organisms
that occur above the diaphragm, or in the vagina, can be
treated with clindamycin or metronidazole. However, those
occurring from organisms native to the colon (e.g.,
Bacteroides fragilis) are best treated by metronidazole.

A complete survey of infectious and non-infectious
sources of fever is provided in Volume 2, Chapter 46.
Sepsis and SIRS are reviewed in great detail in Volume 2,
Chapters 47 and 63, respectively. The most common

Table 1 Antimicrobial Drugs of Choice Against Aerobic Gram-Positive Bacteria

Microorganisms Drug of choice Alternative agents

Staphylococcus aureus

Non-penicillinase-producing Penicillin Vancomycin, cephalosporin

Penicillinase producing Nafcillin, oxacillin Vancomycin, cephalosporin, erythromycin,

clindamycin

MRSA Vancomycina Linezolid, quinupristin/dalfopristin, tigecycline

VISA Daptomycinb Quinupristin/dalfopristin, linezolid

VRSA Daptomycinb Quinupristin/dalfopristin, linezolid

Alpha-streptococci (Streptococcus

viridans)

Penicillin Cephalosporin

Beta-streptococci (A, B, C, G) Penicillin Cephalosporin, erythromycin

Streptococcus bovis Penicillin Vancomycin, cephalosporin

Streptococcus pneumoniae

(pneumococcus)

PCN-susceptible

(MIC ,0.1 mcg/mL)

Penicillin or amoxicillin Cephalosporin, erythromycin, azithromycin,

clarithromycin, levofloxacin, moxifloxacin,

carbapenems, clindamycin, tetracycline

PCN-intermediate resistance

(MIC ¼ 0.1–2 mcg/mL)

Penicillin or ceftriaxone, cefotaxime Levofloxacin, gatifloxacin, moxifloxacin,

clindamycin, vancomycin

PCN-high-level resistance

(MIC .2 mcg/mL)

Meningitis: vancomycinþ ceftriaxone or

cefotaxime other indications: vancomy-

cinþ ceftriaxone or cefotaxime, linezolid,

levofloxacin, gatifloxacin, moxifloxacin

Carbapenems, quinupristin/dalfopristin

Enterococcus spp.

Serious infection Ampicillinþ gentamicin or streptomycin Vancomycinþ gentamicin or streptomycin;

linezolid; quinupristin/dalfopristin

Uncomplicated UTI Ampicillin Nitrofurantoin; ciprofloxacin, levofloxacin;

fosfomycin

VRE Linezolid Daptomycin; quinupristin/dalfopristin

aSome studies show that linezolid was superior to vancomycin for ventilator associated pneumonia due to MRSA. However, the doses of vancomycin in these

studies were subtherapeutic.
bDaptomycin contraindicated in pneumonia (surfactant inhibits daptomycin). For pneumonia, due to VISA, or VRSA use quinupristin/dalfopristin, or linezolid.

Abbreviations: MIC, minimum inhibitory concentration; MRSA, methicillin-resistant S. aureus; PCN, penicillin; UTI, urinary tract infection; VISA, vanco-

mycin intermediate sensitive S. aureus; VRE, vancomycin-resistant enterococcus; VRSA, vancomycin-resistant S. aureus.
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sources of infection in trauma and critical care also have
specific chapters dedicated to them, including ventilator
associated pneumonia (Volume 2, Chapter 48), indwelling
catheter related infections (Volume 2, Chapter 49), abdomi-
nal sources of infection (Volume 2, Chapter 50), and sinusitis
(Volume 2, Chapter 51). The remainder of this chapter
reviews the antimicrobials most frequently used for
trauma and critical care.

PENICILLINS
History/Description
Dr. Alexander Fleming discovered penicillin in 1929, while
working on unrelated influenza research. Fleming happened
upon his discovery when he observed that one of his
staphylococcal culture plates became contaminated with

a mould, and that surrounding the fungi was a ring-like bac-
teria-free zone. Fleming subsequently diluted the mould
more than 800 times, and still it retained the antibacterial
effect. With the assistance of a mycologist colleague, the
mould was identified as a Penicillium, and Fleming sub-
sequently named the antibacterial active substance penicil-
lin. His publication in 1929 describing this research
received little attention until World War II, when penicillin
use became widespread. In 1945, Fleming received the
Nobel Prize for his discovery. Since that time, penicillin
and its derivatives have remained the drug of choice for
many bacterial infections, and modifications of its chemical
structure has led to the development of numerous other
beta-lactam derived antimicrobials (26–28).

Mechanism of Action, Pharmacology, Administration,
and Dosage
Penicillin and other beta-lactam related antibiotics (e.g.,
cephalosporins, monobactams, and carbapenems) all have
similar mechanisms of action, primarily targeting the
peptidoglycan cell wall; these actions are characterized by
enzymatic inhibition of cell wall synthesis and turnover
with the resultant destruction of bacteria through autolytic
enzymes. For the available penicillin agents, modifications
of the side-chain results in a wide variety of pharmacokinetic
properties and antimicrobial activities (Table 4).

Most penicillin antibiotics are widely distributed
however, penetration across the blood-brain barrier and
into the cerebrospinal fluid (CSF) and into the vitreous
humor is poor, and levels are significantly lower than
serum concentrations, except in the presence of inflam-
mation. Therefore, relatively high doses of penicillins are
required to treat infections in these “protected” sites.

Table 2 Antimicrobial Drugs of Choice Against Aerobic Gram-Negative Bacteria

Microorganisms Drug of choice Alternative agents

Acinetobacter spp. Imipenem, meropenem Aminoglycoside, ciprofloxacin, cotrimoxazole, ceftazidime

Aeromonas Cotrimoxazole Aminoglycoside, imipenem, fluoroquinolone

Enterobacter spp. Imipenem, meropenem Aminoglycoside, ciprofloxacin, cotrimoxazole, cefepime

Escherichia coli Ceftriaxone, cefotaxime Aminoglycoside, imipenem, meropenem, ceftazidime,

cefepime, cotrimoxazole, fluoroquinolone, aztreonam,

piperacillin/tazobactam

Haemophilus influenzae Second- or third-generation cephalosporin Fluoroquinolone, cotrimoxazole

Klebsiella pneumoniae Ceftriaxone, cefotaxime Aminoglycoside, carbapenems, ceftazidime, aztreonam,

cefepime, cotrimoxazole, fluoroquinolone, piperacillin/
tazobactam

Legionella spp. Azithromycin or a

fluoroquinolone + rifampin

Doxycycline + rifampin, cotrimoxazole, erythromycin

Proteus mirabilis Ampicillin Cephalosporin, cotrimoxazole, aminoglycosides, carbape-

nem, fluoroquinolone, aztreonam

Other Proteus spp. Ceftriaxone, cefotaxime, ceftazidime,

cefepime

Imipenem, meropenem, fluoroquinolones, piperacillin/
tazobactam, cotrimoxazole, aminoglycoside

P. aeruginosa Ceftazidimeþ an aminoglycoside or cipro Carbapenems, cefepime, aztreonam, levoflox, piperacillin

Salmonella spp. Fluoroquinolone or ceftriaxone Cotrimoxazole

Stenotrophomonas

maltophilia

Cotrimoxazole Fluoroquinolone

Serratia spp. Carbapenem Aminoglycoside, aztreonam, third- or fourth-generation

cephalosporin, cotrimoxazole, piperacillin/tazobactam,

fluoroquinolone

Table 3 Antimicrobial Drugs of Choice Against Anaerobic

Bacteria

Microorganisms Drug of choice Alternative agents

Prevotella

melanogenica

Penicillin G; or

clindamycin

Metronidazole

Bacteroides

fragilis

Metronidazole Carbapenems, cefoxitin,

ampicillin/sulbactam,

piperacillin/tazobactam

Clostridium

perfringens

Penicillin or

clindamycin

Metronidazole, carbape-

nems, chloramphenicol

Clostridium

tetani

Metronidazole Penicillin, a tetracycline

Clostridium

difficile

Metronidazole Vancomycin (oral)
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Antimicrobial Activity/Spectrum/Resistance
Differential bacterial cell wall permeability, binding site
affinity and susceptibility to bacterial enzymes (e.g., beta-lac-
tamases) account for the various susceptibility patterns
among different penicillins, and other beta-lactams (Tables
1–3). Bacterial production of beta-lactamases, which
enzymatically destroy beta-lactam antibiotics, represent the
most common mechanism of antimicrobial resistance.
Gram-positive organisms usually secrete beta-lactamases
extracellularly, whereas gram-negative organisms secrete
small quantities of beta-lactamases within the periplasmic
space. There are several types of beta-lactamases, each
with various binding affinities to enzymes required for the
reproduction of specific microorganisms. With this in
mind, the development of beta-lactamase inhibitors, in com-
bination with specific penicillins, provides the rationale for
the clinical use of combinations (i.e., ticarcillin-clavulanate,
piperacillin-tazobactam, and ampicillin-sulbactam).

Narrow–spectrum penicillins, such as penicillin G or
ampicillin, remain the drug of choice for most streptococci,
enterococci, and oral anaerobic bacteria. The semi-synthetic
penicillins, such as nafcillin or oxacillin, were designed
specifically for S. aureus and have neither anaerobic nor enter-
ococcal activity, and have reduced streptococcal activity.
They also lack activity against gram-negative rods. Extended
spectrum penicillins, (e.g., piperacillin, mezlocillin, and ticar-
cillin) have improved activity against not only P. aeruginosa
but also against additional community and hospital-acquired
gram-negative rods. The addition of a beta-lactamase
inhibitor to beta-lactam antibiotics produces efficacy

against beta-lactamase-producing organisms such as S.
aureus, Escherichia coli, and most anaerobic bacteria.
However, these combination products add no additional
activity against P. aeruginosa and have no activity against
MRSA. MRSA specifically lack the binding proteins for
these beta lactams, and are intrinsically resistant regardless
of the concentration or duration of high drug levels of beta
lactams.

Adverse Effects and Drug Interactions
Hypersensitivity reactions are the most common adverse
effects encountered with the use of penicillins. These
reactions range from minor, such as rash, to potentially
life-threatening such as anaphylaxis (Volume 1, Chapter
33). A few unique adverse effects are seen with specific peni-
cillins, such as platelet dysfunction with piperacillin and a

high incidence of rash with ampicillin and amoxicillin. The
management of adverse effects and allergy testing is dis-
cussed below (Beta-Lactam Allergy). No clinically important
drug interactions occur with the penicillins.

Therapeutic/Clinical Uses
Because of their long history of clinical safety, efficacy, and
availability, the penicillins are frequently used in the criti-
cally ill patient. As seen in Table 1–3, the penicillins are
the drugs of choice for many infections commonly encoun-
tered in these patients.

CEPHALOSPORINS
History/Description
Cephalosporins are a group of natural and semi-synthetic
compounds that are structurally similar to penicillins and
have been in clinical use since the 1960s. The cephalosporins
are categorized into first-to-fourth “generation,” based upon
antimicrobial spectrum. Table 5 lists the four generations of
cephalosporins (29–32).

Mechanism of Action, Pharmacology Administration,
and Dosage
Cephalosporins, like penicillins, enzymatically inhibit
bacterial cell wall synthesis. Therapeutic cephalosporin
concentrations are reached in many body sites; however,
cefazolin and cephalothin do not provide adequate enough
concentrations in the CSF to treat bacterial meningitis.
However, several of the third and fourth generation cepha-
losporins reach sufficient concentrations in the CSF for
therapeutic utility. These include ceftriaxone, cefotaxime,
ceftizoxime, ceftazidime, and cefepime. Table 5 delineates
the dosing considerations for the most commonly used
cephalosporins. Uniquely, among the cephalosporins,
ceftriaxone has the longest half-life and may be dosed on a
once-daily basis in most clinical circumstances.

Antimicrobial Activity/Spectrum/Resistance
In general, as one selects a second, third, or fourth gen-

eration cephalosporin, there is increased activity against
aerobic gram-negative bacteria and less activity against
gram-positive organisms. Although ceftriaxone, ceftizox-
ime, and cefotaxime retain excellent gram-positive activity,
the cephalosporins, as a class, do not have activity against

Table 4 The Penicillins: Selected Dosing and Need for Adjustment Based Upon Renal or Hepatic Dysfunction

Penicillin sub-type

Typical adult IV dose range

and intervals

Requires dose adjustment

for renal insufficiency

(CrCl ,30 mL/min)

Requires dose

adjustment for

hepatic failure

Aqueous crystalline

penicillin G

1–4 million units every 4–6 hr Yes No

Ampicillin 1–2 g every 4–6 hr Yes No

Ampicillin/sulbactam 1.5–3 g every 6–8 hr Yes No

Piperacillin 3–5 g every 4–8 hr Yes No

Piperacillin/tazobactam 3.375–4.5 g every 4–6 hr Yes No

Oxacillin 1–2 g every 4–6 hr Yes No

Nafcillin 1–2 g every 4–6 hr Yes No

Abbreviation: IV, intravenously.
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enterococci, MRSA, or Listeria monocytogenes. For activity
against P. aeruginosa, the use of ceftazidime or cefepime is
usually required. Because of their broad activity against
most aerobic gram-positive cocci (except enterococci), and
gram-negative bacilli (except P. aeruginosa), the third gener-
ation cephalosporins (ceftriaxone, cefotaxime and ceftizox-
ime) are commonly used in the critically ill patient.

The first generation cephalosporins, such as cefazolin,
have a wide-range of activity against almost all aerobic cocci,
including MSSA (but not enterococci or MRSA) and some
gram-negative bacilli (with the exception of P. aeruginosa
and some other gram-negative rods).

The cephamycins, specifically cefoxitin and cefo-
tetan, have unique broad-spectrum activity against most
anaerobic organisms. However, there are increasing resist-
ant forms of B. fragilis. B. fragilis resistance has risen to
such a degree that both the Infectious Disease Society of
America and the Surgical Infection Society now recommend
against these drugs as single agents for intra-abdominal
infections (23,24,33).

Adverse Effects and Drug Interactions
The adverse effects of the cephalosporins are similar to those
of the penicillins. Additionally, certain drug–drug inter-
actions occur with cephalosporins and cephamycins, which
have a methyl-thio-tetrazole side chain (cefotetan, cefopera-
zone, cefamandole, and moxalactam). This class of cephalos-
porins can produce a disulfiram-like reaction when
administered with alcohol. In addition, these antibiotics
can prolong the INR via inhibition of vitamin K metabolism.

Therapeutic/Clinical Uses
The third generation cephalosporins (ceftriaxone, cefotax-
ime, and ceftizoxime) have broad activity against most
aerobic gram-positive cocci and gram-negative bacilli,
(except P. aeruginosa), and are very commonly used for
empiric therapy for Ventilator-associated pneumonia (VAP)
in critical care units. Ceftazidime also has excellent activity
against P. aeruginosa but only marginal activity against
gram-positive cocci.

Advantages of the cephalosporins include their
relatively low toxicity, especially compared to the
aminoglycosides, their activity against certain hospital-
acquired, multi-drug resistant bacteria, and the opportunity
to administer a single agent rather than multiple antibiotics.
Cephalosporins are not superior to the older, narrow-
spectrum, and less-expensive antimicrobials. Thus, extended-
spectrum cephalosporins are rarely the drug of choice for
any infection. In addition, the emergence of resistance
during therapy with these newer cephalosporins has been
shown, including VRE, MRSA, and C. difficile through selec-
tion pressures.

OTHER BETA-LACTAM ANTIBIOTICS AND
ADVERSE REACTIONS
Monobactams
Aztreonam is a synthetic monocyclic B-lactam (monobac-
tam) antibiotic, and was the first approved for clinical use
in the US (34,35). Monobactams differ structurally from peni-
cillins and cephalosporins because of their monocyclic rather
than a bicyclic nucleus; this novel structure explains why
aztreonam has little cross-allergenicity with the bicyclic
B-lactams. Although skin rashes have occurred occasionally
with the use of aztreonam, the drug has been given safely to
patients with immediate-type hypersensitivity reactions
(e.g., anaphylaxis and urticaria) to both penicillins and
cephalosporins (36). Other adverse effects are similar to
those of other B-lactam drugs.

Aztreonam is devoid of antibacterial activity
against gram-positive and anaerobic bacteria. Aztreo-
nam is clinically effective against most facultative aerobic
Gram-negative bacilli. The spectrum and potency of aztreo-
nam is similar to the third generation cephalosporin ceftazi-
dime (37) as both contain the same 2-aminothiazolyl with a
propyl-carboxy addition to its side-chain (38). Aztreonam
adequately crosses the blood brain barrier and is highly
active against Haemophilus influenza and N. gonorrhoeae
(including beta-lactamase-producing strains), and against
most of the Enterobacteriaceae (including E. coli, Klebsiella,

Table 5 The Cephalosporins: Selected Dosing and Need for Adjustment Based Upon Renal

or Hepatic Dysfunction

Cephalosporin

generation

and sub-type

Typical adult IV

dose range

and intervals

Requires dose

adjustment for

renal insufficiency

(CrCl ,30 mL/min)

Requires dose

adjustment for

hepatic failure

First generation

Cephalothin 1–2 g every 4–6 hr Yes No

Cefazolin 1–2 g every 8 hr Yes No

Second generation

Cefoxitin 1–2 g every 6 hr Yes No

Cefuroxime 0.75–1.5 g every 8–12 hr Yes No

Third generation

Cefoperazone 1–2 g every 12 hr Yes No

Cefotaxime 1–2 g every 4–8 hr Yes No

Ceftriaxone 1–2 g every 12–24 hr Yes No

Ceftazidime 1–2 g every 8 hr Yes No

Fourth generation

Cefepime 1–2 g every 12 hr Yes No

Abbreviation: IV, intravenously.
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Proteus, Serratia, Shigella, and Salmonella species). Aztreonam
is slightly less potent than imipenem or ceftazidime against
P. aeruginosa. The usual dosage of aztreonam is 1 to 2 g
intravenously given every eight hours. Refer to Table 6 for
selected dosing and route of administration.

Carbapenems
Carbapenems are a class of antimicrobials created by a
simple substitution of a sulfur atom for a carbon atom of
the beta-lactam nucleus, and the addition of a double bond
to the 5-member ring comprising the penicillin nucleus (7).
The first clinically available carbapenem for use in the
United States was imipenem, released in 1985 followed a
decade later by meropenem (released in 1996) and shortly
thereafter ertapenem. Imipenem is marketed as a combi-
nation drug with cilastatin (which inhibits the renal hydroly-
sis of imipenem). Meropenem and ertapenem, the other
currently available carbapenems, are not combined with
cilastatin.

Carbapenems are the class of antibiotics with the
greatest activity spectrum of any class of antibiotics for sys-

temic use in humans. They are active against gram-positive
(except MRSA), gram-negative, and anaerobic bacteria.
These agents (except ertapenem) are particularly useful
for hospital-acquired infections where bacterial resistance
(other than MRSA and VRE) may be a concern.

Similar to the beta-lactam agents (especially the
cephalosporins) the carbapenems have no activity against
MRSA, Enterococcus faecium, and Legionella spp. In addition,
the carbapenems have no activity against Stenotrophomonas
(formerly Pseudomonas) maltophilia. The activity of
ertapenem does not include P. aeruginosa or Acinetobacter
spp., two organisms commonly involved in hospital-acquired
infections. The carbapenems, imipenem and meropenem,
are considered the drugs of choice for extended-spectrum
beta-lactamase (ESBL) producing organisms.

The mechanism of action is similar to that of other
beta-lactam antibiotics and the toxicities are similar. In
addition, imipenem is associated with an increased risk of
seizures when administered in large doses to patients
with renal insufficiency, a side effect caused by the cilistatin
component (which decreases the seizure threshold). Refer
to Table 6 for selected dosing, route of administration,
and need for dose adjustment for the carbapenems.
The pharmacology of meropenem has recently been
reviewed (7,39).

Beta-Lactam Allergy
Beta-lactam antibiotics are the most common class of anti-
biotics associated with adverse reactions partly because
they are the most frequently used class of antibiotics. It
was previously estimated that 1% to 10% of patients
receiving penicillins will develop an adverse effect (40).
However, that estimate was probably high, and the inci-
dence of potentially life-threatening anaphylactic reactions
is far lower (41).

Beta-lactam allergies are classified as immediate,
accelerated, or delayed. Immediate reactions are of rapid
onset occurring usually ,30 minutes after administration,
with the clinical manifestations of laryngeal edema, bronch-
ospasm, hypotension, urticaria (hives), pruritus, and
occasionally, anaphylactic shock. These reactions are IgE-
mediated (Volume 1, Chapter 33).

Accelerated reactions occur from 1 to 72 hours after
antibiotic administration, with the clinical manifestations of
urticaria and angioedema. Delayed reactions are those occur-
ring 3 days to several weeks after exposure, with rash being
the most common, but they may also include serum sickness,
hemolytic anemia, interstitial nephritis, arthralgias, and urti-
caria. Only the immediate and accelerated reactions have
major clinical significance in terms of antibiotic selection.

Patients with a history of an immediate or accelerated
reaction to penicillins manifesting as laryngeal edema, hypo-
tension, urticaria, and/or angioedema, should not receive
penicillins or any other beta-lactam antibiotics. In the event
that a patient must be given penicillin, a penicillin skin test
should be performed for patients with accelerated reactions,
and if positive, then desensitization is required. If negative,
these agents may be given cautiously. Patients with a

history of penicillin allergy due to rash or pruritus only
occurring more than 3 days after administration are no
more likely to have any allergic reaction to a cephalosporin
than patients without a history of penicillin allergy and can
safely receive cephalosporins.

Recent studies indicate that the incidence of cross-
reactivity to cephalosporins in penicillin-allergic patients is
probably not more than two percent (42). Cross-reactions
between penicillins and carbapenems occur much more fre-
quently. There is up to a 50% chance of developing a rash
to carbapenems in patients with a history of rash to penicil-
lins. Aztreonam, a monobactam, does not appear to have
any cross-reactivity in patients with immediate reactions to
beta-lactams and is a useful therapeutic option when an
antibiotic possessing excellent gram-negative rod activity is
indicated in a beta-lactam allergic patient. Aztreonam is

Table 6 Monobactams and Carbapenems (Beta Lactam-like Drugs): Selected Dosing and Need for

Adjustment Based Upon Renal or Hepatic Dysfunction

Beta lactam-like

drug classification

and name

Typical adult IV

dose range and

intervals

Requires dose

adjustment for

renal insufficiency

(CrCl ,30 mL/min)

Requires dose

adjustment for

hepatic failure

Monobactams

Aztreonam 1–2 g every 8 hr Yes No

Carbapenems

Imipenem/cilastatin 0.5–1.0 g every 6–8 hr Yes No

Meropenem 0.5–1.0 g every 6–8 hr Yes No

Etrapenem 1 g every 24 hr Yes No

Abbreviation: IV, intravenously.
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considered a safe alternative in patients allergic to penicil-

lins or cephalosporins requiring gram-negative coverage,
and vancomycin is the recommended choice when these
patients require gram-positive coverage.

AMINOGLYCOSIDES
History/Description
Aminoglycosides are naturally occurring antibacterial
compounds produced by members of the Actinomycetes
family that are filamentous bacteria that resemble fungi.
Streptomycin (derived from Streptomyces griseus) was discov-
ered in 1943, followed in 1963 by gentamicin (derived from
Actinomycetes spp.), and tobramycin (derived from Strepto-
myces tenebrarius). The use of aminoglycosides has declined
in recent years due to nephrotoxicity and the development
of less toxic alternatives. However, the ability to dose these
medications once daily and the relatively low level of
resistance keeps the aminoglycosides in the clinical arena
as a useful class of antibiotics (43,44).

Mechanism of Action, Pharmacology,
Administration, and Dosage
Aminoglycosides bind to the 30S ribosomal subunit of
bacteria, thereby inhibiting protein synthesis. The ability of
aminoglycosides to reach ribosomes, which are intracellular,
is facilitated by the concurrent use of antibiotics that inhibit
the synthesis of the bacterial cell wall, such as the beta-
lactam antibiotics and vancomycin. This synergistic activity
accounts for the clinical use of combination of an aminogly-
coside with a penicillin beta-lactam or vancomycin for
serious enterococcal infections.

The aminoglycosides exert concentration-dependent
killing. They also have a prolonged post-antibiotic effect
that allows for once-daily dosing in many patients. Amino-
glycosides have poor oral absorption and therefore are admi-
nistered parenterally. Changes in the extracellular fluid
compartment, as in congestive heart failure, ascites, or dehy-
dration, will alter the volume of distribution and necessitate
dosage modifications. Aminoglycosides have negligible
protein binding. The average half-life for aminoglycosides
in patients with normal renal function is approximately
two hours. Aminoglycosides are significantly removed by
hemodialysis but to a much lesser extent via peritoneal dialy-
sis. Aminoglycosides do not cross the blood brain barrier,
even in the presence of inflamed meninges.

A loading dose is often administered in the critically
ill; 1.5 to 2 mg/kg for gentamicin or tobramycin and 7.5 to
15 mg/kg for amikacin (Table 7). Interpatient variability in
volume of distribution and renal function in the critically

ill population necessitates monitoring of aminoglycoside
concentrations in the serum. Ideally, peak concentrations
should be obtained 30 minutes after a 30-minute infusion.
Trough concentrations should be drawn as close as possible
prior to the start of the next dose. Recent studies suggest that
single daily dosing is at least as effective as traditional
dosing (due to the prolonged post-antibiotic effect) and
may be less toxic (because the kidneys are allowed some
recovery time between doses, when the blood concentration
is low) (45).

Antimicrobial Activity/Spectrum/Resistance
Aminoglycosides are active against aerobic gram-negative
bacilli and certain mycobacteria (including Mycobacterium
tuberculosis) and have in vitro activity against many Staphy-
lococcus species. Despite in vitro activity, aminoglycosides
are not useful as single agents in treating gram-positive
infections. However, aminoglycosides can be used synergis-
tically with either beta-lactams or glycopeptides in patients
with either S. aureus or enterococcal infections. Burkholderia
(formerly Pseudomonas cepacia) and Stenotrophomonas (for-
merly Pseudomonas or Xanthomonas) maltophilia are typically
resistant to all aminoglycosides. This rather narrow
spectrum of activity is reflected in Tables 1 and 2 showing
aminoglycosides as mainly alternative agents to first-line
therapy.

The most common mechanism of aminoglycoside resist-
ance is the production of plasmid-mediated aminoglycoside-
modifying enzymes. Resistance of enterococci to gentamicin
was first reported in the United States 15+ years ago. A
survey of eight United States tertiary-care hospitals demon-
strated that 25% of enterococci had high-level resistance to
gentamicin. These organisms are generally resistant to all
other aminoglycosides, but occasionally are susceptible to
streptomycin.

Adverse Effects and Drug Interactions
All aminoglycosides are nephrotoxic and ototoxic and

can prolong the duration of neuromuscular blockade
drugs. Aminoglycosides are reabsorbed by the proximal
tubule accumulating in the renal cortex. This accounts for the
nephrotoxicity, which is reportedly most common for genta-
micin and least common for streptomycin, with amikacin
and tobramycin being intermediate. Clinical nephrotoxicity
does not usually occur until after at least 1 week of
therapy, and is nonoliguric. Nephrotoxicity is typically
reversible; however, ototoxicity (either vestibular or audi-
tory) is generally permanent. Potentiation of neuromuscular
blockade may also occur with the aminoglycosides, even
after copious peritoneal irrigation with an aminoglycoside

Table 7 Aminoglycosides: Selected Dosing and Need for Adjustment Based Upon Renal or Hepatic Dysfunction

Aminoglycoside

drug name

Typical adult IV dose

range and intervals

Requires dose

adjustment for

renal insufficiency

(CrCl ,30 mL/min)

Requires dose

adjustment for

hepatic failure

Gentamicin 1.5–2.5 mg/kg q12 hr or 5 mg/kg q24 hr Yes No

Tobramycin 1.5–2.5 mg/kg q12 hr or 5 mg/kg q24 hr Yes No

Amikacin 7.5 mg/kg q12 hr or 15 mg/kg q24 hr Yes No

Streptomycin 10–15 mg/kg q24 hr Yes No

Abbreviation: IV, intravenously.
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(Volume 2, Chapter 6). It is treated primarily by supportive
means (airway protection or ventilation).

The ototoxicity seen with furosemide is additive when
administered concomitantly with aminoglycosides. Bumeta-
nide is less ototoxic and should be considered when conco-
mitant use of aminoglycosides and diuretics are needed.

Age greater than 60 and co-administration of other
nephrotoxic drugs can exacerbate the nephrotoxicity due
to aminoglycosides. Examples of these drugs include:
amphotericin B, vancomycin, parenteral bacitracin, capreo-
mycin, cidofovir, cisplatin, cyclosporine, foscarnet, ganciclo-
vir, IV pentamidine, polymyxin B, streptozocin, or
tacrolimus.

Therapeutic/Clinical Uses
Gentamicin
Gentamicin is used alone primarily for urinary tract infec-
tions. It is also typically used in conjunction with
extended-spectrum penicillins for nosocomial infections
caused by Enterobacter spp. and P. aeruginosa. Combination
therapy including an aminoglycoside with agents that
provide gram-positive or anaerobic activity is frequently
used in potentially polymicrobial infections when gram-
negative rods may be playing a role. An aminoglycoside is
used in combination therapy with either ampicillin or vanco-
mycin for several different types of endocarditis, most
commonly those that are due to enterococci.

Tobramycin
Tobramycin has essentially the same parenteral uses as
gentamicin. It has greater activity against Acinetobacter spp.
and P. aeruginosa but less activity against Serratia marcescens
than gentamicin does. If organisms are resistant to gentami-
cin, they will likely be resistant to tobramycin. Inhaled
tobramycin has been associated with improved pulmonary
function and decreased hospitalization in patients with
cystic fibrosis.

Amikacin
Amikacin is useful primarily for organisms that are resistant
gentamicin and tobramycin. It is also used in combination
with other antibiotics, for example, for infections due to
Nocardia asteroides and occasionally for infections due to M.
tuberculosis or M. avium complex.

Streptomycin
Streptomycin is sometimes used (as part of combination
therapy) in the treatment of multidrug-resistant tuberculosis

and may be useful in the treatment of some gentamicin-
resistant enterococcal infections. It is also the drug of
choice for several potential bacterial agents in bioterrorism,
such as tularemia and plague, although gentamicin can be
used alternatively.

TETRACYCLINES AND GLYCYLCYCLINES
History/Description
The tetracyclines were isolated from Streptomyces spp., first
used clinically over 50 years ago. Tetracycline has a
broad spectrum of activity against gram-positive, gram-

negative, and anaerobic bacteria as well as rickettsiae,
mycoplasma, chlamydiae, protozoa, actinomycetes, and
even certain viruses. Tetracyclines are infrequently
used in the ICU setting. However, when they are employed,
it is usually to combat pneumonia due to presumed or
known “atypical” agents (Table 8). Doxycycline and, to a
lesser extent, minocycline are the most commonly used
drugs of this class. The tetracyclines are still commonly
used for community acquired pathogens, and have recently
been reviewed in depth (46,47).

Mechanism of Action, Pharmacology,
Administration, and Dosage
The tetracyclines are similar in mechanism of action to ami-
noglycosides, as both antimicrobials inhibit bacterial protein
synthesis at the ribosomal level. However, in regard to spec-
trum of activity, the tetracyclines more closely resemble the
macrolides. The tetracyclines are typically bacteriostatic
rather than bactericidal. Tetracycline is excreted in the
urine and should be avoided in renal insufficiency, because
high concentrations of the accumulated drug are hepato-
toxic. In contrast to tetracycline, doxycycline, and minocy-
cline are eliminated through hepatobiliary processes and
can be used in patients with renal insufficiency.

Doxycycline and other tetracyclines can be adminis-
tered either parenterally or orally, and because of the long
half-life, can be administered once or twice daily. Refer to
Table 9 for tetracycline dosing and need for dose adjustment.

Antimicrobial Activity/Spectrum/Resistance
The tetracyclines are currently utilized for the empiric treat-
ment of community-acquired pneumonia because of their
activity against both many pyogenic bacteria and “atypical”
organisms, such as Mycoplasma spp., Chlamydia spp., or Legio-
nella spp. They also have utility in the treatment of infections

Table 8 Antimicrobial Drugs of Choice Against Atypical Organisms

Microorganisms Drug of choice Alternative agents

Mycoplasma pneumoniae Azithromycin or a tetracycline Fluoroquinolone, erythromycin, clarithromycin

Chlamydia psittaci Flourquinolone or doxycycline Chloramphenicol

Chlamydia pneumoniae Azithromycin or tetracycline Fluoroquinolone, erythromycin, clarithromycin

Ehrlichia spp. Doxycycline

Rickettsia spp. Doxycycline Chloramphenicol, rifampin, fluoroquinolone

Borrelia burgdorferi (Lyme disease) Amoxicillin or doxycycline Ceftriaxone, cefotaxime, azithromycin, clarithromycin

Leptospira Penicillin A tetracycline, ceftriaxone

Treponema pallidum (syphilis) Penicillin Ceftriaxone, a tetracycline, erythromycin

Actinomyces spp. Penicillin A tetracycline, erythromycin, clindamycin

Nocardia spp. Co-trimoxazole A tetracycline, carbapenem, linezolid
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due to Brucella spp., rickettsiae, chlamydiae, syphilis, Borrelia
burgdorferi (the agent of Lyme infection), Vibrio spp., Yersinia
spp., Francisella tularensis, Leptospira spp., and genital infec-
tions. The tetracycline group is also useful in the treatment
of some nontuberculous mycobacterial infections (such
as Mycobacteria marinum). Tetracyclines were originally
the only drugs available to treat VRE, however, linezolid,
daptomycin, and quinopristiry/dalfopristin have been
recently used as well.

Adverse Effects and Drug Interactions
The tetracyclines are generally well tolerated with two
important exceptions: photosensitivity and discoloration of
developing teeth and bones in children. Minocycline is
also associated with vestibular toxicity and a blue-tinged
hyperpigmentation of the skin and mucous membranes.

Milk, antacids, iron supplements, and probably other
agents with divalent cations decrease the gastrointestinal
absorption of orally administered tetracyclines and should
be ingested several hours before or after the administration
of tetracycline (which is best taken on an empty stomach).
These oral divalent cations have less effect on the oral
absorption of doxycycline and minocycline.

Therapeutic/Clinical Uses
As a result of the broad spectrum of the tetracyclines as
noted above, these agents are useful in a wide variety of
infections; however, they are rarely indicated as the drug
of choice in the critically ill patient except for the treatment
of rickettsial infections and pulmonary infections due to
“atypical” agents (Table 8).

Tigecycline, a glycine derivative of minocycline,
received FDA approval for skin and skin structure infections
and complicated intra abdominal infections in 2005. Like the
tetracyclines, tigecycline has a broad spectrum of activity
(48,49). It is active against gram-positive organisms,

gram-negative aerobes, anaerobes, and “atypical” organisms
like Chlamydiae and Mycoplasma. It also has activity against
organisms that are tetracycline resistant and is also active
against MRSA, MRSE, VRE, and penicillin-resistant pneumo-
cocci. A notable gap in its spectrum is a lack of activity
against P. aeruginosa, which could limit the use of tigecycline
in the treatment of nosocomial infections, especially HAP.
However, since it is much more potent than other tetra-
cyclines, which are bacteriostatic, tigecycline will likely find
use in non-pseudomonal HAP. The major side effect noted
in early phase trials is nausea and vomiting in patients
(20–35%). Tigecycline is only available as an intravenous
preparation due to poor oral bioavailability. Its potential
place in the therapeutic armentarium is yet undefined.

MACROLIDES
History/Description
Erythromycin was the first clinically available macrolide
antibiotic, and was introduced clinically in the 1950s.
Erythromycin is derived from the soil fungus, Streptomyces
erythreus. Modifications of the erythromycin chemical struc-
ture have led to two new macrolides (azithromycin and clar-
ithromycin). Both azithromycin and clarithromycin possess
better gastrointestinal tolerability and a somewhat broader
spectrum of activity than erythromycin, although at a
greatly increased cost. The macrolides are reviewed in
several recent articles (50–52).

Mechanism of Action, Pharmacology,
Administration, and Dosage
The macrolides all act at the ribosome by inhibiting
RNA-dependent protein synthesis. Azithromycin and
clarithromycin are acid-stable and well absorbed from the
gastrointestinal tract, irrespective of the presence of food.

Table 9 Antibacterial Agents: Requiring Selected Dosing and Need for Adjustment Based Upon Renal or

Hepatic Dysfunction

Misc. drug name

Typical adult IV

dose range

and intervals

Requires dose

adjustment for

renal insufficiency

(CrCl ,30 mL/min)

Requires dose

adjustment for

hepatic failure

Mimocycline 100 mg every 12 hr No +
Doxycycline 100 mg every12 hr No +
Erythromycin 0.5–1 g every 6 hr No +
Azithromycin 0.25–0.5 g every 24 hr No No

Clarithromycin 500 mg orally every 12 hr Yes No

Clindamycin 600 mg every 8 hr No No

Metronidazole 500 mg every 8–12 hr No Yes

Quinupristin/dalfopristin 7.5 mg/kg every 8 hr No +
Linezolid 600 mg every12 hr No +
Vancomycin 15 mg/kg every 12 hr Yes No

Daptomycin 4–6 mg/kg every 24 hr Yes No

Rifampin 600 mg every 24 hr No Yes

Tmp/sulfamethoxazole 5 mg/kg of tmp every 8–12 hr Yes +
Aminoglycosides Table 7 Yes No

Tigecycline 100 mg once followed by

50 mg every 12 hr

No Yes

Note: +indicates although specific dosage guidelines are not available, a reduced dosage may be necessary.

Abbreviations: Tmp, trimethoprim; IV, intravenously.
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Erythromycin, which is inactivated by stomach acids,
requires enteric coating to increase its efficacy. All macro-
lides are rapidly absorbed and concentrate well within
tissues, including phagocytes. The high concentration of
macrolides within phagocytes serves as a delivery system
of the drug to the site of infection. Azithromycin has an

extremely long intracellular dwell time, permitting once
daily (or less often) dosing. Indeed, azithromycin is
often used once weekly for the prophylaxis of mycobacterial
infections in patients with AIDS.

Various erythromycin products are available for both
oral and parenteral administration. Intravenous adminis-
tration of erythromycin is associated with thrombophlebitis,
and intramuscular injections should be avoided due to pain.
Oral and intravenous azithromycin are also available. A
parenteral form of clarithromycin is currently not available.
Dosing guidelines are shown in Table 9.

Antimicrobial Activity/Spectrum/Resistance
Erythromycin, clarithromycin, and azithromycin all have
bacteriostatic activity against gram-positive organisms,
such as Streptococcus pneumoniae and some S. aureus. These
agents also have good in vitro and clinical activity against
Mycoplasma, Legionella, syphilis, and chlamydiae. Of
note, both clarithromycin and azithromycin have activity
against some mycobacteria (including M. avium complex)
and Helicobacter spp. Erythromycin lacks activity against H.
influenzae, whereas both azithromycin and clarithromycin
are efficacious against this agent. The macrolides are
frequently used in patients with allergies to beta-lactams,
especially for infections due to gram-positive bacteria.
However, they have very limited activity against
MRSA and enterococcus, and a significant proportion of
S. pneumoniae are resistant to the macrolides in some locales.

Adverse Effects and Drug Interactions
Gastrointestinal intolerance is a frequent complication of
oral erythromycin products, whereas the other macrolides
tend to be much better tolerated. One advantage of azithro-
mycin over the other macrolides is the absence of clinically
significant drug–drug interactions involving the cyto-
chrome P-450 system (CP450) (Volume 2, Chapter 4).

Therapeutic/Clinical Uses
Macrolides are commonly used for community-acquired
pneumonias and in patients who are allergic to penicillins.
The promotility side effect of low-dose erythromycin is
increasingly utilized as a promotility agent in critically ill
patients with gastroparesis.

LINCOSAMIDES (CLINDAMYCIN)
History/Description
Clindamycin, a lincosamide derivative, has been in clinical
use since the mid-1960s. Although clindamycin is associated
with C. difficile colitis, it remains one of the mainstays in the
treatment of serious anaerobic infections, and as an alterna-
tive agent for some S. aureus infections (51,53,54).

Mechanism of Action, Pharmacology,
Administration, and Dosage
Clindamycin inhibits RNA-dependent protein synthesis
acting at the ribosomal level (infusion similar to macrolides).
Although oral and intravenous preparations of clindamycin

penetrate most body tissues (including lung, liver, bone, and
extra-cranial abscesses), it does not easily cross the blood-brain
barrier or enter the CSF, even when the meninges are inflamed.
Thus, metronidazole, which fully penetrates the CSF, should
be used for any CNS infections involving anaerobic organisms
(other than CNS toxoplasmosis—which can be treated with
clindamycin). Dosing guidelines are shown in Table 9.

Antimicrobial Activity/Spectrum/Resistance
Clindamycin has a spectrum of activity that includes many
anaerobes, especially oral flora; some aerobic gram-positive
cocci, including most strains of pneumococci; other strepto-
cocci; S. aureus; Pneumocystis carinii; and Toxoplamsa gondii.
Clindamycin has no activity against enterococci and has
limited activity against most MRSA. The majority of
aerobic gram-negative bacilli are intrinsically resistant
to clindamycin. Most intestinal Bacteroides spp., especially
of B. fragililis are resistant to clindamycin (55). Clindamycin,
therefore, should not be a first-line antianaerobic agent to
treat infections below the diaphragm.

Adverse Effects and Drug Interactions
Clindamycin exerts a direct muscular depressant effect, and
may prolong the duration of neuromuscular blockage (56).
Diarrhea is a common side effect of clindamycin, even in
the absence of colitis, and the potential for the development
of C. difficile colitis makes the use of this antibiotic compli-
cated, limiting its use to severe infections with clear
indications for use.

Clindamycin has no clinically significant drug–drug
interactions.

Therapeutic/Clinical Uses
Clindamycin is used most commonly for infections outside
of the CNS (except cerebral toxoplasmosis) that are
thought to include anaerobes, especially B. fragilis and
other penicillin-resistant anaerobes. Clindamycin is utilized
in some pulmonary infections, especially aspiration pneu-
monia that is community-acquired and also as a useful
alternative to penicillin.

Clindamycin has been successfully used in the treat-
ment of pelvic inflammatory disease (PID) for years. This
success probably relates to the fact that vaginal anerobic
flora are more similar to oral anerobes than to colonic ane-
robes in general. However, if the PID infection involves
B. fragilis, metronidazole is a better choice. Although sexu-
ally transmitted pathogens can cause PID, these infections
tend to become polymicrobial, involving aerobes and anae-
robes. Clindamycin is frequently used with other antibiotics
that have gram-negative bacillary activity. Since clindamycin
is a protein synthesis inhibitor and can act even when cells
are in stationary phase, it has utility in the treatment of bac-
terial toxidromes and in situations such as necrotizing fascii-
tis. Because of its gram-positive and anaerobic
coverage, clindamycin is useful (with combination gram-

negative therapy) for necrotizing fasciitis, most oral and
vaginal anaerobic infections, and diabetic foot infections,
which tend to be polymicrobial and virulent.

METRONIDAZOLE
History/Description
Metronidazole is a nitroimidazole drug first synthesized in
the 1950s and was originally recognized as being effective
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against certain protozoa. In the 1960s metronidazole was
recognized to also possess excellent anaerobic antimicrobial
activity (53,57). Metronidazole is indicated for the treat-
ment of serious polymicrobial infections involving anae-
robes (e.g., necrotizing fasciitis and infections involving
contamination from the GI tract). Importantly, other agents

with aerobic gram-positive and gram-negative coverage
must be co-administered.

Mechanism of Action, Pharmacology,
Administration, and Dosage
Metronidazole enters the cell by passive diffusion where its
nitro group is reduced by electron transport proteins with
low redox potential. This process produces metabolites
that alter the helical structure of DNA and subsequently
causes cell death (58).

Metronidazole is rapidly absorbed in the gut. Indeed,
serum levels are similar following oral and intravenous
administration. Although metronidazole is almost comple-
tely absorbed after oral administration, critically ill patients
should receive therapy via the intravenous route until
stable (59). When the patient is stable, and the gut is func-
tional, administration should be converted to the enteral
route for cost saving since it is nearly 100% bioavailable.
The liver metabolizes metronidazole into a water-soluble
metabolite, and both this metabolite and the un-metabolized
metronidazole are excreted in the urine. No dosage adjust-
ment is required in those with renal insufficiency, but
dosage should be reduced in patients with hepatic insuffi-
ciency. Therapeutic drug levels are attained in most
tissues; excellent levels are found in the CSF.

In severe anaerobic infections, metronidazole is admi-
nistered as a loading dose of 15 mg/kg intravenously fol-
lowed by 7.5 mg/kg every six to eight hours. This typically
equates to 1 g followed by 500 mg every six to eight hours.

Antimicrobial Activity/Spectrum/Resistance
Metronidazole is active against certain protozoa, including
Trichomonas, Giardia, and Entamoeba however; its primary
role in the critically ill patient is as an extremely active
agent against obligate anaerobic bacteria and is the antimi-
crobial agent most reliably active against B. fragilis (60).
Resistance has been reported in Europe and Africa but is
very uncommon (53). When metronidazole resistance does
occur, it is most commonly attributable to the presence
of one of the five known nim nitroreductase genes (61).
Metronidazole resistance had not previously been reported
in B. fragilis isolates from the Western Hemisphere, recently
a serious infection involving a metronidazole-resistant B. fra-
gilis isolate was recovered from a patient in Seattle, Washing-
ton in 2004 with the nimA nitroreductase gene (61).

Adverse Effects and Drug Interactions
The most severe adverse effect seen with metronidazole,
although rare, involves the central nervous system and
may include seizures, encephalopathy, cerebellar dysfunc-
tion, and peripheral neuropathy (57). More commonly,
metronidazole causes minor gastrointestinal side effects
such as nausea, diarrhea, a metallic taste, stomatitis, and
dry mouth (57). Alcohol should be avoided while receiving
metronidazole because it can induce a disulfiram-like
reaction (57,62). Metronidazole inhibits the metabolism of
warfarin and will prolong the prothrombin time and INR
in patients taking coumarin-type anticoagulants (63).

Therapeutics/Clinical Use
In general, as a result of its spectrum of activity, metronida-
zole is extremely useful in most anaerobic infections with the
important exceptions of those due to Actinomyces spp. and
Propionobacterium acnes (57). The excellent penetration of
metronidazole into all tissues combined with its bactericidal
activity makes it effective for the treatment of most serious
anaerobic infections (57). Many serious anaerobic infections
are polymicrobial, therefore, additional agents with better
coverage against gram-positive aerobes and gram-negative
organisms are also necessary. B. fragilis is probably the
most frequently encountered clinically significant anaerobe
where metronidazole should be considered the drug

of choice, especially in intra-abdominal infections (57).
Metronidazole is also the drug of choice for the treatment
of pseudomembranous colitis due to C. difficile (54). Oral
vancomycin is an alternative in seriously ill patients with
pseudomembranous colitis.

QUINUPRISTIN/DALFOPRISTIN (SYNERCIDw)
History/Description
The evolution of multi-drug resistant bacteria, including
MRSA and VRE faecium, has created a pressing need for
effective alternative antibiotics, hence the utility of the
streptogramins (i.e., quinupristin/dalfopristin), linezolid,
and daptomycin.

The streptogramins are a family of compounds iso-
lated from Streptomyces pristinaespiralis. The family is
divided into group A and group B based on molecular struc-
ture. Dalfopristin is a derivative of a group A streptogramin,
and quinupristin is a group B streptogramin. These two
streptogramins have been combined in a commercially avail-
able injectable form at a 30:70 weight-to-weight ratio. Indivi-
dually, these compounds demonstrate only modest in vitro
activity. However, the combination is synergistic. Unfortu-
nately, in vitro studies also demonstrate that the combination
of quinupristin and dalfopristin is not bactericidal against all
species and strains of common gram-positive organisms.

Quinupristin/dalfopristin, a combination product
known as “Synercid,” has demonstrated activity against
most strains of aerobic gram-positive microorganisms, both
in vitro and in clinical infections, including; E. faecium
(vancomycin-resistant and multi-drug resistant strains
only), S. aureus (both MSSA and MRSA), and Streptococcus
pyogenes (group A beta-hemolytic streptococci) (64,65).
This compound is bacteriostatic against E. faecium and
bactericidal against strains of methicillin-susceptible and
methicillin-resistant Staphylococci spp. Importantly,
dalfopristin/quinupristin has no activity against Enterococ-
cus faecalis. A post-antibiotic effect has been demonstrated
for S. aureus: seven hours for methicillin-susceptible
strains; five hours for methicillin-resistant strains. Since the
mode of action of streptogramins differs from other classes
of antibacterial agents, there is no cross-resistance.

Mechanism of Action, Pharmacology,
Administration, and Dosage
Quinupristin and dalfopristin bind to sequential sites located
on the 50S subunit of the bacterial ribosome. Dalfopristin
binding causes a conformational change in the ribosome
that subsequently increases the binding of quinupristin. The
binding of both agents to the ribosome constricts the exit
channel on the ribosome through which nascent polypeptides
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are extruded; proper functioning of the ribosome is blocked
and transfer RNA (tRNA) synthetase activity is inhibited
leading to a decrease in free tRNA within the cell. Without
these tRNAs, the bacterial cell cannot properly incorporate
amino acids into peptide chains leading to bacterial cell death.

Quinupristin/dalfopristin undergoes hepatic metab-
olism, and both compounds have active metabolites.
However, no increase in adverse events has been reported
in patients with hepatic impairment, and no dosage
reduction is required in these patients. The parent drugs
and major metabolites are eliminated primarily by fecal
excretion (75%) with a small portion of unchanged quinu-
pristin and dalfopristin (15–19%) eliminated renally. In
patients with a creatinine clearance ,29 mL/min, a 30%
increase in the combined AUC of quinupristin/dalfopristin
and their metabolites has been observed, but the manufac-
turer has not established guidelines for dosage reduction.
The manufacturer’s recommended intravenous dose of qui-
nupristin/dalfopristin in adults is 7.5 mg/kg given over 60
minutes every eight hours preferably through a central line.

Antimicrobial Activity/Spectrum/Resistance
Resistance to the streptogramins has been reported (66,67).
The most common expression of bacterial resistance to
streptogramins is through conformational alterations in
ribosomal target binding sites. However, it appears that
multiple point mutations are required for drug resistance
to this combination product to develop.

Adverse Effects and Drug Interactions
The most common adverse effects with quinupristin/
dalfopristin are infusion-site reactions. Non-infusion
related reactions including nausea, diarrhea, vomiting,
rash, headache, pain, and pruritus were reported with
similar frequency as comparator antibiotics in one trial.
Elevations in liver enzymes (2–7%), increases in total and
direct bilirubin (1–5%), thrombocytopenia (2%), and
decreases in hemoglobin of ,8–mg/dl (2.6%) have also
been reported.

Quinupristin/dalfopristin is an inhibitor of Cyto-
chrome P450 (CP450) 3A4 enzyme. One study demonstrated
a two-fold increase in cyclosporine levels within two to five
days of concomitant use. Caution is recommended when
concomitantly administering other agents that are elimi-
nated via the CP450-3A4 isoenzyme pathway with
quinupristin/dalfopristin (Volume 2, Chapter 4).

Therapeutic/Clinical Uses
Quinupristin/dalfopristin is the most expensive parenteral
antibacterial currently on the market. The greatest
utility of quinupristin/dalfopristin, daptomycin, and linezo-

lid is in the management of patients with multi-resistant
enterococci (VRE) or MRSA infections for which limited
alternatives exist. The treatment of VRE infections has
been recently reviewed (68,69).

LINEZOLID (ZYVOXw)
History/Description
Linezolid is one of a new class of synthetic antibiotics known
as fluorinated oxazolidinones (70,71). This drug is designed
to target MRSA; it also provides good activity against other
gram-positive organisms, including penicillin-resistant

pneumococci and VRE (72). This drug now provides an
alternative to vancomycin therapy in an oral formulation.

Mechanism of Action, Pharmacology,
Administration, and Dosage
Linezolid inhibits bacterial protein synthesis by interfering
with translation. Linezolid binds to a site on the bacterial
23S ribosomal RNA of the 50S subunit; this action prevents
the formation of a functional 70S initiation complex, an
essential step in the bacterial translation process. The
action of linezolid is considered to be bacteriostatic against
Staphylococci and Enterococci, but is bacteriocidal against
the majority of Streptococcal strains tested.

Following oral administration, absorption of linezolid
appears to be rapid with a peak plasma concentration (tmax)
of one to two hours (73). The oral bioavailability is approxi-
mately 100% and as such linezolid may be administered
orally or intravenously without dosage adjustment (73).
Linezolid is distributed extensively to various tissues.
Linezolid appears to partition into the central nervous
system at a CSF: serum ratio of 0.65:1; it has been used to suc-
cessfully treat ventriculoperitoneal shunt infections caused
by VRE or coagulase-negative Staphylococci. Of major
importance in critical care, linezolid penetrates into bronch-
oalveolar lavage fluid and lung tissue more effectively than
vancomycin (74).

The recommended adult dosage is 600 mg intravenous
or orally every 12 hours for all indications except uncompli-
cated skin and soft-tissue infections, for which the rec-
ommended dosage is 400 mg orally every 12 hours.
Elimination of linezolid is primarily (65%) nonrenal. Clear-
ance is mediated by non-enzymatic chemical oxidation,
which results in the formation of two major inactive
metabolites, which are excreted renally (75).

Dosage adjustments are not necessary in renal insuffi-
ciency or mild to moderate hepatic dysfunction. Approxi-
mately 30% of a dosage of linezolid is removed by
hemodialysis. For this reason, patients should receive their
linezolid doses post-dialysis.

Antimicrobial Activity/Spectrum/Resistance
Soon after linezolid became FDA-approved in the US,
reports of linezolid-resistant VRE organisms were identified
at several institutions. Resistance with linezolid has been
observed in 15 patients with enterococcal infections, and a
vancomycin-resistant strain of E. faecium with reduced sus-
ceptibility to linezolid (MIC ¼ 8 mg/mL) has been isolated.
Preliminary reports suggest that most cases of resistance to
linezolid occur when the drug is used for prolonged
periods of time in patients with prosthetic devices. Resist-
ance to linezolid is usually associated with single-point
mutations in 23S rRNA. Studies suggest the frequency of
spontaneous resistance to linezolid is ,1029.

Adverse Effects and Drug Interactions
The most frequently reported adverse events with linezolid
in one study were diarrhea (8.3%), nausea (6.6%), headache
(6.4%), and vomiting (4.3%). In another study, tongue
discoloration (2.5%), oral candidiasis (2.3%), and injection-
site pain (1.4%) were also reported. Thrombocytopenia
(platelet count ,75% of the lower limit of normal and/or
baseline) was reported in 2.4% of patients who received line-
zolid in clinical trials. Linezolid-related thrombocytopenia
appears to be associated with prolonged duration of
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therapy (.2 weeks) and is generally reversible on discon-
tinuation.

Linezolid is metabolized via oxidation of its morpholine
ring, independent of CP450 activities. It is 31% protein bound;
therefore, interactions via displacement from protein binding
sites are unlikely. Linezolid is a weak, reversible inhibitor of
human monoamine oxidase A. Consequently, it has the
potential to interact with adrenergic and serotonergic agents,
leading to hypertensive crises (Volume 2, Chapter 17) and ser-
otonin syndrome (Volume 1, Chapter 40 and Volume 2,
Chapter 46). Mean increases in systolic blood pressure of 32
and 38 mmHg have been observed in normotensive subjects
taking linezolid concomitantly with pseudoephedrine and
phenylpropanolamine, respectively.

Therapeutic/Clinical Uses
Linezolid is an expensive drug; one day of linezolid costs
roughly the same amount as 500 days of either doxycycline
or co-trimoxazole. Although this antibiotic represents the
first in a unique class of antibiotics (the oxazolidinones),
more clinical experience and formal pharmacoeconomics
data should be obtained prior to its widespread clinical
use. Linezolid should be reserved for the treatment of
documented serious VRE or MRSA infections, or when
oral therapy is an option. Since it appears to achieve high
levels in the lungs, it may soon become the drug of choice
to treat MRSA pneumonia (74).

VANCOMYCIN
History/Description
Vancomycin is a bactericidal glycopeptide derived from the
soil fungus Streptomyces orientalis and was first introduced in
1956. Within two years, vancomycin use was superseded by
methicillin and cephalothin, which had fewer side effects. In
the late 1970s, MRSA began to emerge, and vancomycin
returned to the clinical arena to treat these threats. Recent
improvements in manufacturing have increased its purity
and reduced the nephrotoxicity of vancomycin (75–78).
However, the histaminereleasing effect responsible for “red
man” syndrome and hypotension during administration
still persist. Teicoplanin, a related compound, is at least as
efficacious and less toxic. Teicoplanin has been used for
years in Europe, but it is not currently available in the US.

Vancomycin is most often used parenterally to treat
MRSA, empirically in life-threatening infections, and orally
for C. difficile colitis.

Mechanism of Action, Pharmacology,
Administration, and Dosage
Vancomycin exerts its effect by binding to the precursor
units of bacterial cell walls, known as peptidoglycans, inhi-
biting their synthesis. This binding occurs at a different site
of action from that of penicillin. The net result is an alteration
of bacterial cell wall permeability. In addition, RNA
synthesis is inhibited. Gram-negative organisms are not
sensitive to vancomycin, because porin channels in their
cell wall do not accommodate the large, bulky vancomycin
molecule.

Vancomycin is about 55% protein bound. Vancomycin
penetrates most body tissues including the brain when the
meninges are inflamed. Vancomycin also distributes well
into pericardial, pleural, ascitic, and synovial fluids. Intrave-
nous vancomycin is primarily excreted unchanged by the
kidneys. Vancomycin has poor oral bioavailability with oral

doses remaining intraluminal in the intestine until eliminated
in the feces; this also explains its oral use in C. difficile colitis.
Vancomycin has a half-life of approximately six hours in a
patient with normal renal function. However, in anuric
patients, the half-life can be prolonged to approximately 7.5
days. Vancomycin is not removed by hemodialysis or perito-
neal dialysis, unless F60 or F80 polysulfone filters are used
(Volume 2, Chapter 43). In patients with normal renal
function, vancomycin is dosed at 1 g IV every 12 hours, and
levels are tested. Teicoplanin is dosed on an every 24-hour
basis. In those patients with known or suspected renal impair-
ment, an initial vancomycin dose of 15 mg/kg should be given,
and the dosage interval increased. The appropriate dosage
interval should be further determined using therapeutic
drug level monitoring. When vancomycin is given with an
aminoglycoside, increased incidence of nephrotoxicity is poss-
ible. For pseudomembranous colitis, a dosage of 125–500 mg
orally every six hours for 7–10 days is appropriate.

Antimicrobial Activity/Spectrum/Resistance
Vancomycin is bactericidal against essentially all staphylo-
cocci (both S. aureus and coagulase-negative Staphylococci),
all S. pneumoniae, S. pyogenes, and S. viridans. It is bacterio-
static against most Enterococcus and most Corynebacterium
spp. A few anaerobes are susceptible, but virtually no
gram-negative organisms are susceptible to vancomycin.
Vancomycin has achieved a prominent role in therapy of
critically ill patients due to the large prevalence of MRSA
in hospitals. To an increasing extent, critically ill patients
have temporary or permanent foreign bodies implanted
as pacemakers, vascular access, valves, or shunts. These
devices are particularly predisposed to infection by Staphy-
lococci, including S. aureus and coagulase-negative Staphylo-
cocci, an increasing fraction of which is methicillin-resistant.

Vancomycin intermediate-susceptible S. aureus (VISA)
is used to describe decreased susceptibility of S. aureus to van-
comycin (79,80). In 1997, the first strain of S. aureus with
reduced susceptibility to vancomycin was reported from
Japan (81). The Clinical and Laboratory Standards Institute
(CLSI) defines Staphylococci requiring concentrations of van-
comycin of �4 mcg/mL for growth inhibition as susceptible,
those requiring 8 to 16 mcg/mL as intermediate (VISA)
(79,80), and those requiring concentrations of .32 mcg/mL
as resistant (VRSA) (82). Implications of multi-drug resistant
organisms make therapeutic choices much more difficult and
reinforce the need to control the use of vancomycin and other
antibiotics (16). Infections with these vancomycin resistant
microorganisms are usually sensitive to linezolid, daptomy-
cin, or dalfopristin/quinupristin.

The proportion of Enterococci isolated from ICUs that
were resistant to vancomycin increased from 0.3% in 1989 to
almost 24% in 1998. Enterococci are able to build cell walls in
the presence of glycopeptide antibiotics because they can
bypass an intermediate molecule to which the glycopeptide
binds (83). Risk factors for the emergence of VRE include
exposure to broad spectrum cephalosporins, vancomycin,
or antibiotics with significant anaerobic activity; and pro-
longed hospital and/or ICU stay. The empiric use of vanco-
mycin should be limited to life threatening infections in
order to reduce the emergence of VRE.

Adverse Effects and Drug Interactions
Vancomycin is now considered approximately 95% free
of impurities; therefore the incidence of adverse effects
has declined (84). However, phlebitis still occurs with

940 James et al.



peripherally administered vancomycin in approximately
13% of patients. Hypotension, flushing, tingling, and
erythema affecting upper trunk, face, and arms (red person
syndrome) are associated with rapid infusion in 3% to 11%
of patients, especially if 1-g doses are used. Treatments
with fluid administration, antihistamines, and corticoster-
oids have been suggested, as well as slowing the infusion.
Rash unrelated to “red person syndrome” is also seen in
about 2% to 5% of patients. The rash is often described as
maculopapular, but rare cases of Stevens-Johnson have
been reported, Neutropenia occurs in approximately 2% of
patients (84), the onset typically being delayed up to 30
days after commencing the drug. Nephrotoxicity and oto-
toxicity are uncommon if peak serum levels are maintained
,50 mcg/mL, but more likely to occur if vancomycin is
administered with other nephro- or ototoxic compounds,
and more common in critically ill patients.

Drugs that increase the risk of nephrotoxicity when
co-administered with vancomycin include: amphotericin B,
aminoglycosides, parenteral bacitracin, capreomycin, cido-
fovir, cisplatin, cyclosporine, foscarnet, ganciclovir, IV penta-
midine, polymyxin B, streptozocin, and tacrolimus. The
combined use of vancomycin and cidofovir is contraindi-
cated. Vancomycin should be discontinued seven days
prior to beginning cidofovir.

Orally administered vancomycin should not be used
with cholestyramine or colestipol. These anion-exchange
resins can bind vancomycin and reduce its effectiveness.
Since these drugs are sometimes used to treat C. difficile
colitis by binding the toxin in the intestinal lumen, patients
may be taking vancomycin and one of the resins simul-
taneously. If patients must take both drugs, doses should
be administered several hours apart.

Vancomycin should be used cautiously with other oto-
toxic drugs such as aminoglycosides, aspirin or other salicy-
lates, capreomycin, ethacrynic acid, furosemide, or
paromomycin. Vancomycin may potentiate the neuromuscu-
lar effects of nondepolarizing neuromuscular blockers
(Volume 2, Chapter 6). Vancomycin, when used concomi-
tantly with metformin, may increase the risk of lactic acidosis.
Vancomycin can decrease metformin elimination by compet-
ing for common renal tubular transport systems, necessitat-
ing careful monitoring while on concurrent therapy.

Therapeutic Drug Level Monitoring
The ideal vancomycin-dosing regimen is one that results in
peak vancomycin concentrations that are less than 30 to
50 mg/L and trough concentrations that are in the range of
5 to 15 mg/L. Therapeutic drug monitoring of vancomycin
remains controversial (85). Vancomycin exhibits concen-
tration-dependent killing, requiring a serum concentration
.1 mg/L. Therefore, higher concentrations are not necess-
arily associated with improved bactericidal effects
(especially in the lung)! For MRSA pneumonia vancomycin
troughs should be .15 to 20 mg/L. Most clinicians believe
patients at high risk for therapeutic failure or potential tox-
icity should have both peak and trough values monitored.
These patients include the elderly, those with poor renal
function, or patients with suspected alteration in their
volume of distribution; this includes the critically ill.

Therapeutic/Clinical Uses
The primary indication for vancomycin is for MRSA infec-
tions, and empiric administration in critically ill patients
with significant infections or sepsis until culture results

return. Other indications for vancomycin include Staphylo-
coccal and Streptococcal infections in patients allergic to
penicillins, and as an alternative to penicillin for the prophy-
laxis of bacterial endocarditis. Vancomycin is being used in
conjunction with ceftriaxone in locales with high prevalence
rates of highly penicillin-resistant pneumococcal meningitis.
For organisms susceptible to beta-lactams, clinical experience
has demonstrated improved patient outcome with the use of
beta-lactams rather than with vancomycin. Vancomycin is
also useful in oral therapy against C. difficile colitis.

DAPTOMYCIN
History/Description
Daptomycin is the first antibacterial agent from a novel class
of drugs, the cyclic lipopeptides (derived from Streptomyces
roseosporus). Discovered more than 20 years ago, its clinical
research was halted due to concerns of skeletal muscle tox-
icity. However, development resumed in response to the
increasing demand for bactericidal antibiotics effective
against VRE and VRSA (86). Daptomycin is now approved
for the treatment of complicated skin and skin structure
infections caused by gram-positive bacteria. It recently
received FDA approval for use in the treatment of bacteria
and endocarditis (87). Because of inactivation by alveolar
surfactant, daptomycin is not effective in the treatment of
pneumonia. However, it has excellent concentrations in all
other tissues (88–90).

Mechanism of Action, Pharmacology,
Administration, and Dosage
Daptomycin works by binding to and interfering with the
integrity of cell wall structure in gram-positive bacteria but
does not penetrate the bacterial cytoplasm. Upon binding,
transmembrane channels are formed, causing rapid depolar-
ization of membrane potential and inhibition of protein,
DNA, and RNA synthesis, resulting in bacterial cell death.
It has a concentration-dependent bactericidal activity.

Daptomycin is poorly absorbed orally and should be
administered intravenously only. Direct toxicity to muscles
prohibits intramuscular injection. Daptomycin is highly
bound to human plasma protein (92%), primarily to serum
albumin. The serum half-life is eight to nine hours in
normal subjects, allowing once daily administration.
Approximately 80% of the administered drug is excreted
unchanged by the kidney with a smaller portion (6%)
excreted in the feces. Dosage adjustment is required for crea-
tinine clearance below 30 mL/min. Daptomycin is removed
by hemodialysis and the dose should be administered
immediately following dialysis.

Antimicrobial Activity/Spectrum/Resistance
Daptomycin is unable to permeate the outer membrane of
gram-negative bacteria, thus its spectrum of activity is
limited to gram-positive organisms only. Daptomycin is
active in vitro against both antibiotic-susceptible and resist-
ant gram-positive bacteria, including Staphylocci (MSSA,
MRSA, VISA, and VRSA), S. pyogenes, Streptococcus agalactiae,
Streptococcus dysgalactiae subspecies equismilis, and Entero-
cocci (both E. faecalis, and E. faecium including (VRE), and
S. pneumoniae (including penicillin-resistant).

In an in vitro comparative study with vancomycin,
linezolid, and quinupristin/dalfopristin, daptomycin was
found to have the most rapid bactericidal activity and
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approximately 8- to 30-fold greater activity against MSSA
and MRSA than the other products (90,91). Against VISA,
quinupristin/dalfopristin was the most active agent,
followed by daptomycin, linezolid, and vancomycin (92).
The activity of daptomycin against both VRE vancomycin-
sensitive E. faecalis was greater than all the other agents
tested (92,93).

Bacteria in the stationary growth phase (as occurs in
endocarditis and foreign body infections) are killed faster
with daptomycin than with vancomycin or nafcillin. To
date, no mechanism of resistance to daptomycin or cross-
resistance with other antimicrobials has been reported.

Adverse Effects and Drug Interactions
The most frequently reported side effects with daptomycin
use are headache, constipation, and rash. Initial development
of daptomycin was suspended in the early 1980s due to con-
cerns of skeletal muscle toxicity. With less frequent adminis-
tration (98 hour vs. daily), clinical toxicity has not been
seen. Elevations in serum creatine phosphokinase (CPK)
have been reported in patients receiving daptomycin. Accord-
ingly, weekly CPK levels should be monitored, and patients
should be examined for muscle pain or weakness throughout
therapy. Daptomycin should be used cautiously in patients
with a history of myopathy or peripheral neuropathy.
Although no drug–drug interactions have been identified,
patients receiving medications that have the potential to
cause rhabdomyolysis, such as HMG-CoA reductase inhibi-
tors, should be closely monitored during daptomycin use.
Daptomycin does not inhibit or induce the C-P450 enzymes.

Therapeutic/Clinical Uses
Daptomycin is indicated for treatment of complicated skin
and skin structure infections caused by MSSA and MRSA,
VISA, and VRSA strains, hemolytic streptococci, and vanco-
mycin-susceptible enterococci and VRE. A recent clinical
trial demonstrated that daptomycin is noninferior to com-
parator agents (vancomycin and semi-synthetic penicllins)
for the treatment of bacteremia and right-sided endocarditis
due to Staphylococcus aureus; The drug recently received FDA
approval for these indications. Daptomycin is uniquely inef-
fective for the treatment of pneumonia due to its inactivation
by surfactant, and is not appropriate for this infection.

SULFONAMIDES ANDTRIMETHOPRIM
History/Description
Sulfonamides are derived from sulfonic acid, and were dis-
covered in 1932. Sulfamethoxazole (SMX) and Sulfadiazine
remain the most useful members of this class of antibiotics.
Trimethoprim (TMP) was first used for the treatment of
infections in humans in 1962, and it was registered for clini-
cal use in combination with SMX in 1968 (94,95).

Mechanism of Action, Pharmacology,
Administration, and Dosage
TMP and SMX in combination have synergistic effects. The
optimal ratio of serum concentrations of TMP to SMX
against most bacteria is 1:20. Both drugs inhibit bacterial
folic acid synthesis at different steps in the pathway. SMX
inhibits dihydropteroate synthetase, which catalyzes the
formation of dihydrofolate from para-aminobenzoic acid.
In the subsequent step of the pathway, TMP inhibits

dihydrofolate reductase, which catalyzes the formation of
tetrahydrofolate from dihydrofolate.

TMP is 45% and SMX is 66% bound to plasma
proteins. In patients with normal renal function, the half-
lives of TMP and SMX are approximately 11 and 9 hours,
respectively. When the creatinine clearance decreases to
less than 30 mL/min, the dosage of TMP/SMX should be
adjusted.

TMP/SMX (trade names Bactrimw or Septraw) is
available in a single strength tablet, containing 80 mg TMP
and 400 mg of sulfamethoxazole; a double strength tablet,
containing 160 mg TMP and 800 mg of sulfamethoxazole;
as an oral suspension; and intravenous solution. Dosing
equivalents for TMP/SMX are one DS tablet equivalent to
10 mL intravenous solution, equivalent to 20 mL oral sus-
pension. For most indications, one double-strength tablet is
administered twice daily for 7 to 14 days depending on the
type and severity of the infection. For the treatment of Pneu-
mocystis carinii pneumonia (PCP) the administration of
dosages of 15 mg/kg of TMP daily, is recommended typi-
cally divided into three doses for 21 days. PCP prophylaxis
may be achieved with 1 double-strength tablet daily or
every other day.

Antimicrobial Activity/Spectrum/Resistance
Many aerobic gram-positive and gram-negative bacteria,
Pneumocystis carinii, and several protozoa are inhibited or
killed by clinically achievable concentrations of TMP/SMX.
Certain nosocomial pathogens, such as Burkholderia cepacia,
Stenotrophomonas maltophilia, and Serratia spp. are frequently
susceptible to SMZ-TMP. In immunosuppressed individuals,
some microorganisms of particular concern such as Nocardia
asteroides and Listeria monocytogenes are also usually inhibited
by TMP/SMX.

Important pathogens that are usually resistant to
TMP/SMX are P. aeruginosa, B. fragilis, and most other obliga-
tory anaerobic bacteria. Additionally, M. tuberculosis, Campy-
lobacter spp., Treponema pallidum, and Rickettsiae are resistant
to SMZ-TMP. MRSA is variably susceptible, and most peni-
cillin-resistant pneumococci are resistant. The clinical use of
TMP/SMX has gradually declined during recent decades as
a result of growing resistance to this agent among most
major bacterial pathogens (96).

Adverse Effects and Drug Interactions
SMX can cause blood dyscrasias. Hypersensitivity reactions
may also occur with this medication, most commonly man-
ifested as rashes, but may include erythema multiforme
major (Stevens-Johnson syndrome). TMP has fewer life-
threatening side effects than do the sulfonamides.
However, TMP has been shown to cause drug-induced
aseptic meningitis. TMP/SMX is contraindicated in preg-
nancy. TMP/SMX may potentiate the effects of warfarin,
phenytoin, tolbutamide, and chlorpropamide.

Therapeutic/Clinical Uses
Growing resistance and potential toxicity has led to the
decreased use of TMP/SMX. However, this agent is still
used in the treatment and prophylaxis of urinary tract infec-
tions, treatment and prevention of PCP, shigellosis, and otitis
media. Of note, TMP/SMX is being used more frequently in
the treatment of severe Staphylococcal infections (97).

TMP/SMX may be extremely useful in severe infections
caused by susceptible organisms in the critically ill

patient, especially those infections caused by Enterobacter
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sp., and other gram-negative rods that may be multi-

resistant to beta-lactam drugs.

QUINOLONES
History/Description
Nalidixic acid, the first quinolone, was developed in 1962 as a
byproduct of chloroquine synthesis, and was only useful in
urinary tract infections. Its poor pharmacokinetic profile and
its toxicity led to the development of the 6-fluorine-substituted
quinolones in the 1980s. The fluoroquinolones are reviewed in
references (98–100).

Mechanism of Action, Pharmacology,
Administration, and Dosage
The quinolones have a novel mechanism of action. These
compounds target bacterial topoisomerases II and IV. Topoi-
somerase II (also known as DNA gyrase) is responsible for
nicking and sealing DNA, as well as regulating supercoiling.
Topoisomerase IV separates the DNA daughter molecules
after DNA replication.

The quinolones have excellent oral bioavailability
(approximately 90–99%), which allows for early conversion
from intravenous to oral formulations. All are available as
tablets or capsules. Parenteral formulations of ciprofloxacin,
gatifloxacin, ofloxacin, levofloxacin, moxifloxacin, and trova-
floxacin (as the pro-drug alatrofloxacin) are also available.
Administering the fluoroquinolones with food delays the
absorption, but does not alter its extent . However, concomi-
tant administration of divalent ions such as aluminum, mag-
nesium, zinc, iron, and/or calcium may block absorption.

The quinolones have a post-antibiotic effect of
approximately one to two hours, similar to the aminoglyco-
sides, but greater than that with the beta-lactam antibiotics
(101). Gemifloxacin and trovafloxacin have a greater ten-
dency to bind to proteins than the other quinolones

(approximately 70% vs. less than 50% for the other quino-
lones), but are not likely to displace other protein-bound
drugs.

Routes of metabolism vary greatly between the different
quinolones. Moxifloxacin and trovafloxacin undergo exten-
sive hepatic metabolism; however, the metabolites are less
active than the parent compounds. Ciprofloxacin, gatifloxa-
cin, gemifloxacin, levofloxacin, lomefloxacin, and ofloxacin
are renally eliminated. The fluoroquinolones have elimination
half-lives of approximately 3 to 20 hours. Please refer to
Table 10 for dosing of the commercially available quinolones.

Antimicrobial Activity/Spectrum/Resistance
Quinolone antibiotics, similar to the cephalosporins, are

traditionally categorized into first to fourth generations

based upon spectrum of activity. In general, the second,
third, and fourth generations have enhanced gram-positive
cocci activity (except ciprofloxacin) and gram-negative rod
activity. Excellent anaerobic activity is seen with trovafloxa-
cin and moxifloxacin.

In 1995, an alarming trend toward increased resistance
to ciprofloxacin was noted in S. aureus, E. coli, Citrobacter
freundii, S. marcescens, and P. aeruginosa. The activity of the
fluoroquinolones against gram-positive bacteria has been
reviewed (102). Approximately 28% of the fluoroquino-
lone-resistant enteric bacilli also demonstrated aminoglyco-
side and B-lactam resistance. Multiple mechanisms, many
of which are bacteria-specific have been identified in fluoro-
quinolone resistance, and different bacteria may acquire
more than one mutation to confer resistance. Because
mutations in the genes that code for the subunits of
topoisomerase II and IV vary between bacteria, patterns of
quinolone resistance will vary.

Adverse Effects, Drug Interactions
About 5% of patients experience GI side effects with the
fluoroquinolones (100). CNS effects (headache, dizziness,
insomnia, and nervousness) are also noted with some of

Table 10 Quinolones: Dosing

Quinolone

Dosage

form Dose (mg)

Dosing interval

(hours)

Adjust dose (for renal

impairment) Dosage adjustment

First generation

Nalidixic acid PO 250, 500,1000 6 None None

Second generation

Ciprofloxacin PO 250, 500,750 8, 12 CrCl ,30 mL/min, HDa 250–500 mg q18 hr

250–500 mg q24 hr, after HDa

IV 200, 400 8, 12 CrCl ,30 mL/min 200–400 mg q18–24 hr

Third generation

Levofloxacin PO 500, 750 24 CrCl 20–50 mL/min 500–750 mg LD, then

250–500 mg q24 hr

IV 500, 750 24 CrCl ,20 mL/min 500–750 mg LD, then

250–500 mg q48 hr

Fourth generation

Trovafloxacina PO 200 24 Hepatic

Impairment

Avoid if possible, if not, half-dose

IV 300 24

Moxifloxacin PO 400 24 Hepatic

Impairment

Not studied

IV 400 24

Gemifloxacin PO 320 24 CrCl ,40 mL/min 320 mg LD, then 160 mg qd

aTrovafloxacin should only be used in hospitalized patients when the potential benefits are greater than the risks. See text.

Abbreviations: HD, hemodialysis; IV, intravenously; LD, loading dose; PO, per OS.
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the quinolones, primarily at higher dosages. Allergic reac-
tions occur in 1% to 2% of patients. Phototoxicity is a poss-
ible side effect with fluoroquinolone therapy. Although
taking the medication at bedtime can reduce this effect,
patients should remain indoors and away from ambient
light while on this drug.

Maintaining adequate hydration and urine acidity will
prevent crystalluria, an infrequent effect of the fluoroquino-
lones. Laboratory test abnormalities, including hematologic,
hepatic, and renal function markers, occur at a rate of
approximately 11.6%. Both hypoglycemia and hyperglyce-
mia have been reported with all the quinolones.

Animal studies have shown that the fluoroquinolones
have a propensity to cause toxicity to chondrocytes (103).
Tendon rupture has also been described with many of the
fluoroquinolones (104–116). Recent research indicates that
oxidative stress is involved (103). There is an increased risk
in the elderly, those on steroids, and those with renal
failure (105). For this reason, fluoroquinolones should be
avoided in the elderly when other options exist; and those
who must take a flouroquinolone should be advised to
avoid heavy exercise. If a patient complains of tendon
pain, fluoroquinolones should be discontinued unless there
are very compelling indications for their use. Additionally,
flouroquinolones should not be prescribed for pregnant
and breast-feeding women, and only used for specific indi-
cations for children. Trovafloxacin has also been found to
cause rare but fatal cases of liver toxicity. Therefore the
FDA has asked that it be reserved for short-term intravenous
use for life-threatening infections in hospitalized patients.

In contrast to ciprofloxacin, the third- and fourth-
generation quinolones do not seem to inhibit theophylline
or caffeine metabolism. Although a modest increase in
digoxin concentrations was noted in studies with gatifloxa-
cin, no change in the renal elimination of digoxin was
noted, therefore no dosage adjustments appear necessary
for either drug (117).

QTc prolongation has been reported at a rate of less
than 1% for nearly all the quinolones, but the manufacturer
reports an incidence 1.3% for sparfloxacin. Torsades de
pointes have been reported with all quinolones but seem
to occur more frequently with levofloxacin, gatifloxacin,
sparfloxacin, and moxifloxacin. The potential for QTc

prolongation with sparfloxacin and moxifloxacin suggests
concomitant Class IA and Class III anti-dysrhythmic drugs
should be avoided (Volume 2, Chapter 20). Case reports
with ciprofloxacin had noted increased levels of cyclospor-
ine and decreased levels of phenytoin. Levels of these medi-
cations should be carefully monitored with ciprofloxacin
administration.

Therapeutic/Clinical Uses
All of the newer quinolones offer lower MICs against various
streptococcal species, particularly S. pneumoniae although
there are reports of S. pneumococcus resistance to levofloxacin
(118). Compared with the newer entities, ciprofloxacin
retains equal or better activity against enteric gram-negative
rods (especially P. aeruginosa). As a result of their anaerobic
activity, several of the fluoroquinolones may be useful in
the treatment of both community-acquired and hospital-
acquired aspiration pneumonia (119), although older
agents of different classes still remain useful with more clini-
cal experience. Trovafloxacin, gatifloxacin, and moxifloxacin
have enhanced in vitro activity against anaerobes, a property
not demonstrated by previous fluoroquinolones. Resistance

in anaerobic bacteria, most importantly of the B. fragilis
group, is increasingly common. The newer agents appear
to also have activity against atypical bacteria, such as
Legionella spp. and Mycoplasma pneumoniae. The fluoroquino-
lones, especially moxifloxacin, gatifloxacin, and levofloxacin
(in this order) are sometimes useful in the treatment of
mycobacterial infections (120).

TOPICAL ANTIMICROBIALS FOR BURNWOUNDS
General Considerations
Burns impair the skin integrity, allowing infectious organisms
to invade deeper tissues. Within hours of sustaining a burn,
gram-positive organisms populate the wound. After several
days, more virulent gram-negative organisms replace the
gram-positive ones. The most commonly isolated gram-nega-
tive organisms include P. aeruginosa, Proteus spp., and Klebsiella
spp (121). The gram-negative organisms have greater morbid-
ity, possess many antibiotic resistance mechanisms, and have
the ability to secrete collagenases, proteases, lipases, and elas-
tases, enabling them to proliferate and penetrate into the
subeschar space (122). If host defenses are inadequate, inva-
sion of viable tissue occurs. Please refer to Volume 1,
Chapter 34 and the following references for additional infor-
mation about topical antimicrobials and burns (123–127).

Topical antimicrobials are applied after injury to limit
bacterial colonization. Established infection requires use of
topical agents that can penetrate the eschar to reduce
microbial counts and to prevent systemic dissemination.
Systemic agents are instituted for cellulitic wound infections,
gram-positive suppurative infections, extensive fungal inva-
sion, or systemic spread.

Mafenide (Sulfamylon)
Mafenide was discovered by German scientists just before
World War II but was not used clinically until the early
1960s after Robert Lindberg demonstrated its ability to
control P. aeruginosa infections in a rat-burn model.

Mafenide is a topical sulfonamide formulated as an
11.1% suspension in a water-soluble cream base. It diffuses
rapidly and freely into the eschar, and is detected in the
systemic circulation. Mafenide is renally metabolized to an
inactive salt. The salt itself constitutes a large osmotic load,
promoting an osmotic diuresis. Mafenide is also metabolized
to a carbonic anhydrase inhibitor that may result in a
clinically significant metabolic acidosis.

Mafenide should be avoided in patients with renal
impairment. Occlusive dressings should not be used, as
the drug is usually applied every 12 hours, but it dissipates
from the wound surface after approximately three hours
(due to its excellent absorption), leaving up to nine hours of
bacterial proliferation time on the wound surface. However,
tissue levels remain adequate for 9 to 10 hours after
application.

Mafenide has excellent bacteriostatic activity against
most gram-positive species, including clostridia, but has
limited activity against some S. aureus, particularly methicil-
lin resistant strains. Mafenide is highly effective against
gram-negative organisms, including Pseudomonas spp., but
has minimal antifungal activity.

Pain or burning frequently occurs upon application to
partial thickness burns. The pain is hypothesized to result
from the hyperosmotic properties of the preparation,
as well as some irritating quality of the drug itself. Hypersen-
sitivity reactions may also occur in up to 50% of patients
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treated with this agent (124), and rashes may mimic cellulitis
(127).

Mafenide may still be the most useful agent for the
treatment of invasive burns because of its superior eschar
penetration, but careful monitoring of pulmonary function
and acid-base status is critical.

Silver Nitrate
Silver nitrate solutions had been used for centuries as an
incompletely understood antiseptic. In 1965, Moyer (128)
reintroduced topical use of silver nitrate to burn wound
management where it is typically employed as a 0.5%
solution. The precise mechanism of action is unknown, but
ionic silver is known to exert bacteriostatic activity via
several potential mechanisms.

Silver nitrate does not penetrate the burn eschar
because silver chloride and other silver salts are highly inso-
luble and precipitate on the wound surface. Application
with silver nitrate is relatively painless, but requires frequent
nursing attention, as the dressing cannot be allowed to dry.
The dressing must be rewetted every two to three hours
with fresh 0.5% silver nitrate solution, otherwise the concen-
tration of silver nitrate rises to caustic levels.

Silver nitrate is effective against most strains of
S. aureus and coagulase-negative Staphylococci, and it also
has activity against P. aeruginosa. It has less activity against
other gram-negative species such as Enterobacter spp. and
Klebsiella spp. An advantage of this compound is the infre-
quent emergence of silver-resistant bacteria.

Silver nitrate’s insolubility requires it be prepared with
distilled water. This results in a hypotonic compound. This
hypotonicity causes electrolyte abnormalities as the silver
removes electrolytes from the wound. Hyponatremia is the
most common electrolyte disturbance. Hyponatremia can
become significant, even fatal, when children with large
burns are treated for long periods with silver nitrate and
do not have their serum sodium monitored or replaced.
Silver nitrate also stains everything it comes into contact
with brown-black. Methemoglobinemia can occur with
silver nitrate but is a rare complication, related to bacterial
oxidation of nitrate to nitrite. The organism most often
involved when patients have developed methemoglobine-
mia is, Enterobacter cloacae, as this organism efficiently
metabolizes nitrate (NO3

2) to nitrite (NO2
2) and in so doing

oxidizes the iron heme moiety hemoglobin from ferrous
(Feþþ) to ferric (Feþþþ).

The vigilant nursing attention required with this com-
pound, coupled with the fact that silver nitrate does not
penetrate the eschar, means this compound should be
avoided in very deep burns or in wounds where topical
care has been delayed and the wounds are already heavily
colonized. However, silver nitrate is attended with rapid
debridement of the eschar, and less hypertrophic scar is
seen than with other compounds.

Silver Sulfadiazine (Silvadene)
Silver sulfadiazine (SSD) was formulated in 1967 by mixing
the weakly acidic sulfadiazine with silver nitrate. It was
initially thought that both the silver ion and sulfadiazine
had antimicrobial properties; however more recent work
suggests sulfadiazine is simply an effective means of deliver-
ing silver to the wound. Penetration of SSD into the wound
is intermediate between the readily absorbed mafenide
and minimally absorbed silver nitrate. Unlike mafenide,
the application of SSD is painless. Its antibacterial activity

lasts up to 24 hours, but like most burn agents, it is often
applied every 12 hours coupled with daily wound
debridement.

SSD has bactericidal activity against many gram-
positive and gram-negative bacteria, as well as yeast. SSD
has excellent activity against P. aeruginosa and S. aureus.
Generally, more organisms are resistant to SSD than mafe-
nide. And although SSD-resistant strains of P. aeruginosa
and enteric gram-negative rods have been reported, the
incidence of infection with these resistant organisms is not
increasing.

SSD is contraindicated for pregnant or breast feeding
women because of the possibility of kernicterus in the
infant. SSD should also be used with caution in patients
with G6PD deficiency and renal insufficiency. This com-
pound may induce leukopenia as a result of direct bone
marrow suppression, but this generally resolves over 72 to
96 hours without discontinuing the medication with no
concomitant increase in morbidity or mortality in studies.
Hypersensitivity reactions are relatively uncommon with
cutaneous reactions occurring in fewer than 5% of patients
(124). SSD may cause sulfa crystal formation in the urine,
but this is less of a problem when patients are adequately
hydrated. Absorption of propylene glycol (the vehicle) has
also been reported to cause problems in evaluating the
patient’s serum osmolality, as this causes an osmolar load.
The effect of proteolytic enzymes (collagenase, papain, suti-
lains) is reduced when used concomitantly with SSD.
SSD represents a compromise between the high efficacy
of mafenide and the high maintenance of silver nitrate. It

is therefore the most commonly employed topical antimicro-
bial agent in the burn patient, and frequently used as combi-
nation treatment (often alternating every 12 hours) with
mafenide.

ANTI-MYCOBACTERIAL AGENTS
General

Although many anti-TB agents are available, the most
important drugs for therapy of critically ill patients are com-

monly known as “RIPE” which stands for: rifampin, isonia-
zid, pyrazinamide, and ethambutol (49,50). Certain
other antituberculosis agents also have an important role
and include streptomycin and certain fluoroquinolone anti-
biotics (129,130). Linezolid also has antimycobacterial
activity, but its expense precludes its frequent use. The first
two agents of RIPE, namely, rifampin and isoniazid, a few
of the fluoroquinolone antibiotics, and numerous aminogly-
coside agents are available for parenteral administration.
With the recent epidemic spread of TB in the United States
and worldwide (131) and the fear of multi-drug resistant
TB, critical care clinicians are likely to use these drugs with
increasing frequency. The “gold standard” recommen-
dations for the treatment of TB infections emanate from
the American Thoracic Society and the Centers for Disease
Control and Prevention (132–134).

Treatment Recommendations
Treatment recommendations typically include isoniazid
(INH), rifampin, pyrazinamide, and ethambutol (Table 11).

INH is the hydrazine of isonicotinic acid, and is bac-
tericidal against replicating mycobacteria (including M.
tuberculosis, and some atypical mycobacteria). It appears to
work by inhibiting mycolic acid formation in the cell wall.
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Approximately one in 105 TB organisms is genetically resist-
ant (intrinsic resistance) to INH.

INH is well absorbed enterally, and therapeutic levels
are obtained in all body tissues, including the CSF. The drug
is acetylated and hydrolyzed and then excreted in the urine.
Acetylation is genetically determined, and INH serum
concentration is 50% to 80% lower in rapid acetylators
than in slow acetylators.

INH-induced side effects develop in approximately
5% of patients and may include rash, peripheral neuritis,
fever, hypersensitivity reactions (including an SLE-type
reaction), and jaundice arthritis. Peripheral neuritis can be
prevented with concurrent administration of pyridoxine
(vitamin B6). Hepatic injury due to INH is the most
common concern with its use. A mild increase in hepatic
transaminases (ALT and AST two to three times the upper
limit of normal) is common and does not predict more
serious hepatic injury. The drug need not be stopped in
these patients as long as they are monitored. In contrast,
the drug should be discontinued immediately in patients
with symptoms of hepatitis (nausea, malaise, anorexia, and
jaundice) including those whose transaminases are above
five times normal. The risk of hepatitis is increased in
people who drink large quantities of alcohol and in patients
with chronic hepatitis from other causes. Older patients are
also at higher risk for both neuritis and hepatic damage,
but isoniazid should not be withheld in the elderly if they
have recent skin test conversion or active TB despite the
hepatitis risk.

Rifampin is just as potent as isoniazid for TB. Rifampin
is also active against many gram-positive and gram-negative
organisms in addition to M. tuberculosis by inhibiting
the bacterial DNA-dependent RNA polymerase, which
suppresses the initiation of RNA chain synthesis. A single
point mutation in the target enzyme is sufficient to confer
resistance, and resistance occurs quickly when it is used as
a single agent, therefore, the drug must be combined with
other antibiotics.

Rifampin is well absorbed orally and distributes widely
in body tissues, including the CSF. Rifampin is metabolized in
the liver by active deacetylation and is ultimately excreted via
the bile in the gastrointestinal tract. Adverse effects due to
rifampin occur in about 4% of patients and include fever,
rash, jaundice, GI upset, and hypersensitivity reactions.

Rifampin increases the metabolism of numerous
drugs, including some B-blockers, corticosteroids, oral con-
traceptives, warfarin, some oral hypoglycemics, some antiar-
rhythmics, various immunosuppressants (cyclosporine,

tacrolimus, sirolimus), clarithromycin, triazole antifungals,
protease inhibitors, methadone, theophylline, and phenytoin
(135). Reduced drug levels may cause serious problems
unless the affected drug dose is appropriately adjusted. Con-
versely, caution must be exercised when discontinuing
rifampin therapy to avoid supratherapeutic and/or toxic
effects. Rifabutin can be used as an alternative to rifampin.
It can be given less frequently and has fewer drug inter-
actions than rifampin.

Rifaximin, an analog of rifampin, was recently
approved by the FDA for traveler’s diarrhea. Of note, it is
devoid of M. tuberculosis activity. In the ICU, rifaximin
(400 mg orally three times daily) has been used enterally in
place of neomycin for hepatic encephalopathy (134). Both
neomycin and rifaximin are minimally absorbed enterally,
and both inhibit the urease-producing bacteria responsible
for intestinal ammonia production. Neomycin can cause oto-
toxic and nephrotoxic effects, especially if used over several
months. Rifaximin is not approved in the US for this indi-
cation; however, it is increasingly employed to protect
against hepatic encephalopathy because it is not associated
with either renal toxicity or ototoxicity (136).

Pyrazinamide is an analog of nicotinamide and is well
absorbed orally, and penetrates tissues throughout the body
(129). Pyrazinamide is a pro-drug and is metabolized to
pyranizoic acid, which is bactericidal against intracellular
replicating organisms. The exact mechanism of action is
unknown; pyrazinamide is hydrolyzed by the liver and is
excreted primarily by renal glomerular filtration. Hepato-
toxicity is the most common side effect and has been
reported in approximately 15% of patients who received 40
to 50 mg/kg/day, a regimen used previously. With current
dosages of 15 to 30 mg/kg/day, pyrazinamide toxicity is
substantially lessened. The drug can also cause hepatitis,
arthralgias, and nausea.

Ethambutol is an orally active compound with excel-
lent tuberculostatic activity. The drug widely distributes
throughout the body, including the CSF. Approximately
50% of the dose is excreted unchanged in the urine. Optic
neuritis occurs rarely with the standard dose of 15 mg/kg/
day. Patients should be tested for visual acuity and green
color perception before and periodically during ethambutol
therapy. If a dosage of more than 15 mg/kg/day adjusted for
renal function is used, tests should be conducted monthly.
Other adverse effects are rare.

Streptomycin is an aminoglycoside antibiotic long
used to treat tuberculosis, and is tuberculocidal. Vestibular
toxicity, auditory toxicity, and to a lesser degree than the

Table 11 First-Line Anti-TB Medications, Dosage, and Adjustment for Renal and Hepatic Insufficiency

Anti-TB

drug name Dosage form Standard dose

Dosing

interval

Requires dose

adjustment for

renal insufficiency

(CrCl ,30 mL/min)

Requires dose

adjustment for

hepatic failure

INH PO or IM 300 mg (5 mg/kg) Every 24 hr No Yes

RIF PO or IV 600 mg (10 mg/kg) Every 24 hr No Yes

RFB PO 300 mg (5 mg/kg) Every 24 hr No Yes

PZA PO 2000 mg (25 mg/kg) Every 24 hr Yes Yes

EMB PO 1000 mg (15–25 mg/kg) Every 24 hr Yes No

SM IM or IV 1000 mg (12–15 mg/kg) Every 24 hr Yes No

Abbreviations: EMB, ethambutol; IM, intramuscular; INH, isoniazid; IV, intravenously; PO, per OS; PZA, pyrazinamide; RIF, rifampin; RFB,

rifabutin; SM, streptomycin.
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other aminoglycosides, nephrotoxicity has been reported
with streptomycin use. Amikacin is sometimes used in
place of streptomycin to treat tuberculosis.

Various fluoroquinolones, namely, moxifloxacin, gati-
floxacin, and levofloxacin, have been used as second line
therapy in the treatment of tuberculosis in combination
with other antituberculosis agents, but their efficacy for the
treatment of tuberculosis is not entirely clear (101).

ANTIFUNGALS
History/Description
Introduced in 1960. Amphotericin B was the first clinically
useful anti-fungal agent for the treatment of systemic
fungal infections. Subsequently, lipid-based preparations of
amphotericin B (with diminished toxicities) has made
therapy safer. Additionally, the introduction of agents with
different mechanisms of action (i.e., 5-flucytosine, micona-
gole, voriconazole, and the echinocandins), have increased
the ability to treat serious fungal infections (137–140). The
major fungi responsible for human disease and their antifun-
gal drugs are summarized in Table 12.

Mechanism of Action, Pharmacology,
Administration, and Dosage
Amphotericin B and all of the lipid-based preparations bind
to ergosterol, an essential component of the fungal cell wall,
with the resultant membrane permeability leading to cell
death. Nystatin is in the same class of antifungal drugs as
amphotericin but is not given systemically and is used

primarily topically (e.g., swish and swallow) and for oral
and esophageal candidiasis. Table 13 shows the character-
istics of various amphotericin B formulations. Liposomal
amphotericin B is better tolerated than other formulations
of amphotericin B (141). The azoles, including the triazoles,
inhibit the fungal cytochrome P450 enzymes responsible
for the conversion of lanosterol to ergosterol, an essential
compound for fungal replication and the target upon
which amphotericin acts. Table 14 compares the various
azole agents. Refer to Tables 13 and 14 for dosing guidelines
of the various preparations of amphotericin and the azoles,
respectively.

Caspofungin, the first licensed drug in the class of
echinocandins, inhibits cell wall synthesis by acting upon
the beta-1,3 glucan synthase (142). Some fungi have cell
wall glucans, which are glucose polymers akin to cellulose
in plant cell walls; other fungi have chitin, which is a
polymer of glucosamine. Echinocandins are not active
against fungi that have chitin in the cell wall; this property
restricts the range of fungi that can be targets for this class
of drug.

Caspofungin, only available in a parenteral formu-
lation, is given as a loading dose of 70 mg/kg, followed by
50 mg per day with dose adjustment for hepatic insuffi-
ciency. Caspofungin can cause some hepatic toxicity with
elevation of liver enzymes and bilirubin. There is no
dosage adjustment for renal insufficiency; safety data
shows that it can be used in patients with mild to moderate
hepatic disease (Child-Pugh class B), but its safety in patients
with severe liver disease is untested (143). The FDA
approved a second echinocandin drug, micafungin, for the

Table 13 Characteristics of Various Amphotericin Formulation Preparations

Characteristic

Amphotericin B

deoxycholate

Amphotericin B

cholesteryl sulfate

Amphotericin B

lipid complex

Liposomal

Amphotericin B

Brand name Fungizonew Amphotecw Abelcetw AmBisomew

Chemical composition Micelle Lipid disks Ribbons and sheets Liposomes

Relative infusion-related

toxicity

þþþþ þþ þþ þ

Relative nephrotoxicity þþþþ þ þ þ

Dosage (mg/kg/day) 0.5–1 3–4 5 3–5

Note: Relative infusion-related toxicity and relative nephrotoxicity are in comparison with amphotericin B deoxycholate, and range fromþ (mild) to þþþþ

(severe).

Table 12 Clinically Significant Fungi and Their Antimicrobial Drugs of Choice

Microorganism Drug of choicea Alternative agents

Aspergillus sp. Voriconazole Itraconazole, amphotericin B,

an echinocandinb

Candida sp. An echinocandinb Fluconazole, voriconazole,

amphotericin B

Coccidioides immitis Amphotericin B Fluconazole, itraconazole,

voriconazole, posaconazole?

Cryptococcus neoformans Amphotericin B

plus flucytosine

Fluconazole plus flucytosine

Histoplasma capsulatum Amphotericin B Itraconazole, voriconazole

Mucor-Absidia-Rhizopus

(Zygomycetes)

Amphotericin B Posaconazole?

aAmphotericin lipid formulations are less toxic.
bAn echinocandin = anidulafungin, caspofungin, micafungin.
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use in treating esophageal candidiasis and febrile neutrope-
nia in recipients of hematologic stem cell transplants. It has
not received approval yet for invasive candidiasis or inva-
sive aspergillosis. However, its mechanism of action and
its in vitro spectrum of activity are identical to those of cas-
pofungin, so it will probably be used for these purposes
(144). Another echinocandin, anidulafungin, anidulafungin,
the third FDA approved echinocandin; it has the same spec-
trum of activity and mechanism of action as caspofungin
(145). Neither micafungin or anidulafungin requires dose
adjustments for end stage renal disease or end stage liver
disease, including Child-Pugh “Class C” disease.

Flucytosine inhibits the formation of fungal RNA and
DNA. Inside fungal cells, 5-FC is converted to 5-fluorouracil,
which interferes with pyrimidine metabolism and decreases
the pool of precursors for incorporation into DNA and RNA,
thereby inhibiting DNA replication and fungal cell multipli-
cation. 5-FC is readily bioavailable when given orally.
It distributes widely to body tissues, including the central
nervous system. It is not metabolized by humans and is
excreted unchanged in the urine, so it must be used
cautiously in patients with renal insufficiency. Levels must
be monitored so that steady state levels are from 25 to
100 mcg/mL to avoid toxicity.

Antimicrobial Activity/Spectrum/Resistance
Amphotericin B remains the reference standard by which all
anti-fungal agents are measured because it has the broadest
spectrum, and has been available for the longest period of
time. Amphotericin B has activity against most fungi and
yeasts; however, several organisms that are not usually
pathogens in the ICU display intrinsic resistance, including
Cladosporium spp. and Fonsecaea spp., and it has variable
activity against Fusarium spp., Scedosporium spp. and Sporo-
thrix schenckii. Alternative anti-fungals for these organisms
include voriconazole in most cases, or sometimes flucytosine
(which should not be used as a single agent). Because of
these resistance patterns in these relatively unusual molds,
it is increasingly important that complete identification of
clinically important fungi and yeasts be performed. Some
Candida albicans have developed resistance to fluconazole,
some have unpredictable resistance patterns (C. glabrata),
and certain non-albicans Candida are intrinsically resistant
to the fluconazole (such as C. krusei).

Itraconazole is effective against Candida spp. Addition-
ally, it has activity against Aspergillus spp. and some of the
organisms that cause endemic mycoses, such as Coccidioides
immitis and Histoplasma capsulatum. Its major drawback is
poor bioavailability; the capsules do not dissolve in the

absence of gastric acid, and the drug is poorly absorbed.
The suspension is well-absorbed, but it is unpalatable.

Voriconazole is effective against most strains of fluco-
nazole-resistant C. albicans and C. glabrata. In contrast to
the other azoles, it is fungicidal for Aspergillus, Scedospor-
ium, and Fusarium, although it has poor activity against
Zygomycetes (which includes mucor), where amphotericin
B remains the drug of choice (146). The efficacy and safety
of voriconazole in the treatment of acute invasive aspergillo-
sis was recently reviewed by Denning et al. (147) Voricona-
zole was recently shown to have better responses and
improved survival against invasive aspergillosis, and have
fewer severe side effects than the standard therapy of
amphotericin B (148). In addition, an oral formulation of
voriconazole is available with excellent oral bioavailability,
making itraconazole and voriconazole the only oral agents
with activity against Aspergillus sp.

Posaconazole is a new triazole drug that has received
FDA approval for treatment of candida infections and for
prophylaxis of invasive fungal infections, specifically in the
setting of cancer chemotherapy and transplantation (149).
Posaconazole is promising because it has activity against
the zygomycetes, which are the cause of invasive mucormy-
cosis (150). One potential disadvantage to the use of posaco-
nazole is that there is no intravenous formulation. It does
come as a suspension and may be given orally or down a
nasogastric tube. Ravuconazole is another triazole in phase
III testing (151). It also has activity against Candida and
Aspergillus; it is not as active against zygomycetes as posa-
conazole. They both may be useful for treating fungi that are
resistant to some of the older azole drugs.

Caspofungin is only clinically effective for infections
due to Aspergillus spp. and Candida spp. Caspofungin has
been shown to be at least as effective as amphotericin B for
the treatment of invasive candidiasis, and candidemia (152).
It is also as effective as liposomal amphotericin in the
treatment of aspergillosis and has fewer side effects.
Caspofungin is not active against Cryptococcus spp. (142,143),
despite the fact that this organism has a polyglucan cell wall;
the large capsule that surrounds the Cryptococcus sterically
prevents the drug from reaching its site of action.

Adverse Effects and Drug Interactions
Amphotericin
Amphotericin B has immediate (infusion-related toxicities)
and delayed nephrotoxic effects. Infusion-related toxicities
include fever, chills, rigors, myalgia, malaise, nausea, and
vomiting. Pre-medication with acetaminophen, diphenhy-
dramine, and low-dose meperidine (for rigors) may mitigate

Table 14 Major Pharmacologic Properties of Azole Antifungals

Factor Ketoconazole Fluconazole Itraconazole Voriconazole

Brand name Nizoralw Diflucanw Sporanoxw Vfendw

Oral absorption decreased by

H2-blocking agent or antacid

Yes No Capsule—yes;

suspension—no

No

Half-life (hours) 9 25 15–42 6

Clearance Hepatic Renal Hepatic Hepatic

Urinary levels of active drug Low High Low Low

Penetration of CSFa Poor Excellent Poor Unknown

Typical dose 200 mg PO q12 hr 400 mg PO/IV q24 hr 200 mg PO/IV q12 hr 200 mg PO/IV q12 hr

aPenetration into CSF does not always correlate with clinical efficacy in meningitis.

Abbreviations: CSF, cerebrospinal fluid; IV, intravenously; PO, per OS.
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these responses. Hypotension, bradycardia, and ventricular
dysrhythmias may also occur and are related to the infusion
rate of amphotericin. All of the amphotericin preparations
can cause these infusion-related adverse effects; however,
they tend to be less frequent and less severe with the lipid
preparations than with the deoxycholate formulation (140).
The major delayed adverse effects of amphotericin B
involve the kidney, and these can become permanent.
These effects include nephrotoxicity, electrolyte abnormali-
ties (especially hypokalemia and hypomagnesemia), and
renal tubular acidosis. Amphotericin B deoxycholate is
more nephrotoxic than the other lipid-based preparations
of amphotericin B; however, these other agents still exhibit
dose and time-dependent nephrotoxicity. Co-administration
of corticosteroids or ACTH can exacerbate hypokalemia.
Anemia is sometimes seen, and bone marrow toxicity of
ganciclovir is exacerbated by amphotericin B. Finally, probe-
necid may increase the plasma levels of amphotericin B.

Azoles
The most common side effects for all of the azoles include
anorexia, nausea, and vomiting. Other side effects include
rash, headache, and potential hepatotoxicity (especially
with ketoconazole). The azoles should be used with
caution, in patients on medications metabolized via the
CP450 system, due to their numerous clinically significant
interactions (153). Unique adverse effects from specific
azoles include: diminished testosterone and cortisol levels
with ketoconazole; mineralocorticoid excess with itracona-
zole (less so with ketoconazole); cardiac dysrhythmias with
itraconazole; and transient, reversible visual changes (seen
only with voriconazole).

Echinocandins
Caspofungin is generally well tolerated with minimal side
effects. Caspofungin interacts with cyclosporine (increasing
the risk of liver toxicity), and tacrolimus (increasing clear-
ance, thereby decreasing available tacrolimus). Minor
dosage adjustments are necessary with these drugs and are
outlined in the package insert. Micafungin and anidulafun-
gin have none of the above listed drug interactions. Anidu-
lafungin must be reconstituted in alcohol for infusion and,
therefore, risks inducing a disulfiram-like reaction if given
to a patient also receiving metronidazole; administration of
anidulafungin also required a larger volume (up to 500mL)
for infusion, which may present a problem for fluid manage-
ment in an ICU patient.

Therapeutic/Clinical Uses
The choice of anti-fungal therapy may be complex due to the
numerous anti-fungal agents with different mechanisms of
action, spectrum of activity, various adverse effects, and the
paucity of comparative studies. Amphotericin B
remains the reference standard by which all anti-fungals

are measured. For fungi known to be resistant, other
agents including the azoles and echinocandins may be con-
sidered in the treatment of systemic infections (154). The
option of treating with enteral antifungals has also been
recently recognized with agents that have excellent oral
bioavailability (fluconazole, itraconazole suspension, and
voriconazole).

The newer liposomal preparations of amphotericin B
are significantly more expensive than amphotericin B deox-
ycholate but are also less toxic. Caspofungin and micafungin
are similar in expense to liposomal amphotericin B. The

enterally effective azoles are much less expensive alterna-
tives via that route. Therefore, the choice of antifungal
agent(s) must take into account the specific mold or yeast
suspected or proven, local epidemiologic patterns
(especially non-albicans Candida spp. infection), severity of
illness, ability to take oral medication, toxicities, allergies,
drug–drug interactions, and cost.

Guidelines for the treatment of Aspergillus infections
have recently been reviewed (155,156), and practice guide-
lines for the treatment of Candida infections have also
been published (157,158).

There are no prospective RCTs available that describe
the use of putatively synergistic combinations of antifungals
although these treatment strategies appear reasonable based
upon the respective mechanisms of action. For instance, the
combination of an azole, like voriconazole, with caspofungin
make intuitive sense since the azoles inhibit ergosterol
synthesis and caspofungin works on the cell wall, which
are separate biochemical pathways. In a similar vein, the
combination of caspofungin and amphotericin formulations
would appear to be a useful combination. The use of multiple
anti-fungal agents has been used anecdotally in case reports
and case series (159,160). However, azoles should not be used
together with amphotericin B because they are antagonistic.

ANTIVIRALS

Antiviral agents will be discussed in terms of viral infections
that are commonly seen in the critical care unit (Table 15).
Antiretroviral agents, used for patients infected with the
human immunodeficiency virus (HIV), will not be discussed,
but the interested reader may refer to recently published
treatment guidelines (161–163). Antimicrobials useful for
the prophylaxis of opportunistic infections in patients with
HIV infection were recently reviewed (164).

Currently there are more than a dozen antiviral
drugs commercially available in the US for the treatment

and/or prophylaxis of viral infections. Most of these drugs
function as nucleoside analogs and can be conveniently
divided into drugs useful for herpes virus infections, influ-
enza infection (165), hepatitis viruses (166), and miscella-
neous viral infections. Several recent reviews of
antiviral drugs are noted (167–169).

Herpes Virus Antivirals
The most common viral infections seen in the ICU are due to
one or more of the herpes viruses that include herpes
simplex virus (HSV) (Table 16), Varicella-zoster virus

Table 15 Antimicrobial Drugs of Choice Against Selected

Viruses (Tables 16–18)

Microorganisms Drug of Choice Alternative agents

Cytomegalovirus Ganciclovir Foscarnet, cidofovir,

valganciclovir

Herpes simplex Acyclovir Ganciclovir, foscarnet,

valacyclovir, famciclovir

Herpes zoster Acyclovir Foscarnet, penciclovir,

famciclovir, valacyclovir

Influenza Oseltamavir,

rimantidine

Zanamavir, amantadine
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(VZV) (Table 17), (reviewed in Gnann) (170) and cytomega-
lovirus (CMV) (Table 18). There are a variety of antivirals
available for the treatment and/or prophylaxis of the
various herpes virus infections.

Acyclovir, the first orally available anti-herpes drug, is a
nucleoside analog and is available in both enteral and
parenteral forms. Because of its poor oral bioavailability, a
unique pro-drug, a covalent conjugate of valine and acyclovir,
has been developed into the pro-drug valacyclovir (the pro-
drug). Valacyclovir is converted to acyclovir by a host
enzyme in the intestinal mucosa, leading to improved bio-
availability of acyclovir. Similarly, famciclovir, which is avail-
able only in an oral preparation, is a pro-drug of penciclovir.

Famciclovir has essentially the same spectrum of activity as
acyclovir but with improved oral bioavailability.

Ganciclovir differs only slightly from acyclovir struc-
turally and, in addition to the herpes virus spectrum of acy-
clovir, also is active against CMV. An oral preparation of
ganciclovir is available; however, its poor oral bioavailability
recently led to the development of valganciclovir, an orally
available pro-drug of ganciclovir, which is metabolized in
the same manner as valacyclovir.

Foscarnet is an analog of inorganic pyrophosphate and
complexes with DNA polymerase, thereby inhibiting viral
DNA synthesis. This agent is useful against all of the
herpes viruses, including CMV. Its clinical use is not

Table 18 Antiviral Agents for CMV Infections

Viral infection Drug Route Usual starting dosage

CMV retinitis Ganciclovir IV 5 mg/kg every 12 hr in 1-hr infusion for 14–21 days

Ganciclovir Oral 1000 mg every 8 hr for 21 days

Valganciclovir Oral 900 mg every 12 hr for 21 days

Cidofovir IV 5 mg/kg weekly for two doses

Formivirsen Intravitreal 330 mg every 2 weeks

Foscarnet IV 60 mg/kg every 8 hr in 1–2 hr infusion for 14–21 days

CMV pneumonia Ganciclovir IV 5 mg/kg every 12 hr in 1-hr infusionþ IV

immunoglobulin for 14–21 days (in BMT patients)

Abbreviations: BMT, bone marrow transplant; CMV, cytomegalovirus; IV, intravenously.

Table 16 Antiviral Agents for Herpes Simplex Virus Infections

Viral infection Drug Route Usual dosage

Genital herpesa Acyclovir PO or IV 400 mg tid for 5–10 days

Famciclovir PO 250 mg tid for 7–10 days

Valacyclovir PO 1 g bid for 10 days

Herpes encephalitis Acyclovir IV 10 mg/kg every 8 hr in 1-h infusion

for 14–21 days

Mucocutaneous disease in

immunocompromised hosts

Acyclovir IV 5 mg/kg every 8 hr for 7–14 days

PO 400 mg five times daily for 7–14 days

Ganciclovir IV 5 mg/kg every 8–12 hr for 7 days

Famciclovir PO 500 mg bid for 7 days

Orolabial herpes Penciclovir 1% Topical q2 hr while awake for 4 days

Keratoconjunctivitisb Trifluridine 1% Topical—solution One drop, every 2 hr up to 9 drops/day

Vidarabine 3% Topical—ointment 1/2 inch ribbon five times daily

aIn acyclovir-resistant in HSV or VZV infections, IV foscarnet 40 mg/kg every 8 hr appears beneficial.
bTreatment of HSV ocular infections should be supervised by an ophthalmologist.

Abbreviations: HSV, herpes simplex virus; IV, intravenously; PO, per OS; VZV, varicella–zoster virus.

Table 17 Antiviral Agents for Varicella–Zoster Virus Infectionsa

Viral infection Drug Route Usual dosage

Varicella in normal adults Acyclovir PO 20 mg/kg up to 800 mg qid for 5 days

Varicella in immunocompromised

hosts

Acyclovir IV 500 mg every 8 hr for 7–10 days

Zoster in normal hosts Acyclovir PO 800 mg five times daily for 7–10 days

Valacyclovir PO 1 g tid for 7 days

Famciclovir PO 500 mg tid for 7 days

Zoster in immunocompromised

hosts

Acyclovir IV 10 mg/kg every 8 hr in 1-hr infusion

for 7 days

aIn acyclovir-resistant in HSV or VZV infections, IV foscarnet 40 mg/kg every 8 hr appears beneficial.

Abbreviations: HSV, herpes simplex virus; IV, intravenously; PO, per OS; VZV, varicella–zoster virus.
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popular, however, because of its toxicities (nephrotoxicity
and electrolyte abnormalities), and it is generally reserved
for mainly for acyclovir-resistant HSV and CMV infections.

Cidofovir is a phosphonate nucleotide analog that is
available intravenously for the treatment of cytomegalovirus
infection. It is only useful intravenously. Its use is compli-
cated by nephrotoxicity and renal tubular acidosis, and it
is generally reserved for patients who have failed or have
a contraindication to ganciclovir. Dosing guidelines for
drugs used to treat HSV and CMV infections are shown in
Tables 16 to 18.

Hepatitis B and C Antivirals
Hepatitis B and C are notable causes of chronic hepatitis and
cirrhosis. Treatment for acute hepatitis is generally suppor-
tive in nature. Many patients in an ICU setting having
liver disease and antiviral treatment for hepatitis B and C
are discussed in this context. Ribavirin is a guanosine
analog that inhibits ribonucleoprotein synthesis, is active
against many RNA viruses, including infections caused by
hepatitis C virus (especially in combination with interferon),
and hemorrhagic fever viruses. Its major toxicity is anemia
that can be clinically quite significant. Lamivudine (3TC) is
a nucleoside that is useful for both HIV infection and hepa-
titis B virus infection. Adefovir, which was originally used
for HIV but taken off the market due to nephrotoxicity at
higher doses, can be used in much lower doses to treat hepa-
titis B. Tenofovir, a congener of adefovir, can also be used for

both hepatitis B and HIV. Interferon-alpha and polyethylene
glycol-conjugated forms of interferon are also used as anti-
virals for infections caused by hepatitis B and hepatitis C
infections. They are generally poorly tolerated, must be
given parenterally (subcutaneously), must be taken over a
long period of time, and frequently cause a flu-like syn-
drome. Treatment of hepatitis B and C are reviewed else-
where (171–174). Refer to Table 19 for antiviral drug useful
in the treatment of Hepatitis B and Hepatitis C infections.

Influenza Antivirals
Influenza, (and its sequelae) is the major cause of respirat-
ory failure in and outside of the US. Influenza vaccines,
which are manufactured annually, according to which sub-
types are judged to be the most likely epidemic strains, can
prevent a large majority of the cases of severe illness. There
are also several drugs that are available for the prophylaxis
and treatment of influenza virus infections. Two of the
older drugs, amantadine and rimantadine are oral agents
that inhibit the replication of only influenza A virus but
not influenza B virus. Two newer agents inhibit the replica-
tion of both influenza A and B viruses: oral oseltamivir
(Tamifluw) and inhaled zanamivir (Relenzaw). Please refer
to Table 20 for dosing guidelines recommendations.

IMMUNOMODULATORS: ACTIVATED PROTEIN C
History/Description
Despite advances in critical care, the rate of death from
severe sepsis still ranges from 30% to 50%. Though all the
mechanisms of sepsis have yet to be elucidated, our under-
standing of this complex condition has greatly increased in
the past decade (Volume 2, Chapter 47). This has led to the
development of compounds that interrupt the detrimental
inflammatory and coagulation process involved in sepsis.
One such development is drotrecogin alfa (Xigrisw), a recom-
binant version of natural human plasma-derived activated
protein C (APC). Several studies have reviewed this agent
(175–177). Kox (178) recently reviewed other immunomodu-
lator agents for sepsis and two reviews of the treatment of
sepsis were recently published by Wheeler (179) and Healy
(180) and will not be discussed further. Refer also to
Volume 2, Chapter 47 for a discussion on sepsis and
Volume 2, Chapter 63 for a review of SIRS.

Table 19 Antiviral Agents for Hepatitis B and C Infections

Viral infection Drug Route Usual dosage

Chronic hepatitis B Interferon-a SC 10 MU three times weekly or 5 MU daily

Lamivudine PO 100 mg/day

Adefovir PO 10 mg/day

Entecavir PO 0.5–1 mg/day

Chronic hepatitis C Peginterferon alfa-2a SC 180 mcg weekly

+Ribavirin PO 800–1200 mg/day depending on weight

and genotype

Pegylated interferon alfa-2b + SC 1.0–1.5 mcg/kg weekly

Ribavirin PO 800–1200 mg/day depending on weight

and genotype

Interferon alfa-2a SC/IM 3 MU three times weekly

Interferon alfa-2b SC/IM 3 MU three times weekly

Interferon alfacon-1 SC 9 mcg three times weekly

Abbreviations: IM, intramuscular; PO, per OS; SC, subcutaneously.

Table 20 Antiviral Agents for Treatment of Influenza Virus

Infectionsa

Viral

infection Drug Route Usual dosage

Influenza A

or B virus

Oseltamivir PO 75 mg bid for 5 days

Zanamivir Aerosol 10 mg bid by

inhaler for 5 days

Influenza A

virus

Amantadine PO 100 mg bid for 5 days

for treatment

Rimantadine PO 200 mg/day for 5 days

for treatment

aDifferent doses used for prophylaxis.

Abbreviation: PO, per OS.
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Mechanism of Action, Pharmacology,
Administration, and Dosage
The antithrombotic effects of APC are mediated by inacti-
vation of clotting factors Va and VIIIa. APC also increases
fibrinolytic activity by inhibiting plasminogen-activator
inhibitor 1 (PAI-1), which increases endogenous tissue-
plasminogen activator (t-PA). In vitro data suggests that
APC exerts anti-inflammatory effects by inhibiting the pro-
duction of the inflammatory cytokines TNF-a, interleukin-
1 (IL-1), and interleukin-6 (IL-6) by monocytes and by limit-
ing the rolling of monocytes and neutrophils along injured
endothelium.

The average half-life after a 24 mcg/kg/hour infusion
of APC is 1.2 hours. This is five times longer than the
average half-life of native APC. APC is metabolized and
inactivated by endogenous plasma protease inhibitors.
There is a linear relationship between APC concentrations
and activated partial thromboplastin time (aPPT) response
in healthy patients. To date, no patients with sepsis have
been re-administered APC. Antibodies to the recombinant
APC (drotrecogin alfa) have been detected in two patients
during phase II and III trials. One of the patients with neutra-
lizing antibodies developed superficial and deep vein
thrombi and died of multi-organ failure.

The dosage of APC is 24 mcg/kg/hour infused
intravenously for 96 hours. The drug must be infused
within 24 hours from the time of reconstitution or prep-
aration. Patients with end-stage renal disease were excluded
from phase III studies. However, in six non-septic ESRD
patients, APC was not cleared by dialysis, and patients
had clearance rate similar to patients without ESRD.

Adverse Effects and Drug Interactions
The most common adverse event associated with APC is
bleeding, which is consistent with the drug’s antithrombotic
activity. Bleeding occurred in 25% of treated patients and
18% of placebo-treated patients in the Efficacy and Safety
of Recombinant Human Activated Protein C for Severe
Sepsis (PROWESS) trial. However, the frequency of serious
bleeding with APC was only 3.5%, compared to 2.0% in
the placebo-treated patients, but this difference was not clini-
cally or statistically (P ¼ 0.06) significant (177). Serious
bleeding tended to occur mostly during the infusion
period and in patients with predisposing conditions such
as gastrointestinal ulceration, traumatic injury to a blood
vessel, highly vascular organ injury, or markedly abnormal
coagulation values. Relatively uncommon side effects found
in phase I trials included headache, ecchymoses, diarrhea,
and pain at the site of injection.

Because the major adverse effect of APC is bleeding,
concomitant administrations of medications that also
increase the risk of bleeding are relatively contraindicated.
These medications include the use of unfractionated
heparin at .15,000 units/day within eight hours of drug
infusion; LMWH at any dose higher or more frequent than
recommended by their package inserts within 12 hours of
drug administration; warfarin if used within seven days of
APC infusion or warfarin-type medications within ,5
half-lives at the time of drug administration and the PT
.13.3 seconds, and/or INR . 3.0; antiplatelet drugs (ticlo-
pidine or clopidogrel) or ASA .650 mg/day or compounds
that contain ASA .650 mg/day within seven days prior to
drug administration; thrombolytic therapy (unless used to
treat an intra-catheter thrombosis) within three days of
drug administration (e.g., streptokinase, tPA, rPA, and

urokinase); glycoprotein IIb/IIIa antagonists (abciximab,
eptifibatide, tirofiban) within seven days of drug adminis-
tration; antithrombin infusion of .10,000 units received
within 12 hours of drug administration; and protein C con-
centrate infusion within 24 hours of drug administration.

Therapeutic/Clinical Uses
The PROWESS study demonstrated a statistically signifi-

cant decrease in 30-day mortality in septic patients treated
with APC. However, safety and economic concerns have
led to the development of strict usage criteria for APC at
most institutions. There are absolute and relative contraindi-
cations to the use of APC. Absolute contraindications are
active bleeding, epidural anesthesia, intracranial hemor-
rhage, retroperitoneal bleeding, and recent major surgery.
Relative contraindications include those patient populations
excluded from the PROWESS trial and for which no data
exist. These relative contraindications include pregnant or
breastfeeding mothers, platelet count ,30,000/mm3, and
age ,18 years. The cost of a complete course of APC
therapy is approximately $7,000 to $10,000.

EYE TOTHE FUTURE

Microbes are developing resistance to a number of pre-
viously efficacious antimicrobials. Accordingly, new modal-
ities are being explored and developed to combat microbial
pathogens. New vaccines targeted at nosocomial pathogens
are being assessed that may lead to infection prevention in
this patient population (181,182). Antibiotics specifically
designed with activity against emerging resistant organisms
are currently under investigation (183). Antibacterial agents
in development showing clinical promise include fluoroqui-
nolones (184–186), ketolides (187,188), oxazolidinones (189–
193), everninomycins (194), carbapenems (195–198), glyco-
peptides (199–201), and glycylcyclines (202–203). Likewise,
many new and novel antifungal (204–208) and antiviral
(209–213) agents are in clinical development.

A potentially helpful addition to preventing staphylo-
coccal infections has emerged recently with the use of a
vaccine (StaphVAXw) for the prevention of S. aureus infec-
tions in chronic dialysis patients, a group of patients who
are susceptible to repeated line associated infections (214).
The vaccine consists of a mixture of type 5 and type 8 capsu-
lar polysaccharides conjugated to a carrier protein, and
immunization of dialysis patients decreased S. aureus infec-
tions by 64% at 32 weeks post immunization as compared
to controls. Unfortunately, immunity wanes within a year,
so annual vaccinations are necessary. Future vaccines
might contain more serotypes. Further, it remains an open
question as to whether the protection seen in patients with
chronic renal failure can be extended to other sets of patients.

Better insight into the understanding of septic shock
will bring us additional agents targeted to alter the natural
history of this most feared complication of infection (215–
219). In addition, many immunomodulatory therapies are
being investigated for severe sepsis and septic shock
(220,221). To date, more than 70 phase II and phase III RCTs
have been performed evaluating the potential role of adjuvant
mediator-targeted therapy in patients with sepsis. A great
deal has been learned from these investigations and
the future of sepsis research holds not only the prospect of
fundamental new insights into the interaction of the host,
the environment, and medical intervention in disease

952 James et al.



pathogenesis, but also the possibility that a major cause of
global morbidity and mortality can be successfully con-
fronted (222).

Adjunctive immune therapy using immunomodula-
tory therapies and combination antifungal therapy are
being explored to help combat the ever-increasing spectra
of encountered fungal infections (223–229). Resolution of
invasive fungal infections is dependant on host defenses.
Clinical trials utilizing granulocyte colony-stimulating
factor and interferon products are currently underway that
will hopefully establish whether immunotherapy is of clini-
cal value in the treatment of invasive fungal infections (229).

Newly discovered antimicrobial peptides (AMPs) are
being studied to help overcome bacterial resistance that

currently hampers our ability to treat many hospital-acquired
infections (230–232). AMPs have a broad antimicrobial
spectrum and lyse microbial cells by interaction with bio-
membranes. They also have multiple roles as mediators of
inflammation that can influence diverse processes such as
cell proliferation, immune induction, wound healing, cytokine
release, chemotaxis, and protease-antiprotease relationship.
Studies are currently ongoing investigating the biology of
AMPs that will hopefully determine their place in therapeutics
for infectious and inflammatory diseases (231).

In addition, exciting research is currently underway
investigating the newly discovered Type III secretion
systems common to several important bacteria and may
prove to be a beneficial new target for combating these

Table 21 Antibiotic Guidelines for Trauma Patients

Site/diagnosis Potential organisms Primary therapy Alternative therapy

Aspiration pneumonia

during traumatic event

Oral flora Clindamycin or third-generation

cephalosporina
Fluoroquinoloneþ clindamycin

or metronidazole

Closed head injury

with ventriculostomy

Staphylococcus aureus,

coagulase-negative

staphylococci

Need for prophylaxis controversial Oxacillinb or cefazolin or

vancomycin

Open head injury S. aureus, GNR Ceftriaxoneþ oxacillinb Vancomycin

Post-brain injury abscess S. aureus, GNR (including

Pseudomonas), anaerobes

Ceftazidimeþmetronidazoleþ

oxacillinb
Meropenemþ vancomycin

Blunt chest trauma n/a Antibiotics not recommended n/a

Chest tube prophylaxis n/a Antibiotics not recommended n/a

Blunt abdominal trauma

Without visceral

penetration

n/a Antibiotics not recommended n/a

With visceral penetration Enteric GNR, enterococcus Ampicillinþ third-generation

cephaolspoina
þmetronidazole

Vancomycinþ fluorquinolone

or aminoglycosidec
þ

metronidazole or carbapenem

or piperacillin/tazobactam

If gastric ruptue

involvement

Candida albicans Fluconazole Voriconazole or caspofungin

or amphotericin B

Gunshot wound

abdomen

GNR, anaerobes, anaerobes,

enterococcus

Ampicillinþ third-generation

cephalosporin or fluoroquinolone

þmetronidazole

Vancomycin or piperacillin/
tazobactam or carbapenem +
aminoglycosidec

þmetronidazole

Biliary trauma GNR, enterococci,

anaerobes (less often)

Ampicillin or piperacillinþ an

aminoglycosidec
Add metronidazole if initial therapy

is unsuccessful

Renal trauma

Nicked ureter n/a Antibiotics not recommended n/a

Nicked kidney Follow urine cultures and

treat accordingly

n/a n/a

Orthopedic

Grade I S. aureus Cephalosporinb,d Oxacillin or vancomycin

Grade II S. aureus Cephalosporinb,d
þ aminoglycosidec Oxacillin or vancomycinþ an

aminoglycosidec

Grade III S. aureus; GNR; possible

anaerobes

Cephalosporinb,d
þ an

aminoglycosidec + metronidazole

or clindamycin

Vancomycinþ an

aminoglycosidec + metronidazole or

clindamycin

Acute burns

Topical S. aureus Topical sulfadiazine or sulfamylon Nitrofurazone

Inhalational n/a Antibiotics not recommended n/a

aCefotaxime, ceftriaxone, ceftazidime.
bVancomycin if methicillin-resistant S. aureus is common.
cGentamicin, tobramycin, amikacin.
dFirst-generation cephalosporin (cefazolin, cephalothin).

Abbreviation: GNR, gram-negative rods.
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pathogenic bacteria. In the 1980s and 1990s researchers
studying Yersinia (the causative agent of bubonic plague)
discovered that these organisms utilized a syringe-like injec-
tion system to deliver virulence factors inside the mamma-
lian host cell (233). These have since been called Type III
secretion systems, and significant homology exists across
several species of pathogenic gram-negative organisms
(including Yersinia, E. coli, P. aeruginosa, B. pertussis, Salmo-
nella, Shigella, as well as Chlamydia spp, and various plant
and fish pathogens) (234). Further study of these flagella-
like structures likely be a source of anti-infective therapy
in the not so distant future (235).

Finally, the field of pharmacogenomics is a rapidly
emerging discipline of interest in medicine and pharma-
ceutical research and development. Pharmacogenomics
may have considerable and significant impact on infectious
disease therapy, including antibiotic therapy. The last few

years have witnessed an enormous increase in genomic-
related technologies as they apply to antibacterial therapies
(237). Pharmacogenomics has the potential to revolutionize
the prevention, diagnosis, and treatment of infectious dis-
eases (238–245).

SUMMARY

Many patients with severe illness or conditions like multiple
trauma and severe burns are susceptible to infection due to
their depressed immune function. The goal of antimicrobial
therapy is to prevent an infection from developing or to treat
an existing infection. In this chapter we have reviewed a
multitude of antimicrobials, including antibacterials, anti-
fungals, and antivirals, that are currently available to the
clinician for utilization in preventing or treating infections

Table 22 Empiric Antibiotic Therapy for the Critically Ill Intensive Care Unit Patient

Anatomic site/
diagnosis Potential organism Primary therapy Alternative therapy

Blood/bacteremia —

line associated—

endocarditis

Staphylococcus aureus

coagulase-negative-

staphylococci

GNR

Oxacillina or nafcillina
þ an

aminoglycosideb (if enterococcus

is suspected, add ampicillin)

Vancomycin or cephalosporind
þ an

aminoglycosideb

A third-generation cephalo-

sporinc
þ aminoglycosideb

Imipenem or meropenem or

piperacillin/tazobactam or azteonam

or fluorquinoloneþ aminoglycosideb

CNS/meningitis Streptococcus

pneumoniae

Ceftriaxoneþ vancomycine Imipenem or meropenem

Neisseria meningitides Penicillin Ceftriaxone or imipenem

GNR, S. aureus Oxacillina or nafcillina
þ ceftriaxoneþ

an aminoglycosideb or use

ceftazidime in place of ceftriaxone

if Pseudomonas suspected

Vancomycinþ ceftriaxoneþ an

aminoglycosideb

Intracranial/acute

abscess

S. aureus Oxacillina or nafcillina
þ an

aminoglycosideb

Vancomycin

Anaerobes (commonly

subacute)

Add metronidazole Chloramphenicol

Lungs/pneumonia S. aureus Oxacillina or nafcillina Cephalosporind or vancomycin or

linezolid

GNR, oral anaerobes Third-generation

cephalosporinc
þmetronidazole

Fluoroquinolone or imipenem or

piperacillin (þclindamycin) or

piperacillin/tazobactamþ an

aminoglycosideb

Abdomen/peritonitis,

abscess

GNR, anaerobes,

enterococci

Ampicillin or piperacillinþ

metronidazoleþ an aminoglycosideb

(if Pseudomonas)

Vancomycin in place of penicillinþ

metronidazoleþ an aminoglycosideb

or third-generation cephalosporinc;

imipenem or piperacillin/tazobactam

Abdomen/biliary tract GNR, enterococci,

anaerobes (occur late

and in the elderly)

Ampicillin or piperacillinþ an

aminoglycosideb
Add metronidazole if initial therapy is

unsuccessful

Pelvis/PID GNR/anaerobes Gentamicin and clindamycin Cefoxitin and doxycycline

Urinary tract/
pyelonephritis

GNR, enterococci Ampicillin or vancomycinþ an

aminoglycosideb
Third-generation cephalosporin (with

ampicillin or vancomycin if entero-

coccus suspected)

aVancomycin if methicillin-resistant S. aureus common.
bGentamicin, tobramycin, amikacin.
cCefotaxime, ceftriaxone, ceftazidime.
dFirst-generation cephalosporin (cefazolin, cephalothin).
eIn areas with high incidence of penicillin-resistant S. pneumoniae, vancomycin should be added.

Abbreviations: GNR, gram-negative rods; PID, pelvic inflammatory disease.
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in critically ill patients. In addition, we have highlighted
many areas currently being investigated with the quest of
identifying additional agents to assist in the control of anti-
biotic-resistant bacteria and opportunistic infections.

Antibiotic use should be planned deliberately from
the time of admission in hospitalized patients. Prophylactic
antibiotic use should be restricted to a specific diagnosis
and exceptional conditions. The antibiotic choice should
be determined based on prevailing, institution-specific
bacterial resistance patterns. Only through judicious anti-
microbial use can prevention of the development of
multi-resistant pathogens be realized. The choice of antimi-
crobial agent must be influenced by a clinician’s familiarity
with the available drugs. Empiric guidelines for Trauma
patients are provided in Table 21, and those for critically
ill patients of trauma, surgical, or medical origin are
shown in Table 22.
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KEY POINTS

Antimicrobial selection for trauma and critical care is
based on the following seven considerations: (i)
whether the antibiotics are planned for prophylaxis or
treatment of an established infection; (ii) the anatomic
site of infection; (iii) whether the infection is commu-
nity-acquired or nosocomial; (iv) best guess of the
most probable causative microorganism (based upon
geographical and institutional isolate profiles); (v) the
patient’s innate immunological status; (vi) the severity
of the infection and general condition of the patient;
and (vii) financial cost.
A primary tenet of antimicrobial therapy is to use the
narrowest spectrum antibiotic possible, rather than a
broad-spectrum agent.
As Ignaz Phillip Semmelweis discovered 150 years ago,
the most important means of preventing the trans-
mission of micro-organisms from one patient (via the
doctor or nurse) to another patient is strict hand
washing (and now, the use of clean disposable gloves).
At present, the majority of infections in hospitalized
trauma patients are due to gram-positive organisms
(19) for example, MRSA and VRE and to a lesser
extent, multi-resistant gram-negative rods (20).
Penetrating intra-abdominal injury, perforated abdomi-
nal viscera, and open fractures, all warrant antibiotic
prophylaxis(22–25).
The addition of a beta-lactamase inhibitor to beta-
lactam antibiotics produces efficacy against beta-lacta-
mase producing organisms, such as S. aureus, E. coli
and most anaerobic bacteria. However, these combo
products add no additional activity against Pseudomo-
nas aeruginosa and have no activity against MRSA.
In general, as one selects a second, third or fourth
generation cephalosporin, there is increased activity

against aerobic gram-negative bacteria and less activity
against gram-positive orgamisms.
The cephamycins, specifically cefoxitin and cefotetan,
have unique broad-spectrum activity against most
anaerobic organisms (except there are increasing resist-
ant forms of B. fragilis).
Aztreonam is devoid of antibacterial activity against
gram-positive and anaerobic bacteria.
Carbapenems are the class of antibiotics with the greatest
spectrum activity of any class of antibiotics for systemic
use in humans. They are active against gram-positive
(except MRSA), gram-negative, and anaerobic bacteria.
These agents (except ertapenem) are particularly useful
for hospital-acquired infections where bacterial resist-
ance (other than MRSA and VRE) may be a concern.
Patients with a history of penicillin allergy due to rash or
pruritus only occurring more than three days after admin-
istration are no more likely to have any allergic reaction to
a cephalosporin than patients without a history of
penicillin allergy, and can safely receive cephalosporins.
There is up to a 50% chance of developing a rash to carba-
penems in patients with a history of rash to penicillins.
Aztreonam is considered a safe alternative in patients
allergic to penicillins or cephalosporins requiring
gram-negative coverage, and vancomycin is the rec-
ommended choice for those patients requiring gram-
positive coverage.
All aminoglycosides are nephrotoxic and ototoxic and can
prolong the duration of neuromuscular blockade drugs.
Tetracycline has a broad spectrum of antimicrobial
activity including gram-positive, gram-negative, and
anaerobic bacteria, as well as rickettsias, mycoplasma,
chlamydias, protozoa, actinomycetes, and certain viruses.
Azithromycin has an extremely long intracellular dwell
time, permitting once daily (or less often) dosing.
Because of its gram-positive and anaerobic coverage,
clindamycin is useful (with combination gram-negative
therapy) for necrotizing fasciitis, most oral and vaginal
anaerobic infections, and diabetic foot infections, which
tend to be polymicrobial and virulent.
Metronidazole is indicated for the treatment of serious
polymicrobial infections involving anaerobes (e.g.,
necrotizing fasciitis and infections involving contami-
nation from the GI tract). Importantly, other agents
with aerobic gram-positive and gram-negative cover-
age must be coadministered.
Bacteroides fragilis is probably the most frequently
encountered clinically significant anaerobe and metro-
nidazole should be considered the drug of choice,
especially in intra-abdominal infections (57).
The greatest utility of quinupristin/dalfopristin, dapto-
mycin, and linezolid is in the management of patients
with VRE or MRSA infections for which limited alterna-
tives exist.
Vancomycin is most often used parenterally to treat
MRSA, empirically in life-threatening infections, and
orally for C. difficile colitis.
TMP/SMX may be extremely useful in severe infections
caused by susceptible organisms in the critically ill
patient, especially those infections caused by Enterobac-
ter sp., and other gram-negative rods that may be multi-
resistant to beta-lactam drugs.
Quinolone antibiotics, similar to the cephalosporins, are
traditionally categorized into first to fourth generations
based upon spectrum of activity. In general, the
second, third, and fourth generations have enhanced
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gram-positive cocci activity (except ciprofloxacin) and
gram-negative rod activity. Excellent anaerobic activity
is seen with trovafloxacin and moxifloxacin.
SSD represents a compromise between the high efficacy
of mafenide and the high maintenance of silver nitrate.
It is therefore the most commonly employed topical
antimicrobial agent in the burn patient, and frequently
used as combination treatment (often alternating every
12 hours) with mafenide.
Although many anti-TB agents are available, the most
important drugs for therapy of critically ill patients are
commonly known as “RIPE” which stands for: rifam-
pin, isoniazid, pyrazinamide, and ethambutol (49,50).
Amphotericin B remains the reference standard by
which all anti-fungals are measured. For fungi known
to be resistant, other agents including the azoles and
echinocandins may be considered in the treatment of
systemic infections (151).
Currently there are more than a dozen antiviral drugs
commercially available in the United States for the
treatment and/or prophylaxis of viral infections. Most
of these drugs function as nucleoside analogs and can
be conveniently divided into drugs useful for herpes-
virus infections, influenza infection (162) hepatitis
viruses (163), and miscellaneous viral infections.
The PROWESS study demonstrated a statistically sig-
nificant decrease in 30-day mortality in septic patients
treated with APC.
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INTRODUCTION

Anemia is common in the intensive care unit (ICU), and
blood transfusions are often used to treat anemia in critical
care. Anemia in the critically ill can result from trauma, sur-
gical intervention, occult gastrointestinal (GI) bleeding,
repeated phlebotomy for diagnostic testing, and chronic dis-
eases. Critically ill patients often have impaired erythropoiesis
due to blunted endogenous erythropoietin (EPO) production,
direct inhibition from inflammatory cytokines and certain
drugs, or nutritional deficiencies (iron, folate, vitamin B12).
Shortened red cell life span can result from consumptive pro-
blems, such as disseminated intravascular coagulation (DIC).

This chapter reviews the definition and diagnosis as
well as the classification of anemia in specific patient popu-
lations (including trauma and critical illness). In addition,
the normal physiologic adaptation to anemia and its
impact on patient outcome is reviewed. Finally, strategies
for preventing and treating anemia are discussed.

DEFINITION OFANEMIA

Anemia can be defined technically as a hemoglobin (Hb) con-
centration below the normal laboratory range. The World
Health Organization (WHO) defines anemia as a Hb concen-
tration ,12 g/dL (women) and ,13 g/dL (men). Hemoglobin
concentration is determined by hemoglobin mass and plasma
volume (1). Low Hb concentration typically accompanies
a decreased red blood cell (RBC) count and a decrease in
packed cell volume, although these indices may be normal
in an anemic patient with low Hb levels alone.

Age influences “normal” Hb concentrations. An evalu-
ation of 420,000 healthy Swedes found significant age-
related decline in Hb from age 70 to 88, particularly among
men (2). In addition, Hb levels considered “optimal” in a
stable condition are not necessarily adequate or “normal”
in pathologic conditions (e.g., heart failure), or in certain
environments (i.e., high altitude).

DIAGNOSIS OFANEMIA
Clinical Signs and Symptoms

Symptoms are dictated by the etiology, severity, and

chronicity of the anemia. Weakness, fatigue, and lethargy

are common. Cardiac symptoms include palpitations,
angina pectoris, or dyspnea. Patients may complain of head-
aches and visual disturbances.

Signs of anemia include pallor, tachypnea, dyspnea,
tachycardia, a “thready” pulse, and confusion, perhaps indi-
cating cardiac failure. Alternatively, bounding pulse and
systolic flow murmur can signify chronic anemia. Signs of
specific causes of anemia may be evidence, for example,
koilonychia with iron (Fe) deficiency.

Laboratory Diagnosis
Evaluation of red cell indices is the most clinically rel-

evant measurement tool. Mean corpuscular volume
(MCV) is a measure of the average size of the RBC. Mean
corpuscular hemoglobin (MCH) is a measure of the
amount of Hb per RBC. Both the MCV and the MHC are
used to classify anemia as microcytic/hypochromic, normo-
cytic/normochromic, or macrocytic. Concomitant leukope-
nia and thrombocytopenia indicates pancytopenia,
suggesting bone marrow disease or cell sequestration
(hypersplenism) or hemodilution. Granulocytosis and
thrombocytosis often occur after significant hemorrhage (as
occurs with trauma), and with hemolysis.

The reticulocyte count can assist in the diagnosis of
anemia. The normal reticulocyte count is 0.5 to 2.5% with an
absolute count of 25 to 125 � 109/L. The reticulocyte count
should rise in anemia due to EPO increase; the more severe
the anemia, the greater the usual increase in a reticulocyte
count. Thus, a relatively low reticulocyte count suggests
bone marrow dysfunction and/or impaired EPO response.

The reticulocyte count directly reflects effective bone
marrow erythrocyte production, while the proportion of cir-
culating macroreticulocytes (red cells with high RNA
content) reflects the intensity of EPO stimulation (3). This
tool may differentiate between bone marrow erythrocyte
production and intensity of EPO stimulation. In states of
chronic hemolysis, the bone marrow demonstrates erythroid
hyperplasia accounting for increased EPO and rapid
increases in reticulocyte count. This is in contrast to the
slower response that occurs after trauma and major hemor-
rhage. After significant hemorrhage, in a patient with no pre-
vious hematological disease, the marrow demonstrates an
EPO response in approximately six hours. The reticulocyte
count begins to increase in two to three days, maximizes
in 6 to 10 days and remains elevated until the Hb level
returns to normal.
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Blood smear examination is helpful for the diagnosis
of anemia. Besides assessing red cell morphology and pre-
sence of inclusions, white cell and platelet abnormalities
also provide useful information.

Examination of the bone marrow aspirate can assess
normoblastic versus megaloblastic erythropoiesis, and quan-
titate proportions of different cell lines (myeloid:erythroid
ratio) and iron stores. Bone marrow biopsy reveals architec-
ture, cellularity, and presence of fibrosis or malignant cells.

In ICU settings, measurement of Hb (g/dL) or hemato-
crit (Hct, %) are the red cell indices most utilized, with
typical causes of anemia being acute hemorrhage (after
trauma or surgery) or anemia of chronic illness (prolonged
ICU stay). A reduction in plasma volume, as seen in dehy-
dration or acute hemorrhage, can mask anemia until
normal plasma volume is restored. Dehydration can even
cause hemoconcentration (pseudo-polycythemia), with
normal total red cell volume. This is particularly common
following major burns, and differs from acute hemorrhage
wherein proportional losses of blood volume and Hb occur.

Laboratory evaluation of nutritional deficiencies
that cause anemia should also be considered. A recent
study of 184 ICU patients found 13% to have potential
deficiencies, including iron (9%), vitamin B12 (2%), and
folate (2%) (4). However, as serum iron and total iron
binding capacity (TIBC) levels were low, and serum ferritin
levels high, iron deficiency was not necessarily present.

The laboratory diagnosis of iron deficiency can be
made by multiple criteria: saturation of transferrin (TrfS)
�15%, hypochromic erythrocytes � 10%, and a serum ferritin
concentration � 50 mg/L. A high plasma transferrin receptor
(sTfR) concentration is useful in distinguishing iron deficiency
anemia from anemia of chronic disease (ACD) (5).

The ratio of sTfR to serum ferritin (R/F ratio) is used to
estimate body Fe stores, and can be used to evaluate the
degree to which Fe deficiency complicates the anemia of
critical illness. High levels of sTfR, and R/F ratios above
500 are generally correlated with deficiency of tissue iron
storage (6). The R/F ratio is not influenced by the use of
recombinant human EPO (rHuEPO). However, inflamma-
tory conditions and the use of parenteral Fe supplemen-
tation may interfere with this metabolic relationship (7).
Recent studies have suggested that erythrocyte zinc proto-
porphyrin may be a superior test for assessment of iron
deficiency in critically ill and injured patients (8). In iron
deficiency, zinc protoporphyrin (ZPP) is produced instead
of heme, and the ZPP concentration in erythrocytes is
increased (normal � 40 mmol/mol heme) (9).

The endogenous hormone erythropoietin is critical

for the normal bone marrow response to anemia. EPO
synthesis is increased in states of anemia, when Hb is
unable to release oxygen appropriately, when oxygen
levels are low, or when there is low cardiac output. Increased
severity of anemia typically results in higher plasma EPO
concentrations (inverse correlation between plasma EPO
and Hb concentrations). Plasma concentrations of EPO
assess the individual response to anemia. Endogenous
EPO deficiency is a fundamental factor in the pathophysiol-
ogy of the anemia of critical illness (10).

ANEMIA CLASSIFICATIONS
Microcytic/Hypochromic
Microcytic/hypochromic anemia is characterized by a
decrease in MCV, MCH, and mean corpuscular hemoglobin

concentration (MCHC). Red cells are small (microcytic) and
pale (hypochromic) due to reduced Hb synthesis. The most
common etiology world-wide is Fe deficiency, with chronic
inflammation or malignancy (“chronic disease”) and thalas-
semia also important causes.

Iron deficiency is caused by chronic blood loss,
increased demand, malabsorption or poor diet. In developed
countries, the most common cause is chronic blood loss,
usually from the uterus or GI tract, whereas in developing
countries, dietary deficiency predominates. Fe deficiency
due to increased Fe demand usually occurs during times
of growth (childhood and adolescence), pregnancy, lactation,
or menses.

Critically ill patients can have microcytic/hypochromic
anemia, but the platelet count is often increased, especially
following hemorrhage (see Volume 2, Chapter 55). The
blood film may demonstrate target cells and poikilocytes
alongside the small, poorly-hemoglobinized red cells. In a
patient with recent iron therapy or blood transfusion, macro-
cytic cells can coexist together with microcytic cells.

Serum ferritin levels reflect tissue Fe stores. Ferritin is
low in Fe deficiency anemia, whereas elevated levels are
seen in Fe overload, following excessive tissue damage,
during the acute phase response, and in ACD. Low serum
Fe and elevated TIBC are characteristic of Fe deficiency
anemia, whereas both are low in ACD.

Normocytic/Normochromic
Normocytic/normochromic anemia is characterized by an
MCV 80 to 95 fl, and MCH .26 pg/cell. Causes include
acute hemorrhage, renal disease, hemolysis, and bone
marrow failure (e.g., hypoplasia, post-chemotherapy, infil-
tration by carcinoma).

Macrocytic
Macrocytic anemias are so named because of the large RBC
size, that is, an MCV .95 fl. These anemias are further
classified as megaloblastic or non-megaloblastic.

Megaloblastic anemias are characterized by abnormal
erythroblasts (“megaloblasts”) in the bone marrow. Nuclear
chromatin appears open and “lace-like.” Normal Hb for-
mation progresses in the cytoplasm, whereas nuclear matu-
ration is delayed due to abnormal DNA synthesis. The
macrocytes are oval and the bone marrow is hypercellular.
Giant megamyelocytes (“giant bands”) are also character-
istic. Increased unconjugated bilirubin and lactate dehydro-
genase reflect increased turnover of RBCs and Hb within the
marrow. Megaloblastic anemia is most often caused by
vitamin B12 or folate deficiency, with rare explanations
including congenital abnormalities of vitamin B12 or folate
metabolism.

Vitamin B12 deficiency can occur in adults due to per-
nicious anemia (most common), GI bacterial overgrowth, or
loss of ileal function. Pernicious anemia is impaired vitamin
B12 absorption due to loss of intrinsic factor activity. Intrinsic
factor is a glycoprotein secreted by the gastric parietal cells.
It then binds dietary vitamin B12, facilitating its uptake by
cells located in the terminal ileum. Common causes of perni-
cious anemia in surgical or critically ill patients include
partial or total gastrectomy, intestinal blind loop syndrome,
ileal resection, and Crohn’s disease. Dietary deficiency of
vitamin B12 is rare; it typically takes two years to deplete
body stores in the absence of dietary intake.

Elevated homocysteine levels (potential vascular risk
factor) are associated with low folate, vitamin B12, and
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vitamin B6 levels. Prophylactic vitamin administration
should be considered in hyperhomocysteinemic patients,
although benefits remain to be established.

Non-megaloblastic macrocytic anemias can be caused
by liver disease, excess alcohol ingestion (even in the
absence of liver disease), myxoedema, primary marrow dis-
orders (aplasia, myelodysplasia, myeloproliferative dis-
orders), pregnancy, and ingestion of certain drugs, notably
phenytoin and azathioprine.

EPIDEMIOLOGYOFANEMIA IN TRAUMA AND
CRITICAL CARE

Anemia is a common diagnosis following trauma and
during critical illness and results in a large burden of
patients requiring blood transfusion. It is important to

understand the epidemiology of anemia in trauma and criti-
cal care in order to appreciate the large number of patients
that require treatment for anemia.

Two recent large multicenter prospective observa-
tional studies have examined the prevalence of anemia in
the ICU: the Anemia and Blood Transfusion in Critical
Care (ABC) trial (11) (Europe) and the CRIT study (12)
(U.S.A.). The ABC trial included 3534 patients from 146
ICUs. The mean Hb concentration at ICU admission was
11.3 + 2.3 g/dL (29% of patients had level ,10 g/dL).
Overall, 37.0% were transfused, with differences among
specific subgroups, for example, emergency surgery
(57.5%), trauma (48%), elective surgery (42.1%), and
medical (32%). Older patients and those with longer length
of stay (LOS) were more often transfused. Of patients with
ICU stays beyond seven days, 73% were transfused. The
overall mean pretransfusion Hb was 8.4 + 1.3 g/dL.

The CRIT study enrolled 4892 patients from 284
ICUs (12). Its goal was to quantify the incidence of anemia
and RBC transfusion in critically ill patients and to examine
the relationship of anemia and RBC transfusion to clinical out-
comes. Mean baseline Hb concentration on admission to the
ICU was 11.0+ 2.4 g/dL, and mean Hb decreased to
9.8+ 1.4 g/dL by the end of the study (P , 0.0045). Of
patients evaluated, 44% were transfused (mean 4.6+ 4.9
units) during their ICU stay. Patients with an ICU LOS stay

of seven days or longer were more commonly transfused
(63.0%) than patients with shorter stays (33.4%; P , 0.0001).
Mean pretransfusion Hb was 8.6 + 1.7 g/dL.

A Canadian multicenter cohort study examined RBC
transfusion in 5298 consecutive patients admitted to six ter-
tiary level ICUs (13). One-quarter of the patients received
red cell transfusions, with the number of transfusions per
patient-day averaging 0.95+ 1.39 (range 0.82 + 1.69 to
1.08+ 1.27 between institutions; P , 0.001). Independent
predictors of pre-transfusion Hb thresholds included
patient age, admission Acute Physiology and Chronic
Health Evaluation (APACHE) II score, and the institution
(P , 0.0001). The most frequent reasons for administering
red cells were acute bleeding (35%) and to augment oxygen
delivery (25%). This study documented significant insti-
tutional variation in ICU transfusion practice, with many
intensivists adhering to a 10 g/dL threshold despite contrary
published guidelines.

Another prospective observational study assessing
transfusion practice in critically ill patients in the UK
found that 53% of 1247 consecutive patients received RBC
transfusions (14). Transfused patients had higher mortality
but they also had higher APACHE II scores and longer dur-
ations of stay. The average pre-transfusion Hb concentration
was below 9 g/dL in 75% of transfusion episodes. The
common indications for transfusion were low Hb (72%)
and hemorrhage (25%).

Table 1 reveals common features of these studies
examining anemia and transfusion practice in the ICU
among different countries. First, the most critically ill
patients have anemia at ICU admission. Second, the transfu-
sion trigger is a Hb of approximately 8.5 g/dL. Third, RBC
transfusion rates increase with greater LOS stay and
increased patient age. Finally, the most common indication
for RBC transfusion was the treatment of anemia.

ANEMIA IN SPECIFIC TRAUMA AND CRITICALLY ILL
POPULATIONS
Anemia Due to Acute Hemorrhage
Anemia is common in critically injured trauma patients. A
post hoc analysis of a subset of trauma patients (n ¼ 576)
from the CRIT study documented a high incidence of

Table 1 Results of Epidemiologic Studies on Anemia and Blood Transfusions in Critical Care

ABC Trial [2]

(western Europe)

CRIT Study [3]

(U.S.A.)

TRICC

Investigators [9]

(Canada)

North Thames

Blood Interest

Group [5] (U.K.)

n 3534 4892 5298 1247

Mean admission hemoglobin (g/dL) 11.3 + 2.3 11.0 + 2.4 9.9 + 2.2 –

Percentage of patients transfused in ICU 37% 44.1% 25% 53.4%

Mean transfusions per patient (units) 4.8 + 5.2 4.6 + 4.9 4.6 + 6.7 5.7 + 5.2

Mean pretransfusion hemoglobin (g/dL) 8.4 + 1.3 8.6 + 1.7 8.6 + 1.3 8.5 + 1.4

Mean ICU length of stay (days) 4.5 7.4 + 7.3 4.8 + 12.6 –

ICU mortality 13.5% 13% 22% 21.5%

Hospital mortality 20.2% 17.6% – –

Admission APACHE II (mean) 14.8 + 7.9 19.7 + 8.2 18 + 11 18.1 + 9.1

Data is expressed as mean + standard deviation.

Abbreviations: ABC, Anemia and Blood Transfusion in Critical Care; APACHE, Acute Physiology and Chronic Health Evaluation; ICU, intensive care unit;

TRICC, Transfusion Requirements in Critical Care.

Source: From Refs. 11–14, 188.
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anemia (15). Mean baseline Hb was 11.1 + 2.4 g/dL and
patients remained anemic throughout the study, with or
without transfusion (Fig. 1). Transfusions (mean, 5.8 + 5.5
units) were given to 55.4% of patients (43.8% had an ICU
LOS �7 days). Mean pre-transfusion Hb was 8.9 + 1.8 g/
dL. However, blood transfusion was also common in
patients with a Hb greater than 10 g/dL (Fig. 2). Compared
with the full study population, trauma patients were more
likely to be transfused (55.4% vs. 44%) and received an
average of one additional unit of blood.

Severe trauma is associated with major blood loss
leading to progressive anemia during fluid resuscitation.

An acute normocytic, normochromic anemia is associ-

ated with systemic blood loss. The degree of anemia cor-
relates directly with the volume of blood lost. Besides their
anemia resulting from early blood loss, trauma victims reg-
ularly exhibit persisting low red cell counts and low Hb
levels during their ICU stay, without necessarily having
ongoing bleeding.

In trauma, hemorrhagic shock and tissue injury
also result in an acute inflammatory response, and the
anemia associated with inflammation (or critical illness)

rapidly ensues. This was shown in a study of 23 patients
with severe trauma (injury severity score � 30) (16). Hb
levels were low on admission (mean, 10.0 g/dL; range,
6.8–12.9 g/dL) and did not increase to day 9. Serum EPO
levels were low (mean 49.8 U/L) on post-injury day 1 and
did not show significant increase thereafter. In contrast,
acute blood loss in healthy individuals and in animal
models leads within minutes to an increase in serum EPO;
these increased levels persist for at least one to two days,
stimulating erythropoiesis.

The normal inverse correlation between EPO and Hb
concentrations was missing in these trauma patients (Fig. 3).
Possible explanations for the inadequate EPO response in
trauma includes inflammatory mediators that inhibit EPO
(17), such as the cytokines IL-1a, IL-1b, and TNF-a, which sup-
press EPO gene expression and production. Table 2 shows the
time course of proinflammatory cytokines following severe
trauma. IL-6 levels are high at admission, and do not decrease
thereafter. Neopterin, a marker for the activation of the cellular
immune system known to suppress EPO production,
increased 4.3-fold. Furthermore, neopterin stimulates the
release of nitric oxide (suppressor of EPO production) by the
activation of inducible nitric oxide synthase. Thus, the
inadequate EPO response to anemia in severe trauma may
result from the systemic inflammatory response resulting
from trauma and its effects on inhibiting EPO production.

Anemia in trauma patients is also characterized
by disturbed iron homeostasis (Table 3). During the

Figure 1 Hemoglobin levels in the intensive care unit (ICU)

in trauma patients (n ¼ 576). Note that the largest drop in

hemoglobin occurred within the first four days of ICU stay.
�

The difference is significant at P , 0.0045 (using analysis of

variance and Bonferroni adjustment) compared with baseline.

†The difference is significant at P , 0.0045 (Bonferroni

adjustment) compared with previous ICU stay group.

Source: From Ref. 15.

Figure 2 Intensive care unit transfusion rates by baseline

hemoglobin levels in trauma patients (n ¼ 576). Note that a large

number of transfusions (in over 50% of trauma patients) were

administered when the hemoglobin concentration was .10 g/dL.
�

The difference is significant at P , 0.01 (Bonferroni

adjustment) compared with the first baseline hemoglobin group.

†The difference is significant at P , 0.01 (Bonferroni adjustment)

compared with the previous baseline hemoglobin group.

Source: From Ref. 15.

Figure 3 Semilogarithmic presentation of the exponential

increase in serum erythropoietin with the degree of anemia as

shown by the hemoglobin concentration in 63 subjects (normal

persons and patients with primary hemopoietic disorders;

triangles) and the missing correlation in the 23 multiple

traumatized patients (black dots; pooled data for all collection

times). Abbreviations: EPO, erythropoietin; hb, hemoglobin.

Source: From Ref. 17.
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inflammatory response, iron is incorporated into the storage
protein, ferritin, resulting in low serum Fe concentrations.
Serum Fe decreases on day two post-trauma, and remains
low, as do transferrin levels (17). Serum ferritin is already
elevated on admission and remains so until at least day
nine. Proinflammatory cytokines enhance iron uptake by
the reticuloendothelial system via enhanced transferrin-
receptor expression and stimulate the transcription of ferri-
tin, thus causing hypoferremia. Thus, this study shows
that anemia in severe trauma results from the interplay of
bleeding, blunted EPO response to low Hb levels, proinflam-
matory mediators, and a resulting hypoferremic state.
Anemia in trauma patients thus shares a common pathophy-
siology with anemia of chronic inflammatory disease.

A recent study examined bone marrow and hematopoie-
tic function in trauma patients (18). The mean Hb concen-
tration and reticulocyte counts of the trauma patients were
8.6+ 1.0 g/dL and 2.75+ 0.7%, respectively. Bone marrow
aspirates and peripheral blood were obtained between
day 1 and 7 following injury from 45 multiple trauma patients.
Normal volunteers served as controls. Peripheral blood and
bone marrow were cultured for various types of hematopoietic
progenitor cells. Bone marrow progenitor cells were reduced,
whereas peripheral blood progenitor cells were increased in
the trauma patients, compared with controls. Bone marrow
stroma failed to grow to confluence by day 14 in .90% of
trauma patients (confluent growth was always observed in
controls). This study thus identified profound changes in
bone marrow function after traumatic injury.

Anemia of Critical Illness
Several factors contribute to anemia in the ICU, including pre-
existing anemia, blood loss (e.g., GI bleeding), repeated phle-
botomy for diagnostic tests, reduced RBC life span, impaired
Fe/vitamin B12/folate availability, organ dysfunction (renal, T
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Figure 4 Reduced erythropoietin concentrations in critically

ill patients. Box and whisker plot of erythropoietin (EPO)

concentrations against time for all patients. Hollow circles

indicate outliers (cases with values of the variable between 1.5

and 3 times the length of the corresponding box for that day

and group); filled circles indicate extreme values (cases with

values greater than three times the corresponding box for that

day and group). Abbreviation: ARF, acute renal failure. Source:

From Ref. 10.
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hepatic), and direct inhibition of erythropoiesis by inflamma-
tory cytokines (19,20). Biochemical and clinical markers of sys-
temic inflammation include proinflammatory cytokines and
multiple organ dysfunction syndrome (MODS), respectively.
The pathogenesis of anemia in nontraumatized critically ill
patients is complex, and generally is a mix of ACD and contin-
ued blood loss from GI sources and phlebotomy.

Phlebotomy is a significant contributor to ICU-
acquired anemia. A recent prospective observational
study of 1136 patients from 145 European ICUs demon-
strated that the average total volume of blood drawn per
patient was 41.1 mL during a 24-hour period (mean
volume per blood draw, 10.3 mL) (21). A positive correlation
between organ dysfunction and the number of blood draws
(and total volume drawn) was shown. An earlier study (22)
documenting an even greater daily blood draw (61–70 mL)
found that phlebotomy accounted for half the variation in
amount of RBCs transfused.

A blunted EPO response was observed in 36 critically
ill, non-hypoxic patients who stayed more than seven days
in an ICU (though not in the non-septic subgroup with
preserved renal function) (23). Thus, EPO deficiency can
contribute to ICU-acquired anemia.

A blunted EPO response is commonly seen in cri-
tically ill or injured patients. This blunted EPO response
is not age-dependent, as it is also seen in pediatric ICU
patients (24). Serum EPO concentrations in the acutely
anemic group were significantly lower than in the chroni-
cally anemic group, and were similar to levels in the
critically ill control and acutely hypoxemic groups.

Similar to the findings in trauma patients, the blunted
endogenous EPO response in critically ill patients is due to
the inflammatory response. Abnormal cytokine elaboration
has been associated with diseases associated with hematopoie-
tic insufficiency and anemia (25,26). ACD, commonly observed
in patients with chronic infections, malignancy, trauma, and
inflammatory disorders, is a well-known clinical entity.
Recent evidence shows that the inflammatory cytokine IL-6
induces production of hepcidin, an iron-regulatory hormone
that may account for some features of this disorder (27).

Recent evidence suggests an association between the
activation of the immune system and the development of
anemia in critically ill patients. Similar to events that occur
in trauma, immune activation induces oxidative stress and
leads to a shift of Fe from the circulation into storage sites,
thus decreasing bioavailability of free Fe for erythropoiesis.
Moreover, released proinflammatory cytokines inhibit ery-
throid precursor cells and reduce the formation of EPO.
The combination of low EPO values (for the degree of
anemia), increased production of proinflammatory cyto-
kines, and low serum Fe despite adequate stores that is
characteristic of ACD has been identified in patients with
the anemia of critical illness.

Anemia of Chronic Disease
ACD is encountered frequently in surgery and critical

care, and may exacerbate acute anemia associated with
trauma and hemorrhage. This condition is common,
and is most often associated with inflammatory processes
(infectious and non-infectious), renal failure, and malig-
nancy. Laboratory and histological features include normo-
cytic and normochromic (or slightly hypochromic) indices
and RBC morphology; reduced serum Hb, Fe and TIBC;
and normal or increased serum ferritin (reflecting normal
or increased Fe stores).T
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Repletion of serum Fe does not improve ACD,
whereas rHuEPO may benefit. The best treatment is to
cure or control the underlying disease.

The pathogenesis of ACD involves decreased RBC life
span, inadequate erythropoiesis due to inflammatory
mediator release, and decreased release of Fe from macro-
phages. Hepcidin is an acute-phase reactant that could be
a key mediator of ACD. It is an antibacterial protein pro-
duced in the liver that can be found in blood or urine, and
that participates in host defense. Recent studies demonstrate
that hepcidin is a key regulator of Fe balance in the intestinal
mucosa, and that abnormalities in hepcidin gene expression
are associated with clinical abnormalities in Fe parameters
and, in some cases, with anemia (28).

Anemia Associated with Renal Disease
Most patients with renal failure have associated normochro-
mic anemia (approximate 2 g/dL Hb decrease for a
10 mmol/L increase in blood urea). Reduced EPO pro-
duction by the kidneys is the major explanation for
decreased RBC production. Uremia also shortens RBC life
span, perhaps related to abnormal RBC morphology (spur
and burr cells). RBC levels of 2,3-diphosphoglycerate (2,3-
DPG) and uremic acidosis shift the Hb dissociation curve
to the right, accounting for only mild symptoms in relation
to the degree of anemia. Exacerbation of anemia due to Fe
deficiency (e.g., blood losses during hemodialysis or bleed-
ing secondary to platelet dysfunction), folate deficiency,
and/or aluminum excess (inhibitor of erythropoiesis) are
all contributory. Treatment with rHuEPO after repletion of
Fe and folate can correct the anemia.

Increased cardiac output induced by anemia is associ-
ated with left ventricular hypertrophy and cardiac disease in
renal patients (29). Impaired endothelium-induced vasodila-
tion, impaired angiogenesis, and atherosclerosis can result.

Anemia Associated with Cardiac Disease
Anemia occurs in 10% to 20% of patients with chronic heart
failure (30), compromising oxygen-carrying capacity and con-
tributing independently to increased mortality. Causes of
anemia include ACD, decreased EPO production (renal insuf-
ficiency), and perhaps other poorly defined mechanisms.
Treatment with rHuEPO and Fe improves symptoms and
exercise capacity (31). rHuEPO supplementation also
improves the functional capacity of the failing myocardium,
and potentially reverses detrimental myocardial remodeling,
thereby reducing mortality and morbidity among patients
receiving maximal pharmacologic therapy for heart failure.

Anemia Associated with Liver Disease
Mild macrocytic anemia is associated with chronic liver
disease. Contributing factors include blood loss (increased
bleeding tendency) and deficiency of vitamin K, Fe, and/or
folate. Hemolytic anemia can be seen in end-stage liver
disease, Wilson’s disease, or due to (autoimmune hemolysis)
in some patients with chronic hepatitis. Aplastic anemia
rarely complicates acute viral hepatitis.

Anemia Associated with Thyroid Disease
Thyroxine augments EPO and thus thyroid disease
associated with decreased thyroxine can result in a macrocy-
tic anemia. Thyroxine therapy benefits the anemia and often
reduces the MCV. In addition autoimmune thyroiditis is
associated with anemia (see Volume 2, Chapter 52).

ADAPTATION AND RESPONSE TO ANEMIA

The physiological response to anemia is dictated by the
etiology and rapidity of onset of the anemia and the age and
general state of health of the patient. The cardiovascular
compensation for anemia involves tachycardia and
increased stroke volume, coordinated with vascular
changes serving to boost preload. Peripheral resistance
may be decreased and oxygen extraction from Hb increased
to augment tissue oxygen delivery (29). Immunological com-
pensation includes cytokine and neuroendocrine changes.
Hypoxia inducible factors are associated with the transcrip-
tional activation of genes involved in these adaptive mech-
anisms (29). At the red cell level, anemia is associated with
an increase in 2,3-DPG and a shift of the O2 dissociation
curve to the right so that oxygen is delivered to tissues expe-
ditiously.

Inducing acute severe isovolemic anemia (Hb about
5 g/dL) in 95 healthy, unmedicated volunteers (32) reveals
an inverse linear relationship between heart rate and Hb
concentration that exhibits greater slope among females.
The relationship between anemia and heart rate resembles
that found in conscious dogs, but differs from the pattern
reported in anesthetized humans, in which either no
change or a decreased heart rate is seen.

A study (33) compared 41 elderly patients (mean
age 70 years) with chronic severe anemia (mean Hb
6.3 g/dL) and no history of cardiac disease with 63
healthy age- and sex-matched controls. Although heart
rates were similar between patients and controls, mean
arterial blood pressures were significantly lower in the
anemic patients (92.7 vs. 102.1 mmHg, P , 0.001). No
patient had congestive heart failure (CHF). Thus, in the
absence of cardiac disease, chronic severe anemia is well
tolerated by the aging heart.

In general, more rapid onset of anemia causes more
symptoms, as the compensatory physiological processes
have less time to adapt. Although symptoms are uncommon
until the Hb falls below 9 to 10 g/dL, older patients may be
quite symptomatic at these levels. In contrast, gradual onset
of anemia in a young, otherwise healthy patient may not
produce symptoms and signs even with a Hb of 6.0 g/dL.

Anesthesia reduces the typical cardiac output
response to anemia (34). Anesthetized patients have signifi-
cantly smaller increases in cardiac index (resulting from
increased stroke volume), whereas awake patients have
increases both in heart rate and in stroke volume (34).

The normal physiologic response to anemia is to
increase erythropoiesis, a complex process regulated by EPO,
an erythropoietic hormone primarily produced (90%) in the
peritubular interstitial cells of the kidney in response to low
tissue oxygen tension. EPO stimulates erythropoiesis by
shifting hematologic progenitor cells towards greater
production of erythrocytes, resulting in expansion of marrow
eythroid cells, which in extreme states of chronic anemia can
lead to erythropoiesis even within extramedullary sites.

Adaptation to anemia and hypoxia results in the
induction and regulation of a number of physiologically rel-
evant genes in response to changes in intracellular oxygen

tension. These include genes encoding EPO, vascular
endothelial growth factor, and tyrosine hydroxylase.
Studies on the regulation of the EPO gene have provided
insights into the common mechanism of oxygen sensing
and signal transduction, leading to activation of the
hypoxia-inducible transcription factor 1 (HIF-1) (35).
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ANEMIA AND PATIENTOUTCOME

Anemia adversely affects patient mortality and
morbidity. However, in many critically ill populations,
transfusions are associated with worse outcomes than
occurs in anemic patients who are not transfused (see
later). Patient outcomes will be reviewed by specific
patient group.

TRAUMA

A study of over 15,000 trauma patients found that anemia
(Hct , 36%) was an independent risk factor for blood trans-
fusion, mortality, ICU admission and LOS, hospital LOS
after controlling for indices of shock and blood product
transfusion (36).

A prospective observational cohort study of 550 hip
fracture surgery patients found anemia (Hb ,12.0 g/dL) in
40.4% of patients on admission, in 45.6% at the presurgery
nadir, rising to 93.0% at the postsurgery nadir, and in
84.6% near discharge (37). In multivariate analyses, higher
Hb levels on admission were associated with shorter LOS
and lower odds of death and readmission. Previous
studies in hip fracture patients revealed similar findings (38).

Critical Care
Anemia is associated with adverse outcome in critically ill
patients, but it remains uncertain whether adverse outcomes
are related to anemia alone, or to the resulting use of blood
transfusions.

The CRIT study evaluated the association of anemia to
outcome in critically ill patients (12). Baseline Hb in ICU
patients was related to the number of RBC transfusions but
was not an independent predictor of LOS or mortality.
However, a nadir Hb concentration of ,9 g/dL was a pre-
dictor of increased LOS and mortality.

In the ABC trial, anemia was associated with adverse
outcome. The 28-day survival curves differed significantly
by admitting Hb category in transfused patients (Kaplan–
Meier log rank ¼ 30.3, P , 0.001), but not in nontransfused
patients (11). Moreover, mortality rates were higher in trans-
fused than in nontransfused patients at every Hb category.

Surgery
In the largest study of surgical patients, prospective data
from the National Veterans Administration Surgical Quality
Improvement Program identified a high rate of perioperative
anemia in 6301 noncardiac surgical patients over a five-year
period (39). Preoperative anemia (Hct , 36%) was found in
33.9% and postoperative anemia was found in 84.1% of the
study cohort. Multiple logistic regression analysis documen-
ted that low preoperative Hct, low postoperative Hct, and
increased blood transfusion rates were associated with
increased mortality (P , 0.01), increased postoperative
pneumonia (P , 0.05), and increased LOS (P , 0.05).

Prior studies in surgical patients documented similar
findings. A retrospective cohort study in surgical patients
(n ¼ 1958) who declined blood transfusion for religious
reasons documented a higher mortality associated with pre-
operative anemia (40). The overall 30-day mortality was
3.2% (95% CI 2.4–4.0); however, the mortality was only
1.3% (0.8–2.0) in patients with preoperative Hb 12 g/dL or
greater, but 33.3% (18.6–51.0) in patients with preoperative

Hb less than 6 g/dL. The increase in risk of death with
anemia was more pronounced in patients with cardiovascu-
lar disease. The effect of blood loss on mortality was greater
in patients with low preoperative Hb. Thus, decisions about
blood transfusion in the perioperative period should con-
sider cardiovascular status in addition to Hb levels and oper-
ative blood loss.

Geriatrics
The appropriateness of using WHO criteria for anemia
(Hb ,12 g/dL for women; ,13 g/dL for men) in older
populations is debatable, as the incidence of anemia rises
with age (41). Additionally, anemia is more often sympto-
matic in the elderly, and is associated with increased mor-
tality in people more than 85 years of age (42). A
retrospective review of 900 long-term residents in skilled-
nursing facilities (median age 82 years) that applied the
WHO criteria for anemia found a prevalence of 48%, with
a higher hospitalization rate among those with more
severe anemia (43).

Chronic Heart Failure
Anemia is also common in chronic forms of CHF, and is
more frequent in patients with more severe CHF (44).
Patients with both CHF and anemia have a poorer quality
of life, reduced exercise tolerance, higher hospital admission
rates, and other adverse outcomes. Although treatment of
anemia can result in improved symptoms, it may also
provoke hypertension or thrombosis in this patient
population.

A recent prospective study of 912 patients, the Ran-
domized Etanercept North American Strategy to Study
Antagonism of Cytokines (RENAISSANCE) trial, investi-
gated the relationship between anemia, CHF severity, and
clinical outcomes (45). Anemia (Hb �12.0 g/dL) was
present in 12% of subjects. Regression analysis indicated
that for every 1 g/dL-higher baseline Hb, the risk of mor-
tality was 15.8% lower (P ¼ 0.0009) and the risk of mortality
or hospitalization for CHF was 14.2% lower (P , 0.0001).
Greater CHF severity was associated with lower Hb concen-
trations. Investigations of a 69 patient subgroup who under-
went cardiac MRI (at randomization and 24 weeks later)
showed an increase in Hb over time associated with a
decrease in left ventricular mass and lower mortality,
whereas a decrease in Hb over time associated with an
increase in left ventricular mass and higher mortality. In
multivariate analysis, anemia remained a significant, inde-
pendent predictor of death or hospitalization for CHF.

Acute Ischemic Cardiac Disease
The impact of anemia in patients with acute myocardial
infarction (MI) undergoing percutaneous coronary interven-
tion (PCI) was recently evaluated (46). In the Controlled
Abciximab and Device Investigation to Lower Late Angio-
plasty Complications (CADILLAC) trial, 2082 patients with
MI undergoing primary PCI were randomized to balloon
angioplasty versus stenting, each with or without abciximab.
Outcomes were stratified by presence of anemia at baseline
(WHO criteria). Anemia was present in 12.8% of randomized
patients. Patients with baseline anemia more frequently
developed in-hospital hemorrhagic complications (6.2% vs.
2.4%, P ¼ 0.002), had higher rates of blood transfusions
(13.1% vs. 3.1%, P , 0.0001), and had prolonged (median
4.1 vs. 3.5 days, P , 0.0001) index hospitalization. Anemic
patients also had higher mortality during hospitalization
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(4.6% vs. 1.1%, P ¼ 0.0003), at 30 days (5.8% vs. 1.5%,
P , 0.0001), and at one year (9.4% vs. 3.5%, P , 0.0001),
as well as higher rates of disabling stroke at 30 days (0.8%
vs. 0.1%, P ¼ 0.005) and at one year (2.1% vs. 0.4%,
P ¼ 0.0007). Anemia independently predicted in-hospital
(hazard ratio, 3.26; P ¼ 0.048) and one-year mortality
(hazard ratio, 2.38; P ¼ 0.016).

Anemia is also an independent risk factor for mortality
in patients requiring PCI, based on a study (47) examining
outcomes of 6116 patients in relation to the pre-procedural
Hb value. Anemia was associated with higher 30-day
major adverse cardiac events, greater post-PCI peak tropo-
nin and creatine kinase-MB fraction, and longer LOS. The
adverse impact of anemia on survival was observed irre-
spective of whether patients presented with stable or
unstable angina, or with MI.

A recent study (48) examining the relation between
blood transfusion and mortality among patients with acute
coronary syndrome (ACS) raises concerns about possible
adverse consequences of transfusion. The post hoc analysis
included 24,112 enrollees in three large international clinical
trials of ACS patients, of whom 2401 (10.0%) received at least
one blood transfusion. Patients who underwent transfusion
were older and had more comorbid illness at presentation.
They also had a significantly higher unadjusted 30-day mor-
tality rate (8.0% vs. 3.1%; P , 0.001) and MI rate (25.2% vs.
8.2%; P , 0.001), compared with patients who did not
undergo transfusion. The relationship between blood trans-
fusion and increased mortality persisted after adjustment for
other predictive factors. Given the limitations of post hoc
analysis, a randomized controlled trial (RCT) of transfusion
strategies is warranted. However, routine use of blood to
maintain an arbitrary Hct level in a stable patient with
ischemic heart disease probably should be avoided.

Chronic Renal Disease
Anemia is strongly associated with morbidity and mortality
in hemodialysis patients, as documented in the Dialysis
Outcomes and Practice Patterns Study (DOPPS) (49). The
DOPPS study also documented inconsistencies in anemia
management practices, despite availability of consensus
guidelines. Greater efforts to attain the recommended Hb
concentrations may improve patient outcomes, as with
rHuEPO therapy. For example, a RCT of early versus
deferred initiation of rHuEPO in non-diabetic patients with
chronic renal insufficiency and anemia (50) found that
early treatment (50 U/kg/wk of rHuEPO alpha aiming for
Hb �13 g/dL) significantly slowed the progression of renal
disease compared with later therapy (initiated only when
the Hb fell to ,9 g/dL).

Malignancy
Anemia is highly prevalent in patients with cancer, in part
because of anti-cancer therapy. The resulting decrease in
oxygen carrying capacity of blood manifests as fatigue,
dyspnea, palpitations, anorexia, cold hypersensitivity, and
general weakness (51).

Anemia in cancer patients correlates with poor
clinical outcome, including reduced tumor response to anti-

cancer therapy and mortality. Since anemia compromises
both quality of life and survival, effective and well-tolerated
treatment strategies are needed (52). A Cochrane meta-
analysis of 19 RCTs of rHuEPO involving 2865 cancer
patients showed improved survival with rHuEPO. A more
recent meta-analysis of nine RCTs of epoetin beta

(n ¼ 1413) suggested that this therapy may reduce tumor
progression, but had no favorable survival effect (52).
Unlike the potential survival benefit of rHuEPO, blood
transfusion has not been shown to improve patient survival.

PREVENTION OFANEMIA
Control of Hemorrhage

Cessation of active bleeding is a key component in the
prevention of anemia due to acute hemorrhage. Maneu-
vers associated with control of active hemorrhage can be life-
saving. Most often, hemorrhage is controlled by direct digital
or hand compression of bleeding soft tissue and/or control
of a distinct bleeding vessel. Definitive control often requires
more advanced procedural or surgical intervention. Recently
there has been increased interest in other methods of hemor-
rhage control, including pharmacological approaches.

Tourniquets
The most widely used mechanical systems incorporate use
of a tourniquet. The use of tourniquets in the prehospital
setting is primarily associated with the military, rather
than the civilian, emergency medical system, primarily due
to the longer medical evacuation times in the military
(particularly during battle), and the increased frequency of
life-threatening extremity wounds in recent armed conflicts.

A four-year retrospective analysis of tourniquet appli-
cations by Israeli Defense Force soldiers demonstrated that a
total of 78% of applications were effective, with higher
success rates for medical staff compared with soldiers (53).
These researchers concluded that tourniquet application is
an effective method for preventing exsanguination in the
military prehospital setting. One-handed tourniquets have
recently been developed.

Recent experience with elastic adhesive dressings for
the treatment of bleeding wounds in trauma patients has
demonstrated efficacy in emergency situations (54). A
similar elastic bandage was used to avoid fasciotomy in
treating upper extremity compartment syndrome (55). Tour-
niquets are also used for elective surgery when limited blood
flow to an extremity is needed.

Damage Control and Packing
Damage control surgery, such as packing liver injuries, limits
bleeding and permits resuscitation “catch-up,” and helps to
protect against anemia (56). Damage control concepts,
including early control of hemorrhage and delay of defini-
tive treatment or reconstruction, have now been applied to
areas of trauma care beyond abdominal injuries, including

treatment of thoracic injuries where hemorrhage control is
quickly established (57,58) (Volume 1, Chapter 21
reviews the concepts and application of damage control).

Angiographic Embolization
Angiographic embolization is an adjunctive strategy to treat
hemorrhage from injured organs (e.g., liver, spleen) and
pelvic fractures (59–61). It is safe and effective for controlling
bleeding after blunt and penetrating intra- and retroperito-
neal injuries.

Pharmacological Interventions
Pharmacologic agents that inhibit fibrinolysis (aprotinin,
e-aminocaproic acid, tranexamic acid) or increase von
Willebrand factor release (desmopressin) are used to
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decrease bleeding and blood product use in selected clinical
settings. For example, aprotinin is well-established in redu-
cing bleeding with cardiac surgery (62). Tranexamic acid
was shown to reduce blood loss by 30% and drainage
volume by 50%, with reduced transfusion requirements, in
a study of knee arthroplasty (63). However, particularly in
settings of acute trauma, interest in recent years has
focused on recombinant factor VIIa (rFVIIa).

rFVIIa is approved for treatment of bleeding in hemo-
philia patients with inhibitors to factors VIII and IX. It is also
used during surgery in these patients to control hemorrhage
(64–66). Hemostasis is initiated by formation of a complex
between tissue factor (TF), exposed by blood vessel wall
injury, and activated FVII (FVIIa), normally present in circu-
lating blood (66). TF-FVIIa complexes then convert FX to FXa
on TF-bearing cells; FXa then activates prothrombin to
thrombin, with thrombin clotting fibrinogen, activating
several coagulation factors (VIII, V, XI), and activating plate-
lets. The activated platelets undergo a conformational
change, and form a template for coagulation factor assembly
and full thrombin generation, which is needed to produce
the fibrin component of the hemostatic plug. If thrombin
generation is impaired, the fibrin plugs are loose and per-
meable, and readily dissolved by normal fibrinolytic activity.
The addition of rFVIIa normalizes fibrin clot permeability in
vitro and tightens the fibrin structure (66,67).

Recently, rFVIIa was found to be efficacious in both
surgical and trauma patients with profuse bleeding
(68–73). It has also been used to correct warfarin-related coa-
gulopathy in preparation for emergency surgery (74,75).
Based upon its mechanism of action, it is expected that its
hemostatic effects are mainly limited to the site of injury,
without systemic activation of coagulation (76). rFVIIa also
appears to be efficacious in moderate hypothermia, but not
in severe acidosis (72,77).

rFVIIa demonstrated a significant reduction of perio-
perative blood loss in patients undergoing radical retropubic
prostatectomy (78). Median perioperative blood loss was
1235 mL and 1089 mL in groups given rFVIIa 20 and
40 mg/kg, respectively, compared with 2688 mL in placebo
controls ( P ¼ 0.001). Seven of twelve placebo-treated
patients were transfused, whereas none who received
40 mg/kg rFVIIa needed blood.

Trauma-associated bleeding can be reduced by rFVIIa
(68,69). Seven massively bleeding, coagulopathic, multi-
transfused trauma patients treated with rFVIIa (median,
120 mg/kg) achieved cessation of diffuse bleeding, reduction
in blood requirements, and shortening of prothrombin and
activated partial thromboplastin times (68). Similar results
were seen in 19 critically-ill, multi-transfused trauma
patients (70), as well as in a series of 21 Australian patients
with life-threatening hemorrhage due to trauma or surgery
(79). Few thrombotic events directly attributable to rFVIIa
have occurred. rFVIIa also has been shown to correct the
coagulopathy associated with traumatic brain injury
more effectively than plasma infusion, allowing for earlier
placement of invasive monitors (80). Animal models of
hemorrhagic shock indicate that early rFVIIa administration
decreases bleeding and improves survival without produ-
cing thrombosis in vital organs (65,81,82).

Recently, results of an international multicenter,
double-blind, placebo-controlled RCT of rFVIIa in trauma
(n ¼ 301) were reported (83). Patients with blunt or penetrat-
ing trauma requiring transfusion of eight units RBC were
randomized to three infusions of rFVIIa (200, 100, and
100 mg/kg) or placebo at entry, one hour and three hours.

In blunt trauma, after excluding early deaths, rFVIIa resulted
in a significant decrease in the number of RBC transfusions
within 48 hours, and a trend to reduced MOF and ARDS.

Topical Fibrin Sealant
Fibrin sealant (FS) is a prohemostatic agent initially created
by combining human fibrinogen concentrate with thrombin
solutions containing calcium (84). More recent products also
contain factor XIII and aprotinin. The components are com-
bined and applied to tissue with instantaneous formation
of a coagulum. The fibrinogen is obtained from single
donor plasma. FS can be applied topically or injected into
organ parenchyma.

FS has been used to control bleeding in trauma and
surgery patients for many years (85). Animal studies demon-
strate effective hemostasis of superficial and deep hepatic
injuries (86–90), control of arterial injuries without compro-
mising blood flow (91), and control of renal bleeding (92).
Dry FS dressings provide rapid hemorrhage control and
improved survival in swine with grade V liver injuries
(93). Clinical studies suggest efficacy in trauma as well
(84,94,95). FS use in thermally-injured patients led to
reduced need for blood transfusion (96). A multicenter
trial of FS for topical hemostasis in skin grafting demon-
strated its safety and suggested it may have contributed to
accelerated scar maturation (97).

FS has demonstrated efficacy in a multitude of surgical
procedures. It has been used to seal esophageal, gastric,
colonic, or rectal anastomoses, and provided a 41%
reduction in incidence of air leakage when added to suture
lines in patients undergoing pulmonary resection (98). It
has been utilized to seal cerebrospinal fluid leaks in neuro-
surgery, and has attenuated bleeding after dental extraction
(98). Endoscopic injection of FS was superior to sclerother-
apy in a RCT of 805 patients with bleeding peptic ulcer
(98). FS was found to be a safe, simple and efficacious endo-
scopic treatment option in patients with gastric variceal
bleeding (99). FS also has been shown to decrease blood
loss and transfusion requirements in major joint replacement
surgery (100–102). FS was more effective than bipolar or
needle point coagulation for hemostasis in tonsillectomy
and adenoidectomy (103).

Reduction of Blood Loss Due to Phlebotomy
Multiple studies have documented that ICU patients are
phlebotomized about 40 to 70 mL/day (11,104). Repeated
phlebotomy for diagnostic laboratory testing contributes
significantly to blood loss in critically ill patients.
Simple strategies to reduce such blood loss include the use
of blood conservation devices, low-volume adult (or pedi-
atric) sampling tubes, and minimizing diagnostic testing.

A RCT in 100 medical ICU patients found that a blood
conservation device incorporated into the arterial pressure
monitoring system reduced the total volume of discarded
blood from 103.5 + 99.9 mL to 19.4 + 47.4 mL (P , 0.0001)
(105). Discarded blood volume proved to be an independent
predictor of Hb concentration decline.

A survey of 280 ICUs throughout England and Wales
found that few measures were taken to reduce diagnostic
blood loss from arterial blood sampling (106). The average
volume of blood withdrawn to clear the arterial line before
sampling was 3.2 mL, which was subsequently returned to
the patient in only 18.4% of ICUs. Specific measures to
reduce the blood sample size by the routine use of pediatric
sample tubes occurred in only 9.3% of adult ICUs. In
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pediatric ICUs, the average volume withdrawn was 1.9 mL,
which was routinely returned in 67% of units.

Strategies to reduce blood loss related to diagnostic
phlebotomy, including use of pediatric tubes, low-volume
adult tubes, and blood conservation devices, should be
implemented in all ICUs, thereby reducing the incidence of
anemia and need for blood transfusion (107).

Prophylaxis for Stress-Related Mucosal Damage
GI bleeding in ICU patients, both occult and overt, is com-
monly related to stress-related mucosal disease (SRMD),
representing a continuum ranging from stress-related
injury (superficial mucosal damage) to stress ulcers (focal
deep mucosal damage) (108,109). Pharmacologic prophy-
laxis to prevent SRMD includes histamine-2-receptor antag-
onists, proton pump inhibitors, sucrulate, misoprostol,
enteral nutrition, and antacids, though few modern ICUs
still use anatacid titration approaches.

Patients with coagulopathy and respiratory failure are
at highest risk for SRMD. Other risk factors include head and
spinal cord injury, multiple trauma, sepsis, and steroid
therapy. All high-risk patients should be started on enteral
nutrition as soon as possible and receive concomitant
pharmacologic prophylaxis (see Volume 2, Chapter 30).

TREATMENTOFANEMIA
Correction of Nutritional Deficiencies
When present, correction of nutritional deficiency (Fe, folate,
or B12) is imperative to correct the anemia.

Erythropoietin
Recombinant human erythropoietin (rHuEPO) rapidly

produces erythropoiesis, and is used for treatment of

anemia and to reduce the need for RBC transfusions.
The use of rHuEPO is approved by the FDA for treatment of
anemia in many patients, including those with renal
disease, cancer, HIV, and before surgery. Treatment with
rHuEPO should be supplemented with Fe and vitamin C
for optimal efficacy. The first prospective study evaluating
rHuEPO in critically ill patients was conducted in trauma
patients with MODS (110). Patients received either 600 IU/
kg intravenous rHuEPO three times weekly (n ¼ 9) or saline
control (n ¼ 10). Whereas serum EPO concentrations in con-
trols remained low, the active treatment group achieved
pharmacologic EPO blood levels, and showed significantly
increased reticulocyte counts compared with controls and
baseline. Subsequently, several RCTs have evaluated
rHuEPO for treating anemia in critically ill patients. The
studies vary with respect to rHuEPO (and concurrent Fe)
dosing, patient characteristics, and transfusion thresholds.

In 1999, the first large-scale RCT (n ¼ 160) of rHuEPO
for preventing anemia in critically ill patients was published
(111). Study drug (300 units/kg of rHuEPO or placebo) was
given by subcutaneous injection beginning ICU day three
and continuing daily for five days; subsequently, dosing was
every-other-day (target Hct .38%), with study drug given a
minimum of two weeks (or until ICU discharge) up to six
weeks post-randomization. This study demonstrated that
rHuEPO decreased by 50% the number of packed red blood
cells (PRBCs) transfused (166 vs. 305 units) and increased the
HCT compared to placebo, without increase in adverse events.

The response to rHuEPO was carefully evaluated
in a study of 36 anemic ICU patients in a single-center,

open-label trial (112). The patients were divided into three
groups: one group received rHuEPO (epoetin alfa, 300 IU/
kg subcutaneously) plus intravenous Fe on days 1, 3, 5, 7,
and 9, another group received intravenous Fe alone, and
the third group (controls) received no additional therapy
(all patients received folate). Serum EPO concentrations
were inappropriately low for the degree of anemia at base-
line irrespective of renal status. EPO concentrations
increased among rHuEPO-treated patients from 23+13 to
a maximum of 166 + 98 IU/L on day 10 (P , 0.05). The reti-
culocyte count increased exclusively in the rHuEPO group
from 56 + 33 � 109/L to a maximum of 189 + 97 on day 13
(P , 0.05). Serum transferrin receptor levels rose only in
the rHuEPO group, indicating increased erythropoiesis.
Interestingly, this study identified an increased zinc
protoporphyrin concentration in the rHuEPO group,
suggesting iron deficiency, despite the concurrent Fe
supplementation.

The efficacy of weekly rHuEPO administration to
decrease RBC transfusion was examined in a large multi-
center RCT (113). ICU patients (n ¼ 130) expected to be in
the ICU for at least two days were randomized to receive
either 40,000 IU of rHuEPO or placebo. rHuEPO was
started on day 3 and doses continued weekly for a total of
three doses (patients remaining in the ICU on day 21
received a fourth dose). Patients treated with rHuEPO
were less likely to undergo transfusion compared with
placebo (50.5% vs. 60.4%; P , 0.001), with an overall 19%
reduction in total units of RBCs transfused (1590 vs. 1963
units) and reduction in RBC units transfused per day alive
(ratio of transfusion rates, 0.81). Increase in Hb from baseline
to study end was greater in the rHuEPO group (1.32 vs.
0.94 g/dL; P , 0.001). Mortality (14% for rHuEPO and 15%
for placebo) and adverse clinical event rates did not differ,
however. The lower efficacy of rHuEPO in reducing blood
transfusion in this study (113) [19% vs. 50% reduction
(111)] could be due to the shorter study duration (28 vs. 42
days), lower rHuEPO dose (40,000 IU weekly), and inclusion
of a transfusion protocol.

rHuEPO treatment can cause hypertension, particu-
larly in uremic patients (29). Potential explanations include
increased blood viscosity, reversal of hypoxic vasodilation,
increased blood volume, and impaired nitric oxide syn-
thesis. Antibody-associated pure red-cell aplasia (PRCA)
has also been reported as a rare but serious adverse event
(114). Between January 1998 and April 2004, 175 cases of
rHuEPO-associated PRCA were reported for Eprex, 11
cases for Neorecormon (a formulation of epoetin beta), and
five cases for Epogen. Over half occurred in France,
Canada, the United Kingdom, and Spain. After adoption of
procedures to ensure appropriate storage, handling, and
administration of Eprex, the exposure-adjusted incidence
decreased by 83% worldwide.

Blood Transfusion
The transfusion of ABO/Rhesus-matched PRBCs is the
mainstay of therapy for many anemic patients.

Transfusion Triggers
In the late 1990s, research trials were undertaken to deter-
mine the optimal Hb/Hct level at which transfusion of
blood products should occur. Too often, ICU patients
received blood transfusions based on an arbitrary transfu-
sion trigger or simply a “below normal” Hb level rather
than a physiological need for blood (104).
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One of the earliest studies evaluating physician
response to various Hb levels divided the patient population
into three groups based on the following Hb levels: 7.5 to 7.9,
7.0 to 7.4, and ,7.0 g/dL (115). Approximately the same
number of patients was transfused in each group. Patients
in the progressively more anemic groups received slightly
more transfused units and the post-transfusion Hb increase
was higher in more anemic patients. The physicians sur-
veyed indicated that the Hb critical limit could be lowered
without adverse consequence. These investigators con-
cluded that the transfusion trigger and low critical limit for
Hb are distinct entities (115).

In 1999, the Canadian Critical Care Trials Group pub-
lished the results of the only RCT, named the Transfusion
Requirements in Critical Care (TRICC) trial (117), which
compared two transfusion “triggers” with the primary out-
comes of mortality and severity of organ dysfunction. Criti-
cally ill patients (n ¼ 838) with euvolemia after initial
treatment for Hb concentrations less than 9 g/dL within 72
hours following ICU admission were enrolled. Patients
were randomized to a restrictive strategy of transfusion, in
which PRBCs were transfused if the Hb concentration
dropped below 7 g/dL, with Hb maintained at 7 to 9 g/dL,
or to a liberal strategy, in which transfusions were given
when the Hb fell below 10 g/dL, and Hb concentrations
maintained at 10 to 12 g/dL. Overall, there was a trend to
lower 30-day mortality in the restrictive transfusion strategy
group (18.7% vs. 23.3%, P ¼ 0.11). Moreover, mortality was
significantly lower with the restrictive strategy among less
acutely ill patients (APACHE II score of �20; 8.7% vs.
16.1%, P ¼ 0.03) and in patients less than 55 years of age
(5.7% vs. 13.0%; P ¼ 0.02), but not among patients with clini-
cally significant cardiac disease (20.5% vs. 22.9%; P ¼ 0.69).
The in-hospital mortality rate was significantly lower in
the restrictive strategy group (22.3% vs. 28.1%, P ¼ 0.05).
In a post hoc analysis of 257 patients with severe ischemic
heart disease, there were no statistically significant differ-
ences in any survival measures; the restrictive group had a
lower, but nonsignificant, absolute survival rate compared
with patients in the liberal group (117). A restrictive strat-
egy of red cell transfusion is at least as effective as and
probably superior to a liberal transfusion strategy in criti-
cally ill patients, with the possible exception of patients
with acute MI or unstable angina.

Subsequent analysis of the TRICC trial patient cohort
requiring mechanical ventilation (n ¼ 713) found no evi-
dence that a liberal PRBC transfusion strategy for treating
anemia decreased the duration of mechanical ventilation
(118). Similarly, analysis of the cohort of trauma patients in
the TRICC trial showed no significant differences in mor-
tality, MODS severity or change, or in ICU or hospital LOS
(119). Nevertheless, the number of PRBCs transfused per
patient was significantly less in the restrictive transfusion
group (2.3 + 4.4 vs. 5.4 + 4.3; P , 0.0001), indicating that a
restrictive PRBC transfusion strategy appears safe for criti-
cally ill trauma patients.

A meta-analysis (120) of 10 trials with 1780 patients
demonstrated that restrictive transfusion strategies reduced
PRBC transfusion by 42% (mean, 0.93 units per patient).
Mortality, cardiac events, and hospital LOS were unaffected.
The authors conclude that the use of restrictive transfusion
triggers is appropriate in patients free of serious cardiac
disease, although they cautioned that most of the data
were generated by one trial.

Most stable critically ill patients can probably be
managed using a restrictive transfusion strategy (121).

Indeed, abnormally high Hb levels may be detrimental in
the critically ill patient. High Hb levels upon entry into the
ICU were associated with increased mortality, increased inci-
dence of MI, and with more severe left ventricular dysfunc-
tion in 2202 cardiac patients who underwent coronary artery
bypass graft surgery (CABG) (122). In contrast, low intra-
operative HCT (,0.22) was associated with stroke, MI,
sepsis, and MODS in another study (123), indicating the
need for further studies of optimal transfusion thresholds
(124). Despite studies supporting a transfusion threshold
between 7 and 8 g/dL for most patients, actual clinical prac-
tice continues to vary widely (125).

Correcting decreased oxygen delivery by transfusing
an anemic patient has been hypothesized to help in
weaning from mechanical ventilation. However, Hebert
et al. (118) found that a liberal transfusion strategy did not
decrease the duration of mechanical ventilation.

Nontraditional Transfusion Triggers
The concept of a viscosity trigger has been evaluated. Theor-
etically, hemodilution to a Hb level of 7 to 8 g/dL might not
compromise oxygen delivery and consumption; however,
the corresponding reduced blood viscosity might not trans-
mit adequate pressure to the capillaries, causing functional
capillary density (FCD) to decrease and jeopardizing organ
function through the inadequate extraction of products of
metabolism from the tissue by the capillaries (126). Previous
studies in hemorrhagic shock have demonstrated that
survival is primarily determined by maintenance of FCD
and secondarily by tissue oxygenation; thus, increasing
plasma viscosity may extend the transfusion trigger and
reduce the use of blood transfusions.

The use of an oxygen extraction ratio of 50% as a
transfusion trigger has been shown to lead to a reduction
in allogeneic blood transfusion in postoperative CABG
patients (127). Oxygen saturation may also be used as a
transfusion trigger. A recent study using near-infrared
spectroscopy measured regional Hb oxygen concentration
from the cerebral cortex and gastrocnemius muscle, as well
as arterial oxygen saturation, end-tidal carbon dioxide
tension, mean arterial pressure, and Hb concentration, in
patients undergoing acute normovolemic hemodilution
(128). Hb concentration and blood loss volume correlated
with both cerebral cortex and gastrocnemius oxygen
saturation.

Complications Associated with Utilization of
Blood Products

The transfusion of blood products has been associated

with worse clinical outcome in numerous studies
(36,129,130). One explanation could be transfusion-
induced immunomodulation (131), such as decreased
T-cell-mediated immunity (132) observed with both autolo-
gous and allogeneic blood (133). Blood transfusion is associ-
ated with an increase in serum and soft tissue tumor necrosis
factora (TNF-a), interleukin (IL)-1b, IL-6, IL-8, and other
cytokines and their soluble receptors (134–138). Blood trans-
fusion enhances inflammatory mediator release from normal
neutrophils incubated with plasma from stored blood (139).
Cardiac surgery patients demonstrated increased levels of
IL-6 and bactericidal permeability increasing protein in
relation to the number of PRBCs transfused (135). Release
of IL-8, IL-1b, and TNF-a and secretory phopholipase is
amplified by older (.14 days) blood (140).
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Transfusion of blood products in the perioperative
period has also been associated with cancer recurrence, as
demonstrated in patients undergoing hepatic resection for
hepatocellular carcinoma (141), and those undergoing colon
cancer resection. In this latter group, perioperative blood trans-
fusion was associated with a significant decrease in overall sur-
vival (3 years vs. 4.6 years for non-transfused patients) (142).

Blood transfusion is associated with
increased risk for death, perioperative infection, MODS,
and ICU admission in the trauma patient population
(129,143–146). Blood transfusion within the first 24
hours of admission was a significant independent risk
factor for SIRS, mortality, and ICU admission and LOS in
9569 acute trauma patients (147). Age (.15 days storage)
of blood was also an independent predictor of increased
ICU admission and LOS and hospital LOS in a study evalu-
ating .15,000 acute trauma patients (148).

Blood product age correlates with mortality in
patients admitted to the ICU with severe sepsis. In one
study (149), the median age of blood was 17 days for survi-
vors versus 25 days for non-survivors. Age of blood was also
associated with worse outcome in a study of 416 patients
(269 transfused) who underwent CABG (150). The risk of
postoperative pneumonia increased 1% per day of increase
in mean storage time of PRBCs and increased 5% per unit
of PRBCs or platelets transfused.

Blood transfusion is associated with increased risk for
infection. In a study of trauma patients, transfusion of
PRBCs within the first 48 hours of admission was associated
with an increase in infection rate (33.0% for patients receiv-
ing at least one blood transfusion vs. 7.6% in patients not
transfused) (146). Transfusion was associated with a 1.35-
fold increased risk for bacterial infection and a 1.52-fold
increased risk for pneumonia in a retrospective cohort
study of 9598 consecutive hip fracture patients who under-
went surgical repair (144). A dose–response relationship
between blood transfusion, bacterial infection, and pneumo-
nia was also observed. Allogeneic blood transfusion was a
dose-dependent, independent predictor of postoperative
bacterial infection and mortality in a prospective analysis
of 1349 patients (282 transfused) who underwent colorectal
surgery (151). Transfused medical-surgical ICU patients
had a significantly higher rate of nosocomial infections
when 1717 patients were stratified for severity of illness,
age, and gender (145). A dose–response relationship was
established between number of units of PRBCs transfused
and risk for nosocomial infection. The odds of infection
were increased by a factor of 1.5 for each unit of blood trans-
fused. In another cohort study of 738 surgical patients, trans-
fusion of four or more units led to an increased risk for
severe postoperative infection and nosocomial pneumonia
(152). Preoperative anemia and intraoperative blood transfu-
sion were independent predictors of postoperative pneumo-
nia in 6301 non-cardiac surgical patients in a prospective
observational trial (153).

Leukodepletion
Leukocytes present in RBC and platelet concentrates have
been implicated in several immunological and infective
complications of blood transfusion (154). Transfusion can
result in persistent survival of donor leukocyte subpopu-
lations in the recipient (microchimerism), a phenomenon
that likely reflects engraftment within the recipient of
donor hematopoietic stem cells. Microchimerism is very
uncommon following transfusion for elective surgery,

sickle cell anemia, thalassemia, and HIV, but occurs signifi-
cantly more often in trauma patients. A recent prospective
study of 45 transfused trauma patients found that 53% had
evidence of microchimerism by polymerase chain reaction
(155). The long-term sequelae of microchimerism in trauma
patients are unknown.

Leukodepletion is a process whereby filtration is used
to remove the vast majority of white blood cells from blood
products, typically resulting in less than 5 � 106 residual leu-
kocytes per transfused unit. This is typically accomplished
soon after collection (prestorage leukodepletion), although
it can be done at the bedside. However, bedside leuko-
filtration can be associated with bradykinin-induced hypo-
tension (156) that results when platelets are exposed to
negatively charged leukocyte filters.

In a recent study evaluating leukodepletion filters,
IL-8 levels were lower on storage days 1 and 35 in filtered
concentrates compared with control (unfiltered) counter-
parts (157). In another study, leukodepletion during
CABG led to reduced need for blood transfusion and crystal-
loid infusion in the postoperative period compared to
controls (158).

Whether or not universal leukoreduction of blood pro-
ducts should be performed is controversial. The largest RCT
of universal leukodepletion failed to establish efficacy (159).
Patients (n ¼ 2780) received either unmodified blood com-
ponents or stored leukocyte-reduced RBCs and platelets.
Three prespecified primary outcome measures did not differ
between the leukodepletion and control groups (respectively),
namely in-hospital mortality (9.0 vs. 8.5% control; P ¼ 0.64),
hospital LOS post-transfusion (median days, 6.3 vs. 6.4;
P ¼ 0.21), and total hospital costs (median, $19,200 vs.
$19,500; P ¼ 0.24). Secondary outcomes (ICU LOS, postopera-
tive LOS, antibiotic usage, and readmission rate) also did not
differ. Subgroup analysis based on patient age, gender,
amount of blood transfused, or type of surgery showed no
effect. However, patients receiving leukodepleted blood had
a lower incidence of febrile reactions ( P ¼ 0.06).

Saline Washing
Saline washing refers to rinsing of donor RBCs in isotonic
sodium chloride, thereby depleting the PRBCs of leukocytes,
microaggregates and nearly all of the plasma (160). The
optimal number of washings needed is controversial. One
study that measured total protein, immunoglobulin levels,
and complement factor C3 content, along with RBC osmotic
fragility in whole blood washed anywhere from one to six
times (161) found that protein, immunoglobulin, and C3
levels decreased precipitously after the first two washing pro-
cedures, without significant effect from subsequent washes.
Interestingly, more washes were needed when storage time
was greater. RBC osmotic fragility increased with each wash
and with greater storage time. These researchers concluded
that optimal results were obtained when a one to two week
old unit of whole blood was washed two to three times. As
the immunomodulatory effects of RBC transfusion include
neutrophil priming for cytotoxicity (an effect exacerbated by
longer storage times), post-storage saline washing abrogates
neutrophil priming (162).

Hemoglobin-Based Oxygen Carriers
Increasing demand for blood products and safety con-

cerns have stimulated the search for alternative erythrocyte
transfusion strategies such as the development of hemo-

globin-based oxygen carriers (HBOCs) (163,164).
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Several unforeseen adverse effects have kept blood substi-
tutes “out of reach” (165). Agents under investigation are
pathogen-free, have acceptable side effect profiles, and
long shelf lives. Two HBOCs include polymerized bovine
Hb (HBOC-201, Hemopure, Biopure Corporation, Cam-
bridge, MA) and human polymerized Hb (PolyHeme,
Northfield Laboratories, Evanston, IL).

Hemopure ^Polymerized Bovine Hemoglobin
(Hemoglobin-Based Oxygen Carriers-201)
Phase III trials with polymerized bovine Hb demonstrate
that allogeneic blood transfusions can be reduced in
certain perioperative settings (166,167). This product has
also been used to enhance oxygen delivery in a severely
anemic Jehovah’s Witness pending response to high-dose
rHuEPO (168). HBOC can reach post-stenotic or other
poorly perfused tissues where erythrocytes cannot pass,
thus enhancing tissue oxygenation (163). Compared with
PRBC transfusion, low doses of HBOC-201 maintained
enhanced oxygen extraction after extended hemodilution,
and provided a faster and higher increase in muscular
tissue PO2 in animal studies (169).

PolyHemeçPolymerized Human Hemoglobin
PolyHeme is a chemically-modified Hb solution derived
from outdated human blood developed as an alternative to
transfused blood (170). As single Hb molecules are toxic to
the kidneys and cause vasoconstriction, the Hb molecules
are polymerized to create small chains of linked tetramers.

Initial studies of PolyHeme demonstrated that it was
safe when used in patients with acute blood loss, reducing
the use of allogeneic blood (171). In a recent RCT, PolyHeme
given in lieu of PRBCs to trauma patients requiring urgent
transfusion avoided the neutrophil priming seen in other
patients who had received PRBCs (172). Utilization of Poly-
Heme could therefore decrease risk for MODS in this patient
population.

Another recent study comparing survival in 171 trauma
or urgent surgical patients with life-threatening anemia given
PolyHeme to historical controls (300 similarly anemic patients
refusing transfusion) found increased survival with Poly-
heme (173). Johnson et al. (174) measured serial pro- and
anti-inflammatory cytokine levels in critically injured patients
resuscitated either with PRBCs or with PolyHeme, and found
higher cytokine levels among patients who received PRBCs,
with exaggerated levels of these cytokines associated with
adverse outcomes.

EYE TO THE FUTURE

Continued advances are being made in the pathogenesis,
diagnosis, and treatment of anemia associated with trauma
and critical illness, including the development of nontrans-
fusional therapies.

Hepcidin
Hepcidin is a recently discovered hepatic peptide that regu-
lates intestinal absorption and placental transport of Fe. It
probably also affects release of Fe from hepatic stores and
from macrophages involved in the recycling of Fe from
Hb. Hepcidin is a key mediator of hypoferremia of inflam-
mation, contributing to pathogenesis of ACD (175). The
inflammatory cytokine IL-6 induces production of hepcidin

(Fig. 5). Studies of human liver cell cultures, mice, and
human volunteers indicate that IL-6 is the necessary and suf-
ficient cytokine for the induction of hepcidin during inflam-
mation, indicating that the IL-6-hepcidin axis is responsible
for the hypoferremia of inflammation (176).

Decreased hepcidin leads to tissue Fe overload, while
hepcidin overproduction causes hypoferremia and ACD. Fer-
roportin is an Fe exporter present on the surface of absorptive
enterocytes, macrophages, hepatocytes, and placental cells. A
recent study determined that hepcidin is bound to ferroportin
in tissue culture cells (177). Following binding, ferroportin
was internalized and degraded, leading to decreased export
of cellular Fe. The post-translational regulation of ferroportin
by hepcidin may thus complete a homeostatic loop whereby
Fe regulates secretion of hepcidin, which in turn controls
the concentration of ferroportin on the cell surface.

If inflammatory induction of hepcidin causes hypo-
ferremia, it is logical to predict that inhibition of hepcidin
expression or activity would ameliorate the anemia of
inflammation. Would that be advantageous? We know that
patients and mice lacking hepcidin have increased intestinal
Fe absorption and increased serum Fe, and this is unlikely to
be harmful in the short term. However, there may be cause
for concern in patients with infections or malignancy, as
decreased serum Fe contributes to host defense against
invading pathogens and tumor cells, while hepcidin itself
has antimicrobial properties (178).

‘‘Old’’ Blood and Free Hemoglobin
Increased blood storage time leads to increased hemolysis,
producing free Hb within the unit of PRBC. Stroma-free
plasma Hb rapidly destroys nitric oxide by oxidation to
met-Hb and nitrate ions (Fig. 6). Cell-free Hb, due to its
low molecular weight, may also diffuse into extravascular
spaces where it can bind nitric oxide as well. Limited nitric
oxide bioavailability under these conditions promotes sys-
temic vasoconstriction and organ dysfunction.

Similarly, first-generation HBOCs were associated
with adverse events, including severe hypertension
and renal failure as a result of severe vasoconstriction
due to nitric oxide binding by cell-free Hb monomers
and dimers.

Under normal circumstances, confinement of Hb
within RBCs reduces the rate of reaction of Hb with nitric
oxide by a factor of 1000 or greater, because the RBC mem-
brane creates a barrier to the diffusion of nitric oxide. Further-
more, in rapidly flowing arterial blood, the streaming of
plasma along the endothelium separates nitric oxide from

Figure 5 Hepcidin and the anemia of critical illness.

Regulation of hepcidin production in inflammation. Inflammation

leads to macrophage elaboration of IL-6, which acts on hepatocytes

to induce hepcidin production. Hepcidin inhibits macrophage iron

release and intestinal iron absorption, leading to hypoferremia.

Source: From Ref. 178.

974 Malone and Napolitano



much of the red cell mass, thereby reducing its contact with
oxy-Hb. Further study is needed to optimize methods to
reduce storage-associated hemolysis, or to remove free Hb.

Prehospital Trials of Hemoglobin-Based
Oxygen Carriers
The management of uncontrolled bleeding in trauma
patients is difficult in the prehospital setting. Current pre-
hospital therapies (low volume resuscitation, compression
of external bleeding sites, mobilization of fractures to
reduce bleeding) do not include blood transfusion due to
logistics and storage. HBOCs exhibit many desirable charac-
teristics that make them potential therapeutic agents in
this setting. These compounds do not need cross-matching,
have favorable oxygen dissociation characteristics, long
half-lives, do not transmit infectious disease, appear less
immunoreactive than blood, and do not require refriger-
ation. An RCT in the prehospital setting has been initiated,
entitled “A Phase III, Randomized, Controlled, Open-Label
Multicenter, Parallel Group Study Using Provisions for
Exception from Informed Consent Requirements Designed
to Evaluate the Safety and Efficacy of Poly SFH-P Injection
[Polymerized Human Hemoglobin (Pyridoxylated) PolyHe-
mew] When Used to Treat Patients in Hemorrhagic
Shock Following Traumatic Injuries Beginning in the
Prehospital Setting.”

In this study, patients in hemorrhagic shock will begin
to receive either the standard of care with crystalloid fluid
resuscitation (control) or PolyHeme. Treatment would
begin before arrival at the hospital, and continue during a
12-hour post-injury period. In the hospital, patients in the
control group will receive crystalloid for resuscitation and
blood transfusion if necessary, as required. Patients in the
treatment group will receive crystalloid for resuscitation
and PolyHemew instead of blood transfusion. The
maximum dose of PolyHeme will be six units during the
first 12 hours. Blood will be used thereafter, if oxygen deliv-
ery levels need to be increased. Information regarding
this trial is available at http://www.northfieldlabs.com/
amb_trial.html.

Similarly, plans are underway to conduct an RCT of
Hemopure for out-of-hospital resuscitation of patients with
severe hemorrhagic shock. Entitled “Restore Effective Survival
in Shock” (RESUS), the trial is intended to support an indi-
cation for out-of-hospital military and civilian trauma appli-
cations. The scientific advisory committee for this protocol
includes Navy, Army, and Air Force medical researchers and
academic experts in trauma, emergency medicine, critical
care, and statistics. Because the proposed RESUS protocol
involves waiver of patient informed consent (WIC), regu-
lations require the submission of a separate investigational
new drug application (IND). Once a new IND is assigned
and the final protocol is agreed upon with the FDA, the parti-
cipating hospitals’ internal review boards must approve the
protocol. This process may require obtaining separate
approvals at each trial site for the WIC community notification
program, which begins prior to patient enrollment, and for the
actual initiation of patient enrollment. Further information
regarding this study is at http://www.biopure.com/shared/
home.cfm?CDID=2&CPgID¼19.

Recombinant Human Hemoglobin
A considerable problem with human or bovine HBOCs is
procuring an adequate supply, since human HBOC derives
from outdated human blood, and bovine HBOC is made

Figure 6 A model of the interactions of nitric oxide with

erythrocytes (RBCs) and cell-free hemoglobin in an arterial blood

vessel. The diagram illustrates the major processes regulating

nitric oxide (NO) levels in blood vessels during pharmacologic

NO delivery (left), under normal conditions (center), and

under pathologic conditions, such as acute or chronic

hemolysis (right). The overall blood-vessel NO concentration

is depicted by the width of the blue band above the vessel.

Within the vessel, smooth-muscle cells and a layer of

endothelial cells are shown. Under normal conditions (center),

NO produced by endothelial NO synthase with arginine as a

substrate (and also producing citrulline) diffuses into smooth

muscle to activate soluble guanylyl cyclase (sGC) to form

cyclic guanosine monophosphate and thus maintain basal

vascular tone. Intravascular destruction of NO by

intraerythrocytic hemoglobin is limited by diffusional barriers in

the red-cell–free layer adjacent to the endothelium and factors in

and around the erythrocyte membrane that slow nitric oxide transit.

Note shading around the RBCs and endothelium. However, suffi-

cient NO is consumed to limit its activity to the local environment.

When NO is administered by inhalation or infusion (left), high

intravascular nitric oxide concentrations promote nitric oxide

reactions, with erythrocyte hemoglobin and plasma proteins

that can either protect it, thereby promoting systemic

vasodilatation, or destroy it. Possible mechanisms of protection

and delivery of nitric oxide from iron-nitrosyl hemoglobin

(FeII-NO) and S-nitrosohemoglobin (b-cys93-SNO) within

erythrocytes and from plasma nitric oxide species (including

nitric oxide gas [NO2], plasma SNO, and nitrite ions [NO2
–])

are shown, as are conditions that may promote these reactions,

including low oxygen tension ( # PO2) and low pH ( # pH).

Of considerable recent interest is the possible bioactivity of

nitrite ions, since they can be converted to nitric oxide by

enzymatic reactions (including by xanthine oxidoreductase or

heme proteins) or nonenzymatic reactions. The extent to

which these processes occur in normal physiology is not yet

clear. During hemolysis (right) or the infusion of

hemoglobin-based blood substitutes, cell-free ferrous

hemoglobin (shown as a protein tetramer with one FeII-O2

molecule) in the plasma rapidly destroys nitric oxide by

being oxidized to methemoglobin (FeIII) and nitrate

ions. Owing to its low molecular weight, cell-free

hemoglobin (especially as a dimer subunit) may diffuse

into extravascular spaces. Limited nitric oxide

bioavailability under these conditions promotes systemic

vasoconstriction and organ dysfunction.

Source: From Ref. 189.
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from a U.S. cattle source. The recent development of a
recombinant human Hb (rHb 2.0) that has reduced reactivity
with nitric oxide is exciting, since it would potentially
provide limitless HBOC supply.

A recent study evaluated the efficacy of this second-
generation HBOC for resuscitation in a swine model of
uncontrolled perioperative hemorrhage (179). After instru-
mentation, animals underwent splenectomy and rapid
hemorrhage to a systolic blood pressure of 35 mmHg and
isoelectric electroencephalography; 15 minutes of shock
was followed by resuscitation over 30 minutes. rHb2.0 for
injection performed as well as heterologous blood, did not
cause sustained pulmonary hypertension, maintained ade-
quate cardiac output and oxygen delivery, and was superior
to either LR or the first-generation HBOC, diaspirin-
cross-linked Hb. No human studies of rHb2.0 have yet
been undertaken.

Perfluorocarbons
Significant efforts have been made over the past 70 years to
find an oxygen-carrying solution that could substitute for
blood (180). During this time, the focus has shifted to devel-
oping a solution capable of delivering oxygen to the tissues.
Perfluorocarbons (PFCs) are highly inert solutions with a
high solubility for all gases, making them a prime candidate
to become such an oxygen delivery agent. Although
research efforts with these agents continue, the rapid disap-
pearance of emulsified PFCs from the vascular space, and
their accumulation in the liver and spleen, limit their useful-
ness as transfusion substitutes.

Because of their ability to dissolve significant quan-
tities of oxygen and carbon dioxide, these agents may be
more attractive as oxygen delivery agents during periods
of local or global organ ischemia, including preservation
of organs for transplantation. PFCs have also been
tested in animal models of cardiopulmonary bypass,
and may be efficacious in adsorbing the gases present
in air emboli.

Recently a second class of oxygen therapeutics (allo-
steric modifiers) has been developed, and these agents
enhance oxygen delivery by shifting the oxygen dissociation
curve to the right, thus increasing tissue PO2. Allosteric
modifiers have been shown to shift the p50 of Hb
10 mmHg at clinically relevant dosages, reduce (in animal
models) cerebral infarct size following carotid ligation, and
improve myocardial performance following myocardial
ischemia. Despite significant research efforts, however,
none of the solutions under development are currently
approved for clinical use, with the exception of myocardial
contrast imaging agents.

The oxygen transport capacity of PFCs was recently
investigated in the hamster chamber window model microcir-
culation to determine the rate at which oxygen is delivered to
the tissue in conditions of extreme hemodilution (Hct ¼ 11%)
(181). It was found that systemic and microvascular oxygen
delivery was 25% and 400% higher in the PFC animals com-
pared with Hydroxyethylstarch (HES) control animals,
respectively, showing that PFCs deliver oxygen to the tissue
when combined with hyperoxic ventilation in the present
experiments, with no evidence of vasoconstriction or impaired
microvascular function. Oxygen ventilation (100%) led to a
positive base excess for the PFC group (5.5 +2.5 mmol/L)
versus a negative balance (20.8 + 1.4 mmol/L) for the HES
group, suggesting that microvascular findings corresponded
to systemic events.

Liposome-Encapsulated Hemoglobin and
Hemoglobin Vesicles
Besides HBOCs and PFCs, liposome-encapsulated Hb, Hb
with low oxygen affinity (P50 ¼ 40–50 mmHg), and Hb ves-
icles (phospholipid vesicles encapsulating concentrated
human Hb) are candidate blood substitutes (182).

Animal studies have documented that hemodilution
with liposome-encapsulated low-oxygen-affinity Hb facili-
tates rapid recovery from incomplete forebrain ischemia in
the rat (183). On the basis of circulation kinetics, the half-
life of 99mTc-LEH in blood was determined to be 30 and
39.8 hours in rats and rabbits, respectively (184). Most
recently, the effect of hemodilution with NeoRedCell
(NRC, liposome-encapsulated Hb) on myocardial perfusion
was evaluated in rat hearts under 300 bpm pacing and
100 mmHg perfusion pressure (185). The results suggested
that NRC is superior to erythrocytes in terms of the
homogenization of oxygen delivery, indicating its potential
therapeutic value in myocardial microcirculatory failure.

Hb vesicles are produced from outdated human blood,
and are stable in long-term storage, with a Hb concentration
of 8.6 g/dL. Hb vesicles are similar to RBCs, since both have
lipid bilayer membranes that prevent direct contact of Hb
with endothelium and scavenging of nitric oxide. The
oxygen transport capacity of phospholipid vesicles encapsu-
lating purified Hb produced with a P50 of 8 mmHg and
29 mmHg were investigated in the hamster chamber window
model using microvascular measurements to determine
oxygen delivery during extreme hemodilution (186). This
study documented that improved tissue PO2 was obtained
when red blood cells deliver oxygen in combination with an
oxygen carrier with high rather than low oxygen affinity.

In a recent study using a rat hemorrhagic shock model,
resuscitation with Hb-vesicle suspended in recombinant
human serum albumin (HbV/rHSA) at an Hb concentration
of 8.6 g/dL was compared with shed autologous blood (187).
HbV suspended in rHSA provided restoration from hemor-
rhagic shock comparable with that using shed autologous
blood.

SUMMARY

Anemia is a common problem in trauma and critical care, and
has significant consequences, including the high prevalence
of blood transfusion and associated adverse outcomes. In
trauma and critical care, multiple strategies for preventing
anemia, including reduction in diagnostic phlebotomy,
pharmacologic prophylaxis for stress-related mucosal
damage and GI bleeding, and efforts to reduce blood loss in
renal replacement therapy should be initiated. Furthermore,
the use of blood transfusion for treatment of anemia should
be considered only for manifestations of physiologic intoler-
ance of anemia. Alternatives to blood transfusion are under-
going active investigation, including rHuEPO and HBOCs.

KEY POINTS

Anemia is common in the intensive care unit (ICU), and
blood transfusions are often used to treat anemia in
critical care.
Low Hb concentration typically accompanies a
decreased red blood cell (RBC) count and a decrease
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in packed cell volume, although these indices may be
normal in an anemic patient with low Hb levels alone.
Symptoms are dictated by the etiology, severity, and
chronicity of the anemia.
Evaluation of red cell indices is the most clinically
relevant measurement tool.
Laboratory evaluation of nutritional deficiencies that
cause anemia should also be considered.
The endogenous hormone erythropoietin is critical for
the normal blood marrow response to anemia.
It is important to understand the epidemiology of
anemia in trauma and critical care in order to appreci-
ate the large numbers of patients that require treatment
for anemia.
An acute normocytic, normochromic anemia is associ-
ated with systemic blood loss.
In trauma, hemorrhagic shock and tissue injury also
result in an acute inflammatory response, and the
anemia associated with inflammation (or critical
illness) rapidly ensues.
Phlebotomy is a significant contributor to ICU-acquired
anemia.
A blunted erythropoietin response is commonly seen in
critically ill or injured patients.
Anemia from chronic disease is encountered frequently
in surgery and critical care, and may exacerbate acute
anemia associated with trauma and hemorrhage.
The physiological response to anemia is dictated by the
etiology and rapidity of onset of the anemia and the age
and general state of health of the patient.
Adaptation to anemia and hypoxia results in the induc-
tion and regulation of a number of physiologically rel-
evant genes in response to changes in intracellular
oxygen tension.
Anemia adversely affects patient mortality and morbidity.
Anemia in cancer patients correlates with poor clinical
outcome, including reduced tumor response to antican-
cer therapy and mortality.
Cessation of active bleeding is a key component in the
prevention of anemia due to acute hemorrhage.
Damage control concepts, including early control of
hemorrhage and delay of definitive treatment or recon-
struction, have now been applied to many areas of
trauma care other than laparotomy and solid organ
injuries, including treatment of thoracic injuries where
hemorrhage control is quickly established.
Repeated phlebotomy for diagnostic laboratory testing
contributes significantly to blood loss in critically ill
patients.
Recombinant human erythropoietin (rHuEPO) rapidly
produces erythropoiesis, and is used for treatment
of anemia and to reduce the need for red blood cell
transfusions.
A restrictive strategy of red cell transfusion is at least as
effective as and probably superior to a liberal transfu-
sion strategy in critically ill patients, with the possible
exception of patients with acute MI or unstable angina.
The transfusion of blood products has been associated
with worse clinical outcome in numerous studies.
Blood transfusion is associated with increased risk for
death, perioperative infection, MODS, and ICU admis-
sion in the trauma patient population.
Blood product age correlates with mortality in patients
admitted to the ICU with severe sepsis.
Increasing demand for blood products and safety
concerns have stimulated the search for alternative

erythrocyte transfusion strategies such as the develop-
ment of hemoglobin-based oxygen carriers (HBOCs).
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PLATELET PHYSIOLOGY
Platelet Production
Normal Platelet Count Range

The normal platelet count is generally between 150 and
400 � 109/L. Although this is a wide normal range, the plate-
let count tends to remain fairly constant during the lifetime

of an individual (1). However, as will be discussed later,
the normal platelet count range is much higher (about
250–1000 � 109/L) during the second week following an
acute, reversible thrombocytopenia (2), because of transient
platelet overproduction (“post-thrombocytopenia thrombo-
cytosis”; discussed below).

The Megakaryocyte
Platelets originate from megakaryocytes, the largest cells
resident within the bone marrow. Although platelets consti-
tute about 5% of circulating blood cells, megakaryocytes are
relatively infrequent, making up only 0.05% of nucleated
marrow cells (3). However, each of the 40 million mega-
karyocytes can make 2000 to 3000 platelets (4). As
the average human has about one trillion circulating plate-
lets, and another one-half trillion platelets exchangeably
sequestered within the spleen, the normal 10-day platelet
survival indicates that about 150 billion platelets are manu-
factured daily. Normal platelet survival is approximately

10 days.
Megakaryocytes develop in stages (5): the earliest

committed megakaryocyte precursor in adult marrow is
the burst-forming unit-megakaryocyte, followed by the
colony-forming unit-megakaryocyte. These progenitor
cells, which cannot be recognized morphologically, represent
intermediate stages between the multipotential stem cell and
megakaryocytes. Subsequent intermediate stages (mega-
karyoblast, basophilic megakaryocyte) can be identified
morphologically.

Megakaryocytes are large multilobed cells that average
35 mm in diameter (6). They exhibit a unique biologic process
known as endomitosis, that is, repeated nuclear replication in
the absence of cytoplasmic division, leading to polyploidy.
Although present in largest numbers within the marrow,
megakaryocytes are also found in extravascular sites, such
as the spleen and lungs.

Complex cytoplasmic changes occur during mega-
karyocyte development. The most unique and dramatic is

the formation of extensive tubular, membrane-like orga-
nelles (the demarcating membrane system), which are
involved in platelet formation (7). Microtubule bundles
form within the megakaryocyte to create organelle-contain-
ing extensions called proplatelets. The demarcation
membranes act as a reservoir, continuously providing mem-
brane for the growing cytoplasmic proplatelet projections,
which ultimately form both the internal (open canalicular
system) and external platelet membranes (8). Specific plate-
let granules that contain adhesive and other platelet proteins
are also formed.

Megakaryocytes are located in the extravascular
marrow space. To what extent platelets are released from
megakaryocytes directly into the marrow sinuses, versus
release of intact proplatelets that subsequently fragment
into platelets, and to what extent such fragmentation
might occur in the circulation outside the marrow—or
even within the pulmonary capillary bed (9)—remain
uncertain.

Platelet Heterogeneity
Platelets exhibit remarkable size heterogeneity (10). The
normal platelet size histogram is right-skewed, that is,
there is a prominent “tail” of large-sized platelets. This size
distribution can be normalized statistically by converting
the platelet volume determinations to log values (“log-
normal distribution”) (10). Platelet size can change some-
what under different situations: for example, animal
models of acute thrombocytopenia demonstrate rapid
increase in mean platelet volume (MPV) that indicates the
capacity to modify platelet production rapidly (11). Platelets
are also heterogeneous with respect to activation response to
chemical agonists (12,13).

Platelet Distribution
Although the spleen normally receives only 5% of the
cardiac output, at any one time about one-third of the circu-
lating platelets are present within the spleen (splenic
“sequestration” or “pooling”) (14,15). This relationship is
explained by the relatively long splenic transit time (about
10 minutes) (16) compared with the average time a platelet
takes to traverse other organs during the average circulatory
pass (only about 1 minute) (Fig. 1).
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Normally, about one-third of the circulating plate-
lets are exchangeably sequestered within the spleen;
increased spleen size leads to greater splenic pooling and
thus thrombocytopenia (“hypersplenism”).

In pathologic states associated with splenomegaly, the
splenic pool contains up to 70% or more of the platelet mass
(hypersplenism). Two factors determine the extent of splenic
pooling (17): splenic blood flow and splenic transit time. The
most important determinant of splenic blood flow is the
spleen size, and the most important determinant of splenic
transit time is splenic perfusion (spleen blood flow/spleen
volume) (16–18). However, as disorders that alter splenic
transit time (e.g., congestive heart failure, rheumatologic dis-
orders) usually have counterbalancing effects on splenic
blood flow (17), in practical terms, spleen size correlates
well with splenic platelet pooling. Thus, radiologic
imaging of spleen size is indicated when assessing
whether thrombocytopenia is caused by hypersplenism. A
more recent concept is that reduced hepatic production of
thrombopoietin (TPO) also contributes to the thrombo-
cytopenia of hypersplenism secondary to liver disease (19).

Thrombopoietin
Thrombopoietin Structure, Regulation, and Function
Cytokines such as granulocyte-macrophage colony-
stimulating factor and interleukin-3 (IL-3), and hormones,
notably TPO (20), maintain the platelet count under tight
regulatory control. TPO, which was cloned in 1994, consists
of a 353-amino acid polypeptide, including a 21-amino
acid secretory leader sequence, a 155-amino acid amino
(N)-terminal domain, and a 177-amino acid carboxyl (C)-
terminal domain. The N-terminal region has extensive hom-
ology with erythropoietin, and is responsible for binding of
TPO to its cellular receptor. The C-terminal region, which
has no homology with any known protein, is responsible
for the long elimination half-life (30 hours), which exceeds
that of any other hematopoietic factor.

TPO exhibits relative specificity for the megakaryocyte
lineage of hematopoietic stem cells. TPO binds a specific recep-
tor (c-Mpl) on megakaryocytes and platelets (20). TPO binding
to megakaryocyte receptors leads to megakaryocyte differen-
tiation and proliferation. In contrast, binding of TPO to platelet
receptors results in the degradation of TPO and its removal
from circulation. Basal levels of TPO are produced constitu-
tively by the liver (major source) and kidneys, which results
in a constant level of TPO under steady-state conditions
(Fig. 2) (21,22). During thrombocytopenia, the decreased plate-
let mass results in higher levels of free TPO, stimulating mega-
karyocytes to proliferate, differentiate, and shed new platelets.
In thrombocytosis, the increased platelet mass acts as a “sink”
for TPO and blood levels of the hormone decline. Thus, TPO
concentrations are inversely related to platelet and megakaryo-
cyte mass, forming a primitive feedback loop.

During thrombocytopenic “stress,” TPO can also be
produced to a minor extent by the bone marrow and
spleen (23). Thus, both constitutive and inducible TPO pro-
duction elements contribute to platelet count regulation.
TPO also “primes” platelets, making them more sensitive
to platelet agonists (24).

Perhaps surprisingly, TPO levels are decreased in
chronic platelet destructive disorders, such as chronic
immune thrombocytopenic purpura (ITP), even when the
platelet count is very low (25). It appears that the high
platelet turnover in these disorders, which are characterized
by increased megakaryocyte mass and increased platelet
production, leads to considerable removal of TPO from the
circulation, despite the chronic thrombocytopenia. In con-
trast, TPO levels are high in thrombocytopenic patients
with megakaryocyte hypoplasia, for example, aplastic
anemia, postchemotherapy, or postradiation therapy.

Post-thrombocytopenia Thrombocytosis
The primitive TPO feedback loop (Fig. 2) ensures that acute
thrombocytopenia associated with trauma, whether caused

Figure 1 Physiologic and pathologic platelet splenic sequestration. Normally, about 5% of cardiac output is to the spleen; however, a

platelet that enters the spleen spends about 10 minutes there (splenic transit time �10 minutes). In contrast, it usually takes only about one

minute for a platelet to make a circulatory pass elsewhere. Thus, about one-third of the platelets at any one time are located within the spleen:

(5% � 10 minutes):(95%�1 minutes), or a �1:2 ratio. In hypersplenism, the splenic blood flow can increase by a factor of 5, that is,

from 5% to 25% of total blood flow per minute. Thus, even without increase in splenic transit time, up to 70% or more of the platelets

can be exchangeably sequestered within the spleen.
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by fluid resuscitation (hemodilution) and/or effects of the of
the injury itself (DIC), leads to transient increase in blood
TPO levels (about two-fold) (26). Because of the prolonged
biological effects of TPO—due to its long elimination half-
life (�30 hours) and its stimulation of both primitive and
mature thrombopoietic cells—this acute thrombocytopenia
will generally be followed by increased platelet count pro-
duction that is first evident three to four days post-trauma,
when the platelet count is first observed to begin to increase
from the post-trauma nadir usually seen on day 2 or 3. Sub-
sequently, thrombocytosis results, with the peak platelet
count observed about 12 to 14 days post-trauma. At this
point, the elevated platelet numbers lead to decreased TPO
levels, reduced platelet production, and the platelet count
returns to the normal baseline by about 3 weeks post-
trauma (Fig. 2). If the platelet count fails to follow this
normal recovery pattern, it often indicates complications of
trauma, e.g., septicemia or SIRS.

Acute decrease in the platelet count in trauma
leads to increase in TPO levels. The long half-life of TPO
(30 hours) and its effects on early megakaryocyte progeni-
tors mean that this trauma-associated thrombocytopenia
is invariably followed by thrombocytosis from day 7 to 21

(peak, days 12–14), unless clinical complications lead to
ongoing platelet consumption.

Therapy with Thrombopoietin
Two forms of TPO have undergone clinical investigation:
(a) TPO (full-length polypeptide) and (b) a truncated form
consisting only of the receptor-binding moiety chemically
modified by addition of polyethylene glycol (PEG). Unfortu-
nately, commercial development of the latter preparation
(PEG-conjugated recombinant human megakaryocyte

growth and development factor) was abandoned because of
the occurrence of cross-reactive anti-TPO antibodies that
caused long-term thrombocytopenia in some human volun-
teers (27). Unlike the experience with erythropoietin, clinical
benefit of TPO even in patients with severe cancer-associated
thrombocytopenia remains to be established. Ironically, plate-
let transfusions given to severely thrombocytopenic patients
binds the TPO administered, thus negating its therapeutic
effects.

Platelet Function
Platelet Adhesion (Primary Hemostasis)
Platelets provide the initial hemostatic response to vessel
injury by adhering to subendothelial molecules ( primary
hemostasis). Adhesion is mediated by a platelet surface glyco-
protein (GP) complex (GP Ib–IX–V) and the multimeric
adhesion protein, von Willebrand factor (vWF) (28). Once
tethered to the subvessel tissues, irreversible adhesion con-
tacts form between platelet integrins and specific suben-
dothelial matrix proteins, leading to platelet activation and
aggregation. Besides normal quantities of platelets and
vWF, a normal hematocrit is also important for maintaining
primary hemostasis (Fig. 3).

Three components are required for normal primary
hemostasis: (i) platelets, (ii) vWF, and (iii) normal hemato-
crit. In trauma, acquired thrombocytopenia and anemia

lead to impaired primary hemostasis.
In trauma patients, acquired anemia and thrombo-

cytopenia lead to impaired primary hemostasis. The
common congenital bleeding disorder—type 1 von Willeb-
rand disease (vWD-1), which occurs to a mild extent in 1%
to 2% of the population, is not a common cause of bleeding

Figure 2 Thrombopoietin (TPO) physiology and post-thrombocytopenia thrombocytosis. TPO binds to platelets and megakaryocytes

via a specific receptor (c-Mpl, not shown). The receptor-bound TPO is removed from circulation and degraded. The level of circulating

TPO is thus inversely related to the mass of platelets and megakaryocytes. In thrombocytopenia, fewer binding sites are available, and

free TPO levels are high, stimulating megakaryocyte proliferation and differentiation and leading to increased platelet production. In

thrombocytosis, the high platelet mass acts as a “sink” for removing TPO, with decreased stimulus for platelet production. Thus,

following acute thrombocytopenia, TPO levels rise about two-fold, leading to increased platelet production that begins on days 2 to 4,

with resulting thrombocytosis that generally peaks about days 12–14 (post-thrombocytopenia thrombocytosis), and returns to baseline

by about day 21.
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post-trauma, because the physiologic response to injury
includes release of endothelial stores of vWF (29).

Platelet Aggregations and Platelet Procoagulant Activity
(Secondary Hemostasis)
Following adhesion, platelets undergo aggregation and
various “procoagulant” membrane changes (secondary
hemostasis). A recent cell-based hemostasis model views
three overlapping phases of coagulation, beginning when
injury results in blood coming into contact with cells such
as fibroblasts that are rich in tissue factor (TF) (Fig. 4)
(30,31). The initiation phase of coagulation occurs when
zymogen (proenzyme) factor VII binds to TF, leading to for-
mation of activated factor VII (VIIa). The amplification phase
results when small amounts of thrombin first generated on
TF-bearing cells now activate cofactors (V to Va and VIII to
VIIIa) and XI (to XIa) on the platelet surface. In the final
propagation phase, the active serine proteases (Xa and IXa)
combine with their cofactors (Va and VIIIa, respectively) to
generate the “tenase” and “prothrombinase” complexes on
platelet surfaces, producing the “thrombin burst” that
leads to fibrin polymerization.

The Fixed Platelet Requirement
The ongoing physiologic role of platelets in maintenance
of hemostasis is illustrated by the concept of the “fixed
platelet requirement,” that is, the constant homeostatic
platelet losses needed to maintain vascular integrity. For
example, radiolabeled platelet lifespan studies demonstrate
an apparent reduction in platelet survival in all severely
thrombocytopenic patients, including patients with
impaired platelet production. To explain this, it has been
proposed that a minimal, fixed number of platelets
(7 � 109/L, or about 20% of normal platelet turnover) is
removed from the circulation each day independent of
the platelet count (32). Although such platelet losses,

which are believed to contribute to maintaining vascular
integrity via platelet–endothelial interactions, represent
only a small part of normal platelet turnover, they consti-
tute a relatively large component of platelet loss in patients
with severely impaired platelet production.

This physiologic role of platelets in maintaining
vascular integrity means that profound thrombocytopenia
is incompatible with life. For example, a .99% decline to
“only” 10 billion circulating platelets (i.e., a platelet count
of 1–2 � 109/L or less) presents a major risk of fatal hemor-
rhage. Usually, such severe thrombocytopenia occurs only in
patients with primary hematologic disorders, for example,
severe ITP. However, in the context of a trauma patient,
thrombocytopenia of even a moderate degree can contribute
to bleeding because of the impairment in hemostasis that
additionally results from injury to vessels, coagulopathy,
and reduced hematocrit.

THROMBOCYTOPENIA

Thrombocytopenia indicates reduced numbers of blood
platelets. The term is derived from three Greek roots:
thrombo ¼ clot, cyto ¼ hollow vessel (i.e., cell), and penia ¼
poverty or need. Thus, the rough literal meaning—“need
for a clotting cell”—is apropos to the context of thrombocy-
topenia complicating trauma, where platelet transfusions
may be needed to prevent or treat bleeding.

Trauma often occurs to young and otherwise healthy
individuals. Thus, pre-existing, chronic thrombocytopenia
is uncommon in this patient population. Rather, thrombo-
cytopenia in trauma is generally acute, either from direct
effects of tissue injury leading to accelerated platelet con-
sumption [e.g., disseminated intravascular coagulation
(DIC)] or indirect effects of resuscitation (i.e., hemodilution).
Besides initial thrombocytopenia, trauma patients are also at

Figure 3 Three determinants of primary hemostasis. In the microcirculation, the central location of the red blood cell column

maintains platelets near the vessel wall, contributing to increased platelet–subendothelial interaction during vessel injury. Thus, a low

hematocrit is one factor that leads to impaired primary hemostasis, for example, prolonged bleeding time, increased microvascular bleeding.

Other factors include thrombocytopenia and deficiency in von Willebrand factor (VWF). Very rarely, congenital absence of the platelet

surface glycoprotein complex (GP Ib–IX–V)—a disorder known as Bernard–Soulier syndrome (not shown)—explains inability of the

platelets to bind to vWF, and thus impaired primary hemostasis. Abbreviations: RBC, red blood cell; vWF, von Willebrand factor.
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risk for delayed onset of thrombocytopenia, in which later
platelet count declines can indicate common complications
such as septicemia or systemic inflammatory response
syndrome (SIRS), or rare events such as drug-induced
immune thrombocytopenia.

Four general mechanisms for thrombocytopenia
exist: (i) decreased platelet production, (ii) increased plate-
let consumption (or destruction), (iii) hemodilution, and
(iv) hypersplenism. Only two mechanisms—increased plate-
let consumption and hemodilution—are common in acute

trauma. However, decreased production can develop follow-
ing critical illness, or (along with hypersplenism) can be
present as a pre-existing condition.

APPROACH TOTHROMBOCYTOPENIA
Platelet Count Measurements (via Automated
Particle Counters)
Blood count determinations are generally made using elec-
tronic particle counters, which provide the hemoglobin
count, white blood count, and platelet count. In addition,
various cell indices are provided, such as red cell volume
(mean corpuscular volume) and platelet size (MPV). There
is no single normal range for the MPV because this parameter
varies with the platelet count: The normal MPV for a platelet
count of 150 � 109/L is 9 to 12 femtoliters (fL), whereas for a
platelet count of 400 � 109/L, it is 7.5–10 fL (33).

The MPV may assist the clinician in classifying the
thrombocytopenic disorder (33). For example, thrombocyto-
penia caused by increased platelet destruction with a normal
megakaryocyte response is characterized by a higher MPV
(and more hemostatically effective platelets) than disorders
of impaired platelet production or hypersplenism.
However, the practical significance of these observations
remains uncertain, and we believe that the MPV is only mod-
estly helpful in classifying thrombocytopenia.

Occasionally, electronic particle counters will falsely
under- or overestimate the true platelet count. Whenever
this is suspected, a hematologist should review the peri-
pheral blood smear, to evaluate platelet morphology and
perform a manual platelet count. This is discussed further

below in the section on “Pseudothrombocytopenia and
Pseudothrombocytosis.”

History and Physical Examination
Platelet Count History
As platelet counts are generally stable over an individual’s
lifetime, one can usually obtain a patient’s “baseline” plate-
let count from their family physician’s office, or from records
of prior hospitalizations. This can help in determining
whether the patient has pre-existing chronic thrombo-
cytopenia (see the section on “Pre-existing Thrombocytope-
nia”) or a prior episode of acute thrombocytopenia.
Information about any previous bleeding, transfusion, or
thrombotic events should be sought.

Physical Examination
The clinical impact of thrombocytopenia usually is apparent
from the physical examination. The hallmark of severe

thrombocytopenia is mucocutaneous bleeding, particularly
pin-point intradermal hemorrhages known as petechiae.
These are non-raised, non-blanching, and represent capillary
hemorrhages. Petechiae are most common in dependent
areas, for example, the legs and feet in outpatients, and the
back and posterior thighs in bedridden patients, because
hydrostatic pressure contributes to the microvascular bleeding.

Oozing at intravascular catheter sites, or hemorrhage
from the nose, genito-urinary tract, or other mucosal sites,
can indicate severe thrombocytopenia. For example, “blood
blisters” (hemorrhagic vesicles of the oral mucosa or
tongue) are sometimes seen when the platelet count is
10 � 109/L or less, particularly if caused by autoimmune
or drug-induced immune thrombocytopenia.

Ecchymosis denotes intradermal hemorrhage greater
than 2 mm (larger than petechiae). However, ecchymoses are
less specific for thrombocytopenic bleeding than are petechiae.

Examining the Blood Film
Pseudothrombocytopenia and Pseudothrombocytosis
Review of the blood film occasionally reveals spurious
thrombocytopenia or thrombocytosis. For example,
“pseudothrombocytopenia,” which occurs in about 0.1%

Figure 4 Cell-based model of hemostasis. Hemostasis is usually initiated when zymogen VII in blood contacts a TF-bearing cell, such as a

fibroblast. Ultimately, small amounts of thrombin (IIa) are formed from prothrombin (II), leading to thrombin-induced platelet activation.

The surface of activated platelets binds several active coagulation factors (Va, VIIIa, XIa), leading to propagation of coagulation, culmi-

nating in the “thrombin burst” that clots fibrinogen. During therapy with rVIIa, direct binding of VIIa to activated platelet surfaces may lead

directly to thrombin generation on platelet surfaces (not shown). Abbreviation: TFPI, tissue factor pathway inhibitor.
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of complete blood counts, is caused by naturally occurring
antibodies that lead to platelet clumping or (more rarely) to
platelet “rosetting” around white blood cells. This phenom-
enon occurs under the low-calcium conditions of anti-
coagulated blood, for example, ethylene-diaminetetraacetic
acid (EDTA)-induced pseudothrombocytopenia (34,35).
Thus, the electronic particle counter underestimates the true
platelet count. The major clinical significance is the risk for
falsely diagnosing thrombocytopenia that is not present, or
in causing difficulty in determining the true platelet count
in a patient who also has true thrombocytopenia. Usually,
collecting the blood into one of several alternative anticoagu-
lants (heparin, sodium citrate, acid-citrate dextrose) and
maintaining the temperature of the blood at 378C until
testing yield an accurate count. Additionally, the platelet
count can be estimated by review of the blood film.

“Pseudothrombocytosis” occurs in patients with
severe burns (36): Thermal injury to red cells produces
microspherocytes that can be falsely identified as platelets
by the electronic particle counter, and thus suggest appar-

ent thrombocytosis when the patient may actually suffer
acute burn-induced thrombocytopenia and DIC.

Morphologic Clues to Diagnosis
Examining the peripheral blood film can provide important
diagnostic clues in evaluating thrombocytopenia. Paradoxi-
cally, inspection of the red and white cells is usually more
helpful than looking at the platelets. In a trauma patient,
the presence of red blood cell (RBC) fragments suggests
DIC, as the red cells are “scissored” by intravascular fibrin
strands (37,38). Nucleated RBCs (normoblasts) and “left-
shift” of leukocytes (“bands,” myelocytes, etc.) indicate a
“leukoerythoblastic” picture that can be seen in severe
shock or hemolysis. Granulocytes that contain “toxic”
granules, cytoplasmic vacuolation, and pale blue cyto-
plasmic inclusions (Döhle bodies) strongly suggest
septicemia. Pre-morbid hematologic disorders might also
be suggested by the blood film, for example, macrocytic
red cells suggestive of alcohol consumption or megaloblastic
anemia, “tear drop” cells consistent with marrow fibrosis,
red cell spherocytes indicating hereditary spherocytosis or
immune hemolysis, dysplastic white cells suggesting
myelodysplasia, etc.

Hemostasis Testing
Screening Assays
In a trauma patient, acute thrombocytopenia can indicate
DIC, hemodilution secondary to fluid resuscitation, or
both. Table 1 lists coagulation assays helpful for evaluating
the presence of DIC, such as the prothrombin time (PT)—
usually expressed as the international normalized ratio
(INR)—the activated partial thromboplastin time (aPTT),
fibrinogen, thrombin clotting time (TCT), and cross-linked
fibrin degradation products (fibrin D-dimer). Generally, an
increase in fibrin D-dimers or a positive “paracoagulation”
assay (e.g., protamine sulfate test) suggests DIC (although
both hemodilution and DIC cause abnormalities in routine
coagulation assays, such as the INR, aPTT, TCT, and fibrino-
gen levels, hemodilution does not result in increased fibrin
D-dimer or a positive protamine sulfate test). Nowadays, how-
ever, few hospital laboratories perform paracoagulation tests
(38,39). DIC is more fully discussed in Volume 2, Chapter 58.

Coagulation testing is needed to distinguish
whether thrombocytopenia is caused by hemodilution or

acute DIC in a patient with trauma. Generally, increase in

fibrin D-dimers or a positive paracoagulation assay (e.g.,

protamine sulfate test) is confirmatory of DIC. Both hemodi-
lution and DIC can cause abnormalities in routine coagu-
lation assays, such as the INR, aPTT, TCT, and fibrinogen
levels.

Specialized Assays
The bleeding time is sometimes used to estimate the clinical
significance of thrombocytopenia, although it is doubtful
whether this provides information beyond that gleaned
from the magnitude of the patient’s thrombocytopenia and

Table 1 Hemostasis Testing Appropriate in a Trauma Patient

Test Comments

CBC Hemoglobin/hematocrit and plate-

let counts are important for

assessing primary hemostasis

PT (often

expressed as the INRa)

Assesses function of the “extrinsic”

pathway factor (VII) and sub-

sequent common pathway fac-

tors (X, V, II)

aPTT Assesses function of the “intrinsic”

pathway factors, including the

contact factorsb, VIII, and IX, as

well as the subsequent common

pathway factors (X, V, II)

Fibrinogen Direct measurement of fibrinogen

is useful because the INR and

aPTT do not increase in hypofi-

brinogenemia unless the fibrino-

gen is severely reduced

TCT Assesses fibrinogen levels and/or

presence of heparin (which has

antithrombin activity)

Fibrin D-dimer Detects cross-linked fibrin degra-

dation products which are

formed when thrombin and

plasmin have acted sequentially

upon fibrinogen

Protamine sulfate

or ethanol gel

“paracoagulation” test

Semi-quantitative assay in which

incubation of plasma with pro-

tamine sulfate (positively

charged protein) leads to gelling

of plasma in presence of clini-

cally significant concentrations

of fibrin monomer and fibrin

degradation products (thus, the

assay is fairly specific assay for

DIC)

Bleeding time Assesses “primary hemostasis”

(Fig. 3); infrequently performed

in a trauma patient

aThe INR is determined by the patient’s prothrombin time (PT), the control

PT, and a constant International Sensitivity Index (ISI) that is determined

for the thromboplastin reagent and the coagulation analyzer used, as

follows: INR ¼ (PTpatient/PTcontrol)
ISI.

bThere are four contact factors: XI, XII, prekallikrein, and high-molecular-

weight kininogen; only deficiency of factor XI is associated with bleeding.

Abbreviations: CBC, complete blood count; DIC, disseminated intravascu-

lar coagulation; PT, prothrombin time; INR, international normalized ratio;

aPTT, activated partial thromboplastin time; TCT, thrombin clotting time.
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signs of hemostatic impairment on physical examination.
Occasionally, other specialized coagulation tests provide
useful information. For example, severe depletion in natural
anticoagulants such as antithrombin or protein C can
explain microvascular thrombosis and acral limb ischemia
in a patient with DIC (38).

Pre-existing Thrombocytopenia
ImmuneThrombocytopenic Purpura
Acute and chronic thrombocytopenia is often caused by
autoantibodies that bind to platelet membrane GPs,
leading to premature platelet destruction by the macro-
phages of the reticuloendothelial system (40–42). Treatment
is generally avoided unless the patient has symptomatic
thrombocytopenia, which usually occurs only when the
platelet count is 30 � 109/L or less. Thus, there is the poten-
tial for marked thrombocytopenia in a trauma patient who
has pre-existing chronic ITP. Although platelet transfusions
are rarely indicated in chronic ITP (because antiplatelet anti-
bodies limit their survival and clinical efficacy), their use is
appropriate in emergency situations such as trauma.
Adjunctive medical therapies that raise the platelet count
within 24 to 48 hours include high-dose corticosteroids
and high-dose intravenous gammaglobulin (IVIgG; 1 g/kg
given over 6 to 8 hours intravenously on two consecutive
days). Although Rh immune globulin administered to an
Rh(D)-positive individual also raises the platelet count,
this effect is generally slower than with IVIgG, and so anti-
D is usually not given in emergency situations such as
post-trauma. Also, anti-D is ineffective in patients who
have previously undergone splenectomy for chronic ITP.
Splenectomy is a relatively common therapy for chronic
ITP, as it has a 75% probability of effecting long-term
“cure” or amelioration of chronic thrombocytopenia.

Hereditary Thrombocytopenia
These are relatively rare disorders that sometimes exhibit
characteristic syndromes, e.g., thrombocytopenia-absent
radii syndrome (marked reduction in megakaryocytes,
deformed forearms and hands secondary to absent radii)
and Wiskott-Aldrich syndrome (very small platelets,
eczema, immunodeficiency, X-linked inheritance). Most
often, patients with hereditary thrombocytopenia have
very large platelets (“macrothrombocytopenia”), normal
numbers of marrow megakaryocytes, and autosomal-
dominant inheritance (43). In some families with macro-
thrombocytopenia, white cell inclusions are evident on
microscopy, either without other somatic abnormalities
(Sebastian syndrome) or with clinical features such as glomer-
ulonephritis and deafness (Fechtner’s syndrome). No specific
therapy is available for these disorders, and platelet trans-
fusions should be reserved for life-threatening bleeding.

Hypersplenism
Any cause of splenomegaly can cause chronic pancytopenia
secondary to splenic sequestration of blood cells (see the
section on “Platelet Distribution” and Fig. 1). Usually, mild-
to-moderate thrombocytopenia and leukopenia are observed
that parallel each other in severity; the reduction in hemo-
globin is usually less marked. In western societies, the most
common cause of hypersplenism is alcohol-induced cirrhosis,
and so coagulopathy secondary to hepatic cellular dysfunc-
tion can coexist. Platelet transfusion response is often subop-
timal in hypersplenism, because the transfused platelets
become sequestered in the spleen to the same extent as

the patient’s own platelets. Patients with splenomegaly and
particularly severe thrombocytopenia (20–50 � 109/L)
probably also have impaired platelet production secondary
to decreased hepatic TPO production (19).

Alcohol-Induced Thrombocytopenia
Very heavy alcohol consumption has the potential to cause
severe, isolated thrombocytopenia due to a direct toxic
effect on megakaryocytes (44). Upon ceasing alcohol, the
platelet count begins to increase after two to three days,
typically leading to thrombocytosis by 10 to 17 days.

Clonal Marrow Disorders
Demographics trends—particularly the “graying” of the
population—suggest that increasing numbers of elderly
patients will become victims of trauma. The elderly are at
particular risk for one or more chronic cytopenias—often
including thrombocytopenia—caused by clonal marrow dis-
orders, for example, myelodysplasia (“preleukemia”) (45) or
chronic lymphoid leukemia. In contrast, clonal myeloproli-
ferative disorders often produce thrombocytosis (see the
section on “Physiologic vs. Pathologic”). Platelet dysfunc-
tion in some patients with myelodysplasia may cause
greater bleeding than expected for the degree of thrombocy-
topenia. Even in the absence of later transformation to acute
leukemia, patients with myelodysplasia are at increased risk
for death from infection, bleeding, or transfusional iron
overload.

Platelet Dysfunction
Platelet dysfunction in trauma patients is often the result

of renal failure (uremia) or drug effects (e.g., aspirin, clopi-
dogrel). Less often, marrow disorders, gammopathy, cir-
rhosis, and post-cardiopulmonary bypass (CPB) status are
possible explanations.

Uremia
Acute or chronic renal failure causes bleeding diathesis
characterized by prolonged bleeding time and various plate-
let function abnormalities (46). Defective primary hemosta-
sis is partly explained by a low hematocrit, particularly in
chronic renal failure (low erythopoietin levels), which
explains why transfusing red cells can dramatically lower
the bleeding time (47–49). Table 2 lists various strategies to
reduce the uremic bleeding defect (46–62).

Drugs
Antiplatelet agents, such as aspirin [acetyl-salicylic acid
(ASA)] and clopidogrel, are increasingly used to prevent
vascular thrombosis. Both can prolong the bleeding time
and increase surgical bleeding (63,64). Although ASA and
clopidogrel inhibit different aspects of platelet physiology
[cyclooxygenase-1 (COX-1) and the adenosine diphosphate
receptor, respectively], their effects are irreversible for the
duration of the platelet lifespan; accordingly, platelet dys-
function lasts for up to 10 days even after stopping either
drug (65). This contrasts with reversible COX inhibitors
(e.g., nonsteroidal antiinflammatory agents, such as indo-
methacin, ibuprofen, and naproxen), in which platelet func-
tion recovers within hours after stopping the drug. Selective
COX-2 inhibitors (e.g., celecoxib, rofecoxib) do not affect
platelet function (66).

Platelet transfusions are indicated for life-threatening
bleeding if clinical suspicion for significant drug-induced
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platelet dysfunction exists. Indeed, transfusing 5 to 10 units
of platelets largely corrects ASA-induced platelet
dysfunction, because the transfused platelets can provide
thromboxane A2 to the patient’s aspirin-treated platelets
via transcellular metabolic pathways.

Miscellaneous Disorders
Platelet dysfunction is a common feature of certain acquired
bone marrow disorders, such as myelodysplasia and myelo-
proliferative disorders. Marked elevations in monoclonal or
polyclonal immunoglobulin levels (gammopathy) also can
lead to impaired platelet function. Cirrhosis is another expla-
nation for platelet dysfunction that can be transiently bene-
fitted by desmopressin (67); however, most patients with
advanced liver disease also have thrombocytopenia,
deficient coagulation factors, and hyperfibrinolysis. Heart
surgery utilizing CPB leads to impaired hemostasis via tran-
sient platelet dysfunction, hyperfibrinolysis, and thrombocy-
topenia. Antifibrinolytic agents, especially when given
during CPB, ameliorate bleeding.

Rare congenital disorders with abnormal platelet
structure [e.g., Bernard–Soulier syndrome (absent platelet
GP Ib–IX–V receptor complexes), Glanzmann’s throm-
basthenia (absent platelet GP IIb/IIIa receptors)] can be
associated with severe abnormalities in platelet function.
More common are poorly characterized platelet function dis-
orders that may prompt consideration for platelet transfu-
sions and/or desmopressin following trauma, particularly
if one obtains a history of chronic mucocutaneous bleeding
in the patient or family members.

ABRUPTONSETOF THROMBOCYTOPENIA AFTER TRAUMA
Hemodilution
General Principles
A platelet count decline that is roughly proportional to the
amount of crystalloid, colloid, or red cell concentrates admi-
nistered is known as dilutional thrombocytopenia. Even in
the absence of ongoing platelet losses, thrombocytopenia

persists for two to four days, prior to platelet count increase
and subsequent thrombocytosis resulting from increased
platelet production (Fig. 2). Dilutional coagulopathy gener-
ally accompanies thrombocytopenia. However, acute DIC
frequently coexists, and thus frequent CBC and coagulation
testing is important for assessment of hemostatic compro-
mise (Table 3).

Table 3 Interpretation of Platelet Count and Coagulation Test

Results

Test

Approximate

normal range Patient #1 Patient #2

Platelet

count

150–400 �

109/L

50 50

INR 0.9–1.2 1.6 1.6

aPTT 26–38 sec 50 50

TCTa

10 unit 7–11 sec 15 15

2 unit 20–30 sec 40 40

Fibrinogen

(clottable)

1.6–4.2 g/L 0.8 0.8

Fibrin

D-dimerb

,500 mg/L 500 .2000

Protamine

sulfate testb

15 min Negative Negative 2þ

30 min Negative Negative 3þ

Interpretation Hemodilution DIC

(+hemodilution)

aDifferent concentrations of thrombin can be used to perform the thrombin

clotting time (TCT). The lower the thrombin concentration, the more

sensitive the assay is to the presence of heparin in the blood sample.
bGenerally, an increase in fibrin D-dimers or a positive paracoagulation

assay (e.g., protamine sulfate test) is needed to diagnose DIC, as hemodilu-

tion can lead to abnormalities in routine coagulation assays, such as the

INR, aPTT, TCT, and fibrinogen levels.

Abbreviations: aPTT, activated partial thromboplastin time; DIC, dis-

seminated intravascular coagulation; INR, international normalized ratio;

TCT, thrombin clotting time.

Table 2 Treatment of Abnormal Hemostasis Complicating Acute or Chronic Renal Failure

Treatment Comment

Red cell transfusions (47–49) and/or erythropoietin (50) (target

hematocrit .0.30)

Raised hematocrit improves hemostasis via enhanced platelet–

subendothelial interaction (Fig. 3)

Increased intensity of hemodialysis Removal of uremic “toxins” that impair platelet function

Desmopressin (L-deamino-8-D-arginine vasopressin), 0.3 mg/kg

(maximum, 20 mg) in 50 mL normal saline over 30 min IV (51);

may repeat once 8–12 hr later

Induces release of vWFa from endothelial stores; thus, less effec-

tive with repeated doses (tachyphylaxis) (52); hemostatic effect

begins 30–60 min post-infusion and lasts for 8–12 hr

Conjugated estrogens, for example, Emopremarin, 0.6 mg/kg OD

IV for 5 days (53–55); or Premarin, 50 mg po OD until bleeding

time corrects (up to 9 days) (56)

Mechanism unknown, but possibly by reducing endothelial nitric

oxide (physiologic platelet inhibitor) [57]; effect of 5-day course

begins 6 hr after first dose, peaks at 5–7 days, and lasts for 14

days

Cryoprecipitate, 10 units (52,58) Provides vWFa and fibrinogen; variable benefit (59); usually used

only if patient does not respond to desmopressin and estrogens

(60)

Platelet transfusions (for bleeding or shortly before invasive

procedure)

Usually used only if patient does not respond to desmopressin and

conjugated estrogens

rVIIa, 90 mg/kg IV once (30,61) May enhance coagulation reactions on platelet surfaces in the

absence of TF; anecdotal experience only; very expensive

aAbnormal vWF multimer distribution in uremic platelets and plasma has been reported (62).

Abbreviations: rVIIa, recombinant factor VIIa; TF, tissue factor; vWF, von Willebrand factor.
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Dilutional thrombocytopenia related to fluid resus-

citation is the most common cause of thrombocytopenia in
a trauma patient. Repeated CBC and coagulation testing
is important to assess the presence and severity of
coexisting DIC.

Massive Transfusion
Massive transfusion is generally defined as replacement of a
patient’s blood volume within 24 hours, that is, about
3000 mL or 10 units of red cell concentrates in an average-
size individual (68,69). Trauma accounts for at least
one-third of massive transfusion situations (68,69). At one
time, “formulaic” approaches to massive transfusion were
advocated, that is, the automatic transfusion of platelets
and fresh frozen plasma (FFP) after every ‘nth’ unit of red
cells or whole blood. However, a randomized trial of pro-
phylactic platelet transfusion and FFP during massive trans-
fusion did not show improved outcomes using this approach
(70). Further, diffuse microvascular bleeding is relatively
uncommon even when serious derangements in platelet
count and coagulation tests result (70,71), and the correlation
between units of red cells transfused and laboratory
abnormalities observed is poor (68). Thus, “automatic”
platelet transfusions are not generally advised. However,
aggressive correction of platelet and coagulation abnormal-
ities was associated with improved survival in one retro-
spective study (72). When diffuse bleeding is evident or
relatively severe thrombocytopenia is documented (gener-
ally, less than 50 � 109/L), platelet transfusion support is

appropriate (73–75). A higher platelet count threshold (i.e.,
100 � 109/L) is a more appropriate transfusion trigger for
certain conditions (e.g., traumatic brain injury).

Acute Disseminated Intravascular Coagulation
DIC is a clinicopathologic disorder in which systemic gener-
ation of intravascular thrombin leads to a generalized
derangement of the hemostatic mechanism via consumption
of coagulation factors and platelets, and generation of intra-
vascular fibrin and fibrinogen/fibrin degradation products
(76–79). Bleeding can result from depletion of procoagulant
factors and platelets, and from parallel generation of
plasmin (the enzyme that degrades the fibrin clot). For-
mation of intravascular fibrin is one mechanism to account
for multiple-organ dysfunction syndrome (MODS).
Occasionally, depletion of natural anticoagulant factors
(e.g., antithrombin, protein C) leads to dramatic syndromes
of micro- or macrovascular thrombosis. The clinical spec-
trum of DIC is wide, ranging from laboratory abnormalities
without clinical sequelae, to severe bleeding caused by
depletion of coagulation factors and platelets and/or hyper-
fibrinolysis, to organ dysfunction and skin necrosis resulting
from microvascular thrombosis.

Thrombocytopenia in DIC probably results at least in
part from platelet activation and consumption caused by
thrombin, the major physiologic platelet agonist. Indeed,
thrombin concentrations as low as 0.15 nmol/L can activate
platelets without any effect on fibrin generation (80).
Thrombin-induced platelet activation also leads to formation
of procoagulant platelet-derived microparticles, suggesting
that platelet activation directly promotes the consumption
of the coagulation factors in acute DIC.

DIC in trauma is usually multifactorial. For example, an
early event in many trauma patients is vascular disruption,
which causes blood to become exposed to extravascular TF
(81). This leads directly to activation of coagulation via the

“extrinsic” system: TF:VII(a) complexes directly activate
factor X to Xa on TF-bearing cells (Fig. 4). In some patients, pro-
coagulant substances are liberated through massive red cell
membrane disruption, for example, burn-associated hemoly-
sis. Subsequent events such as shock and acidosis lead to
further procoagulant changes on endothelium. Finally, gener-
ation of cytokines and other proinflammatory mediators
characteristic of SIRS occurs, often with concomitant MODS
and adult respiratory distress syndrome (ARDS) (82,83).

Figure 5 lists various coagulation assays that can be used
for rapid laboratory assessment of DIC. An important tenet of
viewing DIC as a clinicopathologic disorder is that no single
laboratory profile is diagnostic of DIC. For example, a
routine postcardiac surgery patient will have laboratory
abnormalities that resemble that for DIC, so interpretation of
test results in the clinical context is paramount. Similarly,
fluid resuscitation will cause a trauma patient to have pro-
longed INR and aPTT assays, reduced fibrinogen, thrombocy-
topenia, and so on. However, greatly increased fibrin D-dimer
levels and a strongly positive ethanol gel or protamine sulfate
paracoagulation assay (38,39) suggest intravascular fibrin
formation and hence have greater specificity for indicating
the presence of DIC (Table 3).

Management of DIC includes treating the cause
(where possible) and any potentiating factors. Thus, treating
hypovolemia, acidosis, hypoxemia, infection, and so on are
mandatory. In addition, red cell, plasma, and platelet trans-
fusions for patients with coagulopathic bleeding or severe
derangement in laboratory parameters may also improve
outcomes. Diagnosis and management of DIC are discussed
further in Volume 2, Chapter 58.

Systemic Inflammatory Response Syndrome
Severe trauma complicated by DIC often leads to early death
from MODS. In less serious trauma, systemic inflammation

Figure 5 Sensitivity and specificity of routine coagulation assays

for DIC. In the authors’ opinion, the protamine sulfate para-

coagulation assay for fibrin monomer has a relatively high sensi-

tivity and specificity for clinically significant DIC, that is, DIC

complicated by thrombosis or bleeding. However, this assay is no

longer widely performed. Abbreviations: DIC, disseminated

intravascular coagulation; FDP, fibrin(ogen) degradation products;

INR, international normalized ratio; PT, prothrombin time; aPTT,

activated partial thromboplastin time; ›, increased, fl, decreased;

+, positive.
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associated with activation of coagulation and fibrinolysis is
self-limited, and initially abnormal hemostasis parameters,
including the platelet count, normalize. However, there
remain a sizeable group of trauma patients who develop
SIRS (83). In these patients, laboratory abnormalities consist-
ent with DIC persist. Microvascular thrombosis secondary to
DIC is associated with MODS and ARDS. Associated hemos-
tasis abnormalities include persisting thrombocytopenia,
elevated fibrin D-dimers, elevated plasminogen activator
inhibitor-1 (PAI-1) levels, and decrease in natural coagu-
lation inhibitors (antithrombin, protein C). These abnormal-
ities appear to be related to proinflammatory cytokines such
as tumor necrosis factor-a, interleukin-6, and interleukin-8,
that promote TF-mediated DIC and increased PAI-1 levels.
The strong association between thrombocytopenia and
SIRS is one reason why persisting thrombocytopenia is a
simple, but strong, risk factor associated with increased
mortality following trauma (82,83).

Mechanical Assist Devices
Platelet consumption from intravascular devices such as the
intra-aortic balloon pump or left (or right) ventricular assist
devices may contribute to thrombocytopenia (84,85).
However, the extent to which the mechanical device directly
contributes to platelet consumption vis-a-vis platelet acti-
vation related to shock, ARDS, and so on, is difficult to ascer-
tain. Heparin is generally given with these devices, and so an
important issue is whether the thrombocytopenia may be
caused by immune heparin-induced thrombocytopenia
(HIT) (see the section on “Immune Heparin-induced”).

Hypothermia
Thrombocytopenia of mild-to-moderate severity that cor-
rects with rewarming has been observed in humans under-
going planned or accidental hypothermia. Platelet kinetic
studies in cooled dogs demonstrate reversible hepatic and
splenic platelet sequestration (86,87). Indirect evidence
suggests that decreased platelet production may contribute
to this phenomenon as well (88).

DELAYED ONSETOF THROMBOCYTOPENIA AFTER TRAUMA
Septicemia
Infection is a relatively common cause of unexpected throm-
bocytopenia that occurs during the hospitalization of a
trauma patient. Usually, thrombocytopenia in this setting
indicates microbial invasion of the blood, that is, bacteremia,
fungemia, and so on. Thus, blood cultures should be drawn
in any patient with unexpected thrombocytopenia. Examin-
ation of the blood film often reveals other evidence for
infection, that is, left-shift in the white blood cells, “toxic”
changes such as vacuolation, and dark granules in neutro-
phils. These findings may be evident even when the total
leukocyte count is not increased. Coagulation assays for
DIC should also be ordered, although in many patients
with septicemia-associated thrombocytopenia, evidence for
DIC is limited to elevated fibrin D-dimer levels, with
normal INR, aPTT, fibrinogen, and protamine sulfate para-
coagulation test results.

Late onset of thrombocytopenia in a trauma patient
can indicate acute bacteremia, so blood cultures should
always be drawn in this situation.

The pathogenesis of thrombocytopenia is multi-
factorial, and includes platelet activation by thrombin (89),

increased platelet clearance by reticuloendothelial cells
(90), decreased marrow platelet production, and direct and
indirect effects of microbial toxins (91,92). Elevation in
PAI-1 may contribute to hypofibrinolysis, with increased
risk for MODS.

Aggressive treatment of the infection is crucial. Pro-
phylactic platelet transfusions are usually given for severe
thrombocytopenia (e.g., platelet count less than 20 � 109/L),
although a higher platelet count threshold (e.g., 50 � 109/L)
is appropriate if the patient is bleeding or an invasive
procedure is planned.

Drug-Induced Thrombocytopenia
Table 4 lists various drug-induced thrombocytopenic syn-
dromes. In general, drug-induced thrombocytopenia is
rare, and is most unlikely to be the cause of thrombo-
cytopenia in a trauma patient. The major exception to this
rule is immune HIT, which can explain thrombocytopenia
in about 1% to 3% of patients treated with unfractionated
heparin (UFH) for more than one week (2,93).

Immune Heparin-Induced Thrombocytopenia
HIT is by far the most common drug-induced, immune-

mediated thrombocytopenia. Paradoxically, HIT is associ-
ated with thrombosis rather than bleeding (2). Typical
sequelae of HIT include: venous thromboembolism (deep-
vein thrombosis, pulmonary embolism), thrombosis of
large arteries (lower limb . cerebrovascular . coronary .

other), and other complications such as skin lesions and
acute inflammatory or cardiorespiratory reactions post-
heparin bolus (Table 5) (94). Hypotension and/or abdominal
pain suggests adrenal hemorrhagic infarction, which typi-
cally is bilateral and therefore results in acute and chronic
adrenal insufficiency (Fig. 6) (94). By recognizing this syn-
drome, the clinician can prevent death from adrenal failure
by administering corticosteroid replacement.

Hypotension and/or abdominal pain in a thrombo-
cytopenic patient treated with heparin suggests bilateral
adrenal hemorrhagic infarction with acute adrenal failure:
Corticosteroid replacement therapy can be life-saving.

HIT can be difficult to diagnose in trauma patients, for
several reasons. First, trauma patients often have multiple
alternative explanations for thrombocytopenia (DIC,
ARDS, septicemia, etc.). Second, thrombocytopenia is
usually not very severe in HIT: The platelet count nadir
falls between 30 and 100 � 109/L in about 60% of HIT
patients, which is similar to that observed in DIC, ARDS,
septicemia, and so on (Fig. 7) (94). Third, even when HIT
antibodies are detected in the laboratory, these are not
specific for HIT, as many patients who receive heparin
develop subclinical seroconversion (generation of non-
pathogenic antibodies) (2,93). Particularly in a trauma
patient—where multiple alternative explanations for throm-
bocytopenia may exist—the lack of diagnostic specificity is
problematic. An important clinical clue indicates that HIT
is the onset of an unexpected fall in the platelet count begin-
ning 5 to 10 days after beginning a course of heparin (94).

Pathogenesis (Fig. 8): The pathogenic HIT antibodies
recognize a “self” protein, platelet factor 4 (PF4) (95,96).
PF4 is a tetrameric, positively charged protein found
within platelet a granules. Neoepitopes are formed when
PF4 binds to heparin (negatively charged mucopolysacchar-
ide) (97). When multimolecular complexes of heparin, PF4,
and the pathogenic IgG antibodies form on platelet surfaces,
the Fc “tails” of the HIT-IgG interact with a low-affinity class
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of platelet Fc receptors, causing the platelets to activate.
Heparin chains that are at least 10 monosaccharide units in
length bind to PF4 (98), perhaps explaining why UFH
causes HIT antibody formation, and clinical HIT, more
often than does low-molecular-weight heparin (2,93).

HIT is a hypercoagulability disorder, that is, there is
increased thrombin generation in vivo (99). Activation of
coagulation occurs by formation of procoagulant platelet-
derived microparticles during platelet activation, as well as
activation of endothelium and monocytes. Nevertheless,

“overt” DIC—manifesting either hypofibrinogenemia or
elevated INRs—occurs in only 5% to 10% of HIT patients.
Once triggered, the prothrombotic nature of HIT persists
for a few weeks, even despite stopping heparin (100).

The systemic activation of coagulation explains the
association between HIT and venous thrombosis, as well as
the risk for progressive microvascular thrombosis during
acute protein C depletion (warfarin-associated venous limb
gangrene complicating HIT) (99). Thus, warfarin should
be avoided during acute HIT, among other “treatment

Table 4 Syndromes of Drug-Induced Thrombocytopenia

Syndrome Implicated drugs Comments

Immune HIT UFH; LMWH; certain polyanion but

non-heparin drugs (e.g., pentosan

polysulfate)

Most common immune drug reaction; prothrom-

botic; typically causes mild-to-moderate

thrombocytopenia

D-ITP Quinine, quinidine, gold salts, vanco-

mycin, rifampicin, sulfa drugs (e.g.,

sulfamethoxazole-trimethoprim),

naproxen, pentamidine, acetamino-

phen, aspirin, carbamazepine, carbi-

mazole, cefotetan, etc.

Very rare; severe thrombocytopenia with muco-

cutaneous bleeding (platelet count nadir typi-

cally less than 20 � 109/L); treatment may

include platelet transfusions and high-dose

IVIgG

Abrupt D-ITP caused by platelet

GP IIb/IIIa inhibitors

Abciximab (Reoprow), eptifibatide

(Integrelin) tirofiban (Aggrastatw)

Moderate-to-severe thrombocytopenia that occurs

abruptly in �1–2% of patients

Drug-induced platelet

agglutination

Protamine sulfate, porcine vWF, hema-

tin, others

Mild platelet fall that is not clinically significant

Drug-induced microangiopathy

(TTP or HUS)

Mitomycin C, cyclosporine, quinine,

ticlopidine, clopidogrel

Antibodies against vWF-cleaving metalloprotei-

nase have been reported in ticlopidine-associ-

ated TTP

Drug metabolite-dependent

decrease in platelet production

(?)

Valproic acid Mild thrombocytopenia without clinical

relevance; thrombocytopenia correlates with

levels of valproate metabolite

Abbreviations: D-ITP, drug-induced immune thrombocytopenic purpura; HIT, heparin-induced thrombocytopenia; HUS, hemolytic uremic syndrome;

LMWH, low-molecular-weight heparin; TTP, thrombotic thrombocytopenic purpura; UFH, unfractionated heparin; vWF, von Willebrand factor.

Table 5 Clinical Sequelae of Immune HIT

Venous thrombosis Arterial thrombosis Miscellaneous

DVT Aorto-iliofemoral thrombosis Heparin-induced skin lesionsc

Lower-limb

(often bilateral)

Limb ischemia/
necrosis

Coumarin (warfarin)-induced skin

necrosisb

Upper-limb DVT (usually at

intravascular catheter site)

Paralysis Acute systemic reaction post-intravenous

heparin bolus

Phlegmasia cerulea dolensa

Thrombotic stroke

Inflammatory reaction: fever, chills,

Coumarin (warfarin)-associated

venous limb gangreneb

Myocardial

infarction flushing

Pulmonary

embolism

Intracardiac thrombosis (atrial,

ventricular)

Cardiorespiratory reaction, for example,

cardiac or respiratory arrest

Cerebral dural sinus thrombosis

Miscellaneous thrombosis involving: Gastrointestinal: vomiting, diarrhea

Adrenal hemorrhagic infarction

acute and/or chronic adrenal

insufficiency

mesenteric arteries, renal arteries,

spinal arteries, brachial arteries and

so on

Neurologic: transient global amnesia

DIC (risk for microvascular

thrombosis)

aInflamed, blue, painful limb, that is, venous ischemia (prodrome to venous limb gangrene); in heparin-induced thrombocytopenia (HIT)-associated deep vein

thrombosis, progression to venous limb gangrene has been linked to warfarin therapy causing depletion of the vitamin K-dependent natural anticoagulant,

protein C (99).
bWarfarin-induced necrosis is more likely to manifest as venous limb gangrene (acral necrosis) than as “classic” skin necrosis (central sites, e.g., breast,

abdomen, thigh) when it complicates a platelet activation disorder such as immune HIT.
cOccurs at heparin injection sites, and ranges from erythematous plaques to frank necrosis.

Abbreviations: DVT, deep-vein thrombosis; HIT, heparin-induced thrombocytopenia; DIC, disseminated intravascular coagulation.
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paradoxes” (Table 6). Currently, treatment of HIT involves
substitution of heparin with another anticoagulant that inhi-
bits thrombin directly (lepirudin, argatroban) or that reduces
thrombin generation by inhibition of factor Xa (danaparoid)
(Fig. 9) (95,101). Lepirudin is renally excreted, and thus is
relatively contraindicated in renal failure, which occurs
commonly in ill post-trauma patients.

Drug-Induced Immune Thrombocytopenic Purpura
There are several drugs for which severe immune-mediated
thrombocytopenia can occur, albeit rarely (Table 4). Typi-
cally, platelet count nadirs are less than 20 � 109/L. For
example, sulfamethoxazole-trimethoprim causes D-ITP in
about 1/15,000 to 1/25,000 patients, and quinidine in about
1/1,000 patients (102). For patients with life-threatening
thrombocytopenia, platelet transfusions along with reticu-
loendothelial blockade with high-dose IVIgG is appropriate.
The rarity of these reactions means that they will almost

never explain thrombocytopenia in a critically ill trauma
patient.

Miscellaneous Drug-Induced Thrombocytopenia
Table 4 also lists other distinct drug-induced thrombo-
cytopenic syndromes (102,103). In general, these syndromes
are unlikely to cause significant thrombocytopenia in a
trauma population.

Nutritional Thrombocytopenia
Acute folic acid deficiency is a possible explanation for
acquired thrombocytopenia in a trauma patient who has
increased metabolic demands following tissue injury and
blood losses, and who may not be receiving adequate nutri-
tion following the injury (104,105).

Thrombocytopenia Following Blood Transfusion
Paradoxically, blood transfusion therapy itself can result in
severe thrombocytopenia. Three examples that are discussed
later in this chapter (see the section on Contraindictions to
platelet transfusion”) include (in decreasing order of fre-
quency): transfusion-associated bacteremia, post-transfusion
purpura (PTP), and passive alloimmune thrombocytopenia
(PAT). A more common situation is that the clearance of trans-
fused platelets over 24 to 48 hours after platelet transfusion
mimics new-onset thrombocytopenia (Fig. 9).

PLATELET TRANSFUSION THERAPY
Overview
In general, life-threatening bleeding caused by thrombo-
cytopenia is rare. Indeed, mortality usually results from
the underlying cause of the thrombocytopenia, rather than
from thrombocytopenic bleeding itself. This is evident in
trauma patients, where severe injury that results in thrombo-
cytopenia can cause death via any of a large number of
mechanisms other than bleeding, particularly given the
wide availability of platelet transfusions for preventing
and treating thrombocytopenic bleeding of numerous etiolo-
gies. Indeed, some 8 million units of platelets are transfused
each year in the United States (106).

The following section will outline aspects of the prep-
aration of platelet products and safety issues. The expected
therapeutic response to transfusion, important contraindica-
tions to platelet transfusions, and complications will also be
reviewed.

Platelet Preparation
Pooled Platelets vs. Single-Donor Plateletpheresis
Platelets are usually prepared by separating the platelet com-
ponent from random-donor whole blood donations. Each
“unit” of platelet concentrate is stored for up to five days,
and then (usually) five units of platelets, each from a different
donor, are pooled shortly before use. After pooling, a stan-
dard 5-unit “dose” of platelets contains about 300 � 109

platelets, that is, about one-fifth the normal number of
circulating platelets in an average-size adult. This product
also contains about 250 to 300 mL plasma (each platelet
donor contributes about 50–60 mL plasma) and (if
unfiltered) also contains about 0.5 � 109 leukocytes.

Alternatively, platelets can be collected from a single
donor using apheresis (“plateletpheresis”), whereby an
efferent venous catheter channels whole blood from the
donor into a blood separator where the platelet component
is collected; the remaining (platelet-poor) blood flows back

Figure 7 Severity of thrombocytopenia in drug-induced immune

thrombocytopenia: comparison of D-ITP and immune HIT. Note

that the relative risk of HIT-associated thrombosis increases as the

platelet count nadir decreases. Note also that the median platelet

count nadir in HIT (about 60 � 109/L) resembles that seen in

many other causes for thrombocytopenia in a patient with trauma,

for example, DIC, ARDS, SIRS, and so on. Abbreviations: D-ITP,

drug-induced immune thromlocytopenic purpura; HIT, heparin-

induced thrombocytopernia.

Figure 6 Bilateral adrenal hemorrhagic infarction

complicating HIT and septicemia. Abdominal ultrasonography

on day 16 showed massive bilateral adrenal hemorrhages that

were not evident on imaging performed five days earlier. In such a

patient, corticosteroid therapy can be life-saving.

Abbreviation: HIT, heparin-induced thrombocytopenia.
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Figure 8 Pathogenesis of HIT: a central role for thrombin generation. The target antigen of HIT is a “self” protein, platelet factor 4,

that expresses one or more neoepitopes when bound to heparin. HIT-IgG antibodies lead to increased thrombin generation, by activating

platelets via their Fc receptors (which results in formation of procoagulant, platelet-derived microparticles), as well as activating

endothelium and monocytes. Abbreviation: HIT, heparin-induced thombocytopenia.

Table 6 Paradoxes in the Treatment of HIT

Treatment Paradox Comments

Stop heparin Risk for thrombosis persists for days to

weeks

Use alternative anticoagulanta even for “iso-

lated HIT”

Warfarin Warfarin-induced venous limb gangrene or

skin necrosis

Avoid warfarin unless satisfactorily anticoa-

gulated with alternative anticoagulanta and

thrombocytopenia has substantially recov-

ered (platelet count >150 � 109/L)

LMWH Although less likely to cause HIT than

UFH, LMWH is contraindicated to treat

HIT

Approximately 50% risk of thrombocytopenia

and/or thrombosis if LMWH is used to treat

HIT caused by UFH

Platelet transfusions May increase risk for thrombosis Spontaneous bleeding rare and platelet trans-

fusions theoretically confer risk

Dosing of

alternative anticoagulant

“Therapeutic” dosing of anticoagulation is

appropriate even when preventing

thrombosis in acute HIT

Prophylactic-dose for danaparoid (750 Units

bid s.c.) is suboptimal for preventing

thrombosis in HIT; therapeutic doses are

recommended (initial 2250 unit bolus for

average-size adult, then 3600–4800 Unit

24 hr); argatroban and lepirudin are also

generally prescribed in therapeutic doses

Repeat use of heparin Re-exposure to heparin is appropriate

under exceptional circumstances

Negligible risk of acute HIT once antibodies

are no longer detectable

aAlternative anticoagulants include: lepirudin, bivalirudin, argatroban, and danaparoid (danaparoid has been withdrawn from the U.S. market, but is available

in Canada, Europe, Japan, Australia, and New Zealand.

Abbreviations: HIT, heparin-induced thrombocytopenia; LMWH, low-molecular-weight heparin; UFH, unfractionated heparin.
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to the donor via an afferent venous catheter. The volume of
platelet concentrate can be predetermined prior to platelet-
pheresis, but in general, the equivalent of five units of
random-donor platelets are collected from a single apheresis
donor. Following collection, the platelets are also stored for
up to five days prior to use.

Both types of platelet concentrate are equally effective
in raising the platelet count (107,108), with an equivalent
incidence of nonimmune refractoriness (109). However,
febrile non-hemolytic transfusion reactions (FNHTR,
“febrile reactions”) occur less often with apheresis platelets
(110), an effect that may have been due to differences in
storage times in comparative studies (111). Obviously, the
risk of infectious disease transmission with pooled platelets
from multiple donors is greater (about five-fold). However,
the current rates of viral disease transmission are so low
that the absolute risk-reduction using single-donor apheresis
platelets is negligible (112). The incidence of bacterial con-
tamination appears to be lower with apheresis platelets as
well (113), although fatal septicemia has occurred with
both preparations.

Limiting exposure to multiple donors also has the
advantage of decreasing the likelihood of HLA alloantibody
formation by the blood recipient, thus potentially reducing
subsequent immune-mediated platelet transfusion refrac-
toriness. However, removing the white blood cells (which
cause alloimmunization) by filters is also effective at pre-
venting HLA alloimmunization, and much more cost-
effective. Leukoreduction of platelet and red cell products
is even standard in Canada, with filtration performed soon
after blood collection (“universal pre-storage leukodeple-
tion”). However, avoiding HLA alloimmunization is not a
major issue in the trauma patient, in contrast to patients
who require long-term platelet transfusion support (e.g.,
cancer patients).

Platelets collected by apheresis also have a place in
specialized transfusion situations, for example, when a
patient must receive HPA-1b homozygous platelets (only
2% of Caucasians) because of PTP.

Platelet Storage
Platelets can be stored at room temperature for up to five
days; if not transfused by that time, they are discarded.
Prior to 1985, platelet storage up to seven days was per-
mitted by the FDA. However, the risk of bacterial contami-
nation in platelets rises with increasing storage time,
especially since platelets—unlike other blood products—
are stored at room temperature (114). Platelet viability
is lost if they are cooled, and they are stored with constant
agitation to inhibit clumping. Also, with prolonged
storage, function and viability of platelets are adversely
affected (115,116).

The plasma component within a platelet product is
responsible for producing most febrile reactions, due to the
presence of proinflammatory cytokines such as interleukin-
1b and interleukin-6 produced during platelet storage by
residual white cells (117). This explains why prestorage
leukodepletion reduces the frequency of these reactions
(118), whereas bed-side filtration does not (the cytokines
pass through the filter). In special transfusion situations,
platelets can be washed to remove the plasma.

Leukocytes are the vector for certain transmissible
viruses, including cytomegalovirus, human T-cell leukemia/
lymphoma virus I and II, and Epstein–Barr virus (119), and
so leukofiltration theoretically reduces the risk of transmitting
these diseases. White cells can also be killed by ultraviolet-B
irradiation, which should be administered to blood products
prior to their administration to severely immunocompromised
patients, so as to avoid transfusion-related graft versus host

Figure 9 Typical-onset HIT in a trauma patient. The initial platelet count fluctuations are explained, in sequence, by: hemodilution +
DIC, platelet transfusions, and clearance of the transfused platelets. The dotted line indicates the expected platelet count sequence in

this patient. Thus, the unexpected platelet count fall on day 5 indicates immune HIT, which was confirmed by strong positive testing for

HIT antibodies. The patient received prophylactic-dose danaparoid sodium, although therapeutic-dose anticoagulation would have been

preferred in this situation (102). (Note: Danaparoid is no longer available in the United States, as it was withdrawn by the manufacturer

in April 2002.) Abbreviation: HIT, heparin-induced thrombocytopenia.
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disease. Blood irradiation also reduces HLA alloimmuniza-
tion, and associated alloimmune platelet transfusion refrac-
toriness, to an equivalent extent as does leukodepletion by
filtration (120).

Therapeutic Effects
Expected Platelet Count Increments Post-transfusion
Although a normal platelet has a lifespan of about 8 to 10
days (16), routine collection and storage result in transfused
platelets having a lower survival (about 2–3 days) compared
with the expected survival (4–5 days). The rise in platelet
count after a platelet transfusion can be expressed as the
“percent platelet recovery” (PPR), defined as (120a):

PPR

¼

platelet increment�109

�blood volume (as 75 mL=kg) � 100%

number of platelets transfused (�1011
Þ � 0:67 � 10�3

The expected PPR is about 66 + 8% (121). (The PPR is not
100%, reflecting exchangeable splenic sequestration of
about one-third of the transfused platelets).

Another measure of the platelet count increment is the
“corrected count increment” (CCI), which normalizes the
platelet count response for the patient blood volume and
platelet dose, as follows (120b):

CCI ¼

platelet count increment (per mL)
� body surface area (m2) � 1011

number of platelets transfused (�1011)

Thus, a 6-foot male trauma patient weighing 78 kg
(body surface area ¼ 2.0 m2) whose platelet count rose from
50,000 to 80,000 per mL (50 to 80 � 109/L) after receiving five
random donor units (containing a total of about 3.0 � 1011

platelets) would have a PPR of 87% and a CCI of 20,000.
The expected CCI between 10 minutes and one hour

post-tranfusion is .7500. The CCI measured at 18 to 24
hours after transfusion should be .4500 (122). However,
both the PPR and CCI require measuring the platelet count
in the platelet product itself (not routinely performed), and
are seldom used outside of research purposes.

For an average-size adult, the usual platelet dose
(300–400 � 109) within 5 units of pooled random-donor plate-
lets, or one single-donor (plateletpheresis) product, is

expected to raise the platelet count approximately 50 � 109/
L immediately after transfusion. However, in an observational
study (122a) of platelet transfusions in critically ill patients, the
median post-transfusion platelet count rise was much lower at
14 � 109/L. In a trauma setting, a suboptimal platelet count
rise probably reflects ongoing platelet consumption or hemo-
dilution, although in other patient settings (e.g., cancer
patients) alloimmune refractoriness may be operative.

Platelet Transfusion Refractoriness
If the post-transfusion platelet count is less than expected
(e.g., CCI , 7500 at 1 hour) on two consecutive transfusions,
the patient is considered “refractory” to platelet transfusion.
This is generally caused by shortened survival of transfused
platelets (123). Reasons for refractoriness are often multifac-
torial, and can be classified by non-immune and immune
causes (Table 7) (124–126). In the trauma patient, the most
common explanation probably is accelerated platelet

destruction associated with DIC, SIRS, and so on. In contrast,
immune causes of refractoriness predominate in multiply
transfused patients (e.g., cancer patients). However, a multi-
parous female trauma victim with multiple HLA alloanti-
bodies (resulting from previous pregnancies) could have
immune refractoriness. The standard practice of administer-
ing “incompatible” platelets (e.g., from a blood group A
donor to a group O recipient) can also lead to a blunted
platelet count response, particularly if the recipient has
high-titer (.1:64) anti-A antibodies (127).

Platelet Transfusion Triggers
Therapeutic platelet transfusion indicates when platelets are
given to treat clinically important bleeding in the context of
thrombocytopenia. Prophylactic platelet transfusion denotes
their use in preventing bleeding in thrombocytopenic
patients. Platelet count thresholds below which the potential
risk of hemorrhage is judged to outweigh the risks associ-
ated with platelet transfusions (discussed later in the
section on “Complications of Platelet Transfusions”) are
known as “platelet triggers.” However, appropriate triggers
vary broadly among various clinical situations (Table 8), and
further require individualized assessment of patient risk
(73–75,128–133).

Platelet transfusion triggers have been evaluated most
extensively in cancer patients receiving myeloablative
chemotherapy, particularly adults with acute leukemia. In
this patient population, a platelet threshold of 10 � 109/L is
believed to be safe, unless there is concomitant bleeding or
fever, in which case a threshold of 20 � 109/L is used (128).
In 2001, the American Society of Clinical Oncology (ASCO)
published guidelines for platelet transfusion that included
recommended platelet count thresholds for thrombo-
cytopenic patients undergoing invasive procedures (129).
These guidelines are largely based on retrospective
reviews, as few (if any) randomized trials have been done.
The ASCO guidelines state that, in the absence of other coa-
gulopathies, a platelet count of at least 40 to 50 � 109/L is suf-
ficient to perform major invasive procedures, including
placement of central venous catheters, lumbar punctures,
endoscopic transbronchial and esophageal biopsies, fiber-
optic bronchoscopy and broncholaveolar lavage, and even
major surgery. Certain procedures are safe at even lower
platelet counts, e.g., most hematologists do not transfuse

Table 7 Nonimmune and Immune Causes of Platelet

Transfusion Refractoriness

Nonimmune Immune

Platelet quality

(storage lesion)

HLA alloimmunization

DICa

ABO incompatibilitya

Sepsisa

Allo- or isoantibodies

against platelet-specific

allo(iso)antigensbFevera

Splenomegaly

Amphotericin B

Post-bone

marrow transplantation

aDIC, sepsis, and fever are common in trauma patients; however, it should

be noted that these factors were identified in studies (124–126) of cancer

patients, rather than trauma patients.
ballo-or isoantibodies are a rare from of immune-mediated platelet

dysfunction.

Abbreviation: DIC, disseminated intravascular coagulation.
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platelets before performing a bone marrow aspirate and
biopsy even when the platelet count is less than 20 � 109/L
(129). Liver biopsy was judged to be relatively safe at
a platelet count of at least 50 � 109/L (129), based upon a
retrospective study in which patients with moderate throm-
bocytopenia (50 to 99 � 109/L) had a bleeding incidence
similar to controls without thrombocytopenia (130).

Prophylactic platelet transfusion after massive trans-
fusion did not show improved outcomes in a randomized
control trial (70). However, aggressive correction of throm-
bocytopenia and coagulopathies was associated with
improved survival in one retrospective study (72). In
general, when bleeding is evident or severe thrombocytope-
nia is present (generally, less than 50 � 109/L), platelet trans-
fusion support is considered appropriate (73–75). An even
higher platelet count threshold (100 � 109/L) is suggested
prior to neurosurgical procedures (74,132), suggesting a
similar trigger may be appropriate in trauma patients with
serious head injury or evidence for intracranial bleed.
Table 8 lists the platelet transfusion triggers for various clini-
cal scenarios.

Contraindications to Platelet Transfusions
For some thrombocytopenic patients, platelet transfusions
are contraindicated (73,95). For example, immune HIT and
thrombotic thrombocytopenic purpura (TTP) are character-
ized by in vivo platelet activation and vWF-dependent
platelet agglutination, respectively. Theoretically, platelet
transfusions could increase the risk for vessel occlusion in
these patients. Platelet transfusions are also contraindicated
when the patient has pseudothrombocytopenia, as the actual
circulating platelet count is normal.

Complications of Platelet Transfusion
Infection
Viral Infection
Continuing improvements in screening for transmissible
infectious disease in the developed world have greatly
reduced the risk for blood-borne infection (Table 9) (134).
As most platelet transfusions are pooled from five or
more different donors, they carry a greater relative risk of

viral contamination than individual red cells or plasma
transfusions, but the difference in absolute risk remains neg-
ligible. Transfusion-transmitted Creutzfeld–Jacob disease
(prion disease) has also been reported.

Bacterial Contamination
Currently, the most common cause of mortality directly
attributable to a platelet transfusion is bacterial contami-
nation leading to septicemia (114,135). This is because plate-
lets—unlike red cells and plasma—are stored at room
temperature, making a fertile culture medium for bacteria.
The reported incidence of bacterial contamination of plate-
lets is about 1/3000, but usually without clinical conse-
quence as few organisms are actually transfused (114).
Overt sepsis is estimated at about 1/50,000 per platelet
unit transfused (114), with significant risk for morbidity
and mortality. Besides fever and chills, clinical features
that suggest bacterial contamination of a blood product
include hypotension/shock, vomiting, and respiratory dis-
tress beginning within two hours of transfusion (114).

Non-infectious
Febrile Non-hemolytic Transfusion Reactions (FNHTR)
This is the most common complication of platelet trans-
fusion, with an overall frequency of about 25% to 30%
(117,136,137): The reaction is about five times more
common following platelet than red cell transfusions. Typi-
cally, symptoms occur toward the end of the transfusion,
and include a rise in temperature by at least 18C, often
accompanied by chills, rigors, feelings of discomfort,
nausea and vomiting. Sometimes, these symptoms are
present without a rise in temperature. The reaction is self-
limiting, and responds to antipyretics. If the reaction is
very severe or accompanied by hypotension or respiratory
distress, bacterial contamination must be suspected, the
transfusion immediately stopped, and the unit(s) returned
for culture. FNHTR appears to be caused by leukocyte-
derived proinflammatory cytokines (e.g., interleukin-6)
(137), and thus occurs more often with older platelet units
(136), and much less often when the blood product has
undergone prestorage leukodepletion (118).

Table 9 Risk of Infection per Unit of Blood

Transmissible

infectious disease Approximate risk

HIVa 1/1,930,000 (134)

Human T-cell leukemia/
lymphoma virus

Negligible (with leukodepletion)

Hepatitis A Very rare

Hepatitis B 1/138,700 (134)

Hepatitis Ca ,1/543,000 (134)

Syphilis Extremely rare

Septicemia 1/10,000 septic episodes per unit

of platelets transfused (114)

aBlood screening includes NAT for viral genetic material and thus gives

greater sensitivity for detecting HIV and hepatitis C than serology alone.

Abbreviations: HIV, human immunodeficiency virus; NAT, nucleic acid

testing.

Table 8 Platelet Transfusion Triggers

Clinical scenario

Platelet transfusion

trigger (�109/L)

Neurosurgery/head trauma �100

Major surgery �50

Massive transfusion �50

Central venous catheter insertion �50

Transbronchial and

gastrointestinal

endoscopy with biopsya

�50

Liver biopsy �50

Lumbar puncture �20

Acute leukemia (with fever or bleeding) �10 (�20)

Triggers are based on the authors’ interpretation of various published

studies and reviews (73–75,128–133).
aProphylactic platelet transfusions may not be necessary for endoscopy

even if the platelet count is ,20 � 109/L, provided that biopsy is not

performed (133).

998 Arnold and Warkentin



Allergic and Anaphylactic Reactions
Allergic reactions after platelet (or other blood component)
transfusions are due to plasma proteins within the blood
product reacting with pre-existing IgE antibodies in the
recipient. This results in a type I hypersensitivity reaction
and the release of histamine and prostaglandins from mast
cells. Symptoms and signs include cutaneous reactions
(urticaria, pruritus, erythema, flushing), cardiorespiratory
complications (laryngeal edema with the potential for upper
airway obstruction, wheezing, chest tightness, chest pain),
gastrointestinal complaints (nausea, vomiting, abdominal
cramps), and hypotension. Urticaria (hives) occur in about
3% of blood transfusions (138), and usually respond to antihis-
tamines. Other preventative measures for recipients that have
experienced less severe anaphylactic reactions include
washed blood products that are deplete of plasma proteins
and premedication with antihistamines and/or steroids
(138). For mild reactions, the transfusion can be resumed as
the symptoms abate.

Anaphylactic reactions are characterized by intract-
able hypotension and shock, often with a component of
airway obstruction; fever is usually not seen. This syndrome
is caused by IgG anti-IgA antibodies that can occur in IgA-
deficient patients (139), as small quantities of IgA are
present in the blood product. The frequency is about
1/20,000 to 1/50,000 units of blood products transfused
(140). Anaphylactic transfusion reactions usually begin
very soon after initiating transfusion. Treatment involves
immediate discontinuation of the transfusion, subcutaneous
epinephrine, intravenous fluids, and other measures appro-
priate for shock. The patient’s pretransfusion serum must be
tested for the presence of anti-IgA antibody and if present,
blood products from IgA-deficient blood donors, or
washed blood products, can be given.

Alloimmune Thrombocytopenia
There are two rare situations in which blood products—
including platelets—can paradoxically cause thrombo-
cytopenia: PTP and PAT (141). PTP typically begins about
1 week after blood transfusion, and is characterized by gen-
erally severe thrombocytopenia and mucocutaneous hemor-
rhage. Typically, affected patients are elderly parous women
who are homozygous for the HPA-1b alloantigen on plate-
lets, and they form strong anti-HPA-1a alloantibodies (also
known as anti-Zwa and anti-PlA1 alloantibodies), although
other alloantigen systems have also been implicated. For
uncertain reasons, these alloantibodies lead to transient
destruction of the patient’s own platelets. IVIgG with
or without platelet transfusions (ideally, giving HPA-1a
negative platelets) is used for treatment. The timeframe of
PTP closely resembles immune HIT, with which it can be
confused (142).

In contrast, PAT is characterized by abrupt onset of
severe thrombocytopenia following a blood transfusion
(141,143). It is caused by the passive administration of
antiplatelet alloantibodies that were present in the plasma
of the blood donor, for example, if the donor was sensitized
to a platelet alloantigen such as HPA-1a during previous
pregnancy, and the blood product recipient is HPA-1a
positive. In contrast to PTP, this syndrome resolves within
a few days.

Transfusion-Related Acute Lung Injury
Transfusion-related Acute Lung Injury (TRALI) is a very rare
but life-threatening acute lung injury caused by plasma-
containing blood components. Clinically and radiologically,

TRALI resembles ARDS, with typical onset between one
and six hours after transfusion. The mortality rate is about
5% to 10% (cf. ARDS: 40–50% mortality), with the survivors
usually recovering within 48 to 96 hours (144–146). Passive
transfer of complement-fixing alloantibodies against gra-
nulocyte-specific or HLA antigens present within donor
plasma is believed to cause this syndrome. Other possible
mechanisms of pulmonary injury include neutrophil-
priming lipids which may develop during routine storage
of blood components (147,148) and cytokine-mediated
injury, e.g., tumor necrosis factor. Although very rare,
TRALI is the third most common cause of transfusion-
related death (after ABO hemolytic reaction and bacteremia).
Aggressive supportive treatment, including mechanical ven-
tilation, is often needed for this transient but life-threatening
syndrome.

THROMBOCYTOSIS
Physiologic vs. Pathologic

Thrombocytosis in the trauma patient typically rep-
resents an appropriate physiologic response to initial
acute thrombocytopenia, and thus is normal and expected in
the second or third week post-trauma (Fig. 2) (149–151).

Indeed, lack of thrombocytosis during this time period may
indicate ongoing complications (septicemia, SIRS, ARDS,
etc). This is consistent with a retrospective study (152) that
found thrombocytosis in critical care patients to be associ-
ated with lower mortality despite longer intensive care
unit (ICU) stays, that is, the longer ICU stay provided suffi-
cient time to observe the expected increase in platelet count
in a recovering patient. Table 10 lists the differential diagno-
sis of thrombocytosis.

Two studies of platelet counts following orthopedic
surgery indicate the magnitude of post-thrombocytopenia
thrombocytosis that can be expected following trauma
(2,151). The median peak platelet count in a post-orthopedic

Table 10 Causes of Thrombocytosis

Physiologic

Post-thrombocytopenia thrombocytosis (common during second

and third week post-trauma)

Post-splenectomy or congenital/acquired asplenia (the peak post-

operative platelet count in a trauma patient who undergoes

splenectomy typically reaches 500 to 1500 � 109/L; sub-

sequently, the platelet count declines to a normal range that is

about one-third higher than in normal, non-splenectomized

patients, reflecting absence of splenic pooling

Hereditary or familial thrombocytosis

Pathologic

Inflammatory/infectious (polymyalgia rheumatica, rheumatoid

arthritis, polyarteritis nodosa, inflammatory bowel disease,

tuberculosis, chronic infection)

Neoplastic (myeloproliferative disorders, e.g., polycythemia rubra

vera, chronic myeloid leukemia; essential thrombocythemia,

myeloid metaplasia; myelodysplasia, e.g., 5q- syndrome,

refractory anemia with ringed sideroblasts; solid tumors,

especially metastatic)

Iron deficiency

Hemolytic anemia

Pseudothrombocytosis (e.g., burns)
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patient population is about 400 to 500 � 109/L, with the
upper 2 SD value approximately 1000 � 109/L.

Post-splenectomy
Dramatic thrombocytosis is common following splenectomy
performed following trauma, for example, for splenic
rupture. This is because physiologic thrombocytosis that
follows acute trauma-associated thrombocytopenia is
exacerbated by the lack of splenic sequestration of platelets,
which normally represents about one-third of the platelet
distribution. Thus, platelet counts as high as 1500 � 109/L
can occur, usually peaking about 12 to 14 days following
trauma, occasionally later. It is unknown whether physio-
logic thrombocytosis imparts a greater risk for postoperative
thrombosis compared with a similar patient who has a less
marked platelet count rise. Long-term, the loss of platelet

sequestration means that the platelet count of the post-sple-
nectomy patient is about 30% higher than the preoperative
platelet count, baseline (153).

EYE TO THE FUTURE

Platelets are extraordinarily complex “cells” that provide
effective hemostasis in response to day-to-day tissue injury
and in response to major trauma. Platelets serve as the
major effectors of primary hemostasis by forming the plate-
let plug at the site of injury, and they are crucial for proper
secondary hemostasis by providing the proper phospholipid
membrane surface for coagulation reactions. At present, the
only routine source of exogenous platelets are pooled con-
centrates from allogeneic donors or apheresis platelets,
stored at room temperature for a maximum of five days.
Despite advances in safety processing and storage of con-
ventional platelet concentrates, there are still important
shortcomings, including short supply. There is much interest
in developing novel platelet products and platelet substi-
tutes, and some of these products are entering phase III clini-
cal trials.

Novel platelet products include frozen platelets, cold-
liquid stored platelets, photochemically treated platelets
(a strategy for pathogen inactivation), platelet-derived
microparticles, lyophilized platelets, and platelets cultured
from megakaryocytes in vitro (154). Frozen platelets are cur-
rently the only viable alternative to fresh platelets, but cryo-
preservation is cumbersome and expensive, and offers little
advantage over standard platelet products.

Various platelet substitutes are under current
investigation (154). “Thromboerythrocytes” are red cells
with surface-bound fibrinogen or surface-bound arginine-
glycine-aspartic acid (fibrinogen-mimicking) peptides.
Fibrinogen-coated albumin microcapsules/microspheres
are albumin-based microspheres coated with fibrinogen.
These platelet substitutes promote hemostasis by enhancing
platelet activation and aggregation at sites of vessel injury.
Liposome-based hemostatic agents include plateletsomes,
which are extracts of platelet membranes contained within
a lipid vesicle, and vesicles that contain phospholipid with
or without Factor Xa. These products have only undergone
preclinical testing (animal models).

Finally, one possible alternative approach for
otherwise uncontrollable bleeding in a trauma patient
may become available: recombinant factor VIIa (rVIIa,
NovoSeven, Novo Nordisk, Denmark). This agent is
believed to promote hemostasis either by facilitating tissue

factor-mediated initiation of coagulation, or by binding
directly to the surface of activated platelets, where it directly
activates factor X in the absence of TF (30,31). The latter
mechanism does not require coagulation factors VIII or IX,
and may explain why rVIIa in high doses is effective for
bleeding patients with hemophilia A or B (lacking factor
VIII or IX, respectively) who have developed inhibitory
antibodies against the factor they lack. Although rVIIa is
currently approved only for hemophiliacs with inhibitors,
its investigational and “off-label” use as a general procoagu-
lant agent in a variety of challenging hemostatic crises—
including patients with severe coagulopathy and bleeding
secondary to trauma—is increasing (155–159).

Unfortunately, this agent is extremely expensive: the
approximate per-patient cost for one regimen under study
for bleeding following trauma (200 mg/kg first dose, with
two subsequent 100 mg/kg doses one and three hr later) is
about US $20,000 (assumes an 80-kg recipient, and an
approximate cost of CDN $1/mg rVIIa) (160).

Recently, Dutton et al. showed that rFVIIa therapy led
to an immediate clinical reduction of coagulopathic hemor-
rhages in a retrospectively reviewed series of trauma cases
conducted at the Maryland Shock-Trauma Center (161).
More recently, two prospective placebo-controlled, double-
blind RCTs, one in blunt trauma (n ¼ 143) and the other in
penetrating trauma (n ¼ 134) were completed (162). The
studies suggest that rFVIIa may decrease transfusion
requirements, particularly in patients with blunt trauma.

In another retrospective study, Dutton’s group showed
that profound acidosis and severe shock may predict failure
of rFVIIa therapy for trauma-related coagulopathy, and
suggest that these variables should be considered as potential
contraindications to the use of rFVIIa (163). Although earlier
administration of rFVIIa, before the development of massive
blood loss and severe shock, may increase the rate of clinical
response, few would administer this very expensive drug
unless some of these poor prognosticating signs were present.

Accordingly, further research is required to identify
those bleeding trauma patients in whom this therapy is
safe and effective; in addition, the optimum dose and dur-
ation of rFVIIa therapy requires further clarification.

SUMMARY

Platelets are produced in the bone marrow by the megakar-
yocyte, and normally survive for about 10 days. In normal
individuals, the platelet count is usually fairly constant
within a broad normal range (about 150–400 � 109/L). The
megakaryocyte-stimulating hormone, TPO, contributes to
platelet count regulation via a primitive feedback loop. Nor-
mally, about 30% of circulating platelets are exchangeably
sequestered within the spleen (splenic pooling).

In trauma patients, initial thrombocytopenia is usually
caused by increased platelet consumption (DIC) or hemo-
dilution (fluid resuscitation). Thrombocytopenia that per-
sists or that begins later during the hospitalization often
indicates complications, such as septicemia, SIRS, ARDS,
or drug reactions, particularly immune HIT. Blood levels
of TPO increase after trauma-induced thrombocytopenia,
which leads to transient thrombocytosis that peaks about
14 days post-trauma, before returning to baseline during
the third week. If a trauma patient undergoes splenectomy,
the platelet counts are about 30% greater than expected
because of the absence of physiologic splenic platelet
pooling.
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Investigating thrombocytopenia in a trauma patient
includes: assessing the temporal features of the thrombo-
cytopenia (early thrombocytopenia: DIC and/or hemodilu-
tion; late thrombocytopenia: bacteremia, SIRS, ARDS, drug
reaction, etc.); clinical evidence for impaired hemostasis
(petechiae, ecchymoses, line-site oozing, etc); severity of
the thrombocytopenia (e.g., prophylactic platelet transfu-
sions often are appropriate for platelet count thresholds
between 50 and 100 � 109/L, depending on the perceived
bleeding risk); and coagulation assays, including testing
for DIC (e.g., fibrin D-dimers). Impaired primary hemostasis
results from thrombocytopenia and anemia, as adequate red
cell numbers are required in the microcirculation to optimize
platelet–subendothelial interactions. Even though mild von
Willebrand disease is a common congenital bleeding dis-
order, it only rarely contributes to bleeding in these patients,
as vWF levels can increase dramatically during the acute
“stress” associated with trauma.

Blood cultures are appropriate in patients with unex-
pected “late” thrombocytopenia. Immune HIT is a prothrom-
botic adverse reaction of heparin that mandates cessation of
heparin, and usually also requires substitution with an
alternative anticoagulant. However, warfarin is contraindi-
cated during acute HIT because it paradoxically increases
the risk for thrombosis, particularly microvascular thrombosis
associated with limb loss (syndrome of warfarin-associated
venous limb gangrene complicating immune HIT).

KEY POINTS

The normal platelet count range is between 150 and
400 � 109/L. Although this is a wide normal range,
the platelet count tends to remain fairly constant
during the lifetime of an individual (1).
Normal platelet survival is approximately 10 days.
Normally, about one-third of the circulating platelets
are exchangeably sequestered within the spleen;
increased spleen size leads to greater splenic pooling
and thus thrombocytopenia (“hypersplenism”).
Acute decrease in the platelet count in trauma leads
to increase in TPO levels. The long half-life of TPO
(30 hours) and its effects on early megakaryocyte
progenitors mean that this trauma-associated thrombo-
cytopenia is invariably followed by thrombocytosis
from day 7 to 21 (peak, days 12–14), unless clinical
complications lead to ongoing platelet consumption.
Three components are required for normal primary
hemostasis: (i) platelets, (ii) vWF, and (iii) normal
hematocrit. In trauma, acquired thrombocytopenia
and anemia lead to impaired primary hemostasis.
Four general mechanisms for thrombocytopenia exist:
(i) decreased platelet production, (ii) increased platelet
consumption (or destruction), (iii) hemodilution, and
(iv) hypersplenism. Only two mechanisms—increased
platelet consumption and hemodilution—are common
in acute trauma. However, decreased production can
develop following critical illness, or (along with hyper-
splenism) can be present as a pre-existing condition.
The hallmark of severe thrombocytopenia is mucocuta-
neous bleeding, particularly pin-point intradermal
hemorrhages known as petechiae.
“Pseudothrombocytosis” occurs in patients with severe
burns (36): Thermal injury to red cells produces micro-
spherocytes that can be falsely identified as platelets by
the electronic particle counter, and thus suggest appar-

ent thrombocytosis when the patient may actually
suffer acute burn-induced thrombocytopenia and DIC.
Coagulation testing is needed to distinguish whether
thrombocytopenia is caused by hemodilution or acute
DIC in a patient with trauma. Generally, increase in
fibrin D-dimers or a positive paracoagulation assay
(e.g., protamine sulfate test) is confirmatory of DIC.
Both hemodilution and DIC can cause abnormalities
in routine coagulation assays, such as the INR, aPTT,
TCT, and fibrinogen levels.
Platelet dysfunction in trauma patients is often the
result of renal failure (uremia) or drug effects (e.g.,
aspirin, clopidogrel).
Dilutional thrombocytopenia related to fluid resuscita-
tion is the most common cause of thrombocytopenia
in a trauma patient. Repeated CBC and coagulation
testing is important to assess the presence and severity
of coexisting DIC.
When diffuse bleeding is evident or relatively severe
thrombocytopenia is documented (generally, less than
50 � 109/L), platelet transfusion support is appropriate
(73–75). A higher platelet count threshold (i.e.,
100 � 109/L) is a more appropriate transfusion trigger
for certain conditions (e.g., traumatic brain injury).
Late onset of thrombocytopenia in a trauma patient can
indicate acute bacteremia, so blood cultures should
always be drawn in this situation.
HIT is by far the most common drug-induced, immune-
mediated thrombocytopenia. Paradoxically, HIT is
associated with thrombosis rather than bleeding.
Hypotension and/or abdominal pain in a thrombo-
cytopenic patient treated with heparin suggests bilat-
eral adrenal hemorrhagic infarction with acute
adrenal failure: Corticosteroid replacement therapy
can be life-saving.
For an average-size adult, the usual platelet dose
(300–400 � 109) within five units of pooled random-
donor platelets, or one single-donor (plateletpheresis)
product, is expected to raise the platelet count approxi-
mately 50 � 109/L immediately after transfusion.
However, in an observational study (122a) of platelet
transfusions in critically ill patients, the median post-
transfusion platelet count rise was much lower at
14 � 109/L.
Thrombocytosis in the trauma patient typically rep-
resents an appropriate physiologic response to initial
acute thrombocytopenia, and thus is normal and expec-
ted in the second or third week post-trauma (Fig. 2)
(149–151).
Long-term, the loss of platelet sequestration means that
the platelet count of the post-splenectomy patient is
about 30% higher than the preoperative platelet count
baseline.
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INTRODUCTION

Venous thromboembolism (VTE) is a term used to describe
thromboses that may occur in any vein as well as the
emboli that result when one of these thrombi breaks off and
migrates to other areas in the systemic venous network,
most notably the pulmonary circulation. When the veins
involved are superficial, the resultant superficial phlebitis
may be painful, but is of minor consequence. When the
affected veins are located in the deep system, the pheno-
menon is termed deep venous thrombosis (DVT), which has
more serious implications than its superficial counterpart.

The occurrence of VTE is of particular significance in
patients following trauma or in those with critical illness
for several reasons. First, these patients are at high risk for
VTE, often due to hypercoagulability, intimal injury, or
stasis, all of which predispose to formation of venous throm-
bosis and propagation of pre-existing thrombi. Secondly, the
compromise of hemodynamics and organ perfusion caused
by venous and/or pulmonary arterial obstruction is more
deleterious in a patient whose cardiopulmonary function is
already compromised. These facts help to explain why pul-
monary embolus (PE) is the third major cause of death fol-
lowing trauma in those who survive longer than 24 hours
after injury (1,2).

Since the lower extremities are the usual areas affected
with thrombosis, the term DVT is often used in reference to
lower extremity thromboses alone. However, following
trauma and critical care, upper extremity DVTs may also
have clinical significance. Accordingly, we will consider
the pathophysiology of all DVTs in this chapter and also
review the prophylaxis, diagnosis, and treatment of PE.
Finally, recent guidelines from the Seventh America
College of Chest Physicians (ACCP) Conference on Anti-
thrombotic and Thrombolytic Therapy will be provided
(3). These will be evaluated within the context of the pre-
viously published trauma VTE recommendations by the
EAST Workgroup, (4) and more recent data summarized
by Knudson et al. from the American College of Surgeons
National Trauma Data Bank (ACS-NTDB) (5).

PATHOGENESIS

The components of Virchow’s triad (hypercoagulation,

endothelial injury, and venous stasis) have long been

recognized as the etiological factors for VTE. When one
or more of these factors are present, initiation of

the coagulation cascade is increased, as is the risk of
clot formation.

Normal Clot Formation
When the integrity of the endothelial lining of the blood
vessels is disrupted, platelets in the blood become exposed
to the collagen of the vessel wall. Contact with the collagen
causes the usually smooth-surfaced (resting) platelet
(Fig. 1A) to become irregular and “sticky” (activated)
(Fig. 1B) as it adheres to the area of the injury. The activated
platelet secretes a number of factors including von
Willebrand factor (vWF), which recruits more platelets to the
area of injury and stimulates them to adhere. Other factors
released by the platelets initiate the coagulation cascade.

Coagulation occurs via two main pathways, the intrin-
sic and extrinsic pathway (Fig. 2). The intrinsic pathway is
primarily triggered by the disruption of vascular endothelial
integrity exposing blood vessel collagen to circulating blood.
The extrinsic pathway is more often activated in conditions
such as sepsis, infection, and trauma, where tissue factor
and factor VII initiate coagulation without necessarily expos-
ing endothelial collagen. Regardless of which pathway
initiates coagulation, the final common event is the conver-
sion of prothrombin to thrombin (factor II), which catalyzes
the conversion of soluble fibrinogen (factor I) to insoluble
fibrin filaments. These filaments form a net, trapping
additional blood cells and platelets and causing the clot to
form, grow, and mature.

Like many other physiologic responses in the body,
clotting has its own negative feedback controls. As
soon as clot formation begins, processes are initiated to
turn off (or down-regulate) clotting [antithrombin III (AT III)

and proteins C and S] or dissolve the already formed clots
(plasmin and tissue plasminogen activator). Proper regulation
ofclottingandclot dissolutionwillminimize theriskofVTE.

These two interactive systems may be grouped together
as the coagulofibrinolytic system (Fig. 3). The balance of the
coagulation and fibrinolytic arms of this system is especially
important for critically ill trauma patients because its homeo-
stasis may be disturbed by injury, surgery, sepsis, the systemic
inflammatory response syndrome, and multiple organ dys-
function syndrome. The recent PROWESS study demon-
strated that treatment with activated protein C reduced
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thrombosis and conferred a survival advantage in septic
patients (see Volume 2, Chapters 56 and 63) (6).

Hypercoagulation
The body forms a clot in response to an injury that causes
loss of blood from the vascular system. The system is also
programmed to dissolve that clot after it has served its
purpose. It should not form unnecessary clots, such as

those that cause DVTs, and should be able to dissolve
unwanted clots when they do occur. Overactivity of the

procoagulant system or underactivity of the anticlotting or
fibrinolytic systems results in a hypercoagulable state,
also termed thrombophilia (Table 1).

Examples of procoagulant overactivity include the
presence of factor V Leiden, or very high levels of homocys-
teine; factors VIII, IX, or XI, thrombin activatable fibrinolysis
inhibitor (TAFI); or fibrinogen (7). There are certain acquired
conditions such as pregnancy, malignancy, trauma, surgery,
heparin-induced thrombocytopenia (HIT), and ingestion of
oral contraceptives that also result in overactivity of the
coagulation cascade. Of note, many of these conditions are
found in the critically ill patient.

Examples of underactivity of the anticlotting system
are deficiencies of protein C, protein S, plasminogen, factor
XII, AT III, or heparin cofactor II (8). In the trauma patient,
VTE has a 13-fold increased incidence compared to normal
patients (9). The increased risk results from systemic hyper-
coagulation that manifests itself locally in areas of stasis
induced by immobilization (10). The hypercoagulability is
due to both activation of coagulation and reduced levels of
coagulation inhibitors and increased levels of fibrinolytic
inhibition (11).

Endothelial Damage
Endothelial damage is a key element of Virchow’s triad, yet
is difficult to separate out as an independent risk factor in
patients following trauma or surgery who may have other
predisposing factors, such as immobility, that lead to clot
formation. It is clear, however, from the discussion below
of indwelling catheters that intimal damage done by

Figure 2 The coagulation cascade is activated through the

intrinsic or extrinsic pathways. Both pathways convert

prothrombin to thrombin, which stimulates the polymerization

of soluble fibrinogen to an insoluble fibrin clot.

Figure 1 Resting platelets (A) are smooth and travel through the

blood vessels unimpeded. When platelets adhere to areas of

endothelial injury, they become activated (B), undergo shape

change, and form platelet aggregates.

Figure 3 The coagulofibrinolytic system includes factors that

stimulate clotting and fibrin formation and opposing factors

that antagonize coagulation and stimulate fibrinolysis.

Abbreviation: vWF, von Willebrand factor.

Table 1 Hereditary Causes of Hypercoagulation

Increased levels

or activity

Decreased levels

or activity

Factor V Leiden Protein S

Factor IX Protein C

Factor XI Antithrombin III

Thrombin activatable

fibrinolysis inhibitor

Heparin cofactor II

Plasminogen

Fibrinogen Factor XII

Homocysteine

Prothrombin gene variant
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penetration of the vein wall or its continuous irritation with
an indwelling foreign body predisposes to clot formation. Of
all the major operations performed, the ones that involve the
major blood vessels of the pelvis and lower extremities, such
as hip arthroplasty, cystectomy, major vascular procedures,
and total knee arthroplasty (12), carry the highest risk of
VTE that develops in this area. This suggests that injury to
these vessels confers an independent risk factor. Intravenous
drug abuse, which is not associated with the major morbid-
ity of surgery or trauma, has also been shown to be associ-
ated with DVT, indicating that intimal damage alone can
lead to clot formation (13).

Venous Stasis
Venous stasis is probably the most important risk factor

for VTE in patients who are critically ill or recovering from

trauma or surgery, Since these patients are often bed-
ridden, sedated, or paralyzed, they have sluggish blood
flow and poor venous return. Blood flow may also be
compromised by low cardiac output, abdominal compart-
ment syndrome, and elevated intravenous pressure from

right heart failure (14).
Indeed, all of the conditions that contribute to patient

immobility, such as mechanical ventilation, complex drains,
paralytic drugs, sedatives, indwelling catheters, or traction,
have been associated with an increased risk for VTE (15).
Knudson et al. recently completed a retrospective analysis of
the risk factors associated with VTE in 1602 trauma patients
(Table 2) of the .450,000 patients in the ACS-NTDB (5).
Days on mechanical ventilation and venous injury emerged
as the most significant risk factors. Other risk factors that
have traditionally been considered important [e.g., spinal
cord injury (SCI), pelvic fractures, etc.] were also found to
be important, but not to the same degree of significance (5).

The diagnosis of VTE is difficult to make in critically ill
patients because their comorbidity often leads to edema, res-
piratory compromise, decreased sensorium, pain, decreased
perfusion, and other signs that are important clinical
indicators of DVT or the resultant emboli. Estimates of
VTE range from 5% to 35% in ICU patients (14). However,
these percentages likely underestimate the true incidence
of VTE due to the reasons enumerated earlier. It is clear,
however, that one or more elements of Virchow’s triad are

present in the majority of critically ill patients, making
diagnosis, prevention, and treatment of this disorder a top
priority for these patients.

Nontrauma-specific medical conditions that affect
critically ill patients also come into play. A rare prothrombotic
risk factor is the presence of a congenital or acquired venous
malformation, which decreases venous return. Examples of
this phenomenon are IVC webs seen in Budd–Chiari
syndrome (BCS) and left common iliac occlusions seen with
May–Thurner sydrome, both of which are discussed later.

UPPER EXTREMITY

DVT of an upper extremity may result from an indwelling
foreign body, such as an intravenous catheter, or may
occur spontaneously (i.e., Paget–Schroetter syndrome). Of
the two entities, the former is of far greater significance for
critically ill trauma patients. Indeed, these patients often
have catheters placed in their central veins for intravenous
resuscitation, administration of medications, parenteral
nutrition, hemodynamic monitoring, cardiac pacing, or
hemodialysis. The two veins most commonly involved are
the axillary and subclavian, therefore, the term axillosubcla-
vian vein thrombosis (ASVT) is generic for this condition.

The incidence of upper extremity venous thrombosis
has been reported to occur in 0.06% of unselected hospital-
ized patients (16). This incidence is higher in selected
populations such as those with indwelling central venous
catheters or malignancy (17).

Catheter-Induced Vein Thrombosis
Because of its relative ease of performance, central access is
usually obtained via percutaneous puncture of veins in the
groin, antecubital fossa, subclavian region, or base of the
neck. This leads to direct damage to and the presence of
a foreign body adjacent to the intima of the femoral,
brachial, axillary, subclavian, or superior vena caval veins.
When thromboses result, the consequences range from
minor swelling of an extremity to life-threatening superior
vena cava (SVC) syndrome.

The incidence of ASVT is highest in patients with
indwelling intravenous catheters. The incidence in this
subset of patients is related to the material used for the cath-
eter as well as the position of the catheter. Polyethylene
and polyvinyl chloride catheters are more prone to pulmon-
ary emboli than polyurethane or siliconized catheters (18),
whereas the heparin-bonded catheters seem to be better

than those without heparin bonding (19). Additionally,
catheters placed so that the tips are in the SVC or the
right atrium have a lower incidence of thrombi than those
placed in the innominate or subclavian veins.

Spontaneous Thrombosis
Spontaneous thrombosis of the upper extremity (Paget–
Schroetter syndrome) is most often seen in young, active
people who use their upper arms and shoulders in repetitive
sports or professional activities. The thrombogenic state is
believed to result principally from overuse of an upper
extremity; hence, it is also called “effort thrombosis.”
Alternatively, when clotting occurs in the axillary vein due
to anatomic compression as the vein passes through the thor-
acic outlet, it may be called “thoracic outlet” syndrome
(though this term is usually used to describe subclavian
arterial obstruction). In any case, “spontaneous thrombosis”
may be a misnomer insofar as a predisposing condition is

Table 2 Risk Factors Associated with Venous

Thromboembolism (Univariate Analysis)

Risk factor (number

with risk)

Odds ratio (95%

confidence interval)a

Age � 40 yrs (n ¼ 178,851) 2.29 (2.07–2.55)

Pelvic fracture (n ¼ 2707) 2.93 (2.01–4.27)

Lower extremity fracture (n ¼ 63,508) 3.16 (2.85–3.51)

Spinal cord injury with paralysis

(n ¼ 2852)

3.39 (2.41–4.77)

Head injury (AIS � 3) (n ¼ 52,197) 2.59 (2.31–2.90)

Ventilator days .3 (n ¼ 13,037) 10.62 (9.32–12.11)

Venous injury (n ¼ 1450) 7.93 (5.83–10.78)

Shock on admission (BP ,90 mm Hg)

(n ¼ 18,510)

1.95 (1.62–2.34)

Major surgical procedure (n ¼ 73,974) 4.32 (3.91–4.77)

aP ,0.0001 for all factors.

Abbreviation: AIS, abbreviated injury scale.

Source: From Ref. 5.
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often identified. Often, more than one thrombogenic con-
dition will be present, for example, a tennis player with a
vein compressed by a small thoracic outlet.

Spontaneous thrombosis has no particular significance
for the critically ill patient, but must be differentiated from
catheter-related thromboses described earlier. It is important
to search for hypercoagulable states in all patients who
develop DVT and treat promptly because it may otherwise
progress to long-term disability (20).

Clinical Signs
The clinical signs and symptoms of upper extremity DVT are
chiefly pain and swelling. In critically ill or sedated patients,
swelling may be the only clue. Fever is also associated, but is
nonspecific, because it is often present for other reasons
following trauma and critical care. Occasionally, thrombi,
even when they totally occlude the vein, may be asympto-
matic. This is more likely to occur in a critically ill patient
with other comorbidities and unable to recognize that an
arm is swollen or painful (i.e., the head-injured patient). In
these patients, signs such as asymmetric arm edema or dis-
tended upper arm and chest wall veins may be seen. Less
commonly, venous thrombus of the upper extremity may
present as PE, which occurs in 20% of catheter-related
thrombi (21). Similar to DVT in the lower extremities,
emboli that break off of upper extremity thrombi can also
travel through a right to left shunt in the left heart to embo-
lize to the brain or coronary arteries (22). When emboli
originate from the vessel wall they are termed mural
thrombi. When emboli originate from an indwelling catheter

they are termed sleeve emboli. Sleeve emboli have a greater
chance of embolizing.

Diagnosis
Diagnosis of an intravenous thrombosis is most easily made
in patients who have the thrombosis related to the presence
of an indwelling catheter. In these patients, it is not possible
to withdraw blood from the catheter. Although this pheno-
menon may be caused by catheter kinking, it is more often
caused by an intravenous thrombus. Regardless of etiology,
the first diagnostic test of upper extremity vein thrombosis
should be venous Doppler ultrasound (VDU) which has
high specificity (94–100%) but only moderate sensitivity
(56–100%) (23). This test is noninvasive, portable, and rela-
tively inexpensive. It can be used for initial diagnosis and
may be used sequentially to follow the progress of the
disease or monitor the efficacy of treatment.

The gold standard for diagnosing upper (and lower)
extremity thrombi is venography. Although a properly

performed venogram has close to 100% sensitivity and
100% specificity, it is done only infrequently because VDU
is safer, less expensive, and usually sufficient.

Venography is an invasive procedure, which carries
risks such as renal toxicity and allergic reactions. It may
also be difficult to access small veins in the hand or distal
extremity to inject contrast material. Digital subtraction
venography allows studies to be done with less contrast
material and is associated with fewer side effects than plain
venography (24). Venography is more comprehensively
reviewed in the section devoted to diagnostic tests of the
lower extremity, but the upper extremity is particularly
suited to this modality because of the inaccessibility of the
axillary, subclavian, and innominate veins to physical exam-
ination and other noninvasive tests.

Treatment
When the thrombi occur as a result of an indwelling cath-

eter, the cornerstone of treatment is removal of the catheter
and anticoagulation (when not contraindicated).

Of course, this removes access to the central circula-
tion, which may cause problems in itself. For these patients,
there must also be a strategy for obtaining alternative access
to the circulation if it is still needed. Another strategy is to
leave the catheter in place and keep the patient anticoagu-
lated (25). Patients who do not respond to anticoagulation
alone may have a fibrinolytic agent infused through the
catheter (26). However, fibrinolytics are associated with
more bleeding complications than heparin alone, and are
relatively contraindicated following acute trauma to the
central nervous system. Prior to surgical treatment of an ana-
tomic obstruction, fibrinolysis must be initiated acutely to
prevent a chronic disability. Surgical procedures for the
upper extremity are usually reserved for conditions caused
by extrinsic compression such as effort vein thrombosis
(27) or thoracic outlet syndrome. If the injury is recognized
and treated promptly with fibrinolysis, surgical opening of
the thoracic outlet is usually successful (28). If the injury is
recognized late, vein patch angioplasty or replacement of
permanently damaged subclavian or axillary vein with
saphenous grafts may be necessary. Although thrombosis
caused by intimal damage, such as occurs with ASVT, may
go on to produce permanent problems, surgical intervention
is not usually necessary unless there are predisposing
anatomic problems that must be addressed (29).

Otherwise, treatment for upper extremity thrombi is
similar to treatment of lower extremity thrombi discussed
later. Medical treatment consists of acute anticoagulation
with unfractionated heparin (UFH) or low molecular
weight heparin (LMWH) followed by chronic anticoagula-
tion by warfarin. Intravascular filters may be placed to
prevent embolization (30), but the possibility of creating a
swollen extremity is more debilitating when it occurs in an
upper extremity. Dissolution of the clot with a fibrinolytic
agent such as tissue-type plasminogen activator or recombi-
nant urokinase may be done in the upper extremity as well
as the lower extremity. However, these drugs are generally
contraindicated within a few days after acute trauma.

SUPERIOR VENA CAVA

Although thrombosis can occur anywhere in the vena cava,
it is more likely to occur in areas of low flow and/or partial
obstruction. A variety of medical etiologies besides trauma
and/or catheter-related conditions are known to increase
the risk of VTE, each requiring a different treatment depend-
ing on their location (Table 3). SVC syndrome may be caused
by thrombi originating within the SVC or may be initiated by
external compression of the SVC. It is a relatively common
complication of thoracic or mediastinal malignancies, but
there are other benign causes of this syndrome as well (31).
More recently, the increased use of intravenous catheters
has made intrinsic causes of thrombi more common so that
a careful workup must be done before definitive treatment
can be initiated.

Malignancies
Malignancy is still the most common cause of SVC
syndrome. The malignant conditions most often associated
with SVC syndrome are bronchogenic carcinoma and
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lymphoma. The etiology of the SVC obstruction in patients
with these diseases is almost always external compression
by a tumor or direct growth of the tumor into the SVC.
Thus, DVT does not play a major etiologic role in the devel-
opment of this syndrome for these malignancies. Recent
advances in endoluminal stenting, however, have made
thrombolysis and stent placement an alternative treatment
for this condition (32). Stenting may be particularly
appropriate for critically ill patients who are too ill to wait
for resolution of symptoms of SVC syndrome by radiation
or chemotherapy and cannot undergo surgical procedures.

Catheter-Related Superior Vena Cava Syndrome
Although catheter-related thrombosis represents a rela-

tively small percentage of patients who develop SVC syn-
drome, it is commonly seen in critically ill trauma patients

who have multiple indwelling catheters for fluids, monitor-
ing, pacemakers, and cardiac defibrillators. Although
the phenomenon of catheter-related thrombus was described
in the section on upper extremity DVT, SVC thrombosis is
more serious than upper extremity thrombosis because of
the hemodynamic consequences of an obstructed SVC.

Catheter-related obstructions are true thrombi and are
important to recognize early because they can be treated
effectively by catheter removal or thrombolytics. If the clot
is diagnosed within five days of symptoms, then it can
usually be lysed successfully (33). It is also important to
diagnose catheter-related SVC syndrome because it usually
develops acutely. When SVC syndrome develops slowly, as
occurs with many malignant conditions, collateral circula-
tion, especially through the azygous system, may develop
to return blood to the right atrium. When the clot forms
acutely around an indwelling line collaterals do not have
time to develop and the hemodynamic consequences of the
obstruction are more severe.

Other Benign Conditions
Historically, infectious conditions such as syphlitic aortic
aneurysms and untreated fungal conditions caused most
SVC obstructions. Although improved antimicrobial treat-
ment has decreased the number of patients who present
with these causes of SVC syndrome, there are still patients
who develop the syndrome from fibrosing mediastinitis,

usually related to untreated or under-treated granulomatous
and fungal conditions (34,35).

INFERIOR VENA CAVA

Thrombosis may occur anywhere in the inferior vena
cava (IVC), such as with Behcet’s disease (36). However,
most IVC clotting occurs near the hepatic veins as a conse-

quence of BCS or adjacent to the renal veins as a conse-
quence of nephrotic syndrome.

Budd^Chiari Syndrome
Although BCS may be loosely defined as any process that
causes obstruction of hepatic blood outflow, it is more
typically reserved for thrombosis of the hepatic veins and
adjacent IVC (37). Numerous inciting events can lead to
veno-occlusive disease of the hepatic veins, including mye-
loproliferative disorders, malignancies, infections, oral con-
traceptives, and other conditions causing hypercoagulable
states (38). Mechanical obstruction may play a role in some
of these conditions; however, hypercoagulability is the
primary etiologic factor leading to BCS.

BCS may present as an acute or chronic condition.
When it is acute there is often hepatomegaly and severe
right upper quadrant pain. The chronic form presents
more gradually and patients may complain only of vague
abdominal pain. These patients usually have a better prog-
nosis (39). Ascites and variceal bleeding may occur with
either presentation; however, the pattern of biochemical
test abnormalities differs. Patients with acute BCS have
elevations of their aminotransferases and alkaline phospha-
tases, whereas those with chronic disease experience hypoal-
buminemia and elevated prothrombin times.

As with deep vein thrombosis in other anatomic
locations, diagnosis is most easily made with noninvasive
studies such as Doppler ultrasonography, magnetic reson-
ance imaging, and computed tomography (CT). The gold
standard for diagnosis remains venography that may be
needed when the noninvasive tests are inconclusive. Liver
biopsy is also helpful and may be needed to determine the
extent of cirrhosis and to guide treatment.

Treatment options for thromboses in other anatomic
locations are similar and include medical management, antic-
oagulation, radiographic interventions, and surgical pro-
cedures. Due to the unique involvement of the liver in this
condition, the medical management includes controlling
symptoms of liver failure. Radiographic treatment of BCS
includes transjugular intrahepatic portosystemic shunting
(TIPSS) as well as all of methods described later such as
thrombolysis, stenting, and angioplasty. Surgical approaches
to BCS are particularly challenging because of the inaccessible
location of the hepatic veins and the retrohepatic IVC. Porto-
systemic shunting and liver transplantation, however, do
offer some hope for these patients (40).

Nephrotic Syndrome
Nephrotic syndrome is characterized by proteinuria
greater than 3.5 g/m2/day. Hypoalbuminemia, edema,
hyperlipidemia, and lipiduria may also be seen but are
variable in expression. There is a high incidence of
renal vein thrombosis with nephrotic syndrome for
reasons that are not clear. Patients with nephrotic syndrome
are hypercoagulable and have an increased occurrence of

generalized arterial and venous thomboemboli; however,

Table 3 Medical Etiologies and Treatment of Vena Cava

Thromboses

Location Etiology Treatment

Superior vena

cava

Malignancy Treat malignancy

Bronchogenic CA Endoluminal stenting

Lymphoma Thrombolysis

Inferior vena

cava

BCS Anticoagulation

Thrombolysis

TIPPS (BCS)

Surgery

Nephrotic syndrome Anticoagulation

Thrombolysis

Surgical thrombectomy

Behcet’s disease Variable

Abbreviations: BCS, Budd–Chiari syndrome; CA, cancer; TIPPS, transju-

gular intrahepatic portosystemic shunting.
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the incidence of clotting is highest in the renal veins.

This may be due to the decreased perfusion of the kidneys
seen in NS and resultant low flow and hemoconcentration
in the postglomerular circulation.

Diagnosis of renal vein thrombosis is similar to that of
BCS insofar as noninvasive ultrasonography is the preferred
screening technique (41), whereas invasive venography has
the highest sensitivity and specificity.

Treatment of thromboembolism for nephrotic
syndrome is similar to that of BCS when the IVC is involved.
Treatment for renal vein thrombosis, however, is limited to
anticoagulation and, in unusual circumstances, surgical
thrombectomy (42).

LOWER EXTREMITYAND PELVIC VEINS

The lower extremity has two systems of venous drainage,
the deep and superficial systems. The superficial system is
comprised of the lesser and greater saphenous veins
(GSVs), and the deep system is comprised of paired
common femoral veins (CFVs), superficial femoral
veins, profunda femoral veins, popliteal veins, and tibial
veins (43). The superficial veins communicate with the
deep system via venous perforators and directly at the
saphenofemoral junction. Thrombosis of the deep veins of
the lower extremity can propagate into the iliac system
and further into the IVC. DVTs are also classified by
the location in the lower extremity with proximal (thigh)
veins being considered more clinically important
than distal (calf) veins in terms of potential for subsequent
PE (44).

Thrombosis of the iliac veins has the greatest risk of
massive PE. DVTs occur more commonly in the left

common iliac vein. This is explained anatomically because
the right common iliac artery compresses the left common
iliac vein as it crosses over it. Repetitive pulsations may
cause a “web” or “spur” to form and make this vein more
prone to thrombosis. This condition has been termed

May–Thurner syndrome (45).

Diagnostic Tests
The diagnostic workup of suspected VTE must be initiated
based on clinical suspicion and must proceed systematically
from bedside examination to noninvasive [i.e., impedance
plethysmography (IPG) or VDU] and, in some circum-
stances, invasive testing (Table 4).

Physical Exam
Classic findings of DVT are the following: pain, swelling,
and variable discoloration of the involved extremity. In the
ICU setting, symptoms may be difficult to illicit from a
sedated, paralyzed, or endotracheally intubated patient.
Therefore, a high index of suspicion must be maintained
and physical examination revealing unilateral swelling, a
palpable cord, or superficial venous dilation must be
followed by further testing (46,47). Clinical examination
and grouping patients into low, moderate, and high-risk
groups prior to testing (Table 5) has been shown to increase
diagnostic accuracy (48,49).

Ultrasound/Duplex
VDU examination of the lower extremity is useful in that it is
noninvasive and can be done at the bedside, thus eliminating

the need to transport critically ill patients. Venous interrog-
ation is most accurate when compression ultrasonography
(50,51) is used. The vein is identified and followed along
its course until the thrombus is found. The chronicity of
the thrombus can be inferred from its appearance on
ultrasonography as older clots have a more echodense
appearance (52). Finally, the vein is compressed during
duplex scanning to determine if there is an appropriate
flow response. The obvious limitation of compression ultra-
sonography is in imaging veins that cannot be compressed
by the probe, such as those above the inguinal ligament.

Table 4 Diagnostic Tests of Lower Extremity

Deep Venous Thrombosis

Test Findings

Physical exam Pain

Swelling

Discoloration

Unilateral swelling

Palpable cord

VDU Visualization of clot

Response to compression

Echodensity

Duplex flow

IPG Resistance related to obstruction

Venography Normal anatomy

Intraluminal filling defect

Abbreviations: IPG, impedance plethysmography; VDU,

venous Doppler ultrasound.

Table 5 Pretest Probability of Deep Vein Thrombosis

Clinical feature Scorea

Active cancer (treatment ongoing or within the previous

6 mo or palliative)

1

Paralysis, paresis, or recent plaster immobilization of the

lower extremities

1

Recently bed-ridden for more than 3 days or major

surgery, within 4 wks

1

Localized tenderness along the distribution of the deep

venous system

1

Entire leg swollen 1

Calf swelling by more than 3 cm when compared to the

asymptomatic leg (measured below tibial tuberosity)

1

Pitting edema (greater in the symptomatic leg) 1

Collateral superficial veins (nonvaricose) 1

Alternative diagnosis as likely or more likely than that of

deep venous thrombosis

22

Note: This clinical model has been modified to take one other clinical

feature into account: a previously documented deep vein thrombosis

(DVT) is given the score of 1. Using this modified scoring system, DVT

is either likely or unlikely as: DVT likely ¼ 2 or greater; DVT unlikely ¼ 1

or less.
aA score of 3 or higher indicates that the probability of deep vein thrombo-

sis is likely; a score of l or 2 indicates that the probability is moderate; and a

score of 0 or less indicates that the probability is very unlikely.

Source: Adapted from Ref. 115.
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Serial VDU studies should be performed if the initial

exam is negative because 2% of patients with an initially
negative study will have a positive result when studied
seven days later (3,53). A carefully done ultrasound
examination has been found in one series to have a 100%
sensitivity and 99% specificity (54).

Impedence Plethysmography
IPG is another noninvasive test, which is useful to define
venous obstruction. A pneumatic cuff is placed around a
patient’s thigh and two electrodes are placed on the calf.
The cuff is inflated and then rapidly deflated while the
resistance between the electrodes is measured. The outflow
fraction, which is related to the degree of obstruction, may
be calculated (55).

The sensitivity and specificity of this technique is 91%
and 96% in some series (56); however, significant variabil-
ities have been demonstrated in the same patient (57). In
addition, patients must be correctly positioned and
immobile for two minutes, which might be difficult in an
agitated ICU patient. Finally, as the success of ultrasound
increases, the use of plethysmography decreases and fewer
people are familiar with the technique.

Venography
Contrast venography is still the “gold standard” for the
diagnosis of DVT. Adequate imaging requires visualization
of the deep venous structures from the calf veins to the
IVC. The most reliable venographic finding indicating a
DVT is an intraluminal filling defect seen on two or more
views of the same area (58). In one study, only 1.3% of
patients developed a DVT following an initially negative
venogram over a six-month follow-up (59). However, due
to the invasive nature of the study and the need to transport
ICU patients to an interventional suite, venography is not
the first choice of studies for critically ill patients. If the
ultrasound is read as inconclusive (such as “suspicious for
but not diagnostic” of iliac or pelvic vein thrombosis) or is
unavailable, then contrast venography can be used. It is
also not recommended for patients with renal insufficiency
unless other studies are inconclusive and the risk of
empiric anticoagulation is great.

Prevention and Treatment
The prevention and treatment of DVT should be considered
for every hospitalized patient. The approaches used vary
from simple preventative measures such as anticoagulation
and early ambulation to more invasive treatments such as
mechanical devices, interventional radiology, and surgery
(Table 6). In the absence of a major contraindication,
LMWH is indicated for the prophylaxis of trauma patients
with at least one risk factor for VTE (3). Those with a contra-
indication to LMWH because of active bleeding or high risk
of hemorrhage should receive mechanical prophylaxis
(described later).

DVT is the most common complication of HIT, and,
therefore, symptoms or signs of DVT in a patient receiving
antithrombotic prophylaxis with UFH or LMWH should
prompt consideration of this diagnosis, including determi-
nation of the platelet count and comparison with previous
values.

Anticoagulants
Primary therapy for DVT centers on anticoagulation
and there is a wide variety of anticoagulants available that

vary in dosing, monitoring, and limitations (Table 7). The
main anticoagulant used is UFH, which is an indirect
thrombin inhibitor, as it combines with AT III to accelerate
the inactivation of thrombin and factor Xa. This inactivation
involves the formation of a ternary complex in which
heparin binds to both AT III and to thrombin. This requires
an adequate saccharide length, which occurs commonly in
UFH preparations, but less so with LMWH (60).

UFH is the first choice in treatment for DVT but has
limitations, which include a narrow therapeutic window and
variable dose–response that requires frequent monitoring.

The half-life of UFH is approximately 30 to 60 minutes
(61). The dosing of UFH usually involves a weight-adjusted
nomogram (Table 8) with an initial bolus of 80 units/kg
followed by 18 units/kg/hour (62). The rate is then adjusted
to maintain an activated partial thromboplastin time (APTT)
that is about 1.5 to 2.3 times higher than normal. However, in
patients in whom there is a concern for bleeding (e.g., a
recent postoperative patient), a smaller bolus or no bolus
may be used. Complications of UFH include bleeding,
immune HIT, and, with chronic use, osteoporosis. Bleeding
can occur without a supratherapeutic APTT, especially in
patients who have undergone trauma or surgery (63). If a
patient is bleeding while receiving UFH, protamine sulfate
can reverse the anticoagulant effects using a dose of 1 mg
of protamine sulfate for every 100 units of heparin adminis-
tered within the past few hours.

Two types of HIT are known. Type I is not immune-
mediated and is manifested by a fall in the platelet count
within 48 hours with a return to normal with or without
discontinuation of heparin. Type II is immune-mediated and
is caused by antibodies that recognize a platelet granule
protein (platelet factor 4) complexed to heparin. Usually,
platelets do not recover unless heparin is discontinued.
Thrombotic events rather than bleeding are typical for type
II HIT. Two to five percent of patients receiving UFH and
0–1% of patients receiving LMWH for one to two weeks
develop immune HIT. All forms of heparin (including
LMWH) should be discontinued when HIT is diagnosed

Table 6 Prevention/Treatment of Lower Extremity Deep

Vein Thrombosis

Anticoagulation UFH

LMWH

Heparinoids

Thrombin inhibitors

Enzyme inhibitors

Factor inhibitors

Warfarin

Mechanical devices Elastic stockings

Sequential compression

Intravascular filters

Interventional radiology Fibrinolysis

Balloon angioplasty

Stenting

Clot extraction

Surgery Direct thrombectomy

Cross-over saphenous bypass

Early ambulation Postoperative protocols

Travel ambulation

Abbreviations: DVT, deep vein thrombosis; UFH, unfractionated heparin;

LMWH, low molecular weight heparin.
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and nonheparin based anticoagulation should be instituted
(64).

The other commonly employed forms of heparin are
LMWHs. These smaller molecules are made by treating
UFH with a variety of depolymerization reactions. The
ones that are currently approved for use by the FDA
include enoxaparin, dalteparin, and tinzaparin. Like UFH,
they are all indirect factor Xa inhibitors, but in contrast to
UFH, LMWHs inhibit thrombin to a lesser extent (binding
poorly to AT III) and, as a result, do not usually prolong
the APTT. LMWHs are given subcutaneously and their
anti-Xa activities correlate well with body weight, allowing
a fixed dosing regimen to be used. Laboratory monitoring
is not necessary unless the patient is pregnant or has renal
insufficiency. Additionally, LMWHs cause less immune

thrombocytopenia. Normal dosing for full anticoagulation
is 1 mg/kg twice per day or 1.5 mg/kg once a day (65).
Although LMWHs can be given subcutaneously, UFH is
usually given by a constant IV infusion, making conversion
to an oral anticoagulant necessary for outpatient treatment.

Nonheparin agents may be used for anticoagulation
and are particularly helpful when HIT develops. Two large
classifications of agents are the heparinoids and the direct
thrombin inhibitors (DTIs). Danaparoid is a low molecular
weight heparinoid that is a more selective factor Xa inhibitor
than LMWH. Its activity can be measured by a chromogenic
antifactor Xa assay. Unlike heparin, danaparoid is not effec-
tively neutralized by protamine. Danaparoid is not available
in the United States. Currently, the two FDA-approved anti-
coagulants for treatment of HIT are DTIs, lepirudin and
argatroban. Lepirudin is a recombinant form of hirudin, the
natural polypeptide anticoagulant from the saliva of the med-
icinal leech. Argatroban is a synthetic small-molecule throm-
bin inhibitor derived from arginine. A third DTI available
in the United States, bivalirudin (analogue of hirudin), is
not approved for treatment of HIT, but has, except during
angioplasty, seen limited use for this indication. Unlike
other anticoagulants, these drugs are sometimes difficult to
monitor with standard laboratory tests, as the APTT does
not always reliably estimate drug levels. No antidotes exist
for these DTIs (66).

The standard oral anticoagulation drug is the vitamin
K antagonist, warfarin. Its mechanism of action is to reduce
the synthesis of functional levels of the vitamin K-dependent
procoagulant factors, II (prothrombin), VII, IX, and X. There
is the potential for a hypercoagulable effect occurring within
the first few days after initiating treatment due to the
reduction in synthesis of two vitamin K-dependent
anticoagulant factors, protein C and protein S; this results
particularly from the relatively short half-life of protein C
compared with the other vitamin K-dependent factors. The
peak effect of anticoagulation does not occur with warfarin
until 36 to 72 hours after the first dose, but the effect on

Table 8 Weight-Based Nomogram for Intravenous Heparin

Infusion

Initial dose 80 U/kg bolus, then 18 U/kg/hr

APTT , 35 sec

(, 1.2 � control)

80 U/kg bolus, then increase infusion

rate by 4 U/kg/hr

APTT 35–45 sec

(1.2–1.5 � control)

40 U/kg bolus, then increase infusion

rate by 2 U/kg/hr

APTT 46–70 sec

(1.5–2.3 � control)

No change

APTT 71–90 sec

(2.3–3.0 � control)

Decrease infusion rate by 2 U/kg/hr

APTT . 90 sec

(.3.0 � control)

Hold infusion 1 hr, then decrease

infusion rate by 3 U/kg/hr

Note: Each laboratory should establish the appropriate APTT range that

corresponds to a therapeutic level of heparin (which may or may not corre-

spond to the APTT ranges used in the nomogram shown above).

Abbreviation: APTT, activated partial thromboplastin time.

Source: From Ref. 116.

Table 7 Anticoagulants

Agent Dosagea Monitoring Limitations

UFH 80 units/kg/hr, IV bolus APTT IV infusion

18 units/kg continuous IV HIT

LMWH

Enoxaparin

Daltiparin

Tinzaparin 1.5–2 mg/kg/day, SQ None needed HIT (less than with UFH)

Heparinoids

Danaparoid 2250 units SQ, BID Antifactor Xa

assay

Expensive

(but less than thrombin inhibitors)

No antidote

Thrombin inhibitors Variable APTT Expensive

Lepirudin (hirudin) No antidote

Bivalirudin

Argatroban

Warfarin 2–10 mg, QD or QODb PT Variable dose–response

slow to reverse

aTherapeutic, rather than prophylactic, dosing is shown.
bThe first dose of warfarin should not exceed 5 mg.

Abbreviations: APTT, activated partial thromboplastin time; BID, 2 times per day; HIT heparin-induced thrombocytopenia; IV, intra-

venous; LMWH, low molecular weight heparin; PT, prothrombin time; QD, once daily; QOD, 4 times per day; SQ, subcutaneous; UFH,

unfractionated heparin.
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the individual factors varies (Fig. 4). Dosing is monitored
using the prothrombin time, expressed as the International
Normalized Ratio (INR), which is usually maintained at
2.0 to 3.0 for DVT therapy. Complications include bleeding
(especially with excessive INR prolongation) or necrosis
(either skin necrosis or venous limb gangrene, which are
secondary to microvascular thrombosis related to warfarin-
associated decreases in protein C and/or protein S). To
avoid complications of warfarin-induced hypercoagulation,
UFH and LMWH are usually overlapped for at least five
days with warfarin. If a patient requires immediate reversal
of anticoagulation while receiving warfarin, fresh frozen
plasma or prothrombin complex concentrates should be
administered. Rapid (within a few hours) reversal of anticoa-
gulation can be achieved by slow (over 30–60 minutes)
intravenous infusion of vitamin K (67).

Mechanical Devices
Intermittant Pneumatic Compression

Intermittent pneumatic leg compression has both local
and systemic effects. Locally, it acts by simulating the calf
muscle pump and, thus, preventing venous stasis. Systemi-
cally, it acts by inhibiting plasminogen activator inhibitor-1

(68) and increasing the body’s fibrinolytic activity. For
this reason, compression devices placed on an arm may
convey some benefit in preventing clot formation in the
lower extremities.

Although there is little risk in using pneumatic leg
compression devices, they should be used with caution in
patients with severe peripheral vascular occlusive disease.
In addition, some clinicians believe they should not be
started on patients who have been at bed rest for greater
than 72 hours prior to obtaining a noninvasive evaluation
of pre-existing DVT, due to the possible dislodging of a
previously formed clot. The literature has clearly demon-
strated benefits of intermittent pneumatic leg compression

in moderate risk patients following trauma, and those
undergoing general surgical, cardiac, and neurosurgical pro-
cedures (69,70). Compression should be initiated preopera-
tively in elective cases and be used throughout the
postoperative period until the patient is ambulatory.

Intravascular Filters
Interruption of the IVC was first described by Trousseau in
1868 (71). Since that time IVC filters have evolved and are
routinely placed in high risk trauma patients, and those
with DVT but a contraindication to anticoagulation. There
are many different types of IVC filters which are all designed
to trap clots but allow blood flow (Fig. 5). As the technology
has advanced, the delivery system has become smaller,
making deployment of the filters easier. The use of IVC
filters in addition to anticoagulation has been investigated
and found to cause a decrease in incidence of short-term
PE but no difference in incidence of long-term PE or survival
(72). IVC filters are not routinely used for patients without
evidence of thromboembolism. ; The indications for pla-
cement of filters are the following: (i) acute VTE in a
patient who has a contraindication for anticoagulation, (ii)
VTE in a patient who is already anticoagulated, (iii) patients

who have a compromised pulmonary vascular bed in whom
a VTE would not be tolerated, (iv) patients with a high fall
risk in whom anticoagulation could cause bleeding, and
(v) trauma patients with a prolonged high risk for VTE due
to prolonged immobility (e.g., quadriplegia) and severe

traumatic brain injury (TBI) (73).
Retrievable vena cava filters are now clinically avail-

able for use in patients with a short anticipated duration of
need for protection against PE. One such device is the
Günther TulipTM Vena Cava Filter (Cook, Inc., Bloomington,
IN, US) (Fig. 6). Because these devices are still under study,
and complications have been reported, retrievable venacaval
filters are discussed later in the “Eye to the Future.“
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Figure 4 Effect of warfarin on blood-clotting proteins. The activity of various clotting proteins (logarithmic scale) is shown here as a

function of time after ingestion of warfarin (10 mg/day PO for four consecutive days) by a normal subject. Factor VII activity, to

which the prothrombin time is most sensitive, is the first to decrease. Full anticoagulation, however, does not occur until factors IX, X,

and prothrombin are sufficiently reduced (at least four days). Protein C activity falls quickly, and, in some patients, a transient

hypercoagulable state may ensue resulting in microvascular thrombosis (e.g., coumarin necrosis). The half-life of protein S (not shown)

resembles that of prothrombin (60 hours).
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Interventional Radiology
Although there have been controlled trials for the use of
thrombolytics in patients who have suffered a VTE, the
data on its use in DVT alone are minimal. The potential
benefits of complete clot lysis, the lower incidence of post-
phlebitic syndrome, and reduced chances for potential PE
must be weighed against the potential bleeding compli-
cations that may occur with thrombolytics. In addition,
many patients may not be candidates for thrombolysis,
such as those who have undergone recent surgery or
trauma (74). The main thrombolytic agents that have been
studied are streptokinase, urokinase, and tissue plasmino-
gen activator. Most of studies are small and conclusions
about optimal dosing and expected results cannot be
drawn (75–77).

In the setting of acute DVT, the use of catheter-directed
thrombolysis is becoming more popular. This technique is
commonly employed for iliofemoral DVT by passing a
wire across the thrombus, placing an infusion catheter
with side-holes, and infusing a thrombolytic substance
directly into the thrombus. By employing this method,
the amount of thrombolytic agent given is less than with

systemic dosing and several series have reported excellent
success rates (78,79).

DVTs are more frequently located in the left lower
extremity due to the anatomic compression resulting in the
May–Thurner syndrome (80) as described earlier. Treatment
of a thrombus at this location usually involves catheter-
directed thrombolysis, balloon angioplasty, and placement
of a stent due to the recurrent nature of thrombosis. May–
Thurner syndrome and acute DVTs causing a threatened
limb (phlegmasia cerulea dolens) are the two most common
indications for peripheral thrombolytics (81). Thrombolytic
therapy also increased thrombin generation, and thus conco-
mitant anticoagulation, at least in low doses, is usually given.

In addition to May–Thurner syndrome, endolum-
inal stenting and balloon angioplasty have been described
in other types of iliofemoral venous occlusive disease.

Although these procedures are uncommonly performed,
they offer nonsurgical options for trauma and critically ill
patients with VTE disease.

Surgery
In the situation of a threatened limb such as phlegmasia
cerulea dolens, in which the patient cannot wait for cath-
eter-directed thrombolysis, surgical thrombectomy should
be considered. The GSV is identified and followed to the
saphenofemoral vein junction. The CFV is then opened
and a Fogarty catheter is used to extract the thrombus
while the patient is under general endotracheal anesthesia.
Some recommend a pulmonary end expiratory pressure of
10 cm water to decrease the risk of PE (though this mechan-
ism is entirely speculative). After the thrombus is removed,
the GSV is attached to the femoral artery to create an AV
fistula to help keep the vein open. A completion venogram
is performed to ensure the patency of the thrombectomized
vein. The procedure should include fasciotomies to relieve a
potential compartment syndrome and anticoagulation is
continued throughout the postoperative period (82).

If the thrombus is chronic and the vessel cannot be
surgically recanalized, other surgical procedures such as
the crossover saphenous vein bypass (Palma procedure)
can be performed. This procedure involves dissecting the
contralateral GSV but keeping it attached to its saphenofe-
moral junction. It is then tunneled to the affected groin
where an anastamosis is made to the CFV proximal to the
occlusion. In addition, an end-to-side anastomosis between
the ipsilateral saphenous vein and adjacent femoral artery
is performed to create an arteriovenous fistula to keep the
outflow tract open (83).

In this era of interventional radiology and other non-
surgical alternatives, however, surgical thrombectomy
should be reserved for dire circumstances and the unusual
cases noted earlier.

Early Mobilization
Of the triad of risk factors Virchow identified as causative
for VTE, the one that is most easily addressed is venous
stasis. It is also the risk factor that is most often seen in criti-
cally ill, traumatized, anesthetized, or postoperative
patients. It is clear that prevention is the most important
strategy to use against the development of VTE and the
prevention of venous stasis should be the primary focus of
this strategy.

Although elastic compression and pneumatic
compression devices restore some of the lost blood

flow, mobilization and, specifically, ambulation provides

Figure 5 Inferior vena cava filter models. (A) Stainless steel

Greenfield filter, (B) modified-hook titanium Greenfield filter,

(C) bird’s nest filter, (D) Simon nitinol filter, (E) Vena Techw

filter. Source: From Ref. 117.
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complete restoration of flow and the greatest protection
against VTE. Although there are numerous studies
demonstrating the protective effects of prophylactic anticoa-
gulation and mechanical compression, there is very little
documentation of the benefits of early ambulation. This
effect of ambulation must be inferred from studies that
show that lack of ambulation in patients with no other
comorbid conditions, such as those who have prolonged
periods of sitting, traveling, or lying in a bed, results in
stasis and VTE (84,85). This information is the basis for
many surgical protocols which call for early ambulation.
Despite many protocols calling for early operative interven-
tion and early restoration of ambulation in bedridden
patients, there has been no convincing evidence that this
approach decreases VTE (86). The recent interest in mini-
mally invasive surgical procedures is partially inspired by
the benefits of reduced postoperative morbidity leading to
early ambulation.

There is another aspect of ambulation that has been
studied in a more systematic way. Early ambulation versus
bed rest after a DVT has developed has been subjected
to several recent studies. These studies challenge the
previously held notion that patients should be sedentary
until a clot becomes adherent to the vein to prevent it from dis-
lodging and embolizing. There have been several recent

studies that have demonstrated that bed rest does not

decrease the incidence of PE following DVT (87). Future
prospective studies will have to be conducted to determine
whether a period of bed rest or early ambulation should be
recommended for patients with documented DVT.

PULMONARY EMBOLISM

Of all the complications caused by DVT, PE is the most
serious, with 500,000 cases diagnosed per year in the
United States alone (88). Untreated PE is associated with a
30% mortality. When timely diagnosis and treatment
occurs, mortality is reduced to approximately 5% (89).
Much of the diagnosis, prevention, and treatment of DVT
is, therefore, aimed at decreasing the incidence and lethal
consequences of PE.

Diagnosis
The most common clinical findings in PE are related to
obstructed blood flow through the heart and lungs and the
resultant compromise of oxygen delivery. The signs and
symptoms of this disorder include tachypnea, rales, tachy-
cardia, fourth heart sound, pleuritic chest pain, dyspnea,
cough, hemoptysis, and mild fever. Unfortunately, these
findings are relatively nonspecific (and may be completely
absent) so that confirmatory testing is almost always
warranted when PE is clinically suspected. When one or
more of these signs is present in a patient at risk for VTE,
an arterial blood gas (ABG), chest X ray (CXR), and electro-
cardiogram (EKG) are commonly obtained. Although the
ABG typically shows hypoxemia, hypocapnia, and a respir-
atory alkalosis, a major PE may lead to hypercapnia and
respiratory acidosis. Other patients with PE have close to
normal oxygenation. Other lab values such as WBC, ESR,
LDH, SGOT, troponin, and brain natriuretic protein may be
elevated, but the utility of these nonspecific findings is ques-
tionable. The most frequently observed CXR pattern with PE
is atelectasis or a pulmonary parenchymal injury, which has
been observed almost as frequently in patients who were
determined not to have a PE (90). Findings on electrocardio-
graphy such as nonspecific ST segment and T wave changes
are frequently found but are also insensitive and nonspecific.
The greatest utility of EKG in diagnosing PE may be to rule
out other cause of chest pain such as myocardial ischemia.

Because of the nonspecificity of the clinical findings,
and of these routinely ordered lab tests, further diagnostic
testing is usually warranted. In patients with essentially
normal chest radiographs, a ventilation perfusion ( _V= _Q)
scan is a useful screening test. This test may be read as
high probability (80–90% probable), moderate probability
(40% probable), or low probability (15% probable). In the
setting of patients with initially abnormal chest radiographs
(i.e., most critically ill trauma patients), _V= _Q scans are rarely
helpful. Furthermore, _V= _Q results may not be sensitive or
specific enough to direct treatment such as anticoagulation,
which can be associated with significant morbidity.

Helical CT, especially when complemented with
intravenous contrast administration (CT angiography), is
currently the most commonly employed study to diagnose
PE. The technique, however, is operator-dependent and
only experienced centers show sensitivities and specificities
approaching pulmonary angiography (91). Emboli that
occlude segmental and larger vessels are more likely to be

Figure 6 Günther TulipTM retrievable vena cava filter (Cook,

Inc., Bloomington, Indiana, U.S.A.). The Günther Tulip filter is

conical in shape and consists of four legs that contain additional

wire loops attached to each leg. A hook is present at the apex of the

filter, which is used in the retrieval process. It can be placed via a

femoral or jugular vein approach. However, inferior vena cava

filters must be retrieved from the jugular approach. Source: From

Ref. 106.
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detected by helical CT scanning, whereas emboli in subseg-
mental vessels may easily be missed.

Pulmonary angiography, similar to venography for
DVT, remains the “gold standard” for diagnostic tests of
PE but is decreasingly used. It is the most invasive and
expensive test and should only be used when other tests
(including helical CT) are nondiagnostic, and making the
diagnosis is important enough to justify the potential com-
plications of the procedure. Complications of pulmonary
angiography include injuries related to catheter placement,
contrast reactions, cardiac dysrhythmias, or respiratory
compromise (73).

The risks and benefits of all diagnostic tests should be
weighed carefully for critically ill patients with suspected
PE. A combination of clinical signs, lab tests, EKG findings,
and a documented DVT by methods outlined in the previous
sections may be enough to start treatment for PE. _V= _Q scan-
ning and helical CT may be used in situations where there is
uncertainty about the initial diagnosis, the patient is stable
enough to be transported to the radiology suite, and the
risk of treatment (e.g., anticoagulation) outweighs the risk
of the added diagnostic techniques. In a minority of patients
with suspected PE (about 20%), pulmonary angiography
will be needed to make a definitive diagnosis.

The occurrence of PE in a patient receiving UFH or
LMWH antithrombotic prophylaxis should prompt con-
sideration of HIT, and warrants measurement of the platelet
count, as HIT confers a 40-fold increased risk of PE (by odds
ratio) and requires use of a nonheparin anticoagulant such as
lepirudin or argatroban.

Treatment
Treatment for documented PE embolus is similar to treat-
ment for documented DVT and includes anticoagulation,
thrombolytic therapy, invasive radiology, and, rarely, surgi-
cal intervention. Anticoagulation following PE is no different
from that described earlier for DVT except that the duration
of anticoagulation after a documented PE is somewhat
longer. Those patients with a known risk factor for PE
(e.g., postoperative patients) should be anticoagulated for
three to six months if the risk factor is reversed. If there
are no known risk factors, then anticoagulation should be
continued for the entire six months. If there is a risk factor
that cannot be reversed, then anticoagulation should be per-
manent (92).

Thrombolysis, similar to its employment for DVT,
is used only when there is a severe compromise of blood
flow in the pulmonary arteries that cannot wait for the
body’s natural fibrinolytic system to clear the obstruction.
It requires catheterization of the pulmonary arteries and
direct infusion of a thrombolytic agent, such as streptoki-
nase, urokinase, or tissue plasminogen activator, adjacent
to or into the blood clot. As well as the acute resolution of
hemodynamic and radiographic abnormalities, there is
some evidence that patients who receive thrombolytic
therapy have lower pulmonary artery pressures and lower
pulmonary artery resistances years after treatment when
compared to those who receive anticoagulation alone (93).
IVC filters, which are described earlier, are usually placed
for the prevention of initial or recurrent PE.

When the patient has significant hemodynamic
compromise from a large embolus and thrombolysis is
contraindicated, interventional radiologists may use a
variety of catheters to both fragment and aspirate the clot
(94). Similar to treatment of DVT, surgical intervention is

usually the last option. Surgical removal of a clot from the
pulmonary artery is a heroic maneuver with very high
morbidity and mortality. Although it is easiest to do on
cardiac bypass, it has been done without extracorporeal
circulation (95).

There is a risk of mortality and morbidity associated
with every treatment used for PE. For this reason, some
investigators have suggested that treatment for PE may be
withheld in patients who have a small embolus, adequate
cardiopulmonary reserve, and a contraindication to anticoa-
gulation (96). These patients should be followed with serial
noninvasive leg studies to demonstrate the absence of recur-
rent DVT. This strategy should be considered experimental
and must be evaluated further before it is used outside of
a clinical trial.

AMERICAN COLLEGE OF CHEST PHYSICIANS
RECOMMENDATIONS FOR VENOUS THROMBOEMBOLISM
PROPHYLAXIS FOLLOWINGTRAUMA

Decision-making regarding VTE prophylaxis in trauma
patients has been recently reviewed by “the Seventh ACCP
Conference on Antithrombotic and Thrombolytic Therapy:
Evidence-Based Guidelines” published their evidence-
based recommendations (Table 9) (3).

The strength of their recommendations was assigned a
numerical grade (1 or 2) based upon the trade-off between
the benefits of a therapy and the risks and burdens (and
costs) of that treatment. If the benefits outweigh the risks,
burdens, and costs, treatment is recommended.

The uncertainty associated with the risk/benefit (R/B)
equation determined the strength of the recommendations.
If the R/B equation was clearly demonstrated in the litera-
ture, a strong recommendation (Grade 1) was assigned.
When they were less certain of the R/B equation, a weaker
(Grade 2) recommendation was assigned.

The methodological quality of their recommendations
was also assigned an alphabetical grade as follows: Random-
ized clinical trials (RCTs) with consistent results and a low
likelihood of bias are classified as Grade A, whereas, RCTs
with inconsistent results, or with major methodological
weaknesses, were assigned Grade B recommendations.
Grade C recommendations come from observational
studies or from a generalization from one group of patients
in an RCT to a different (similar) group of patients who did
not participate in the trials. When the generalization from
RCTs was considered secure, or the data from observational
studies overwhelmingly compelling, the Grade of Cþ was
assigned. Otherwise, a simple grade of C was assigned.

Most of the recommendations in the ACCP Guidelines
are supported by this review and are in concert with the
EAST guidelines released two years prior (4). Both our
review of the literature and the EAST guidelines suggest a
slightly more aggressive rule for IVC filters (Table 8).
Accordingly, we have supplemented recommendation 5a
with 5b, which we believe reflects the current thinking.
Additionally, the role of retrievable IVC filters is evolving
(see Eye to the Future).

In the most extensive review of the ACS-NTDB to date,
Knudson et al. reviewed the risk factors associated with VTE
in 1602 trauma patients (5). The list of risk factors evaluated
was developed by prospective studies conducted at San
Francisco General Hospital and also identified by a consen-
sus panel of VTE experts led by Dr. Lazar Greenfield. Of
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the total 450,375 patients studied, 1602 had VTE (998 had a
DVT, 522 had a PE, 82 had both). Nine risk factors were
significantly associated with VTE using univariate analysis
(P , 0.0001), summarized in Table 2 (5). However, only six
risk factors were identified as independently significant
using multivariate logistic regression (Table 10). Days requir-
ing mechanical ventilation .3 and venous injury carried the
highest individual risk (by odds ratio). Knudson et al. uti-
lized the data garnered in this comprehensive analysis,
along with a complete review of the literature including
most of the references cited by the ACCP recommendations
(3) and the EAST Guidelines (4) to develop an algorithm for
VTE prophylaxis (Fig. 7) (5). This algorithm is supported by
the reviewed literature in this chapter and represents
the current state of practice at most Level I trauma centers.
The only caveat being the emphasis on temporary
(retrievable) IVC filters.

Our expectation is that the “very high risk factor” arm
of the algorithm will be further modified based upon
prospective data now being gathered regarding these
removable IVC filters. One of the key questions beyond
safety is the expected duration that very high risk factors
persist. For example, patients age � 40 years with SCI
might benefit more from a permanent IVC filter, whereas,

a 20 year old with, SCI might be best served with a retrieva-
ble IVC filter until other risk factors have abated. The
ultimate answers to these questions await RCTs.
Another important question is the maximum time these
“retrievable” filters may remain in place before they can
no longer be removed (discussed further in Eye to the
Future).

EYE TOTHE FUTURE
Medical Treatment
LMWH is increasingly viewed as the anticoagulant of choice
for DVT prophylaxis (97). Many are commercially available
now and undoubtedly many more will be developed and
marketed in the future.

As the coagulation cascade has become better
understood, the problems that lead to thrombophilia have
been addressed more directly. The newest generation
of antithrombotic agents target single elements of the
procoagulant cascade such as thrombin (e.g., hirudin, lepir-
udin, argatroban, bivalrudin) and factor Xa (e.g., fondapari-
nux). Although some are in use now, many more are in
development. These anticoagulants, due to their specificity,

Table 9 Recommendations for Prevention of Venous Thromboembolism Following Trauma

Topic Recommendationa Grade

�1 Risk factor Trauma patients with at least one risk factor for VTE should

receive thromboprophylaxis, if possible.

1A

LMWH indications In the absence of a major contraindication, LMWH

prophylaxis is indicated starting as soon as it is considered

safe to do so.

1A

Mechanical

prophylaxis

Mechanical prophylaxis with IPC devices, or possibly with

GCS alone should be used if LMWH prophylaxis is

delayed or if it is currently contraindicated due to active

bleeding or a high risk for hemorrhage.

1B

VDU screening VDU screening in patients who are at high risk for VTE

(e.g., in the presence of a SCI, lower extremity or pelvic

fracture, major TBI, or an indwelling femoral venous

line) and who have received suboptimal prophylaxis or no

prophylaxis.

1C

IVCF Indications Per the ACCP recommendations, IVCFs should not be used

as primary prophylaxis in trauma patients.

1C

EASTb rec’s and

Our view

The EAST recommendations, and the view of the authors of

this review, are that high-risk patients (see VDU) with

contraindication to LMWH should receive an IVCF.

When the high risk for VTE is anticipated to be of short

duration (e.g., severe polytrauma including pelvic

fracture and thoracic injuries, but without SCI or TBI), a

retrievable IVCF may be best.

1C See

ETTF

Prophylaxis duration

(normal mobility)

Thromboprophylaxis should continue until hospital

discharge, including the period of inpatient rehabilitation.

1Cþ

Prophylaxis duration

(impaired mobility)

Thromboprophylaxis should continue after hospital

discharge with LMWH or a VKA (target INR, 2.5; INR

range, 2.0–3.0) in patients with major impaired mobility.

2C

aRecommendations mainly distilled from Ref. 3.
bEAST recommendations from Ref. 4.

Abbreviations: ACCP, American College of Chest Physicians; EAST, Eastern Association for the Surgery of

Trauma; rec, recommendations; GPC, graduated compression stockings; INR, international ratio; IPC, intermit-

tent pneumatic compression; IVCF, inferior vena cava filter; LMWH, low molecular weight heparin; SCI, spinal

cord injury; TBI, traumatic brain injury; VDU, venous doppler ultrasound; VKA, vitamin K antagonists; VTE,

venous thromboembolism.
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have efficacy and safety profiles that are better than conven-
tional anticoagulants (98).

Other factors involved in the coagulation scheme such
as tissue factor, factor VII, factor V, and factor VIII will be
targets for future anticoagulation strategies. Agents that
inhibit these molecules are in development or in active
trials now and will certainly be part of the VTE prevention
and treatment armamentarium of the future.

Hyperhomocysteinemia is known to be associated
with thrombophilia. Trials are under way now to determine
if treatment with folate, which decreases homocysteine
levels in the blood, will reverse the thrombophilia (99).

Diagnostic Studies
Ultrasonography is the best screening test for DVT
whereas venography has the highest sensitivity and speci-
ficity. Other noninvasive imaging studies such as magnetic
resonance imaging and CT have not proven to be very
useful due to their low sensitivity, especially in the case
of nonocclusive mural thrombi (100). In the situation
where a patient is being scanned for other reasons, one

of these imaging studies may occasionally prove useful
for making the diagnosis of DVT, but they should not be
considered screening studies or primary diagnostic
modalities. As the sensitivities of these procedures
increase, however, they may find uses in diagnosing DVT
in patients who have absolute or relative contraindications
for venography.

Computerized tomography pulmonary angiography
(CTPA) is a test that is often used in patients with suspected
PE. Many of the current protocols for CTPA now involve
scanning through the pelvis and upper thigh as well as the
chest. DVTs in the pelvic and lower extremity vessels have
been identified using this technique (101); however, it is
not used in most cases of suspected DVT because it requires
a significant contrast load. It is a useful adjunct, however,
and should be reserved for situations when all other tests
are inconclusive and the suspicion of DVT is high.

Another promising imaging test is magnetic resonance
venography. Studies comparing it to contrast venography
have been small, but indicate that the test is very accurate
(102). The main limitations to this study are transport
issues in critically ill patients and the cost of the study.

Retrievable Inferior Vena Cava Filters
Interventional radiologists routinely place IVC filters, but
because these filters are associated with complications such
as iliofemoral and IVC thrombosis (103), there has been
interest in removable IVC filters, especially in trauma
patients. Critically ill trauma patients at high risk for VTE
of short anticipated duration (e.g., severe polytrauma
including pelvic fracture and thoracic injuries, but without
SCI or TBI) are candidates for a retrievable IVC filters
(Fig. 6). The Günther TulipTM Vena Cava Filter (Cook, Inc.,
Bloomington, IN, U.S.) has been used in Europe since 1992
as a retrievable filter (104), and has begun to be used in the
United States over the last couple years in selected cases.
However, several aspects of its use are not yet known.

Recently, Yamagami studied the deployment and
retrieval of the Günther TulipTM in 10 patients being

Table 10 Independent Risk Factors for Venous

Thromboembolism (Multivariate Logistic Regression)

Risk factor Odds ratio (95% CI) P value

Age �40 yr 2.01 (1.74–2.32) ,0.0001

Lower extremity

fracture (AIS �3)

1.92 (1.64–2.26) ,0.0001

Head injury (AIS �3) 1.24 (1.05–1.46) 0.0125

Ventilator days .3 8.08 (6.86–9.52) ,0.0001

Venous injury 3.56 (2.22–5.72) ,0.0001

Major operative procedure 1.53 (1.30–1.80) ,0.0001

Note: Presents independent risk factors for venous thromboembolism

(multivariate analysis).

Abbreviations: AIS, abbreviated injury scale; CI, confidence interval.

Figure 7 Algorithm for VTE prophylaxis proposed by Eastman AB (based upon data generated in Ref. 4). Abbreviations: VTE,

venous thromboembolism; LMWH, low molecular weight heparin; IVC, inferior vena cava.
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treated for DVT (105). All were successfully retrieved and
there were no complications. In a larger study involving 55
trauma patients among 130 studied, Morris et al. showed
the Günther TulipTM to be relatively safe with only one
major complication in 130 patients and 136 filter placements
(106). The average duration between placement and removal
was 19 days (range, 11–41 days). The mean age of patients
selected prospectively for filter removal (29 years; range,
18–71 years) was significantly lower than the mean age (49
years; range, 19–82 years) of trauma, surgical, and intracra-
nial hemorrhage patients selected for placement of prophy-
lactic permanent filters (P , 0.002; 95% confidence interval,
18.0–22.4) (106).

The maximum duration that these “removable” filters
can remain in place, and still be retrievable, is not yet known.
The manufacturer suggests that the Günther Tulip filter can
be safely removed within 14 days of implantation or it can
remain in place as a permanent filter. However, numerous
investigators have now reported removal of the filter far
beyond the 14 days recommended by the manufacturer. In
an effort to address this question, Terhaar et al. evaluated
the Gunther Tulip vena cava filter with regard to ease of
retrieval over relatively long time periods (107). Nineteen
patients underwent attempted retrieval of their filter.
Sixteen attempts were successful (84%). In three patients,
the filter could not be removed due to extensive filter throm-
bus in two patients and firm attachment to the wall in one
patient. Median implantation time for retrievable filters
was 34 days (range, 7–126 days) (107). In the study by
Morris et al., the longest duration of deployment prior to
removal was 41 days (106). However, Binkert et al. recently
reported retrieval of an IVC filter 317 days after deployment.
Clearly, the maximum duration is unknown, and the time
before removal generally becomes technically difficult
requires additional study (108).

Another important question under study is the period
of time a patient remains at risk for VTE and PE following
trauma. Greene et al. recently recommended that the IVC
filter should not be removed until the patient has fully recov-
ered from the trauma and critical illness, or that there is
objective data to show that the VTE risk is low (generally
at least 30 days after the trauma) (109). Accordingly, there
is much still to be learned about these retrievable filters,
including the migration rate to the right ventricle and
pulmonary artery in large populations of mobile patients.
Furthermore, there is a trend toward placing these filters at
the bedside in critically ill ICU patients (i.e., too unstable
for transport to radiology) (110).

Percutaneous Mechanical Thrombectomy
More recently, the use of mechanical thrombectomy devices
has been employed to remove thrombus from the vein. The
advantage of these devices is that their use avoids the use of
thrombolytics with their attendant bleeding complications
and, if successful early in the course of the disease, will
prevent development of postphlebitic syndrome (111).

Percutaneous mechanical retrieval of venous thrombi
is usually not necessary due to dissolution that occurs
following anticoagulation therapy. However, systemic antic-
oagulation is often contraindicated in severely injured
trauma patients. When a large, potentially lethal DVT is
diagnosed in a trauma patient with contraindications to
anticoagulation, an IVC filter is generally placed (as
discussed earlier). However, occasionally, the thrombus
extension may be so severe that venous drainage from

vital organs (e.g., liver, kidneys), becomes obstructed, or
lower extremity swelling becomes so significant that
healing and clearance of infection is impaired. In these
conditions, clot retrieval via percutaneous devices may
become useful (112). Percutaneous mechanical thrombect-
omy devices fall into two categories: rotational and
hydrodynamic.

Rotational thrombectomy devices use a high-speed
rotating basket or impeller to fragment the thrombus. The
ground thrombus particles then travel to the pulmonary
circulation (suboptimal for critically ill patients with
impaired pulmonary function) (113). Examples of rotational
thrombectomy instruments are the Amplatz thrombectomy
device (Microvena), the Arrow-Trerotola percutaneous
thrombolytic device (Arrow), and the Cragg-Castaneda
thrombolytic brush (Microtherapeutics) (112).

Hydrodynamic, or “jet,” devices are based on the
Venturi effect created by high-speed saline jets directed ret-
rograde. The jets fragment the thrombus and the material
is then aspirated into the device. Devices based on this mech-
anism are presumed to produce less endothelial damage
than rotational thrombectomy instruments, but this has not
been studied. Examples of hydrodynamic recirculation
devices include the AngioJet (Possis), the Hydrolyzer
(Cordis), and the Oasis Thrombectomy System (Boston
Scientific Corporation). In a study of 37 patients, Kasirajan
et al. reported .50% thrombus extraction in 59% of patients
treated with these devices and symptomatic improvement in
82% (111).

The Bacchus Trellis (Bacchus Vascular) is a relatively
recent device, consisting of a catheter with proximal and
distal occlusion balloons and a sheath designed to aspirate
contents between the balloons (114). A sinusoidal nitinol
wire placed within the catheter is rotated to mix the blood
between the balloons. The Trellis device combines a high con-
centration of thrombolytic drug with mechanical disruption
of the clot and has been shown to rapidly remove thrombus
in patients with DVT (114). The occlusive balloons limit
leakage of thrombolytic drug into the systemic circulation,
reducing the risk of bleeding complications, whereas the
central balloon is engineered to reduce embolization of par-
ticulate debris into the pulmonary circulation. A combination
of these technologies may be useful in the management of
high-risk critically ill trauma patients in the future.

SUMMARY

VTE refers to thrombi forming in the venous system and the
emboli that may become dislodged from these thrombi and
travel to other areas of the venous network. The pelvis and
lower extremities are the most common places for DVTs
to develop, although DVTs may occur in the upper extremi-
ties, SVC, and IVC. Embolization of a DVT to the pulmonary
circulation and the PE syndromes are the most dreaded
complications of VTE.

Venous thrombus forms in veins when one or more of
three causative factors (Virchow’s triad) are present. These
factors (hypercoagulation, intimal injury, and venous stasis),
occur commonly in post-trauma, postoperative, systemically
inflamed, infected, or anesthetized patients. Clotting is
stimulated by a series of procoagulant events that are
counteracted by coordinated anticlotting and fibrinolytic
activities. The balance between these events will determine
whether clots will form and enlarge or will be lysed.
Hypercoagulation occurs when the procoagulant system is
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hyperactive or when the anticlotting or lytic systems are
underactive. Examples of the former are the presence of
factor V Leiden or high levels of homocysteine, Factors
VIII, IX, and XI, TAFI, and fibrinogen. Examples of the
latter are deficiencies of protein C, protein S, plasminogen,
factor XII, or heparin cofactor II.

The endothelial damage that occurs with operations or
penetrating trauma predispose to VTE. Patients who have
trauma to the pelvis and lower extremities, in particular,
have a greater risk for developing clots in these areas.
Intimal damage alone has been reported to result in DVT.
Hypercoagulation is another important cause of DVT, which
is seen quite often in critically ill patients. Strategies aimed
at restoring blood flow with vein compression or early ambu-
lation have been successful in decreasing the incidence of
DVT. This clinical triad of findings for DVT may be masked
by the presence of edema, pain, discoloration, dyspnea, hypo-
tension, tachycardia, and other clinical signs often seen in cri-
tically ill patients. Because the consequences of a missed
diagnosis may be devastating, critical-care practitioners
must have a high index of suspicion and employ prophylactic
measures to prevent or minimize VTE.

In the upper extremities, the axillary and subclavian
veins are most often involved with DVT and the clots are
usually caused by indwelling catheters. Spontaneous
clots caused by anatomic variations such as a narrowed
thoracic outlet have no particular significance for the ICU
patient other than that they must be differentiated from the
thrombi caused by indwelling catheters. Similar to lower
extremity thrombi, upper extremity thrombi may embolize
to the lungs. Diagnosis of an upper extremity thrombus is
usually made by ultrasonography, but venography
is occasionally required. The area of the shoulder and neck
is less accessible and the full range of diagnostic maneuvers
such as compression ultrasound and plethysmography that
are used in the lower extremities is not possible. Catheter-
related thrombi can usually be treated by removing the cath-
eter. Clot lysis using the catheter to deliver the thrombolytic
agents is another strategy that is particularly helpful when
the catheter cannot be removed for therapeutic reasons.

The SVC is another anatomic location for clot for-
mation. Many of these are formed around catheter tips and
the diagnosis and treatment of these clots are similar to
those that form in the more peripheral veins. Of note, cath-
eters that end in the subclavian or innominate veins are
more likely to form clots than those positioned with their
tips in the SVC close to the right atrial junction. SVC obstruc-
tion can also be caused by malignancies of the mediastinum
that either compress or invade the SVC. Although DVT is not
the primary etiology of these obstructions, clotting may be
secondarily involved, making stenting and thrombolysis
therapeutic alternatives for critically ill patients.

IVC thrombus is typically seen with BCS or nephrotic
syndrome. The prognosis in both cases is more dependent
on the effect of the diseases on hepatic and renal function,
respectively. Clots in the IVC are not easily accessible and
treatment usually involves anticoagulation, thrombolysis,
and only rarely, surgical intervention.

Most DVTs occur in the veins of the pelvis and lower
extremities. The iliac veins have the greatest risk of
massive embolism to the lungs. Clots form more often in
the left iliac vein due to compression on this side by the
right iliac artery. The diagnosis of a lower extremity DVT
may be accomplished by careful physical exam, but in the
case of critically ill patients with significant comorbidity,
other methods may be required. Ultrasonography, combined

with Doppler technology and physical maneuvers such
as compression, is the best screening exam. It has the
advantages of being relatively inexpensive and portable.
IPG is also useful, but has been largely supplanted by ultra-
sound. Contrast venography is the most sensitive and
specific exam; however, it is invasive and is associated
with a number of complications, such as renal failure.

Prevention and treatment of lower extremity VTE gen-
erally starts with anticoagulation. UFH is used most often for
acute situations, but it requires lab tests for monitoring and
an intravenous drip for full therapeutic anticoagulation.
LMWH preparations are now available that may be given
by subcutaneous injection without lab monitoring, making
them useful for outpatient management. Both forms of
heparin can cause immune thrombocytopenia (less so with
LMWH) so alternative medications such as DTIs are some-
times required. VTE is the most common sequela of HIT,
and thus signs or symptoms of DVT or PE in a patient receiv-
ing antithrombotic prophylaxis with UFH or LMWH should
prompt diagnostic consideration of HIT.

Mechanical devices that prevent or treat VTE include
elastic or pneumatic compression stockings and a variety
of intravenous filters. Interventional radiologists have
developed a number of strategies for dealing with venous
obstruction related to DVTs. Catheter-directed thrombolysis
using urokinase, tissue plasminogen activator, or streptoki-
nase is the mainstay of radiographic intervention. Thromboly-
tics may be delivered directly adjacent to the clots or
sometimes within the clot, with a side-holed catheter.
Balloon angioplasty and stenting may be added to thromboly-
sis in circumstances when a stricture or narrowing may
compromise flow. Surgery is not done very commonly due
to the success of the less invasive procedures noted earlier.
When surgery is necessary (e.g., an acutely threatened limb),
thrombectomy of the ipsilateral side or venous bypass to the
contralateral side is possible. Despite the large number of
therapeutic options available, the major thrust of treatment
should be preventative. For this reason, prevention of
venous stasis by early ambulation should be encouraged in
all bed-bound or minimally ambulatory patients.

KEY POINTS

The components of Virchow’s triad (hypercoagulation,
endothelial injury, and venous stasis) have long been
recognized as the etiological factors for VTE. When
one or more of these factors are present, there is an
initiation of the coagulation cascade and increased
risk of clot formation.
As soon as clot formation begins, processes are initiated
to turn off (or downregulate) clotting [AT III and
proteins C and S] or dissolve the already formed clots
(plasmin and tissue plasminogen activator). Proper
regulation of clotting and clot dissolution will minimize
the risk of VTE.
Overactivity of the procoagulant system or underactivity
of the anticlotting or fibrinolytic systems results in a hyper-
coagulable state, also termed thrombophilia (Table 1).
Venous stasis is probably the most important risk factor
for VTE in patients who are critically ill or recovering
from trauma or surgery. Since these patients are often
bed-ridden, sedated, or paralyzed, they have sluggish
blood flow and poor venous return. Blood flow may
also be compromised by low cardiac output, abdominal
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compartment syndrome, and elevated intravenous
pressure from right heart failure (14).
Polyethylene and polyvinyl chloride catheters are more
prone to pulmonary emboli than polyurethane or silico-
nized catheters, whereas the heparin-bonded catheters
seem to be better than those without heparin bonding.
Catheters placed so that the tips are in the SVC or the
right atrium have a lower incidence of thrombi than
those placed in the innominate or subclavian veins.
When emboli originate from the vessel wall they are
termed mural thrombi. When emboli originate from
an indwelling catheter they are termed sleeve emboli.
Sleeve emboli have a greater chance of embolizing.
Although a properly performed venogram has close to
100% sensitivity and 100% specificity, it is done only
infrequently because VDU is safer, less expensive, and
usually sufficient.
When the thrombi occur as a result of an indwelling
catheter, the cornerstone of treatment is removal of the
catheter and anticoagulation (when not contraindicated).
Stenting may be particularly appropriate for critically
ill patients who are too ill to wait for resolution of
symptoms of SVC syndrome by radiation or che-
motherapy and cannot undergo surgical procedures.
Although catheter-related thrombosis represents a
relatively small percentage of patients who develop SVC
syndrome, it is commonly seen in critically ill trauma
patients who have multiple indwelling catheters for
fluids, monitoring, pacemakers, and cardiac defibrillators.
Thrombosis may occur anywhere in the IVC, such as
with Behcet’s disease. However, most IVC clotting
occurs near the hepatic veins as a consequence of BCS
or adjacent to the renal veins as a consequence of
nephrotic syndrome.
There is a high incidence of renal vein thrombosis with
nephrotic syndrome for reasons that are not clear.
Patients with nephrotic syndrome are hypercoagulable
and have an increased occurrence of generalized arter-
ial and venous thomboemboli; however, the incidence
of clotting is highest in the renal veins.
DVTs occur more commonly in the left common iliac
vein. This is explained anatomically because the right
common iliac artery compresses the left common iliac
vein as it crosses over it. Repetitive pulsations may
cause a “web” or “spur” to form and make this vein
more prone to thrombosis. This condition has been
termed May–Thurner syndrome (45).
Serial VDU studies should be performed if the initial
exam is negative because 2% of patients with an
initially negative exam will have a positive study
when studied seven days later (3,51).
The most reliable venographic finding indicating a DVT
is an intraluminal filling defect seen on two or more
views of the same area (58).
UFH is the first choice in treatment for DVT but has limit-
ations, which include a narrow therapeutic window and
variable dose–response that requires frequent monitoring.
All forms of heparin (including LMWH) should be dis-
continued when HIT is diagnosed and nonheparin
based anticoagulation should be instituted (64).
Intermittent pneumatic leg compression has both local
and systemic effects. Locally, it acts by simulating the
calf muscle pump and, thus, preventing venous
stasis. Systemically, it acts by inhibiting plasminogen
activator inhibitor-1 and increasing the body’s fibrino-
lytic activity.

The indications for placement of filters are the follow-
ing: (i) acute VTE in a patient who has a contraindica-
tion for anticoagulation, (ii) VTE in a patient who is
already anticoagulated, (iii) patients who have a com-
promised pulmonary vascular bed in whom a VTE
would not be tolerated, (iv) patients with a high fall
risk in whom anticoagulation could cause bleeding,
and (v) trauma patients with a prolonged high risk for
VTE due to prolonged immobility (e.g., quadriplegia)
and severe traumatic brain injury (TBI) (73).
In addition to May–Thurner syndrome, endoluminal
stenting and balloon angioplasty have been described
in other types of iliofemoral venous occlusive disease.
Although these procedures are uncommonly per-
formed, they offer nonsurgical options for trauma and
critically ill patients with VTE disease.
Although elastic compression and pneumatic com-
pression devices restore some of the lost blood flow, mobil-
ization and, specifically, ambulation provides complete
restoration of flow and the greatest protection against VTE.
There have been several recent studies that have
demonstrated that bed rest does not decrease the inci-
dence of PE following DVT.
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INTRODUCTION

Leukocytosis or leukopenia is often the first clue that a
post-trauma or critically ill patient has an infection or a

severe inflammatory process. Leukocytosis is an abnor-
mally high white blood count (WBC), whereas leukopenia
denotes a reduced WBC (1–3); either laboratory finding con-
stitutes a potentially consequential event in a critically ill
patient. For example, abrupt onset of leukopenia could
signify acute bacterial invasion of the blood, or perforation
of a viscus; the decrease in leukocyte count reflects margina-
tion of neutrophils and their egress into tissues, a process
that is sufficiently rapid so as to precede the (eventual) leu-
kocytosis expected from increased production and release
of granulocytes from the marrow storage pool. In other situ-
ations, however, abrupt and transient leukopenia is not
unusual or unexpected, such as during the initial phase of
cardiopulmonary bypass (CPB) (4).

The ubiquity of automated cell counters, with their
computerized digital and graphical displays summarizing
patient laboratory data, facilitates clinician awareness and
interpretation of such important quantitative leukocyte
changes. However, evaluation of qualitative leukocyte
abnormalities requires nonautomated human action;
indeed, the review of a peripheral blood film by an experi-
enced “morphologist” is the single most useful laboratory
evaluation performed in hematology (1). It is crucial that
important information regarding leukocyte abnormalities
evident within the blood film be communicated from the lab-
oratory to the critical care practitioner.

This chapter reviews quantitative leukocyte disorders
of particular relevance to the post-trauma and critically ill
postsurgical patient. The reader should consult other
sources for detailed information on pre-existing leukocyte
disorders, particularly of neoplastic origin (leukemia, lym-
phoma, myeloma, etc.).

DEFINITION OF LEUKOCYTOSIS AND LEUKOPENIA

Leukocytosis is defined as a WBC count above the upper
limit of the normal laboratory range (about 11 � 109/L),

whereas leukopenia is defined as a WBC count below the
lower limit of the normal laboratory range (about
4.0 � 109/L). Higher leukocyte counts are normal in chil-
dren, especially neonates; moreover, the relative proportion
of lymphocytes is greater in children (2). Proper evaluation
of leukocytosis and leukopenia requires consideration of

the relative distribution of the various types of leukocytes
(i.e., evaluation of the differential leukocyte count) and any
abnormal morphological features.

LEUKOCYTE CLASSIFICATION

Leukocytes are classified by their morphologic appearance
into granulocytes, monocytes, and lymphocytes (Fig. 1)
(1–3). Table 1 lists terms used to describe specific quantitat-
ive abnormalities of the various leukocyte types. Table 2 lists
an overview of trauma-associated and other diagnostic con-
siderations based upon the type of leukocyte involved in the
quantitative abnormality.

Granulocytes
Granulocytes (polymorphonuclear leukocytes) consist of
neutrophils, eosinophils, basophils, and their respective
morphologically distinguishable precursors within the
bone marrow. Mature neutrophils are about 13 mm in diam-
eter, and circulate in the peripheral blood in the largest rela-
tive numbers [40% to 80%; percentages relate to the fraction
of the total WBC count (absolute: 1.5–8.0 � 109/L)]. They are
also known as “polys” or “segmented” leukocytes, based
upon the characteristic appearance of the nucleus, which
consists of 2 to 5 lobes separated by thin chromatin strands
(1,3). A somewhat earlier stage, known as band cells (or
“bands”), possesses the horseshoe-shaped nucleus that pre-
cedes nuclear segmentation seen in the polys. These cells are
normally absent or found in low levels (,5%) in the periph-
eral blood, but their increase is a characteristic early finding
in infections or inflammatory states. Normal polys and
bands have light pink cytoplasm and fine azurophilic gran-
ules. Progressively more immature granulocytes (metamye-
locytes, myelocytes, promyelocytes, myeloblasts) are only
found in the bone marrow in normal situations. The pro-
duction of neutrophils involves several growth factors, pri-
marily granulocyte colony-stimulating factor (G-CSF), and
to a lesser extent, granulocyte-macrophage colony-
stimulating factor (GM-CSF), and macrophage colony-
stimulating factor (M-CSF).

Other granulocytes that circulate normally in the per-
ipheral blood in small numbers are eosinophils [1% to 5%
(absolute: ,0.4%)], characterized by their numerous
orange/red-staining granules, and basophils [,1%; (absol-
ute: ,0.2%)], which have darkly-staining purple-black gran-
ules (2,3). Eosinophils contain three different types of
granules, but their characteristic appearance results from
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so-called “specific” (secondary) granules bearing proteins,
toxic to metazoan parasites [major basic protein (MBP),
eosinophil cationic protein (ECP), eosinophil derived neuro-
toxin (EDN)]. Eosinophils (and their precursors) resemble
morphologically their neutrophil counterparts, except for
their distinct granules and bilobed nuclei. They play a
major role in the pathogenesis of several allergic, parasitic,
and malignant disease processes.

Previously, basophils were regarded simply as circu-
lating tissue mast cells. However, basophils mature in the
bone marrow and then circulate in the peripheral blood,
whereas mast cells mature in the tissues. Like eosinophils,
basophils (and mast cells) have roles in mediating certain

types of allergic and inflammatory diseases, and in defense
against parasites. Basophils are the only peripheral blood
mononuclear cells with the ability to release preformed
IL-4 rapidly in response to appropriate stimuli, such as cell
surface IgE cross-linking, which may play a role in amplify-
ing ongoing immune response to helminth infections in the
presence of antigen-specific IgE (5).

Monocytes
Monocytes [2% to 10% (absolute: 0.2–1.0 � 109/L)] are of
similar size as granulocytes, but have oval, lobulated
nuclei with a slate-grey, convoluted cytoplasm containing a

Figure 1 (A) Neutrophil granulocyte, (B) eosinophil granulocyte, (C) basophil granulocyte, (D) lymphocyte, (E) monocyte.
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few, very fine granules (1,3). Monocytes can be identified
also by their staining positive for nonspecific esterase.
Cytoplasmic vacuolation, which can occur ex vivo as mono-
cytes, adhere to the glass slide and undergoes activation
occurs normally with monocytes, whereas its presence is
abnormal in granulocytes. Following their release into the
circulation, some monocytes will migrate into tissues,
where they attain a larger size, transforming into long-
lived tissue macrophages.

Lymphocytes
Lymphocytes (20% to 40% [absolute: 1.5–4.0 � 109/L]) com-
prise two morphologically-distinct forms (1). Most lympho-
cytes are small, with a diameter similar to that of red cells
(about 8 mm), and with a central round nucleus surrounded
by a thin light blue cytoplasmic rim. About 10% of lympho-
cytes are larger (diameter 8–16 mm), with the nucleus occu-
pying only about half the cell, and usually containing 5–10
large azurophilic granules. This latter type of lymphocyte

is also called a “large granular lymphocyte” and corre-
sponds to the “natural killer” (NK) cell.

LEUKOCYTE PRODUCTION AND FUNCTION
Hematopoietic Stem Cells

All blood cells ultimately are derived from self-renewing

pluripotential stem cells that are able to differentiate into
lineage-committed stem cells that themselves differentiate
into mature blood cells (6). Normal human marrow con-
tains only about one million of the earliest such cells. Pre-
viously, their existence was inferred by patterns of growth
of cellular “colonies,” e.g., burst-forming unit-erythroid
(BFU-E), but now cell surface markers (particularly, high
expression of CD34 antigen) can identify cells that are
likely to represent true stem cells.

Myeloid cells (red cells, neutrophils, eosinophils,
basophils, monocytes-macrophages, platelets, and their
precursors) are derived from a pluripotent stem cell
known as colony-forming unit, granulocyte/erythrocyte/
monocyte/megakaryocyte (CFU-GEMM). The more com-
mitted stem cell, colony-forming unit, granulocyte/
monocyte (CFU-GM), can give rise to either the neutrophil
or monocytic pathways, depending on cytokines and
growth factors.

Lymphocytes are also cells of the hematopoietic
system, but the lymphoid lineage diverges at an early time
point from the myeloid lineage (7). There are three classes
of lymphocytes: T (thymus-derived) cells, which confer
cellular immunity; B (bone marrow-derived) cells, which
provide humoral immunity; and NK cells, which are able
to kill cells infected by microbes that try to evade immune
recognition by downregulating the cell’s major histocompat-
ibility complex class I molecules. Historically, the “B” in
B cells refers to the bursa of Fabricius in which the corre-
sponding avian cells develop.

Granulocyte Production and Function
A normal bone marrow has about a 3 : 1 ratio of myeloid to
erythroid cells. However, about 95% and 5% of peripheral
blood cells are erythrocytes and platelets, respectively, and

Table 1 Hematologic Terms Used to Describe Various

Profiles of Leukocyte Increase and Decrease

Type of leukocyte Increased number Decreased number

Leukocyte Leukocytosis Leukopenia

Granulocytea Granulocytosis Granulocytopenia

Agranulocytosisb

Neutrophila Neutrophilia Neutropenia

Eosinophila Eosinophilia Eosinopenia

Basophila Basophilia Basopenia

Monocytea Monocytosis Monocytopenia

Lymphocyte Lymphocytosis Lymphocytopenia

aMyeloid cells consists of granulocytes and monocytes, as well as red cells

and platelets, and their precursors, all arising from a common committed

progenitor cell, the colony-forming unit, granulocyte/erythroid/mono-

cyte/megakaryocyte (CFU-GEMM).
bAgranulocytosis indicates complete or near-complete absence of granulo-

cytes, especially neutrophils and their immediate precursors.

Table 2 Differential Diagnosis Based upon Type of Increased Leukocyte

Type of leukocyte Clinical interpretation

Neutrophilia Trauma-associated: bacterial infection (most common cause; viral infections generally do not cause neutrophilia);

fungemia (can cause marked neutrophilia); inflammation; surgery/postoperative state; physiologic stress;

postsplenectomy; corticosteroids; epinephrine; hemolysis (see Table 4 for less common causes, as well as

nontrauma-associated causes)

Eosinophilia Trauma-associated: drug-induced allergic (or hypersensitivity) reaction; corticosteroid-induced reactivation of latent

parasitic infection

Other: parasitic infections; atopic/allergic disorders (e.g., asthma); vasculitis; pulmonary and cutaneous

eosinophilic disorders; hypereosinophilic syndrome; myeloid leukemia; lymphoma (especially Hodgkin’s disease)

Basophilia Trauma-associated: post-splenectomy

Other: myeloproliferative disorders; urticaria; hypothyroidism; ulcerative colitis; drug reactions

Monocytosis: Trauma-associated: bacterial infection, including chronic infections (abscess); post-splenectomy

Other: infection (e.g., rickettsia, brucellosis, tuberculosis, syphilis, subacute bacterial endocarditis, malaria);

autoimmune disorders (e.g., systemic lupus erythematosus, rheumatoid arthritis); vasculitis; ulcerative colitis;

sarcoidosis; malignancy; chronic severe neutropenia

Lymphocytosis Trauma-associated: marker of severe trauma; transfusion-associated cytomegalovirus infection; post-splenectomy

Other: viral and nonviral infections (e.g., pertussis, tuberculosis, brucellosis); allergic drug reactions; dermatitis

herpetiformis; hyperthyroidism
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only about 0.5% are leukocytes. The high relative numbers of
mature granulocytes and their precursors within the bone
marrow, and their relative paucity within the peripheral
blood, attests to their short physiologic lifespan within the
circulation and, consequently, very rapid cell turnover
(more than 100 billion granulocytes are synthesized daily).

The brief neutrophil lifespan within the circulation
(about 6–8 hours) is one major reason why granulocyte
transfusions are impracticable.

Granulocytes are an important component of the
innate host defense, providing a “first line of defense”
against invading microbial pathogens through their
primary function of phagocytosis (2,3). Unlike macrophages,
which are resident phagocytic cells within certain organ and
tissue sites including alveoli, liver, spleen, or bone marrow,
granulocytes are circulating marauders that travel through
the bloodstream, thus focusing their antimicrobial activities
to sites of infection (2).

Most (75%) of the 90 billion granulocytes within an
average-sized adult are mature and maturing neutrophils
within the marrow storage pool, with most of the remainder
(about 20%) in the myeloid precursor pool also within the
marrow. About 3% comprise the marginated (endothelium-
adherent) pool (3%), leaving only 2% to circulate within
the blood. Awareness of this distribution helps in under-
standing various explanations for neutrophilia and neutro-
penia, such as increased demargination and mobilization
of marrow storage pool neutrophils (e.g., corticosteroid
therapy) or increased margination and neutrophil egress
into tissue sites (e.g., burns, systemic complement acti-
vation). Increased granulocyte production (e.g., infection,
inflammation, myeloproliferative disorders) or decreased
granulocyte production (e.g., drug-induced agranulocytosis)
are other causes of granulocytosis and granulocytopenia,
respectively.

Neutrophils ultimately effect their primary role of
phagocytosis through multiple complex processes (3).
These include cell-cell and cell-matrix adhesion (e.g.,
allowing margination to endothelium and subsequent
entry into tissues); chemotaxis (chemically-directed cell
movement, as in migration of neutrophils toward microbes
or sites of inflammation); recognition by neutrophils of
immunoglobulin and/or complement-tagged (opsonized)
microbes through specialized neutrophil immunoglobulin
and complement surface receptors; associated triggering of
complex downstream cell signaling events (e.g., immunoglo-
bulin receptor cross-linking induced tyrosine phosphoryl-
ation); degranulation and secretion (release of storage
granules into phagocytic vacuoles and into the extracellular
space, respectively); and phagocytic killing.

Neutrophil mediated phagocytic killing is accom-
plished by (i) synthesis of highly toxic, microbicidal deriva-
tives of molecular O2 species [superoxide anion (O2

2),
hydrogen peroxide (H2O2) and, especially, hydroxyl
radical (OH2)], through activation of the normally latent
NADPH oxidase system (“the respiratory burst”), (ii) gen-
eration of highly-reactive nitric oxide (NO) through nitric
oxide synthase (NOS), and (iii) the delivery of stored neu-
trophil microbicidal proteins (both nonenzymic, e.g., bac-
terial permeability-increasing protein [BPI], defensins,
lactoferrin, and enzymic, e.g., proteinase 3, cathepsin, azur-
ocidin, lysozyme, elastase) into the vacuoles containing
engulfed microbes (3). Some of these mechanisms are also
responsible for clearing senescent and apoptotic cells, and
in mediating effects of inflammation even in the absence
of infection (3).

Eosinophils are derived from myeloid precursors in
response to several T-cell derived cytokines and growth
factors, most notably IL-5, whereas for basophils, the major
growth and differentiation factor is IL-3 (3).

Monocyte Production and Function
Monocytes are the circulating version of the tissue macro-
phage; together with their bone marrow progenitors, they
comprise the mononuclear phagocyte system (MPS; for-
merly known as the reticuloendothelial system). Monocytes
and tissue monocyte-macrophages play an important role in
host defense, although it is worth noting that monocytopenia
does not connote the high risk of infection that neutropenia
does. Production of monocytes is regulated by IL-3 and
GM-CSF produced by T-lymphocytes, and M-CSF produced
by endothelium and monocytes themselves. This may
help explain the association of monocytes with certain
chronic infections in which T-lymphocyte activity has been
increased (8).

Macrophages reside predominantly within certain
organ and tissue sites including alveoli, liver, spleen, or
bone marrow. Exposure of macrophages to cytokines,
growth factors, and environmental stimuli from microorgan-
isms will lead to their activation, which stimulates their pro-
liferation, phagocytic, and microbicidal activities.

Lymphocyte Production and Function
Lymphocytes are usually long-lived cells which confer
certain special properties, e.g., long-lived immunologic
“memory.” They are produced mostly in lymphoid organs,
such as lymph glands, splenic “white” pulp, and certain
regions of the small bowel. Immune specificity is conferred
through T-cell receptor and immunoglobulin gene
rearrangements, which create molecules with reactivity
against foreign antigens (and, sometimes, autoantigens).
Volume 2, Chapter 52 provides more information regarding
immune system function and dysfunction in normal states
and in the critically ill trauma patient.

LABORATORY EVALUATION
Leukocyte Differential

The first step in evaluating any abnormal increase or
decrease in WBC is to determine the leukocyte differential,
and thereby classify the process as a neutrophilia, eosino-
philia, monocytosis, or lymphocytosis (marked basophilia
is rare) or, conversely, a neutropenia or lymphopenia

(monocytopenia, eosinopenia, and basopenia are rare).
Previously, the differential was determined by a morpholo-
gist who counted 200 to 300 leukocytes, but now automated
assessment is routine. However, for reliable detection of
abnormal circulating cells, such as nucleated red cells (nor-
moblasts) or leukemic cells, manual assessment of the
blood film is required.

Morphologic Abnormalities
Manual assessment of a peripheral blood film by a technol-
ogist and/or hematologist (hematopathologist) is the only
way that important leukocyte morphologic abnormalities
can be recognized. These features often provide important
diagnostic clues regarding infection or severe inflammation
in post-trauma or critically-ill patients (Table 3). Morpho-
logic granulocyte abnormalities, such as shift-to-the-left,

toxic granulation, pale blue cytoplasmic inclusions
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(Döhle bodies), or vacuoles can indicate serious infectious/
inflammatory problems. The shift-to-the-left most com-
monly presents as an increase in bands, but can also involve
the appearance of the earlier granulocytes, metamyelocytes
and myelocytes, and in extreme infectious/inflammatory
situations (or with certain hematologic neoplasia), promye-
locytes and myeloblasts. Sometimes, these abnormal cells
are seen even when the WBC is normal. The more “toxic”
the overall leukocyte picture, the more likely the patient
has a bacteremia/fungemia or noninfective but severe proin-
flammatory picture (e.g., systemic inflammatory response
syndrome (SIRS).

Severe proinflammatory states can produce a “leu-
kemoid reaction,” defined as a leukocyte count above
50 � 109/L. Leukoerythroblastosis indicates the presence
of granulocytic shift-to-the-left and circulating nucleated red
cells (normoblasts), and can be seen in overwhelming patho-
phy- siologic “stress” (e.g., severe lactic acidosis or hypoxe-
mia, severe hemolysis); the additional presence of “tear
drop” red cells suggests an infiltrative marrow process (e.g.,
metastatic carcinoma).

A major increase in eosinophils or basophils typically
indicates allergic reaction/parasitic infestation/neoplastic
hypereosinophilia or myeloproliferative/systemic mast cell
disorder, respectively. Abnormal monocytes can indicate
certain monocytic leukemias, whereas increased numbers
of normal-appearing monocytes are seen in certain infec-
tions or inflammatory disorders. In some acute viral infec-
tions, or certain autoimmune disorders, lymphocytes
transform towards plasma cells (“plasmacytoid lympho-
cytes”), and show evidence of immunoglobulin synthesis
(eccentric nucleus implying presence of Golgi apparatus;
dark blue cytoplasm inferring the presence of ribosomes
producing immunoglobulin).

Ancillary Investigations
Besides WBC quantitation by automated or manual determi-
nation of the leukocyte differential, and manual assessment
of leukocyte morphologic abnormalities, there are relatively
few routine studies to evaluate leukocyte abnormalities. The
bone marrow aspirate is often performed to diagnose drug-
induced agranulocytosis (in which normal or increased
marrow cellularity, with “maturation arrest” at the meta-
myelocyte or band stage is characteristic), or to investigate
any other unexplained persistent neutropenia. Both
marrow aspiration and biopsy are usually performed when
hematologic neoplasm is suspected. Cell marker studies,

performed with leukocyte-containing fluid (blood, marrow,
pleural, peritoneal, cerebrospinal), can detect neoplastic
clones [e.g., clonally-restricted (k or l light chain-bearing)
lymphocytes or plasma cells indicating a neoplastic lympho-
proliferative disorder or plasma cell dyscrasia, respectively;
absence of CD59 antigen on a clonal population of red
cells and granulocytes indicates paroxysmal nocturnal
hemoglobulinuria (PNH)]. Measuring leukocyte alkaline
phosphatase (“LAP score”) can help distinguish a neoplastic
myeloproliferative disorder from a “reactive” process, with
the former situation having an abnormally low score; unfor-
tunately, a patient with an underlying myeloproliferative
syndrome who is post-trauma or critically ill can develop a
normal (or even elevated) LAP score, limiting its diagnostic
usefulness in this setting. In unusual situations, specialized
investigations may be required [detection of antineutrophil
antibodies in severe neutropenia; measurement of neutro-
phil capacity to reduce nitroblue tetrazolium (NBT slide
test), which is impaired in chronic granulomatous disease].
Although elevated serum lysozyme or lactoferrin levels
corroborate increased neutrophil destruction in many
acquired neutropenias, these tests are not of practical help.

DIAGNOSTIC CONSIDERATIONS
Leukocytosis and Leukopenia
As highlighted earlier, the first step in evaluating any
abnormal increase or decrease in WBC count is to deter-
mine the leukocyte differential. Both neutrophilia and lym-
phocytosis can occur abruptly in a patient with severe
trauma, although the former suggests acute infection,
most often with bacteria. A moderate leukopenia may be
the first clue that the patient has virtually no circulating
neutrophils (but normal lymphocyte numbers), thus
suggesting the diagnosis of acute drug-induced agranulocy-
tosis. Leukopenia must prompt evaluation of the leuko-

cyte differential to determine the absolute neutrophil
level, since acquired severe neutropenia in a hospitalized
patient usually signifies drug-induced agranulocytosis, a
life-threatening adverse drug reaction.

The magnitude and rate of leukocyte increase or
decrease should be considered. Sometimes, obtaining pre-
vious complete blood counts (CBCs) from hospital or
family physician records reveals that an abnormal leukocyte
count preceded hospitalization.

Pre-existing causes of leukocytosis in a trauma

patient could include a chronic myeloproliferative or

Table 3 Morphologic Features Seen in Peripherical White Blood Cells Indicating Infection or Inflammatory Processes

Morphologic featurea Description

Shift-to-the-left Relative increase in young polymorphonuclear leukocytes, most often band cells, occasionally also

metamyelocytes and myelocytes, and in extreme situations, promyelocytes and myeloblasts

Toxic granulation Increase in number and size of cytoplasmic granules within granulocytes

Döhle bodies Small, pale blue 1–2 mm cytoplasmic inclusions

Vacuolation Open spaces in cytoplasm of polymorphonuclear leukocytes

Leukemoid reaction Leukocytosis .50 � 109/L

Leukoerythroblastosis Circulating nucleated red cells (normoblasts) and granulocytic shift-to-the-left (additional presence of “tear

drop” red cells suggests infiltrative marrow process)

Pelger-Huët anomaly Benign variant of autosomal dominant inheritance and 1/6000 frequency in which the neutrophils have a

“pince nez” (spectacles clipped to the bridge of the nose) appearance that can resemble bands and thus

mimic a left-shift

aThese features are generally seen in non-neoplastic inflammatory conditions.
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lymphoproliferative disorder; splenomegaly is often present

in this situation. Pre-existing causes of leukopenia in a
trauma patient can include hypersplenism (usually due to
chronic liver disease), HIV-associated, Felty’s syndrome
(autoimmune neutropenia complicating rheumatoid arthri-
tis), or benign chronic neutropenia (normal variant).

Evaluation for infection (fever? chills? tachycardia?
hypotension? organ dysfunction? mottling? obvious
source?) should be sought, and blood along with other
appropriate fluids (e.g., CSF, ascites, pleural fluid, respirat-
ory secretions, nasal sinus secretions, synovial fluid, etc.)
cultured. Hematologist or pathologist review of a peripheral
blood film can help in quickly pointing to whether leukocy-
tosis is likely to be “reactive” or neoplastic. Splenomegaly
and leukocytosis often indicate a neoplastic myeloprolifera-
tive or lymphoproliferative syndrome, although in a post-
trauma setting various non-neoplastic explanations are
plausible (e.g., hypersplenism and superimposed infection,
nosocomial bacterial endocarditis). Leukopenia is a
common feature of acquired immunodeficiency syndrome,
and often reflects multiple causative factors (virus-induced
lymphopenia, drug-induced cytopenia, antineutrophil anti-
bodies, hypersplenism, etc.) (9,10).

Neutrophilia
In general, the more rapid and marked the leukocyte
increase, the more severe the proinflammatory stimulus.
The more marked the leukocyte morphologic abnormalities
(leukocyte shift-to-the-left , toxic granulation , Döhle
bodies , cytoplasmic vacuolation , leukoerythroblastosis),
the more severe the infectious or proinflammatory process.

Common causes of neutrophilia are listed in Table 4.
Acute infection, particularly with bacteria, leads to
increased production and release of the marrow storage
pool of maturing granulocytes, and is a common cause of
neutrophilia, especially when there is concomitant shift-to-
the-left and other morphological evidence of granulocytic
response. Some scenarios representative of post-trauma
patients include: sinusitis complicating nasotracheal or

nasogastric tube use (11), esophageal rupture (12), intra-
abdominal abscesses posthepatic trauma (13), post-
traumatic acalculous cholecystitis (14), among many
others. To some extent, viral and fungal infections also
can produce granulocytosis.

Numerous inflammatory disorders, both acute and
chronic, can result in increased numbers of neutrophils.
Blunt trauma, such as might lead to rupture of an internal
organ (15) or viscus, can lead to rapid changes in neutrophil
count that precede establishment of infection. Chronic
inflammatory processes, such as abscesses, can produce
neutrophilia and/or monocytosis. Numerous acute
and chronic noninfectious inflammatory disorders,
ranging from acute gout (16) or acute pancreatitis to
chronic non-neoplastic [e.g., giant cell arteritis (17)] to
neoplastic [e.g., lung carcinoma (18)] can also produce
significant neutrophilia.

“Stress” situations commonly lead to neutrophilia, at
least in part as a result of neutrophil demargination,
ranging from mild [e.g., exercise (19), catecholamine injec-
tion (20)] to moderate [e.g., postoperative state (21)] to
marked [e.g., status epilepticus (22), heat stroke, neuroleptic
malignant syndrome (23) see Volume 1, Chapter 40].

Certain drugs cause neutrophilia, most notably corti-
costeroids (24) (via demargination and increased mobiliz-
ation of marrow storage pool neutrophils) and lithium (25).
Tetracyclines have also been implicated in a drug-induced
leukemoid reaction (26).

Granulocytosis is a feature of marrow stimulation, e.g.,
in marked hemolysis (27,28) and recovery from myelosup-
pression, including from antineoplastic chemotherapy or
drug-induced agranulocytosis (29).

Neutrophilia and thrombocytosis are characteristically
seen in a patient with hyposplenia or asplenia (because of
decreased splenic pooling) (30,31). However, marked granu-
locytosis and left-shift could indicate the rare, but highly
lethal complication of overwhelming post-splenectomy
sepsis (OPSS) (32). The vaccination principles aimed at
decreasing the risk of OPSS in postspleenectomy trauma
patients are discussed in Volume 2, Chapter 52.

Table 4 Causes of Neutrophilia

Category Description and comments

Secondary (thus, more

likely to occur in trauma

patients)

Acute or chronic infection

Acute or chronic inflammatory disorders (including nonhematologic malignancy such as lung

carcinoma)

“Stress” (e.g., exercise, catecholamines, surgery/postoperative period, postictal state,

heatstroke, neuroleptic malignant syndrome)

Drugs (e.g., corticosteroids, lithium, tetracycline)

Asplenia (e.g., s/p splenectomy/hyposplenia)

Increased general marrow response (e.g., hemolysis, recovery from myelosuppression)

Primary (unlikely to be

present in a trauma

patient)

Chronic myeloproliferative disorders

Chronic myeloid leukemia

Polycythemia vera

Essential thrombocythemia

Agnogenic myeloid metaplasia

Hereditary neutrophilia

Congenital anomalies (with leukemoid reaction)

Idiopathic

Leukocyte adhesion deficiency

Familial cold urticaria and leukocytosis
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Neutropenia
Neutropenia is classified based on the absolute neutro-

phil count as mild (1.0–1.5 � 109/L), moderate (0.5–
1.0 � 109/L), or severe (,0.5 � 109/L). Infection risk
increases exponentially with decreasing neutrophil

numbers. However, this relationship is seen most
clearly when neutropenia results from impaired marrow
production, rather than immune-mediated destruction or
margination (2).

A classification system for neutropenia occurring in
post-trauma patients is provided in Table 5. Categories are
separated according to the estimated frequency of occur-
rence, and whether the neutropenia predates admission to
hospital. A common cause of neutropenia in a post-trauma
patient is an abrupt-onset infectious or severe inflammatory
process, such as acute bacteremia, aspiration pneumonitis,
or rupture of a viscus. Such events lead to neutrophil
margination and their rapid egress into tissues. The resulting
leukopenia and neutropenia are usually mild-to-moderate
and transient, with recovery usually seen within 24 to
48 hours, as increased granulocyte production and mobiliz-
ation from the marrow storage pool leads to subsequent
leukocytosis and neutrophilia. Hemodilution during
trauma resuscitation from rapid large-volume replacement
by crystalloids, colloids, and blood products also can
contribute to transient neutropenia.

Complement activation with generation of C5a leads
to neutrophil activation, margination, adherence, and aggre-
gation (including within the pulmonary circulation), result-
ing in usually transient neutropenia (33,34). This can result
from acute burns, hemodialysis, membrane oxygenators,
CPB, and transfusion reactions.

An occasional cause of acquired neutropenia in a criti-
cally ill post-trauma patient includes acute folate deficiency
(35). In folate deficient patients, neutropenia can potentially
be exacerbated by megaloblastosis induced by prolonged
exposure to nitrous oxide during anesthesia (36).

Prominent neutropenia as a component of pancytope-
nia is a feature of aplastic anemia from radiation injury (37),

or as a very rare adverse immune-mediated drug reaction
(discussed subsequently) (38–42). One of the most
common causes of neutropenia, antineoplastic chemother-
apy or radiation, is an uncommon factor in the trauma or
normal post surgical patient.

Agranulocytosis
Severe neutropenia (neutrophil ,0.5 � 109/L) that

begins during hospitalization is a life-threatening emer-
gency usually resulting from an immune-mediated adverse

drug effect (drug-induced agranulocytosis) (38–42). A
thorough drug history, particularly focused on agents
newly started in the past two weeks and known to cause
agranulocytosis (Table 6) is important when reviewing a
patient with leukopenia, especially if the neutropenia is
severe (43,44). The most commonly implicated drugs are
antithyroid agents (e.g., carbamizole, methimazole) and sul-
fonamides, but other reported triggers that could be used in
a trauma patient include other antibiotics (e.g., penicillins,
cephalosporins, chloramphenicol), antiseizure medications
(e.g., carbamazepine, valproate, phenytoin) and, possibly
H2 antagonists (e.g., ranitidine, cimetidine) (2,38–44). The
antipsychotic, clozapine, has an exceptionally high incidence
of agranulocytosis estimated at 1%, and has a genetic, rather
than immune, basis (42). The mortality rate is about 10%, but
is higher if the occurrence of septicemia precedes recognition
and discontinuation of the causative agent. Hematopoie-
tic growth factors such as granulocyte colony-stimulating
factor (G-CSF) appear to hasten recovery from agranulocy-

tosis (45).

Eosinophilia and Basophilia
Eosinophilia that develops in a post-trauma or

critically ill patient usually signifies an allergic drug reac-
tion. In some instances, the eosinophilic response is suffi-
ciently dramatic to be termed an eosinophilic leukemoid
reaction, as has been reported for carbamazepine (46) and
minocycline (47). Nonhematologic effects, such as exfoliative

Table 5 Causes of Neutropenia in Trauma Patients

Frequency Cause and comments

Common Hemodilution from resuscitation or surgery

Acute infection (usually transient)

Acute, severe inflammatory process (e.g., perforation of a viscus, aspiration pneumonitis)

Complement-mediated (e.g., acute burns, hemodialysis, membrane oxygenator, cardiopulmonary bypass,

transfusion reactions)

Occasional Drug-induced agranulocytosis

Drug-induced aplastic anemia

Megaloblastic anemia (e.g., folate deficiency, nitrous oxide anesthesia)

Aplastic anemia (e.g., from radiation injury, or drug-induced aplastic anemia)

Pre-existing causes of

neutropenia (selected list)

Common: Hypersplenism (usually secondary to cirrhosis)

Myelodysplasia

HIV-associated

Rare: Autoimmune neutropenia (e.g., Felty’s syndrome, systemic lupus erythematosus, other collagen

vascular diseases), pure white cell aplasia

Large granular lymphocytosis (T-lymphoproliferative syndrome; some have rheumatoid arthritis,

splenomegaly)

Neoplastic marrow disorders (e.g., paroxysmal nocturnal hemoglobulinuria)

Congenital and familial neutropenias [multiple, rare syndromes, e.g., Kostmann syndrome (congenital

agranulocytosis), cyclic neutropenia]
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dermatitis or hepatitis, can be present (47). Another potential
explanation for eosinophilia in a patient who has resided in
certain third-world environments is reactivation of a
dormant parasitic infection following the administration of
corticosteroids or some other immunosuppressive agents
in a trauma patient. For example, disseminated strongyloi-
diasis can present as colonic infiltration and bleeding can
present as eosinophilia or even as gram-negative meningitis
due to polymicrobial colonic invasion (48).

Uncommon causes of eosinophilia in a trauma patient,
but which could represent a pre-existing disorder, include
various parasitic infections, allergic disorders (including
atopic asthma), various pulmonary or cutaneous eosinophi-
lic disorders, vasculitis, hypereosinophilic syndrome,
myeloid leukemia, lymphoma, and so forth (3).

Basophilia is most commonly seen in patients with
myeloproliferative disorders, such as chronic myeloid leuke-
mia. Rare forms of acute leukemia have high basophil levels.
Other non-neoplastic causes include ulcerative colitis and
myxedema. Transient basophilia can accompany recovery
from acute illness or with drug reactions (3).

Monocytosis
Some degree of monocytosis is observed in about 30% of
patients with acute bacterial infection (49). The frequency
and degree of monocytosis may even be higher in certain
chronic infections mediated by T-lymphocytes, such as
tuberculosis and syphilis (50), as well as subacute bacterial
endocarditis. Monocytosis that develops in a post-
trauma or critically ill patient can signify the development
of a “chronic” inflammatory process, such as abscess.

Monocytosis is a feature of certain autoimmune dis-
orders (e.g., systemic lupus erythematosus, rheumatoid
arthritis), vasculitis (e.g., temporal arteritis, polyarteritis),

miscellaneous inflammatory disorders (e.g., ulcerative
colitis, sarcoidosis, myositis), neoplasia (e.g., monocytic
leukemia/myelodysplasia, lymphoma, histiocytosis, carci-
noma), and postsplenectomy (3). Monocytosis can occur as
a secondary response in a large proportion of patients with
congenital or chronic autoimmune neutropenia (51). Inter-
estingly, even though intense hematophagocytosis, as
shown by bone marrow macrophages engulfing normo-
blasts, neutrophils, and platelets is a feature of severe
infection-associated cytopenias, patients do not necessarily
evince peripheral monocytosis, despite the suspected patho-
genesis of infection-associated increase in M-CSF (52).

Lymphocytosis and Lymphopenia
Trauma can cause a rapid increase in lymphocyte

number, which reflects an increase in T-lymphocytes and
NK cells (53–55). The presence of trauma-associated lym-
phocytosis appears to confer an adverse prognosis (55).
Acute viral infections, such as transfusion-associated cyto-
megalovirus infection, can produce very high lymphocyte
counts in a post-trauma patient (56). Nonmalignant causes
of lymphocytosis include certain nonviral infections that
are rare in trauma patients (e.g., pertussis, tuberculosis, bru-
cellosis, syphilis, cat scratch fever, toxoplasmosis), as well as
allergic drug reactions, post-splenectomy, dermatitis herpe-
tiformis, and hyperthyroidism (7).

Lymphopenia is found in many diverse clinical set-
tings, ranging from many types of infection, nutritional
deficiency, uremia, neoplasia, autoimmune disorders,
myasthenia gravis, aplastic anemia, sarcoidosis, severe
right heart failure, and numerous other acute and chronic ill-
nesses (7). Lymphopenia can also occur transiently through
lymphocyte redistribution as a result of corticosteroid

Table 6 Drugs Known to Cause Agranulocytosis

Drug class Drugs

Analgesics and

NSAIDs

Aminopyrine, benoxaprofen, diclofenac, diflunisal, dipyrone, fenoprofen, indomethacin, ibuprofen, noramidopyrine,

phenylbutazone, piroxicam, sulindac, tenoxicam, tolmetin

Antibiotics Cephalosporins, chloramphenicol, ciprofloxacin, clindamycin, tetracyclines, ethambutol, gentamicin, imipenem,

isoniazid, lincomycin, metronidazole, nitrofurantoin, novobiocin, penicillins, rifampicin, sulfamethoxazole,

streptomycin, thiacetazone, tinidazole, vancomycin

Chloroquine, flucytosine, dapsone, hydroxychloroquine, levamizole, mebendazole, pyrimethamine, quinine,

quinacrine

Acyclovir, zidovudine, terbinafine

Anticonvulsants Carbamazepine, ethosuximide, phenytoins, trimethadione, valproic acid

Antihistamines Brompheniramine, chloropheniramine, cimetidine, famotidine, methaphenilene, ranitidine, tripelenamine,

thenalidine

Antipsychotics,

sedatives,

antidepressants

Amoxapine, chlordiazepoxide, clozapine, diazepam, haloperidol, imipramine,

meprobamate, phenothiazines, risperidone, tiapridal, upstene

Antiplatelet agents Ticlodipine, aspirin

Antithyroid drugs Carbimazole, methimazole, potassium perchlorate, thiocynate, thiouracils

Cardiovascular drugs Aprindine, captopril, flubiprofen, furosemide, hydralazine, methyldopa, nifedipine, phenindione, procainamides,

propafenone, propanolol, quinidine, spironolactone, thiazide diuretics, ticlopidine, lisinopril

Heavy metals Arsenic compounds, gold, mercurial diuretics

Others Acetazolamide, allopurinol, aminoglutethimide, benzafibrate, colchicine, flutamide, methazolamide, levodopa, oral

hypoglycemic agents, penicillamine, retinoic acid, most sulfamides, tamoxifen, deferiprone

Chinese herbal medicines, DDT, dinitrophenol, hair dye, insecticides, mustard

Abbreviations: NSAIDs, nonsteroidal anti-inflammatory drugs; DDT, dichloro-diphenyl-trichloroethane.

Source: From Refs. 43 and 44.
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therapy, or chronically in various rare primary immunodefi-
ciency disorders.

THERAPEUTIC CONSIDERATIONS
Leukocytosis
There are few specific therapeutic implications of leukocyto-
sis besides the goal of treating the underlying cause, such as
treatment of infection. Leukopheresis is a rarely applied
therapy that may be indicated in extreme leukocytosis
associated with neoplasia, and is essentially never appropri-
ate in non-neoplastic situations. Consultation with a hema-
tologist is indicated when the cause of leukocytosis is
inapparent, or if neoplasia is suspected.

Leukopenia
Treatment of the underlying cause of acute leukopenia is the
major therapeutic intervention. Administration of folate or
vitamin B12 is indicated when either deficiency is suspected
to be the cause of leukopenia.

In suspected drug-induced agranulocytosis, it is
important to discontinue promptly all plausible causal
agents. Empiric use of broad-spectrum antibiotics is indi-
cated pending neutrophil recovery. The use of hematopoietic
growth factors [e.g., G-CSF (Filgrastim)] may reduce the
mortality associated with this disorder (45). G-CSF may
also be helpful in selected patients with other severe
neutropenic disorders (e.g., autoimmune neutropenia, HIV-
associated, congenital neutropenia).

Granulocytes are very labile, difficult to separate from
other blood cells, and have short circulating lifespans (57).
“Buffy coats” from at least ten blood donors are required
to produce a single therapeutic dose of granulocytes for an
adult recipient, which will be “contaminated” by the two
units of red cells and 2.5 pools of platelets. Thus, for practical
reasons, granulocytes concentrates obtained from single
donors using apheresis is the only satisfactory way to
obtain a therapeutic dose for a neutropenic patient, and
this is rarely performed. Administration of G-CSF and cor-
ticosteroids to leukocyte donors increases yield about
10-fold.

EYE TO THE FUTURE

Relatively few developments appear imminent in relation to
diagnosis or management of leukocytosis or leukopenia.
Automated detection of important leukocyte morphologic
abnormalities could hasten communication to the clinician
that a patient has a severe developing infection or inflamma-
tory process. Rapid nucleotide-based blood or tissue ana-
lyses may help determine whether an infection is present,
and which type of microbe in particular could be responsible
for neutrophilia. The “holy grail” of achieving satisfactory
granulocyte transfusions on a large scale for severely-
infected, neutropenic patients could represent a major
therapeutic advance. Perhaps, leukocytes harvested from
the peripheral blood stem cells of the patient or (related or
unrelated) donors could be transfused. Newer and more
effective preparations of hematopoietic growth factors
could be developed.

SUMMARY

Leukocytosis and leukopenia are common and important
clues suggesting that a trauma patient may have a serious
infection or inflammatory state. Evaluation of quantitative
leukocyte abnormalities requires determination of the leuko-
cyte differential, whereas examination of the blood film by
an experienced physician or technician morphologist is
necessary to recognize important qualitative granulocyte
abnormalities such as shift-to-the-left, toxic granulation,
Döhle bodies, cytoplasmic vacuolation, and leukoerythro-
blastosis. Neutrophilia, especially when accompanied by
some of these qualitative abnormalities, most commonly
indicates the presence of infection (usually bacterial) or a
severe inflammatory process. Leukopenia requires determi-
nation of the leukocyte differential, as it could indicate
severe neutropenia indicating the life-threatening syndrome
of drug-induced agranulocytosis. Sometimes, increased
number of a less common type of leukocyte has diagnostic
significance, e.g., eosinophilia indicating allergic drug reac-
tion or corticosteroid-induced reactivation of a latent para-
sitic infection.

KEY POINTS

Leukocytosis or leukopenia is often the first clue that a
post-trauma or critically ill patient has infection or a
severe inflammatory process.
Leukocytosis is defined as a WBC count above the
upper limit of the normal laboratory range (about
11 � 109/L), whereas leukopenia is defined as a WBC
count below the lower limit of the normal laboratory
range (about 4.0 � 109/L).
All blood cells ultimately are derived from self-renew-
ing pluripotential stem cells that are able to differentiate
into lineage-committed stem cells that themselves
differentiate into mature blood cells (6).
The brief neutrophil lifespan within the circulation
(about 6–8 hours) is one major reason why granulocyte
transfusions are impracticable.
The first step in evaluating any abnormal increase or
decrease in WBC is to determine the leukocyte differen-
tial, and thereby classify the process as neutrophilia,
eosinophilia, monocytosis, or lymphocytosis (marked
basophilia is rare) or, conversely, neutropenia or lym-
phopenia (monocytopenia, eosinopenia, and basopenia
are rare).
Morphologic granulocyte abnormalities, such as shift-
to-the-left, toxic granulation, pale blue cytoplasmic
inclusions (Döhle bodies), or vacuoles, can indicate
serious infectious/inflammatory problems.
Severe proinflammatory states can produce a “leuke-
moid reaction,” defined as a leukocyte count above
50 � 109/L.
Leukopenia must prompt evaluation of the leukocyte
differential to determine the absolute neutrophil level,
since acquired severe neutropenia in a hospitalized
patient usually signifies drug-induced agranulocytosis,
a life-threatening adverse drug reaction.
Pre-existing causes of leukocytosis in a trauma patient
could include a chronic myeloproliferative or lympho-
proliferative disorder; splenomegaly is often present
in this situation. Pre-existing causes of leukopenia in a
trauma patient can include hypersplenism (usually
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due to chronic liver disease), Felty’s syndrome (auto-
immune neutropenia complicating rheumatoid arthri-
tis), or benign chronic neutropenia (normal variant).
Neutropenia is classified based on the absolute neutro-
phil count as mild (1.0–1.5 � 109/L), moderate (0.5–
1.0 � 109/L), or severe (,0.5 � 109/L). Infection risk
increases exponentially with decreasing neutrophil
numbers.
Severe neutropenia (neutrophil ,0.5 � 109/L) that begins
during hospitalization is a life-threatening emergency,
usually resulting from an immune-mediated adverse
drug effect (drug-induced agranulocytosis) (38–42).
Hematopoietic growth factors such as granulocyte
colony-stimulating factor (G-CSF) appear to hasten
recovery from agranulocytosis (45).
Eosinophilia that develops in a post-trauma or critically
ill patient usually signifies an allergic drug reaction.
Monocytosis that develops in a post-trauma or critically
ill patient can signify the development of a “chronic”
inflammatory process, such as abscess.
Trauma can cause a rapid increase in lymphocyte
number, which reflects an increase in T-lymphocytes
and NK cells (53–55).

REFERENCES

1. Weatherall DJ. In: Warrell DA, et al. eds. Oxford Textbook of
Medicine, 4th ed. Oxford, UK: Oxford University Press,
2003:501–507.

2. Curnutte JT, Coates TD. Disorders of phagocyte function and
number. In: Hoffman R, et al. eds. Hematology: Basic Principles
and Practice, 3rd ed. New York: Churchill Livingstone,
2000:720–762.

3. Ravandi F, Hoffman R. Phagocytes. Hoffbrand AV, et al. eds.
Postgraduate Haematology, 5th ed. Malden MA: Blackwell
Publishing, 2005:277–302.

4. Hammerschmidt DE, Stroncek DF, Bowers TK, et al. Comp-
lement activation and neutropenia occurring during cardiopul-
monary bypass. J Thorac Cardiovasc Surg 1981; 81(3):370–377.

5. Mitre E, Nutman TB. Basophils, basophilia and helminth infec-
tions. Chem Immunol Allergy 2006; 90:141–156.

6. Byrne JL, Russell NH. Haemopoietic growth factors. In:
Hoffbrand AV, Catovsky D, Tuddenham EGD, eds. Postgraduate
Haematology, 5th ed. Malden MA: Blackwell Publishing,
2005:303–317.

7. Drayson MT, Moss PAH. Normal lymphocytes and non-
neoplastic lymphocyte disorders. In: Hoffbrand AV, Catovsky D,
Tuddenham EGD, eds. Postgraduate Haematology, 5th ed.
Malden MA: Blackwell Publishing, 2005:330–357.

8. Cannistra S, Griffin J. Regulation of the production and func-
tion of granulocytes and monocytes. Semin Hematol 1988;
25(3):173–188.

9. Frontiera M, Myers AM. Peripheral blood and bone marrow
abnormalities in the acquired immunodeficiency syndrome.
West J Med 1987; 147(2):157–160.

10. McCance-Katz E, Hoecker J, Vitale N. Severe neutropenia
associated with anti-neutrophil antibody in a patient with
acquired immunodeficiency syndrome-related complex.
Pediatr Infect Dis J 1987; 6(4):417–418.

11. Caplan ES, Hoyt NJ. Nosocomial sinusitis. JAMA 1982;
247(5):639–641.

12. Popovsky J. Perforations of the esophagus from gun shot
wounds. J Trauma 1984; 24(4):337–339.

13. Scott CM, Grasberger RC, Heeran TF, et al. Intra-abdominal
sepsis after hepatic trauma. Am J Surg 1988; 155(2):284–288.

14. Branch Jr CL, Albertson DA, Kelly DL. Post-traumatic acalcu-
lous cholecystitis on a neurosurgical service. Neurosurgery
1983; 12(1):98–101.

15. Dodds WJ, Taylor AJ, Erickson SJ, Lawson TL. Traumatic frac-
ture of the pancreas: CT characteristics. J Comput Assist
Tomogr 1990; 14(3):375–378.

16. Craig MH, Poole GV, Hauser CJ. Postsurgical gout. Am Surg
1995; 61(1):56–59.

17. Gonzalez-Gay MA, Lopez-Diaz MJ, Barros S, et al. Giant cell
arteritis: laboratory tests at the time of diagnosis in a series of
240 patients. Medicine 2005; 84(5):277–290.

18. Ascensao JL, Oken MM, Ewing SL, et al. Leukocytosis and lung
cell cancer. A frequent association. Cancer 1987; 60(4):903–905.

19. Brenner I, Shek PN, Zamecnik J, Shephard RJ. Stress hormones
and the immunological responses to heat and exercise. Int J
Sport Med 1998; 19(2):130–143.

20. Berkow RL, Dodson RW. Functional analysis of the marginat-
ing pool of human polymorphonuclear leukocytes. Am J
Hematol 1987; 24(1):47–54.

21. Jakobsen B, Pedersen J, Egeberg B. Postoperative lymphocyto-
penia and leucocytosis after epidural and general anaesthesia.
Acta Anaesthesiol Scand 1986; 30(8):668–671.

22. Aminoff MJ, Simon RP. Status epilepticus. Causes, clinical fea-
tures and consequences in 98 patients. Am J Med 1980;
69(5):657–666.

23. Vincent FM, Zimmerman JE, Van Haren. Neuroleptic malig-
nant syndrome complicating closed head injury. Neurosurgery
1986; 18(2):190–193.

24. Hetherington SV, Quie PG. Human polymorphonuclear leuko-
cytes of the bone marrow, circulation, and marginated pool:
function and granule protein content. Am J Hematol 1985;
20(3):235–246.

25. Boggs DR, Joyce RA. The hematopoietic effects of lithium.
Semin Hematol 1983; 20(2):129–138.

26. Chatham WW, Ross DW. Leukemoid blood reaction to tetra-
cycline. South Med J 1983; 76(9):1195–1196.

27. Porter WG, Lyle CB Jr. Leukemoid reaction: an unusual mani-
festation of autoimmune hemolytic anemia. South Med J
1974; 67(1):79–80.

28. Stroncek D, Procter JL, Johnson J. Drug-induced hemolysis:
cefotetan-dependent hemolytic anemia mimicking an acute
intravascular immune transfusion reaction. Am J Hematol
2000; 64(1):67–70.

29. Levine PH, Weintraub LW. Pseudoleukemia following recovery
from dapsone-induced agranulocytosis. Ann Intern Med 1968;
68(5):1060–1065.

30. McBride JA, Dacie JV, Shapley R. The effect of splenectomy on
the leucocyte count. Br J Haematol 1968; 14(2):225–231.

31. Spencer RP, McPhedran P, Finch SC, Morgan WS. Persistent
neutrophilic leukocytosis associated with idiopathic functional
asplenia. J Nucl Med 1972; 13(3):224–226.

32. Neilan BA. Late sequelae of splenectomy for trauma. Postgrad
Med 1980; 68(3):207–210.

33. Jacob HS. Granulocyte-complement interaction. A beneficial
antimicrobial mechanism that can cause disease. Arch Intern
Med 1978; 138(3):461–463.

34. Craddock PR, Hammerschmidt DE, Moldow CF, et al. Granulo-
cyte aggregation as a manifestation of membrane interactions
with complement: possible role in leukocyte margination,
microvascular occlusion, and endothelial damage. Semin
Hematol 1979; 16(2):140–147.

35. Geerlings SE, Rommes JH, van Toorn DW, Bakker J. Acute
foliate deficiency in a critically ill patient. Neth J Med 1997;
51(1):36–38.

36. Amos RJ, Amess JA, Hinds CJ, Mollin DL. Incidence and
pathogenesis of acute megaloblastic bone-marrow change
in patients receiving intensive care. Lancet 1982; 2(8303):
835–838.

37. Champlin R. Bone marrow aplasia due to radiation accidents:
pathophysiology, assessment and treatment. Baillieres Clin
Haematol 1989; 2(1):69–82.

38. Asconape JJ. Some common issues in the use of antiepileptic
drugs. Semin Neurol 2002; 22(1):27–39.

39. Patton WN, Duffull SB. Idiosyncratic drug-induced haematolo-
gical abnormalities. Incidence, pathogenesis, management and
avoidance. Drug Saf 1994; 11(6):445–462.

1036 Warkentin



40. Van der Klauw MM, Wilson JH, Stricker BH. Drug-induced
agranulocytosis: 20 years of reporting in The Netherlands
(1974–1994). Am J Hematol 1998; 57(3):206–211.

41. Van der Klauw MM, Goudsmit R, Halie MR, et al. A
population-based case-cohort study of drug-associated agranu-
locytosis. Arch Intern Med 1999; 159(4):369–374.

42. Berliner N, Horwitz M, Loughran TP Jr. Congenital and
acquired neutropenia. Hematology (Am Soc Hematol Educ
Program) 2004; 63–79.

43. Andres E, Kurtz JE, Maloisel F. Nonchemotherapy drug-
induced agranulocytosis: experience of the Strasbourg teaching
hospital (1985–2000) and review of the literature. Clin Lab Hae-
matol 2002; 24:99–106.

44. Andres E, Noel E, Kurtz JE, Henoun Loukili N, Kaltenbach G,
Maloisel F. Life-threatening idiosyncratic drug-induced
agranulocytosis in elderly patients. Drugs Aging 2004; 21:
427–435.

45. Sprikkelman A, de Wolf JT, Vellenga E. The application of
hematopoietic growth factors in drug-induced agranulocytosis:
a review of 70 cases. Leukemia 1994; 8(12):2031–2036.

46. Laad G, Miranda MF. Eosinophilic leukemoid reaction associ-
ated with carbamazepine hypersensitivity. Indian J Dermatol
Venereol Leprol 2005; 71(1):35–37.

47. MacNeil M, Haase DA, Tremaine R, Marrie TJ. Fever, lympha-
denopathy, eosinophilia, lymphocytosis, hepatitis, and derma-
titis: a severe adverse reaction to minocycline. J Am Acad
Dermatol 1997; 36(2):347–350.

48. Kimmelstiel F, Lange M. Fatal systemic strongyloidiasis
following corticosteroid therapy. N Y State J Med 1984;
84(8):399–401.

49. Myhre EB, Braconier JH, Sjogren U. Automated cytochemical
differential leucocyte count in patients hospitalized with
acute bacterial infections. Scand J Infect Dis 1985; 17(2):
201–208.

50. Maldonado J, Hanlon D. Monocytosis: a current appraisal.
Mayo Clin Proc 1965; 40:248–259.

51. Bux J, Kissel K, Nowak K, Spengel U, Mueller-Eckhardt C.
Autoimmune neutropenia: clinical and laboratory studies in
143 patients. Ann Hematol 1991; 63(5):249–252.

52. Francois B, Trimoreau F, Vignon P, et al. Thrombocytopenia in
the sepsis syndrome: role of hemophagocytosis and macro-
phage colony-stimulating factor. Am J Med 1997; 103(2):
114–120.

53. Thommasen HV, Boyko WJ, Montaner JS, et al. Absolute lym-
phocytosis associated with nonsurgical trauma. Am J Clin
Pathol 1986; 86(4):480–483.

54. Teggatz JR, Parkin J, Peterson L. Transient atypical lymphocy-
tosis in patients with emergency medical conditions. Arch
Pathol Lab Med 1987; 111(8):712–714.

55. Pinkerton PH, McLellan BA, Quantz MC, Robinson JB. Acute
lymphocytosis after trauma—early recognition of the high-
risk patient? J Trauma 1989; 29(6):749–751.

56. Baumgartner JD, Glauser MP, Burgo-Black AL, et al. Severe
cytomegalovirus infection in multiply transfused, splenecto-
mized trauma patients. Lancet 1982; 2(8289):63–66.

57. Contreras M, Tahlor CPF, Barbara JA. Clinical blood transfu-
sion. In: Hoffbrand AV, Catovsky D, Tuddenham EGD, eds.
Postgraduate Haematology, 5th ed. Malden MA: Blackwell
Publishing, 2005:249–276.

Chapter 57: Leukocytosis and Leukopenia 1037





58

Disseminated Intravascular Coagulation

Joanne Ondrush and Christopher Junker
Department of Anesthesiology and Critical Care Medicine, George Washington University Hospital,

Washington, D.C., U.S.A.

INTRODUCTION

Disseminated intravascular coagulation (DIC) is a condition
whereby the coagulation cascade is activated in an accele-
rated and uncontrolled manner. The resulting intravascular
fibrin deposition and microvascular thrombosis leads to
tissue ischemia and multiple organ dysfunction syndrome
(MODS). Clot production is magnified through the gener-
ation of serine proteases whose interactions with proinflam-
matory mediators are a key component of the organ
dysfunction seen with DIC (1).

While the precise definition of DIC varies among
different investigators, with some focusing more upon the
bleeding sequale, the majority have emphasized the clotting
aspects of the syndrome. The Subcommittee on DIC of the
International Society on Thrombosis and Hemostasis
(ISTH) has suggested the following definition for DIC: “An
acquired syndrome characterized by the intravascular acti-
vation of coagulation with loss of localization arising from
different causes. It can originate from and cause damage to
the microvasculature, which if sufficiently severe, can
produce organ dysfunction (2).”

The loss of regulatory mechanisms that normally
control coagulation further exacerbates the thrombotic
process. The consumption of platelets and coagulation
factors ultimately results in bleeding from multiple sites, a
common clinical finding with severe DIC. However, it is
the clotting of microvascular beds that underlies most
of the long-term damages associated with DIC. Indeed, it
is the failure to perfuse tissues of critical organ systems
that leads to ischemia and ultimately to MODS.

This chapter reviews the normal physiology of hemo-
stasis, as well as the major pathologic conditions that alter
coagulation, including the common etiologies of the DIC.
The clinical presentation, laboratory diagnosis, and manage-
ment of DIC are surveyed. Finally, new drugs and diagnostic
techniques are reviewed in the “Eye to the Future” section.

NORMAL PHYSIOLOGYOF HEMOSTASIS

Normal coagulation can be conceptualized as occurring in
overlapping phases. Vascular injury prompts platelets to
become “sticky” and coalesce into a plug at the site of
injury. Formation of this “platelet plug” is propagated by a
series of enzyme amplifications as part of the coagulation
cascade. The clot is normally prevented from occupying
the entire vascular bed by antithrombotic control mechan-
isms, and removal of excess clot debris through fibrinolysis.

The Coagulation System
The coagulation cascade is traditionally divided into
“intrinsic” and “extrinsic” pathways (Fig. 1). This division
actually reflects the laboratory measurements of the coagu-
lation system components to a greater degree than it
describes the specific physiology of clotting. The two limbs
of the coagulation cascade can be activated by various trig-
gers. The “intrinsic pathway” is activated by endothelial
damage or contact with a foreign surface, as with the use
of glass in the measurement of activated partial thrombo-
plastin time (aPTT). The “extrinsic pathway” is activated
by “tissue factor” exposed at the site of injury.

The intrinsic and extrinsic pathways join in a common
activation of factor X. In Figure 1, note the multiple feedback
loops that accelerate the process, amplifying the original
stimulus many times over accelerating the process of hemo-
stasis. Factor Xa binds with factor Va, calcium, and phos-
pholipid to form a complex that converts prothrombin into
thrombin. Thrombin (factor IIa) then acts to cleave fibrino-
gen into fibrin. In Figure 2, note the central role of thrombin
in upregulating the coagulation cascade as well as activating
protein C in the anticoagulation response.

The Anticoagulation System
Protein C, Protein S, Antithrombin
The anticoagulant pathways regulate the production of
thrombin. The plasma protein, antithrombin (AT; formerly
antithrombin III) normally circulates as a weak inhibitor of
thrombin. The reactive portion of AT is an arginine residue
that is normally in a “low-activity” conformation. However,
in the presence of heparin (which binds to a lysine site on
AT), a conformational change occurs and AT becomes very
active, with its arginine reactive center binding to the serine
moiety of thrombin, inhibiting it as well as other serine pro-
teases involved in the coagulation cascade (including IXa, Xa,
XIa, XIIa, and plasmin). When AT binds to free thrombin,
thrombin-AT complexes are formed, permanently disabling
thrombin’s proteolytic activity (3).

In addition, thrombomodulin forms a complex with
thrombin, which activates protein C. When “activated
protein C” (APC) is bound with its cofactor, protein S, it
degrades activated factors Va and VIIIa (3). Lastly, tissue
factor pathway inhibitor (TFPI), expressed on the microvas-
cular endothelium, also plays a role in the inhibition of the
coagulation pathway (4). The pathogenic pathways involved
in DIC are illustrated in Figure 3, including exuberant for-
mation of fibrin and (in some patients) inhibition of the
fibrinolytic system, thereby resulting in decreased removal
of fibrin.
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The Fibrinolytic System and Its Inhibitors
The fibrinolytic system normally prevents excessive clot for-
mation, and helps eliminate old clot during tissue repair
through the degradation of fibrin. Plasmin, the activated
form of plasminogen, is synthesized in the liver and is the
key protein in fibrinolysis. Circulating fibrin, produced in
clot formation, binds plasminogen. The resulting fibrin-
plasminogen complex accelerates endothelial cell release of
tissue plasminogen activator (tPA), and fibrin plasminogen

tPA complexes form. Within these ternary complexes, the
conversion of plasminogen to its active form, plasmin,
proceeds.

In the absence of fibrin, tPA does not activate plasmino-
gen, limiting fibrinolysis to the sites of fibrin deposition (3).
Plasmin is a proteolytic enzyme that degrades fibrin into
small fragments known as D-dimers (5). Plasmin also cleaves
fibrinogen and other plasma proteins and clotting factors (5).
In addition, fibrinolysis is triggered by the intrinsic coagulation
pathway as kallikrein converts plasminogen to plasmin.

The inhibitors of the fibrinolytic pathway, which
include plasminogen activator inhibitor and alpha 2-anti-
plasmin, serve to further regulate fibrinolysis. Plasminogen
activator inhibitor, which is released from platelets and
endothelium, binds to tPA, thus preventing its binding
to, and activation of, plasminogen to plasmin. Alpha 2-
antiplasmin binds and neutralizes plasmin (6). Exogenous
agents such as streptokinase, which causes an alteration of
the plasminogen active site, and urokinase, which has
direct proteolytic activity on plasminogen, can also alter
fibrinolysis. This complex system of amplification feedback
loops and inhibition is extraordinarily stable in the healthy
subject. However, in catastrophic illness or trauma the clot-
ting system can go wildly out of control, and become very
difficult to restore to order, without first resolving the
primary underlying insult.

Just as inflammatory mediators can serve as triggers for
DIC, it is not uncommon in coagulopathic states for inflamma-
tory mediators to be markedly elevated, as there is extensive
“cross-talk” between these two systems, as illustrated in
Figure 4. Indeed, patients with severe coagulophatic states
and DIC can proceed to the systemic inflammatory response
syndrome (SIRS) (7). The critical initiator of inflammation-
induced thrombin generation is tissue factor, and its
inhibition abrogates inflammation-induced coagulation
activation (7). Proinflammatory cytokines (TNF-a, IL-1b, and
IL-6) increase coagulation and will be described in greater
detail below (also see Volume 2, Chapters 47 and 63) (7).

PATHOPHYSIOLOGYOF DISSEMINATED INTRAVASCULAR
COAGULATION
Tissue Factor

Tissue factor is expressed on the surface of activated
monocytes and endothelial cells activating the extrinsic

pathway by complexing with factor VII. The uncontrolled
release of tissue factor appears to be one of the principal
initiating steps in DIC (3,4). Primate studies suggest
that only small amounts of tissue factor circulate in healthy
animals (8). In trauma conditions, tissue factor is an import-
ant trigger, especially the release of brain tissue thrombo-
plastin in severe traumatic brain injury (TBI) (9), or
massive tissue destruction (e.g., crush injury). In patients
with endotoxemia, trauma, neoplasm, and other severe dis-
orders, this prothrombotic protein complexes with factor VII
and begins the coagulation cascade. In baboons, infusion
with Escherichia coli or endotoxin results in activation of the
coagulation cascade, as indicated by elevated levels of
fibrin degradation products (FDPs), protein C, and throm-
bin-antithrombin complexes (10). Infusion of monoclonal
antibody to tissue factor inhibits the augmentation of throm-
bin generation (7,11–14). Many diseases associated with DIC
also demonstrate increased tissue factor activity. For
example, production or release of tissue factor from
wounds sustained during trauma, or from leukemic cells
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Figure 1 The coagulation cascade. The coagulation cascade has

multiple interacting components and two major routes of acti-

vation: the intrinsic (i.e., contact activation) pathway and the

extrinsic (i.e., tissue factor) pathway, both leading to fibrin for-

mation. It was previously believed that two arms of the coagulation

cascade were of equal importance. It is now recognized that the

primary pathway responsible for the imitation of blood coagulation

is the tissue factor (extrinsic) pathway. Note the major role played

by thrombin as the enzyme responsible for converting fibrinogen to

fibrin monomer, as well as its involvement at numerous other areas

of factor conversion to the activated form. Abbreviations: HK, high

molecular weight kininogen (aka HMWK); PK, prekallikrein;

TF, tissue factor.

Figure 2 The central role of thrombin in upregulating the

coagulation cascade and protein C. Abbreviations: EPCR, endo-

thelial protein C receptor; GlcCer, glucosylceramide I,

inactivated; PAR, protease-activated receptor.
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in acute leukemia, is associated with an increased incidence
of DIC. Other triggers include thromboplastic substances
released from the dead fetus in intrauterine fetal death,
and endotoxin-mediated inflammation in sepsis (15).

Abnormalities in Coagulation Inhibitory Pathways
Abnormalities in coagulation inhibitory pathways also play
a role in DIC. Levels of coagulation pathway inhibitors

including TFPI, AT, and Protein C are all decreased in
patients with DIC, hence perpetuating thrombosis.

Tissue Factor Pathway Inhibitor
The primary site of TFPI elaboration is at the microvascular
endothelium where it is released into the plasma and circu-
lates in low concentrations, thereby serving to inhibit tissue
factor/factor VIIa complexes at the initiation stage of the
tissue factor pathway cascade (16). In patients with DIC,
higher levels of TFPI are associated with a better outcome
(17). It is unclear whether these observations represent a pro-
tective effect of TFPI, a different severity of disease, or differ-
ent pools of circulating TFPI. Plasma levels of TFPI are an
incomplete and thus inaccurate reflection of the true
functional concentration. Trauma-associated coagulopathy
(discussed below) is an entity with a few distinct differences
from common DIC; measurement of factor VIIa levels may
ultimately prove to be more predictive and useful in this
condition (once they become available clinically).

Antithrombin
Most of the inhibitory effects of AT are exhibited during the
propagation phase of coagulation, whereby it binds with

thrombin (and other activated coagulation factors, e.g.,
factor Xa) during its rapid phase of production (16). Patients
with DIC have increased concentrations of thrombin-AT
complexes (18) and lower levels of AT are associated with
poorer outcomes (8,19). Accordingly, patients with congeni-
tally low AT are at increased risk for thrombotic compli-
cations [e.g., deep venous thrombosis (DVT)], and have a
worse outcome with DIC and sepsis.

Protein C Anticoagulant Pathway
The protein C anticoagulant pathway plays a critical role in
the regulation of coagulation, fibrinolysis, and inflammatory
pathways. The complex formed by thrombin and the endo-
thelial surface cofactor, thrombomodulin, increases the rate
of protein C activation more than 1000-fold, while simul-
taneously blocking the ability of thrombin to catalyze
fibrin formation, platelet activation, and feedback activation
of coagulation cofactors (20). The APC binds with cofactor
protein S, and this complex then inactivates factors Va and
VIIIa, thus limiting the generation of thrombin (21).

Protein C levels are decreased in both sepsis and
DIC (19,22,23). The decrease in sepsis-related mortality by
using APC, as demonstrated in the PROWESS study (23),
suggests the possibility of using it to treat DIC.

Activated Protein CçProfibrinolytic Effect
APC also has profibrinolytic activity by neutralizing plasmi-
nogen activator inhibitor 1 (PAI-1) and by preventing the
thrombin activatable fibrinolysis inhibitor. PAI-1 is
responsible for neutralizing tPA and plasmin (24) and
increased levels of PAI-1 decrease in fibrinolysis and the
ability to clear fibrin clots from circulation (20). In a

Figure 3 Pathogenetic pathways involved in DIC. Tissue factor, expressed on the surface of activated mononuclear cells and

endothelial cells, binds and activates factor VII. The complex of tissue factor and factor VIIa can activate factor X directly (black arrows)

or indirectly (white arrows) by means of activated factor IX and factor VIII. Activated factor X, in combination with factor V, can

convert prothrombin (factor II) to thrombin (factor IIa). Simultaneously, all three physiologic means of anticoagulation, antithrombin

(shown as the old term antithrombin III in this figure), protein C, and TFPI are impaired. The resulting intravascular formation of fibrin is

not balanced by adequate removal of fibrin because endogenous fibrinolysis is suppressed by high plasma levels of plasminogen-activator

inhibitor type 1 (PAI-1). The high levels of PAI-1 inhibit plasminogen-activator activity and consequently reduce the rate of formation

of plasmin. The combination of increased formation of fibrin and inadequate removal of fibrin results in disseminated intravascular

thrombosis. FDPs denote fibrin-degradation products. Source: From Ref. 36.
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chimpanzee sepsis model, PAI-1 levels remained elevated
after injection of endotoxins, suppressing fibrinolytic activity
(25). Elevated levels of PAI-1 have been associated with a
poor prognosis in patients with DIC (8). In addition,
depressed levels of plasmin–alpha 2 antiplasmin complexes,
which inhibit the ability of plasmin to cleave fibrin, were
found more often in DIC patients with multiple organ
failure (26).

Consumption of Coagulation Factors
As these various cascades begin accelerating out of control,
the consumption of coagulation factors and platelets
depletes endogenous stores exceeding the body’s regenera-
tive ability to replace them. Quantitative studies have
shown accelerated turnover rates for fibrinogen, platelets
and prothrombin. Plasma levels of factor V, factor VIII,
prothrombin, and fibrinogen are universally reduced in

severe DIC, though fibrinogen levels can be maintained
until late in the process.

Thrombocytopenia, which can often be severe in DIC,
is probably multifactorial. Platelets are consumed by the
thrombotic lesions and adhere to damaged endothelial
surfaces; megakaryocyte production is decreased (15). In
the setting of trauma or other conditions involving hemor-
rhage, further platelet and coagulation factor loss occurs
with shed blood. This depletion of coagulation factors and
platelets magnifies the bleeding complications clinically
manifested in DIC.

Impairment of Procoagulant Clearance
The impairment of clearance mechanisms of procoagulant
material may also play a role in DIC. Products of intravascu-
lar coagulation (i.e., fibrin degradation products, tissue
factor, endotoxin, activated coagulation factors, etc.) are
removed from the circulation by the reticuloendothelial
system, particularly, the Kupffer cells of the liver and
splenic macrophages. It is hypothesized that some forms of
DIC may saturate the system’s ability to clear these products,
due to its overwhelming production (27).

Proinflammatory Mediators and Coagulation
Our understanding of the interactions between proinflam-
matory mediators and coagulation is improving (13,28–30).
Proinflammatory cytokines (IL-6 and IL-8) increase
expression of tissue factor (28,29), and inhibit expression of
thrombomodulin and endothelial cell protein C receptor;
both are important regulators of the coagulation cascade
(31). Elastase, released by activated neutrophils, destroys
AT and C1 esterase inhibitor (32). C1 esterase inhibitor is
responsible for regulation of the contact factors of the intrin-
sic clotting system. C-reactive protein, an acute phase reac-
tant, promotes tissue factor expression and increases levels
of a-1 antitrypsin, which decreases APC levels (33,34). The
acute phase complement C4b binds to, and inactivates,
protein S (33,35). Release of tumor necrosis factor (TNF-a)
results in increased expression of PAI-1 and hence inhibition
of fibrinolysis (36). All of these actions combine to form a
hypercoagulable state.

Figure 4 Schematic representation of activation of coagulation and inflammation. Exposure of tissue factor-bearing inflammatory

cells to blood results in thrombin generation and subsequent fibrinogen to fibrin conversion. This example uses rupture of an atherosclerotic

plaque, but the same mechanism would result from other causes of tissue injury. Simultaneously, activation of platelets occurs, both by

thrombin and by exposure of collagen (and other subendothelial platelet-activating factors) to blood. Binding of tissue factor, thrombin,

and other activated coagulation proteases to specific PARs on inflammatory cells may affect inflammation by inducing release of

proinflammatory cytokines, which will subsequently further modulate coagulation and fibrinolysis. Coagulation pathways are indicated

by straight arrows; inflammatory mechanisms by dashed arrows. Source: From Ref. 7.
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Coagulation Mediated Proinflammatory Effects
Concurrently, coagulation can have many proinflammatory
effects. The decreased levels of AT and protein C increase
cytokine synthesis as well as increase neutrophil aggregation
and adherence (31,37). APC inhibits both TNF-a and
macrophage migration inhibitory factor in vitro (38). More
importantly, APC has been shown to suppress nuclear
factor kB (NF-kB), which is the principal nuclear regulatory
mechanism that modulates expression of proinflammatory
factors (24,39). Thrombin generation promotes upregulation
of P-selectin and E-selectin, which result in increased neutro-
phil-platelet aggregation and neutrophil-endothelial inter-
actions (30,40). Thrombin activatable fibrinolysis inhibitor
inactivates C5a (which promotes neutrophil chemotaxis)
(41,42). The relationship between the two complex systems
of coagulation and inflammation remains under intense
investigation.

Chronic or Compensated Disseminated Intravascular
Coagulation
Chronic or compensated DIC is similar to acute DIC, except
there tends to be a weak or intermittent stimulus (15).
Chronic DIC has been associated with many conditions,
including intrauterine fetal death, vasculitis, large abdomi-
nal aortic aneurysms, giant hemangiomas, amyloidosis,
some malignancies, and hydatidiform moles. There is a
wide spectrum of clinical and laboratory findings, and a
high index of suspicion is required to make the diagnosis.

COMMON TRIGGERS OF DISSEMINATED INTRAVASCULAR
COAGULATION

DIC is associated with many conditions found in trauma and
critical illness. Table 1 lists many of them and the degree
of DIC they are often associated with. The persistence of
SIRS, rather than the number of SIRS criteria met, appears
to be a more important prognostic factor in determining
which trauma patients develop DIC, emphasizing

the importance of early appropriate treatment of these
patients.

Tissue Injury
Major tissue injuries, such as severe head trauma (9,43–45),
extensive burns, or soft tissue damage, and fat embolism
from multiple fractures (46), are all associated with inflam-
matory activation of tissue factor and DIC. This can result
from direct endothelial damage or release of fat and phos-
pholipids from the tissue into the circulation (36). The per-
sistence of SIRS rather than the number of SIRS criteria
that are met appears to be a more important prognostic
factor in determining which trauma patients develop DIC
and, the development of DIC correlates well with the onset
of MODS (42).

Severe Sepsis/Systemic Inflammatory Response Syndrome
DIC occurs in a variety of clinical settings associated

with trauma, infection being one of the most common.
Recently, we have developed a better understanding of the
complex physiology that occurs during severe sepsis and
its activation of the coagulation and inflammatory cascades
(see Volume 2, Chapters 47 and 63 for further discussion in
the interaction between sepsis and SIRS) (7).

All microorganisms have the potential to cause DIC,
however the release of endotoxin (the membrane constitu-
ent of gram-negative bacteria) is best recognized (46).
Other bacterial triggers of activation are the mucopolysac-
charide coats and exotoxin in gram-positive organisms
(36). Viremias, including varicella, hepatitis, cytomegalo-
virus and HIV, have all been associated with DIC (47,48).
The presence of DIC with severe sepsis confers a graver
prognosis.

Obstetrical Complications Associated with Disseminated
Intravascular Coagulation
There are numerous obstetrical complications associated
with DIC. Amniotic fluid embolism (AFE) is one of the
most catastrophic, accounting for 10% of maternal deaths
in the United States (46). The syndrome presents an acute
onset of respiratory distress and circulatory collapse. In
80% of patients, the syndrome presents during labor (49).
AFE is caused by entry of amniotic fluid, (which includes
tissue factor), entering the maternal circulation after
rupture of the placental membranes. If meconium is
present in the fluid, it can precipitate a more intense form
of DIC (50). For those who survive the initial event, DIC typi-
cally follows within four hours (46). The mortality rate for

Table 1 Table of Diseases Associated with Disseminated

Intravascular Coagulation

Fulminant DIC Low-grade DIC

Burns

Crush injuries and tissue necrosis

Trauma

Intravascular hemolysis

Hemolytic transfusion

reactions

Major hemolysis

(e.g., TTP)

Massive transfusions

Septicemia

Gram-negative (endotoxin)

Gram-positive

(mucopolysaccharides)

Acute liver disease

Obstructive jaundice

Acute hepatic failure

Prosthetic devices

Leveen or denver shunts

Aortic balloon assist devices

Obstetric accidents

Amniotic fluid

embolism abortion

Retained fetus

syndrome eclampsia

Placental abruption

Viremias

HIV CMV hepatitis

Varicella

Metastatic malignancy

Vascular disorders

Cardiovascular diseases

Autoimmune diseases

Renal vascular disorders

Hematologic disorders

(e.g., HIT)

Inflammatory disorders

Abbreviations: CMV, cytomegalovirus; HIT, heparin-induced thrombocy-

topenia; TTP, thrombotic thrombocytopenic purpura.

Source: Adapted from Ref. 64a.
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the mother ranges between 60% and 80%, and approxi-
mately 50% of the survivors develop permanent neurologic
sequelae (51). Abruptio placentae may also induce DIC
through a similar mechanism, releasing tissue factor into
the maternal circulation. Fortunately, rapid delivery of the
fetus and removal of all placental material often halts the
progression of DIC in this scenario (52,53).

Pre-eclampsia, eclampsia, and the “hemolysis, elev-
ated liver enzymes, low platelets” (HELLP) syndrome,
which can be considered as a continuum of one disease
process, are also associated with DIC. Pre-eclampsia is
characterized by hypertension and proteinuria; in the pre-
sence of seizures, the term is eclampsia. The pathophysiol-
ogy is unclear, but endothelial dysfunction, as well as
neutrophil and platelet activation may play a role (2). DIC
is present in 11% of patients with eclampsia and often
remains low-grade; however, in 10% to 15% of women, the
process becomes fulminant (54–56). In addition, placental
abruption will occur in approximately 16% of women
with pre-eclampsia and eclampsia, further increasing the
likelihood of DIC (56). Therapy usually involves immediate
delivery, removal of the placenta, and supportive care.

Retained fetus syndrome usually presents as low-
grade, compensated DIC. Fetal tissue slowly leaks into the
maternal circulation, causing a smoldering procoagulant
state that is somewhat compensated by the fibrinolytic
system (46). If a dead fetus is retained in utero for longer
than 5 weeks, the incidence of DIC approaches 50%
(52,53,57). Women with a septic abortion are at risk for
DIC, again because of entry of products of conception into
the maternal circulation, as well as associated infection.

Malignancy
Patients with both solid tumors and hematologic malignan-
cies have a high incidence of DIC. The type of tumor can
determine the underlying pathophysiology and sometimes
the clinical presentation (i.e., hemorrhage vs. thrombosis).
Approximately 50% of acute leukemias will be complicated
by DIC, most commonly promyelocytic leukemia. Leuke-
mic (promyelocytes, myeloblasts) cells themselves release
procoagulant material (58), contrasting with prostate
cancer, which directly or indirectly stimulates the fibrinoly-
tic system leading to a primary fibrinolytic syndrome. This
explains why patients with prostate cancer and DIC
present with hemorrhage instead of thrombosis (58). DIC
has been described in carcinomas of the lung, breast,
colon, ovary, stomach, and gallbladder, and malignant mel-
anoma. In patients with adenocarcinoma-associated DIC
complicated by thrombosis, heparin but not warfarin is
often effective in managing thrombocytopenia and throm-
bosis. Initiation of chemotherapy is associated with accel-
eration of DIC, presumably related to accelerated
thrombin generation from necrosis of the tumor (46).

Chronic Liver Disease and Other Inflammatory Conditions
Bleeding complications, and a low level of chronic DIC,
are common findings in patients with chronic liver
disease; however, this may not be solely attributable to
diminished factor production. The inability to synthesize
AT and loss of activated factor clearance from the liver
are likely contributors to the increased susceptibility
to DIC in this population (46). Other conditions known
to cause DIC include large volume transfusions of blood
products (59), giant hemangiomas, and large aortic
aneurysms (36).

CLINICAL PRESENTATION

In the trauma patient, the development of DIC is multifactor-
ial, likely resulting from a combination of direct tissue
injuries and massive hemorrhage [with dilution and loss of
endogenous factors, along with transfusions of exogenous
clotting factors, platelets and packed red blood cells
(PRBCs)]. All these factors lead to a rise in microvascular
coagulation as DIC becomes established (the special case of
trauma coagulopathy is further reviewed below).

Due to the multiple contributing factors, the trauma
patient’s course and presentation can be variable. Since
acute DIC can present as bleeding or thrombosis, the key
to making the diagnosis is having a high index of suspicion.
Most patients with fulminant DIC will bleed from at least
three unrelated sites simultaneously (58), frequently present-
ing with hemoptysis, hematuria, gastrointestinal bleeding,
epistaxis, gingival bleeding, and/or oozing from indwelling
needle or catheter sites. There may be petechiae, purpura, or
generalized ecchymosis. Thrombosis often occurs in small
distal vessels and can present as generalized mottling or as
acral cyanosis, with discoloration of the fingers, toes, and
ears (15).

End-organ damage can also be a manifestation of
vessel occlusion, most commonly, renal, pulmonary, and
neurologic dysfunction (58). In chronic or low-grade DIC,
there is often minor bleeding from the skin or mucous
membranes. Recurrent thrombophlebitis is an especially
common presentation in patients with underlying adeno-
carcinoma (15).

LABORATORY DIAGNOSIS

The complex pathophysiology of DIC, and high

prevalence of coagulopathy in trauma and critical care,
makes it difficult for a single laboratory test to confirm the
diagnosis. The tests commonly used to diagnose DIC
are listed in Table 2 in the order of reliability. However, not
all tests listed are available with the rapid turnaround
required in all locations. The combination of tests, the

Table 2 Reliability of Laboratory

Tests in Disseminated Intravascular

Coagulation (in Descending Order

of Reliability)

Profragment 1þ 2

D-dimer

AT

Thrombin precursor proteina

Fibrinopeptide A

Platelet factor 4

FDP

Platelet count

Protamine test

Thrombin time

Fibrinogen

Prothrombin time

Activated PTT

Reptilase time

aELISA for soluble fibrin monomer.
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clinical presentation, and knowledge of the underlying
disease increases the sensitivity and specificity of diagnosis.
Table 3 lists the most common tests and their relative useful-
ness in diagnosing DIC, both individually and in combi-
nation. A proposed scoring system to integrate clinical
events with laboratory findings is provided in Table 4.

Fibrin Degradation Products
The FDPs are elevated in virtually all patients with DIC
(53,54). The FDPs represent the breakdown of fibrin(ogen)
by plasmin, but are not specific for DIC as increased FDPs
are also seen in DVT, pulmonary embolus, myocardial
infarction, and oral contraceptive use (53,54). A somewhat

more specific test is the D-dimer assay, which measures the
product of plasmin digestion of cross-linked fibrin. The
D-dimer appears to be the most reliable of the commonly avail-
able tests for the diagnosis of DIC, and when combined with
FDP has a sensitivity of 91% and specificity to 94% (60,61).

Low fibrinogen levels are relatively specific for DIC, but
because it is an acute phase reactant, plasma levels may be in a
normal range despite significant ongoing DIC, making it rela-
tively insensitive (36). The protamine plasma paracoagulation
(PPP) test is rapid, inexpensive, and may be the most specific
assay for DIC, as it detects fibrin monomers in plasma.
However, the PPP test is not widely used due to its semi-quan-
titative nature and significant operator-dependence.

Reliability of Prothrombin Time, Activated Partial
Thromboplastin Time, and Thrombin Time
The use of PTand aPTT is unreliable in the setting of DIC. The
PT may be prolonged in only 50% to 75% of patients with DIC,
and the aPTT is prolonged in only 50% to 60% of patients (49).
These low sensitivities may be related to the presence of circu-
lating activated clotting factors that cause the test to register as
normal (53,54). Prolonged PT and aPTT are more a reflection
of the late consumptive stage of coagulation factors than the
activation of the procoagulant system (61). Thrombin time
has similar sensitivity as PT and PTT and can be normal,
especially if the fibrinogen level is not decreased.

Thrombocytopenia, Antithrombin Assay, Schistocytes
Thrombocytopenia is a common finding in DIC. However, a
progressive drop in platelet count is sensitive, but not
specific, for DIC. The decline in numbers may represent
ongoing thrombin-induced activation and platelet use or a
reflection of the underlying disease process, such as sepsis
or malignancy (36). AT is a low-specificity test for the diag-
nosis of DIC because levels decline in many systemic ill-
nesses (61). However, there is some correlation between
the severity of DIC and low levels of AT, as well as increased
levels of thrombin-AT complexes (18,61). Schistocytes are
seen in 50% of individuals with DIC (62). Table 5 displays
a summary of laboratory tests by groups.

Molecular Markers
The protean laboratory and clinical findings in DIC has led to
increasing interest in the use of molecular markers. Prothrom-
bin fragment 1þ2 is an intermediate product of the conver-
sion of prothrombin to thrombin, now measurable by
ELISA. Fibrinogen peptide A is a proteolytic compound of
fibrinogen and may be used as a reliable marker for presence
of thrombin acting on fibrinogen (63,64). Decreased levels of
alpha-2-antiplasmin and increased levels of plasmin–alpha-
2-antiplasmin complexes provide direct evidence of both
fibrinolytic activation and inhibitor consumption (49).

DIFFERENTIAL DIAGNOSIS

The differential diagnosis for DIC includes hemodilution,
primary fibrinolysis, chronic liver disease, and microangio-
pathic hemolytic anemias (MHA). Most of these diseases
do not present with such an abrupt onset of bleeding, or
with the wide array of coagulation abnormalities. Patients
with fibrinogenolysis or primary fibrinolysis, which is an
acquired condition, will have abnormal PT and PTT,
decreased fibrinogen, and increased FDP. However, the

Table 3 Utility of Commonly Used Tests in the Diagnosis

of Disseminated Intravascular Coagulation

Tests

Sensitivity

(%)

Specificity

(%)

Efficiency

(%)

PT (n ¼ 82) 91 27 57

PTT (n ¼ 82) 91 42 57

TT (n ¼ 43) 83 60 70

Fibrinogen (n ¼ 71) 22 100 65

Platelet count (n ¼ 82) 97 48 67

Schistocytes (n ¼ 80) 23 73 51

FDP (n ¼ 71) 100 67 87

D-dimer (n ¼ 44) 91 68 80

AT (n ¼ 21) 91 40 70

PTþ PTTþ TT (n ¼ 43) 83 11 51

PTþ PTTþ fibrinogen

(n ¼ 71)

22 100 65

PTþ PTTþ FDP

(n ¼ 71)

91 71 86

FDPþD-dimer (n ¼ 39) 91 94 95

Abbreviations: AT, antithrombin; FDP, fibrinogin/fibrin degradation

products; PT, prothombin time; PTT, partial thromboplastin time; TT,

thrombin time.

Source: From Ref. 61.

Table 4 Scoring System for Diagnosing Disseminated

Intravascular Coagulation

Appropriate clinical settings 1 point

Thrombohemorrhagic events 1 point

Elevated PT or PTT or TT 1 point

Thrombocytopeniaa 1 point

Decreased fibrinogenb 1 point

Elevated FDPc 1 point

Elevated D-dimerd,e 1 point

Low AT levele,f 1 point

Total score 8 points

Needed for the diagnosis of DIC 5 points

aThrombocytopenia ,130,000/mL
bFibrinogen ,150 mg/dL
cElevated FDP .10 mg/mL
dPatients should be free of thrombolytic agents
eElevated D-dimer .0.25 mg/mL
fLow AT level ,75%

Abbreviations: AT, antithrombin; FDP, fibrinogen/fibrin degradation

products; PT, prothrombin time; PTT, partial thromboplastin time; TT,

thrombin time.

Source: From Ref. 61.
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platelet count and D-dimer levels are often only mildly
abnormal, helping to distinguish it from DIC (15).

Chronic Liver Disease
The laboratory findings in patients with chronic liver disease
may be difficult to differentiate from DIC (36). Thrombocytope-
nia and coagulation abnormalities are common in this popu-
lation and high levels of FDP are seen in patients with
cirrhosis. However, unlike most causes of DIC, the D-dimers
should be normal (or only mildly increased) in liver disease.

Microangiopathic Hemolytic Anemias
MHA, including thrombocytopenic thrombotic purpura
(TTP) and hemolytic-uremic syndrome (HUS), may
also mimic DIC. Clinically, the microthrombotic events may
resemble DIC with the presence of thrombocytopenia and
schistocytes. However, none of these conditions exhibits
marked abnormalities in coagulation or fibrinolysis. Marked
elevation in lactate dehydrogenase (LDH) indicating hemoly-
sis is a useful differentiating laboratory parameter.

Heparin-Induced Thrombocytopenia
Heparin-induced thrombocytopenia (HIT) can mimic the

clinical appearance of DIC with thrombosis and thrombo-
cytopenia. In its most severe form, HIT can result in
overt (decompensated) DIC, with severe thrombocytopenia,
elevated PT, hypofibrinogenemia, and schistocytes (65).
Tests for HIT antibodies include antiplatelet factor 4/
heparin ELISA and washed platelet activation assays. HIT
should be considered in any patient with falling platelet
counts or thrombosis that begins 5–14 days after initiation

of heparin therapy (66). As DIC and HIT are not mutually
exclusive, HIT should be considered in the appropriate
clinical scenario even when DIC from another cause is a
likely cause of thrombocytopenia (also see Volume 2,
Chapter 55).

Inherited Disorders of Coagulation
Inherited disorders of coagulation can cause excessive bleed-
ing in trauma and critically ill patients. Although patients
with these life-long coagulation disorders are generally
capable of alerting their doctors of their condition, this is
not necessarily true in the acute trauma or emergency
setting. Patients who present with obtunded mental status
are unable to provide a history, and important underlying
diagnosis (e.g., hemophilia) may not become known to the
ED physician, anesthesiologist, or trauma surgeon, unless
the patient is bearing a medication alert (med-alert) bracelet
or card or other information.

The common inherited disorders of coagulation are
summarized in Table 6. These coagulation disorders have
specific trauma and perioperative management consider-
ations, which are beyond the scope of this chapter, and
which usually require hematologist consultation. However,
the presence of some of these disorders can exacerbate the
severity of DIC, and therefore the most common will be
briefly summarized.

The hemophilias are inherited disorders resulting
from the deficiency of specific coagulation factors. Increased
bleeding is experienced following trauma, during surgery, or
with conditions increasing the risk of developing a bleeding
condition that can mimic DIC. Hemophilia A results from
factor VIII deficiency, while hemophilia B is due to
reduced levels of factor IX. Hemophilia C (factor XI
deficiency) is an autosomal recessive condition occurring
in approximately 5% of Ashkenazi Jews, whereas both
hemophilias A and B are X-linked recessive disorders, and
thus affect almost exclusively males.

von Willebrand disease results from abnormal pro-
duction of von Willebrand factor (vWF), a protein produced
in endothelial cells (and found in a granules of platelets).
vWF serves as an adhesion molecule between platelets
and the subendothelium, and as a carrier molecule for
factor VIII.

von Willebrand disease is generally mild, and associ-
ated with bleeding only, following surgery or trauma.
When severe, it can be associated with spontaneous
hemarthroses and mucocutaneous bleeding. vWF is an
acute phase reactant and is increased during pregnancy,
thus women generally require no specific therapy for
normal spontaneous vaginal delivery, or for Cesarian sec-
tions performed at term pregnancy. Additionally, desmo-
pressin (DDAVP) 0.3 mg/kg can be administered 60
minutes preoperatively, increasing vWF and factor VIII to
near normal values, although avoidance of free water
administration is important to minimize risk of desmopres-
sin-induced hyponatremia.

Trauma-Associated Coagulopathy vs. Disseminated
Intravascular Coagulation
The development of coagulation abnormalities early after
trauma is common, and is an independent predictor of mor-
tality (67). Indeed, an initial elevated PT increases the
adjusted odds of dying by 35% and an initial elevated PTT
increases the adjusted odds of dying by 326% (67).

Table 5 Laboratory Diagnostic Criteriaa

Procoagulant activation

(group I tests)

Fibrinolytic activation

(group II tests)

, Prothrombin fragment

1þ 2

, D-dimer

, Fibrinopeptide A , FDP

, Thrombin-antithrombin

complex (TAT)

, Plasmin

, D-dimerb , Plasmin-antiplasmin

complex (PAP)

, Soluble fibrin monomer

(TPP) ELISA

, Soluble fibrin monomer

(TPP) ELISA

Inhibitor consumption

(group III tests)

End-organ damage

(group IV tests)

, AT , LDH

, a-2-antiplasmin , Creatinine

, Heparin cofactor II , pH

, Protein C or protein S ( paO2

, TAT complex

, PAP complex

aOnly one abnormality each is needed in groups I, II, and III and at least two

abnormalities are needed in group IV tests to satisfy criteria for a laboratory

diagnosis of DIC.
bThe D-dimer is reliable only for this purpose if using the correct assay and

monoclonal antibody.

Source: Adapted from Ref. 64a.
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Coagulation abnormalities associated with acute
trauma have several injury-specific factors (not typically
seen with common DIC) that uniquely contribute to the
acute trauma-associated coagulopathy, including: (i)
hemorrhage—resulting in loss of factors to the external
environment, without necessarily having an opportunity to
be consumed in clot; (ii) hemodilution—due to resuscitation
with noncoagulation factor containing fluids; (iii) acidosis—
from under-perfusion of tissues (including liver), and (iv)
hypothermia—due to environmental exposure and the
administration of nonheated fluids.

At the same time, there are conditions occurring with
trauma that are common to other forms of DIC. These
include consumption of clotting factors and platelets at
sites of vascular injury, the release of tissue thromboplastin
(containing tissue factor), and other inflammatory and/or
procoagulant factors. The release of these DIC triggers is
particularly prominent in those who suffer massive crush
injuries, fat embolus syndrome, or TBI (68).

Patients with severe TBI are at particular risk for the
development of DIC, and the incidence increases with the
severity of the cerebral insult. Thrombocytopenia and coagu-
lopathy often occur upon admission in patients with particu-
larly severe TBI. However, DIC can emerge on subsequent
laboratory examinations in a number of patients with TBI
who had documented normal coagulation studies on the
initial blood draw in the resuscitation bay (69).

Trauma-associated coagulopathy can be further
exacerbated by resuscitation with non-coagulation contain-
ing fluids (e.g., isotonic crystalloids, colloids, red cells)
that dilute the supply of clotting factors, elevate blood
pressure, and reduce viscosity, washing out previously
formed clots and exacerbating hemorrhage. Some of these
solutions (e.g., hetastarch) can directly impair coagulation
(see Volume 1, Chapter 11) (69).

That a DIC state can occur in trauma patients prior to
resuscitation with fluids was demonstrated in a recent retro-
spective evaluation of trauma patients admitted on a heli-
copter service. This study design incorporated appropriate
physician review during the pre-hospital period, and demon-
strated that acute traumatic coagulopathy [PT .18 seconds,
APTT .60 seconds, or TT .15 seconds (1.5 times normal)]
not related to fluid administration did occur early following
severe trauma. Furthermore, coagulopathy was shown to be
a marker of injury severity and mortality (70).

In an effort to determine the relative contributions of
acidosis and hypothermia to coagulopathy, Martini et al.
recently demonstrated that acidosis, hypothermia, or both
caused the development of coagulopathy in pigs, as indicated
by 47%, 57%, and 72% increases in splenic bleeding time
(P , 0.05, pre vs. post). Plasma fibrinogen concentration
was decreased by 18% and 17% in the acidotic and combined
groups, respectively, but not in the hypothermic pigs.
Hypothermia caused a delay in the onset of thrombin gene-
ration, whereas acidosis primarily caused a decrease in throm-
bin generation rates (71). Additional research is required to
further delineate the relative contributions of each of these
many insults on trauma-associated coagulopathy.

MANAGEMENT

The cornerstone of treatment for DIC is an aggressive
attempt to remove the underlying disorder or precipitating

factor.

Removal of Underlying Disorder
Therapy for DIC begins with identification of the triggering
etiology and treating or eliminating it. Common examples

Table 6 Inherited Disorders of Hemostasis

Disorder Factor(s) deficient Inheritance pattern

Incidence per:

million Treatment

Hemophilia A Factor VIII X-linked recessive 100 For minor surgery DDAVP

0.3mg/kg. For major surgery

factor VIII concentrate or

recombinant Factor VIII

Hemophilia B

(Christmas disease)

Factor IX X-linked recessive 20 Factor IX concentrate

Hemophilia C Factor XI Autosomal recessive 5% Ashkenazi Jews FFP has adequate factor XI levels

alternatively, factor XI con-

centrate (only target 70% nor-

mal factor IX levels)a

von Willebrand disease vWF Autosomal recessive

or dominant

.100 DDAVP 0.3mg/kg purified vWF

if severe

Afibrinogenemia Factor I 1 Per hematologist

recommendations

Dysfibrinogenemia Factor I Autosomal dominant 1

Prothrombin deficiency Factor II Autosomal recessive 1

Factor V deficiency Factor V Autosomal recessive 1

Factor V plus VIII deficiency Factors V and VIII 1

Factor VII deficiency Factor VII Autosomal recessive 1

Factor X deficiency Factor X Autosomal recessive 1

Factor XIII deficiency Factor XIII 1

a.70% factor XI repletion levels can cause a hypercoagulable state in hemophilia C patients.

Abbreviations: DDAVP, des-amino, D-arginine vasopressin (synthetic vasopressin analogue); vWF, von Willebrand’s factor.
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include debridement of necrotic and or infected tissues (e.g.,
abscess, necrotizing fasciitis, infected hematoma).
Additional categories of DIC that can resolve within a few
hours of removing the trigger factor include severe TBI
and several obstetric causes (e.g., placental abruption). For
many other conditions, such as sepsis, DIC can take days
to fully resolve despite appropriate treatment of the under-
lying infection (72). Specific therapy varies based upon the
severity and location of the primary process (TBI vs. pan-
creatitis vs. ischemic extremity with necrotic and infected
tissues), as well as the general health of the patient.

A more complete understanding of the pathophysio-
logy of DIC is beginning to emerge. In knowing that the
key event in DIC is disregulated thrombin production, with
resulting microvascular thrombosis, rational approaches at
interrupting the intravascular clotting process have
emerged. Pharmacologic treatment options for acute DIC
are mostly supplementary to treatment of the primary
disorder and include: (i) administering anticoagulants, (ii)
supplementing missing inhibitors of coagulation (e.g., AT,
APC), (iii) administering general inhibitors of coagulation
(e.g., heparin), (iv) administering consumed blood com-
ponents (e.g., fibrinogen, etc.), and (v) administering antifi-
brinolytics (which should be used rarely and with extreme
caution, as discussed below).

Currently, heparin is the most common agent
directed at DIC, typically administered as a low dose infu-
sion with no loading dose.

Heparin
Heparin in its various forms has been the agent most com-
monly utilized, though seldom in controlled clinical trials.
By binding to AT, heparin inhibits thrombin and its pro-
duction. The use of low dose subcutaneous heparin has
been effective in DIC, and is the first line agent for some
because of the minimal chance of hemorrhage when admi-
nistered in this fashion (49,54,73). Some clinicians advocate
low molecular weight heparin (LMWH), with its lower risk
of HIT, as it has been found to be efficacious in limited
studies (52–54). The use of moderate dose heparin infusions
have been successful in chronic DIC and in some animal
studies (74), but results in acute DIC have been less conclus-
ive (15,75). Although the theoretical risk of administering an
anticoagulant to a bleeding patient in DIC exists, clinical
studies have not shown an increased incidence of bleeding
complications (15,36).

Activated Protein C
The role of APC and the possible benefits of supplemen-
tation in patients with DIC are currently being evaluated.
APC has had some initial success in the treatment of sepsis
through control of microvascular thrombosis and inflam-
mation, and may hold promise for patients with DIC from
other causes (20,24). The use of recombinant TFPI (rTFPI)
to control coagulation associated with severe sepsis and sub-
sequent DIC has been studied extensively (4,76–79). A
recently completed phase II study showed a relative
reduction in day 28 all-cause mortality in rTFPI treated
patients when compared with placebo (80). Further studies
are currently underway.

Thrombin Inhibitors (Antithrombin, Hirudin)
The use of AT concentrates in patients with DIC and sepsis
has shown overall improvement in the DIC and organ dys-
function, with a modest reduction in mortality, often not

reaching statistical significance (72,81–84). More recent
trials have used supernormal levels of AT (36). Larger ran-
domized control trials are necessary before this can be advo-
cated as a standard therapy.

Hirudin, a thrombin inhibitor extracted from the
salivary glands of the medicinal leech, Hirudo medicinalis, is
currently under investigation as an AT agent to be used
in the treatment of DIC (85–87). Hirudin is currently avail-
able in three different recombinant DNA forms: (i) recombi-
nant hirudin (lepirudin, desirudin); (ii) hirugen; and (iii)
bivalirudin.

Natural and recombinant hirudin binds to both the
catalytic site and the fibrinogen binding exosite of thrombin,
as is true for bivalirudin, whereas hirugen binds to only the
exosite. These molecules inhibit thrombin conversion of
fibrinogen to fibrin as well as thrombin-induced platelet
aggregation (the advantages and disadvantages of various
hirudins compared to heparin are shown in Table 7).

Replacement of Missing and Consumed Components
Repletion of coagulation factors should be limited to the

treatment of clinically significant bleeding in conjunction

with laboratory abnormalities. However, abnormal lab
values alone should rarely be treated.

The replacement of missing and consumed com-
ponents is controversial. The common belief that the infu-
sion of products may actually exacerbate DIC has never
been proven in clinical studies. While it is recognized that
low levels of platelets and coagulation factors can contribute
to bleeding in DIC, early or overzealous factor replacement
can itself produce complications.

It is only when active bleeding is present, and not
solely laboratory abnormalities, that platelets and fresh
frozen plasma should be administered (72). Patients with
DIC may have an acquired storage pool defect of platelets,
as well as FDP inhibition of platelets, and may require a
higher platelet count for adequate hemostasis (15). Repletion
of fibrinogen with cryoprecipitate again should be reserved
for patients with hypofibrinogenemia and significant bleed-
ing. Transfusion of PRBC should, as always, be based on
the severity of hemorrhage; target hematocrits should be
dictated by symptoms and co-existing disease.

Table 7 Properties of Heparins and Hirudiens

Property Heparins Hirudins

Thrombin

inhibition

Indirect (requires AT) Direct

Clot-bound

thrombin

Not inhibited Inhibited

Immune

thrombocytopnea

Associated Not

associated

Effect on PT Weak Moderate

Effect on aPTT Yes (weak

with LMWH)

Yes

Metabolism

and/or excretion

Liver, kidney Kidney

Antidote Protamine

(60% reversal

of LMWH)

None

Abbreviations: AT, antithrombin; LMWH, low molecular weight heparin;

PT, prothrombin time; aPTT, activated partial thromboplastin time.
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Antifibrinolyticsçfor Selected Cases Only
Only in rare circumstances should inhibition of the fibri-

nolytic system with antifibrinolytic agents be considered for
the treatment of DIC.

In approximately 3% of patients with DIC, there is res-
olution of the intravascular coagulation and fibrin depo-
sition but the patient continues to bleed due to secondary
fibrinolysis (49). The agents currently available to inhibit
inappropriate fibrinolysis include 1-aminocaproic acid
(EACA) (49), tranexamic acid, and the protease inhibitor
aprotinin (46). The therapeutic effects of these agents must
clearly outweigh the risk of thromboembolic effects, prior
to initiating therapy.

Aprotinin inhibits fibrinolysis by directly binding to
plasmin, and also by inhibiting a series of other serine pro-
teases, including kallikrein (88). Aprotinin is thought to
reduce bleeding through inhibiting the contact phase acti-
vation of hemostasis, preventing fibrinolysis (89), and redu-
cing thrombin generation (90). Aprotonin has been shown to
decrease blood loss following cardiac surgery, including
those at highest risk (re-do open heart surgeries) (91), and
those on aspirin and with renal failure (92). EACA is a
lysine analog that inhibits plasmin activity by preventing
plasminogen from binding to fibrin, thereby suppressing
fibrinolysis (93).

Tranexamic acid, or 4-(aminomethyl) cyclohexane car-
boxylic acid (AMCA), is another lysine analog with a similar
mechanism of action, except AMCA has a seven-fold to 10-
fold greater potency than EACA (94). These agents reduce
blood loss in cardiothoracic surgery (95,96), following liver
transplantation (97), and following orthopedic surgery.

In addition, recent attention has focused on its poten-
tial anti-inflammatory properties of the antifibrinolytic
drugs in patients undergoing CPB because both plasmin
and kallikrein amplify the inflammatory response by activat-
ing key components of the complement cascade (98–100).
However, minimal work has been done to establish the
safety and efficacy of any of these antifibrinolytic agents in
the trauma setting (101).

The use of antifibrinolytic agents should be used with
extreme caution, as they may lead to fatal disseminated
thrombosis. This select trauma patient population should
have been previously treated with heparin and have clear
documentation that ongoing inappropriate fibrinolysis has
continued (15).

Recombinant Activated Factor VII for Treatment of
Trauma-Associated Coagulopathy
Recombinant activated factor VII (rFVIIa) is approved for the
use in hemophilia (with inhibitors) in North America, and in
Europe a few additional medical indications are also
approved (102). The initial results of rFVIIa use in trauma
have been very promising, although most studies have
been limited to case series and anecdotal reports (102). Con-
sequently, as of this printing, the use of rFVIIa for trauma
patients remains investigational, or “off-label.”

Recently, Dutton et al. showed that rFVIIa therapy lead
to an immediate clinical reduction of coagulopathic hemorr-
hages in a retrospectively reviewed series of trauma cases
conducted at the Maryland Shock-Trauma Center (103).
Friederich et al. reported their successful experience in the
first prospective double blinded, randomized controlled
trial (RCT), describing use of rFVIIa in radical prostate
surgery documenting reduced blood loss and decreased
transfusion after a single preoperative dose (104).

More recently, two prospective placebo-controlled,
double-blind RCTs, one in blunt trauma (n ¼ 143) and the
other in penetrating trauma (n ¼ 134) were completed by
Boffard et al. in South Africa (105). In blunt trauma, PRBC
transfusion was significantly reduced with rFVIIa relative
to placebo (estimated reduction of 2.6 PRBC units, P ¼ 0.02),
and the need for massive transfusion (.20 units of PRBCs)
was reduced (14% vs. 33% of patients; P ¼ 0.03). In penetrat-
ing trauma, rFVIIa use resulted in similar trends toward
reducing PRBC transfusion (estimated reduction of 1.0
PRBC units, P ¼ 0.10) and massive transfusion (7% vs.
19%; P ¼ 0.08). Trends toward a reduction in mortality and
critical complications were observed. Adverse events includ-
ing thromboembolic complications were evenly distributed
between treatment groups (105). Additional studies are
required to further clarify the dose, duration, and specific
patient populations that will benefit the most from rFVIIa.

While not recommended for all causes of DIC,
rFVIIa appears to be useful in severe trauma-associated
coagulopathy and diffuse hemorrhage.

Treatment of Chronic Disseminated Intravascular
Coagulation
As with acute DIC, first-line management of chronic DIC is
to treat the underlying disorder. Processes such as aortic

Table 8 Causes of Disseminated Intravascular Coagulation

Category Example

Trauma Brain tissue destruction

Extensive crush injury

Severe burns

Infections Meningococcemia

Other gram negative or

gram positive bacteria

Rocky mountain spotted fever

Viral

Environmental causes Heat stroke

Snake bites

Hemolytic

transfusion reactions

ABO blood group incompatibility

Liver disease Cirrhosis, acute hepatic necrosis

Obstetric complications Amniotic fluid embolus

Placental abruption

Uterine rupture

(Possibly 28 trauma)

Retained dead fetus

or septic abortion

Malignancy Metastatic carcinoma

(esp. adenocarcinoma)

Hematological (especially PML)

Activation

Mechanical destruction

Mechanical heart valves

Aortic aneurysms

CPB

Platelet activation

disorders

Heparin-induced

thrombocytopeniaa

Thrombotic

thrombocytopenic purpuraa

a Overt (decompensated) DIC is seen only in a minority of severely-affected

patients.

Abbreviations: CPB, cardiopulmonary bypass; PML, promyelocytic

leukemia.

Source: Adapted from Ref. 64a.
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aneurysms may require operative management to cure.
Malignancy and other chronic disorders may require
ongoing therapy. Both unfractionated and LMWH have
been used successfully in patient groups requiring long-
term anticoagulation therapy. In circumstances where
heparin or warfarin are contraindicated (e.g., brain meta-
stases), antiplatelet agents such as clopidogrel and acetyl-
salicylic acid have also been used (49).

EYE TO THE FUTURE

Through better understanding of the pathophysiology of
DIC, advances continue to be made to identify this syn-
drome at its early stages via more sensitive laboratory tests
and molecular markers. This may allow intervention
before the procoagulant and inflammatory cascades
advance beyond therapeutic benefit.

New assays are currently under investigation, includ-
ing the thrombin precursor protein, performed by ELISA,
which detects circulating soluble fibrin polymer, and a new
radioimmunoassay of B-beta 15–42, which is a cleavage
product of fibrinogen in the presence of plasmin. These
tests, in addition to prothrombin fragment 1þ2 and fibrino-
gen peptide A (previously mentioned) may become part of
the standard work-up for DIC in the near future.

Hirudin and argatroban, direct thrombin inhibitors
used in treatment of HIT, have shown promise in early
studies of use in DIC (106,107). Defibrotide, a polydeoxy-
ribonucleotide is an adenosine receptor agonist that
increases endogenous prostaglandins (PGI2 and E2), stimu-
lates expression of thrombomodulin in endothelial cells,
modulates platelet activity, and increases the function of
endogenous tPA while diminishing the activity of PAI-1.
This compound has a relatively low risk of bleeding as a
side effect of the drug and is in early studies for efficacy
in DIC.

Finally, simplification of the scoring systems for DIC
has been evolving over the last decade with the ISTH endor-
sing simpler systems, with the most recent iteration utilizing
just platelet count and PT. While this system may work for
most medical causes of DIC, it is not necessarily reliable in
the trauma setting. Additional studies are underway.

SUMMARY

DIC is a complex syndrome, and only recently has a greater
understanding of its pathophysiology emerged. Tissue
factor, which is expressed on the surface of activated
monocytes and endothelial cells, activates the extrinsic
pathway, and its uncontrolled release appears to be one of
the principal initiating steps in DIC. Inhibitors of the coagu-
lation pathways, including TFPI, AT, and APC are present in
lower levels in patients with DIC, hence perpetuating throm-
bosis. As protein C levels are decreased in both DIC and
sepsis, and given the recent successful PROWESS trial of
APC in severe sepsis (23), there is the potential for a
similar benefit with APC for treating DIC of other causes.
The persistence of SIRS, rather than the number of SIRS cri-
teria met, appears to be a more important prognostic factor
in determining which trauma patients develop DIC (empha-
sizing the importance of success in early treatment of these
patients).

The complex pathophysiology of DIC and the high
prevalence of coagulopathy in the ICU population make it
difficult to rely on any single laboratory test to make the
diagnosis of DIC. The D-dimer levels appear to be the
most reliable of the commonly available tests for DIC, and
the combination with FDP has a sensitivity of 91% and speci-
ficity to 94%. HIT can mimic DIC and should be considered
in the setting of thrombosis and thrombocytopenia that bears
a temporal relationship beginning 5 to 14 days after starting
heparin.

The cornerstone of treatment for DIC is aggressive
treatment of the underlying disorder. For some disorders,
removing the precipitating factor can have dramatic
effects. AT, APC, and other agents are being studied for
use in DIC. Currently, heparin is the most common agent
directed at DIC, most commonly as a low dose infusion
with no loading dose. Some clinicians advocate LMWH,
with its lower risk of HIT, for anticoagulation in DIC. Anti-
fibrinolytic agents should be used rarely and with extreme
caution. Replacement of coagulation factors should be
limited to the treatment of clinically significant bleeding,
not to correct laboratory abnormalities.

Despite improvements in understanding DIC and
pharmacological developments in manipulating the coagu-
lation and fibrinolytic systems, the mortality associated
with this process has not changed substantially in the last
decade. However, with new treatment modalities on the
horizon, improved patient outcomes may also occur in the
near future. Until more effective specific therapy becomes
available, aggressive treatment of the underlying disease
and early recognition of DIC remain the mainstay of therapy.

KEY POINTS

Tissue factor is expressed on the surface of activated
monocytes and endothelial cells activating the extrinsic
pathway by complexing with factor VII. The uncon-
trolled release of tissue factor appears to be one of the
principal initiating steps in DIC (7).
Levels of coagulation pathway inhibitors including
TFPI, AT, and protein C are all decreased in patients
with DIC, hence perpetuating thrombosis.
Protein C levels are decreased in both sepsis and DIC
(19,22,23). The decrease in sepsis-related mortality by
using APC, as demonstrated in the PROWESS study
(23), suggests the possibility of using it to treat DIC.
Plasma levels of factor V, factor VIII, prothrombin, and
fibrinogen are universally reduced in severe DIC,
though fibrinogen levels can be maintained until late
in the process.
The persistence of SIRS, rather than the number of SIRS
criteria met, appears to be a more important prognostic
factor in determining which trauma patients develop
DIC, emphasizing the importance of early appropriate
treatment of these patients.
DIC occurs in a variety of clinical settings associated
with trauma, infection being one of the most common.
The complex pathophysiology of DIC, and high preva-
lence of coagulopathy in trauma and critical care,
makes it difficult for a single laboratory test to
confirm the diagnosis.
The D-dimer appears to be the most reliable of the com-
monly available tests for the diagnosis of DIC, and
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when combined with FDP has a sensitivity of 91% and
specificity to 94% (60,61).
Heparin induced thrombocytopenia (HIT) can mimic
the clinical appearance of DIC with thrombosis
and thrombocytopenia.
The cornerstone of treatment for DIC is an aggressive
attempt to remove the underlying disorder or precipi-
tating factor.
Currently, heparin is the most common agent directed
at DIC, typically administered as a low dose infusion
with no loading dose.
Repletion of coagulation factors should be limited to the
treatment of clinically significant bleeding in conjunc-
tion with laboratory abnormalities. However, abnormal
lab values alone should rarely be treated.
Only in rare circumstances should inhibition of the
fibrinolytic system with antifibrinolytic agents be con-
sidered for the treatment of DIC.
While not recommended for all causes of DIC, rFVIIa
appears to be useful in severe trauma-
associated coagulopathy and diffuse hemorrhage.
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INTRODUCTION

Blood transfusion is the most important medical advance of
World War I (1). The quantity of blood shipped (2000 units a
day) to U.S. troops during World War II in March 1945 is the
highest rate of blood transported in U.S. military history, and
was required to support the 12 million military personnel
who sustained 30,000 casualties in that month alone (2,3).
The benefits of blood in saving lives of those injured were
fully recognized by British and American medical units,
yet the United States entered the Korean War without a
formal military blood program. In Vietnam, the most fre-
quent mode of transfusion was two to five units of red
blood cells (RBCs), usually given as packed RBCs (PRBCs),
but small amounts of fresh whole blood were drawn on
site for production of platelets or direct administration to
coagulopathic casualties. More than 100,000 universal
donor group O uncross-matched RBCs were transfused in
Vietnam without a single fatal hemolytic transfusion reac-
tion. The nine reported fatal transfusion reactions all fol-
lowed misidentified cross-matched blood (4). Although
small stores of PRBCs are available, large quantities of
blood are also collected and administered as whole blood
to military trauma victims.

The requirement for blood in military and disaster

situations is largely determined by the number of injured
that survive long enough to present for care.

In Vietnam, only 16% of casualties required transfu-
sion. In Iraq and Afghanistan, the transfusion rates are
likely to be in a similar range, though current numbers are
not available. In modern civilian trauma centers the transfu-
sion rates are lower. Only 9% of trauma patients admitted to
the University of Maryland Shock Trauma Center in 2000
required transfusion. One to two units of blood transfusions
are the most frequent mode of military and civilian trauma
center blood transfusions (2).

This chapter reviews the current transfusion triggers
for blood transfusion in trauma and critical care, as well as
the monitoring considerations for tissue oxygenation and
perfusion. The various blood components that are available
for transfusion are surveyed, and distinctions are made
regarding the special situations of emergency and massive
transfusion conditions. The complications of blood transfu-
sion, along with newer data on the tolerance for acute
anemia, are also included. The “Eye to the Future” section
previews newer artificial blood now under development.

TRANSFUSION TRIGGERS

The traditional indication for administration of blood to
trauma patients occurs when hemoglobin (Hb) values fall
below 10 g/dL (5). This became known as the transfusion
trigger and was used by clinicians to guide their decision
about whether or not to administer blood. More recently,
the benefits of blood transfusion have been questioned.
The concept of a single laboratory value as a rigid transfu-
sion guide has been reassessed due to the belief that the
decision to transfuse is influenced by many factors including
co-morbidities (especially cardiac and diabetes), age, the
acuteness of blood loss, expectations for continued future
blood loss, and the physiological changes that the current
amount of blood loss has produced (6).

Recent transfusion practices among U.S. anesthesiolo-
gists indicate that more than half of them measure Hb or
hematocrit (Hct) values before red cell transfusion (7):
Among the 862 survey respondents, 6% indicated that they
transfuse when Hb falls below 10 g/dL (or Hct ,30%),
39% indicated they would transfuse when Hb ,8 g/dL (or
Hct ,24%), and 6% indicated that they would transfuse
when Hb ,6 g/dL (or Hct ,18%). The remaining 46% indi-
cated “other” with conditional responses due to the factors
identified above as influencing their transfusion decision (7).

Liberal vs. Restrictive Transfusion
Practices in Critical Care
The Canadian Critical Care Trials group compared the
outcome of a liberal strategy to a restrictive strategy of
blood transfusion (8,9). In the first study of euvolemic criti-
cally ill patients, they compared mortality in just over 400
patients randomized to each of two groups, one to be trans-
fused if Hb was less than 7 g/dL within 72 hours after their
admission, the other if their Hb fell below 10 g/dL. They
found that overall 30-day mortality was similar (18.7% vs.
23.3%) (8). However, mortality rates were significantly
lower with the restrictive transfusion strategy among
patients who were less acutely ill [with Acute Physiology
and Chronic Health Evaluation (APACHE) score �20] and
among patients less than 55 years of age. The in-hospital
mortality rate during hospitalization was also significantly
lower in those randomized to the restrictive strategy.
Although the restrictive strategy appears superior to the
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liberal transfusion protocol, patients with acute myocardial
infarction and unstable angina can be exceptions to this rule.

In their follow-up study of critically ill patients with
cardiovascular disease, they again compared restrictive
and liberal transfusion strategies (9). Mortality rates were
similar in the two groups. However, changes from baseline
in the multiple organ dysfunction scores were significantly
less in the restrictive group (transfusion trigger of 7 g/dL).
In 257 patients with severe ischemic heart disease, the
restrictive group had a lower but nonsignificant absolute
survival rate compared to patients in the liberal group.
Further, the restrictive policy in these patients significantly
reduced the average number of red cells transfused from
5.2 + 5.0 units to 2.4 + 4.1—a 53% reduction.

General Transfusion Guidelines
The transfusion guideline produced by the National Institutes
of Health (NIH) Consensus Panel, published in 1988, was that
red cell transfusion should occur at a Hb value of 7 g/dL in
patients free of cardiac and cerebral disease (10). The Ameri-
can College of Physicians, with many of the same participants,
also identified 7 g/dL, as an appropriate level for red cell
transfusion (11). The American Society of Anesthesiology
(ASA) proposed a range of 6 g/dL, when blood must be trans-
fused, to 10 g/dL, when it should not be transfused (12). The
recently published survey of U.S. Anesthesiologists suggests
that current transfusion practices are, in general, consistent
with ASA guidelines (7). The Canadian Medical Association
identified 8 g/dL as the guideline for transfusion (13). Thus,
the consensus panels are inconsistent, further discrediting
the concept of a single laboratory value to guide the need
for transfusion. The College of American Pathologists Practice
Guidelines recommends that in acute anemia, a fall in Hb
below 6 g/dL or a rapid blood volume loss of more than
30% to 40% requires RBC transfusion in most patients (14).

TransfusionTrends in Trauma Patients
Another way to examine guidelines for transfusion in trauma
patients is to review actual clinical practice. Compared to
other populations, trauma patients are more likely to be trans-
fused (15). In an article from the Trauma Program at the Uni-
versity of Toronto, Farion et al. (16) described trends in the use
of blood among adults admitted during 1991, 1993, and 1995
(Fig. 1). On admission in each year, there were between 500
and 560 patients with similar Hb levels and injury severity
scores. A significant reduction was found in the average
24-hour Hb levels, the lowest Hb levels, and the discharge
Hb concentrations during the years 1993–1995. Discharge
Hb levels fell significantly from 11.5 to 11.0 g/dL, lowest Hb
levels from 9.6 to 9.2 g/dL (Fig. 2) (16). These trends indicated
significant reductions in both the number of trauma patients
receiving blood products and the total number of units trans-
fused. More than 300 fewer blood units were transfused when
60 more patients were treated in 1995 with similar injury
severity scores compared to 1991 (Fig. 1). There was also
more cross-matched blood and less type-specific and
uncross-matched blood used in 1995, indicating that clinicians
had become more tolerant of acute anemia.

Recent studies continue to indicate that blood transfu-
sion is a confirmed independent predictor of mortality in
trauma patients (17). Indeed, a recent retrospective evalu-
ation of 316 patients with blunt hepatic and/or splenic
injuries, after being controlled for shock and injury severity,
found both mortality and hospital length of stay to be
sig nificantly increased with each unit of blood transfused

( p , 0.001 and p ¼ 0.005, respectively) (18). Yet, once the
threshold of massive transfusion was reached (discussed
below) other factors such as base deficit became stronger
predictors of mortality (19). Indeed, Vaslef et al. (19) found
that among trauma patients who had received .50 units
of blood products, mortality rates were not different
between those who received 51 to 75 units and those who
received .75 units on the first day of admission.

The concept of a single transfusion trigger is
flawed. Comorbidities, especially cardiac, age, injury
severity, and magnitude of hemorrhage should all be

considered.

Strategy for the Bleeding Trauma Patient
The low limits of Hb used in restrictive transfusion strat-
egies, whereas generally being acceptable in elective surgical

Figure 2 The mean hemoglobin concentration of trauma

patients on admission, after 24 hours, on hospital discharge as well

as their hemoglobin nadirs among the University of Toronto

Trauma Program 1991–1995. Patient discharge hemoglobin levels

fell significantly over these years. Source: From Ref. 16.
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cases or in a nonischemic critical care patient, may not be
appropriate in the management of a bleeding trauma
patient for the following reasons. First, cardiac output may
be inadequate in the bleeding trauma patient because of a
low circulating blood volume as occurs with hemorrhagic
shock. Second, in low cardiac output states with low circulat-
ing blood volume, the maldistribution of blood flow poten-
tially places vital organs at risk for ischemia (20). Third,
ongoing blood loss will continue to stress the patient. Some
of this blood loss may be hidden when in association with
fracture sites or may result from coagulopathies—especially
likely when associated with hypothermia and/or prolonged
high blood loss surgery. Fourth, multiple trauma patients
exhibit inadequate erythropoiesis in response to low hemo-
globin, and have a hypoferric state secondary to a complex
network of bleeding and inflammatory mediators appearing
within 12 hours of injury and lasting for more than nine
days (Fig. 3) (21). Finally, there is always an element of
uncertainty in estimating future blood loss.

MONITORING OXYGENATION AND PERFUSION
Organ-Specific Monitors of Oxygenation
and Perfusion Are Lacking
The two major organs at risk for impaired oxygenation are
the brain and the heart. The brain is not usually monitored
in any quantitative way during anesthesia; although trans-
cranial cerebral oximetry and jugular venous oximetry
may have some merit, these are not often monitored in the
acute setting (22). And although cardiac ischemia can be
followed by ST segment analysis transesophageal echocar-
diography and troponin measurements, very few clinicians
actually do this in the midst of a busy resuscitation or anes-
thetic for a patient with significant bleeding.

Monitoring of urine output is an imprecise indicator of
renal resuscitation. Indeed urine production can be high
despite intravascular depletion in the setting of hyperglyce-
mia, alcohol intoxication, and mannitol or other diuretic
usage. Further, in more chronic settings, high output renal
failure (the frequent precursor to oliguric renal failure) is
accompanied by increased urine flow in combination with
decreased creatinine clearance (23).

The gut has less autoregulation capability than other
organs. Accordingly, when blood pressure falls in a bleeding
trauma patient, the bowel becomes ischemic with the result-
ing changes likely to contribute to multi-organ dysfunction
syndrome and peritonitis. The gut can be monitored by ton-
ometers, but these require initial and sometimes repeated
calibration, and more stable conditions than are usually
present during trauma resuscitation. Thus, clinicians tend
to err on the cautious side of 8 to 10 g/dL Hb levels during
management of the acutely bleeding trauma patient.

Global Indicators of Oxygenation and Perfusion
In an NIH sponsored study, the accuracy of common physio-
logical parameters was evaluated, in relation to their predict-
ability of actual blood loss during progressive blood removal
in awake, chronically instrumented dogs. In the perfect
model, the measure shown on the horizontal axis of these
graphs (Fig. 4) would be related to the volume of blood
loss (shown on the vertical axis of the graph) by a line of
identity. The correlation between hemorrhage volume and
base deficit was best during progressive increments of
blood loss. Even though there is a wide variance, the trend
in each individual animal relates base-deficit to blood loss.

In another study in which animals were bled to differ-
ent levels of O2 debt, base deficit was an excellent predictor
of different levels of O2 debt (with –17 base deficit and 9.40

Figure 3 The y-axis shows a log plot of erythropoietin (m/L) and the x-axis is hemoglobin in g/dL. Sixty-three patients with

primary hemopoietic disorders (triangles) are compared to 138 multiple trauma patients (black dots). As hemoglobin decreases in

patients with primary hemopoietic disorders, so erythropoietin levels rise (line of identity shown) exponentially. For trauma patients,

there is no increase of erythropoietin as hemoglobin levels decrease. Source: From Ref. 21.

Chapter 59: Rational Use of Blood Products 1057



lactate levels being associated with 25% mortality) (25).
The correlation coefficient with hemorrhage volume was
higher with base deficit than with lactate in both studies.
Arteriovenous pH and PCO2 differences, as a measure of
adequacy of resuscitation, was also useful as a simple evalu-
ation of the onset of tissue ischemia (26). In animal data both
arteriovenous pH and arterio-venous CO2 differences have a
high correlation with critical O2 delivery (ḊO2) and lactate
(Fig. 5) (26). The practical measurement of these values is
easy with venous samples for pH and PvCO2 being obtained
from a central vein, not the pulmonary artery. The use of a
colorimetric hemoglobin meter in the operating room for
serial monitoring of Hb concentration is also a sensible
monitor of the anemia status. In addition to the above

measures, a fiberoptic intramucosal PCO2 monitor sublin-
gual PCO2, transcranial cerebral oximetry, and ST seg-
ment analysis capability on the electrocardiogram (ECG)
monitor, provide optimum current state-of-the-art monitor-
ing for management of the hemorrhaging patient following
trauma.

BLOOD AND COMPONENTS FOR TRANSFUSION
Red Blood Cells
RBCs can be stored in several different ways, including
whole blood, PRBCs, frozen, and lyophilized cells. Whole
blood is rarely needed or available in civilian practice but

Figure 4 Comparison of model predictions versus actual blood volume reductions for six representative parameters [arterial base

deficit (A), arterial lactate (B), mean arterial pressure (C), heart rate (D), hemoglobin (E), and mixed venous PCO2 (F)]. Solid

black lines represent individual animal (n ¼ 10). Gray bar represents an ideal model slope in which model predictions equal actual

blood volume reductions. For mean arterial pressure, predictions at large volume hemorrhage were more accurate than predictions

with small volume bleeds. Models such as heart rate and lactate both showed significant variability before hemorrhage among

animals and flat slopes (e.g., mixed venous PCO2) indicated fixed-volume predictions regardless of actual degree of hemorrhage.

Source: From Ref. 24.

1058 Mackenzie and Scheidegger



is used in military situations when it is drawn on site from
military personnel (2). In austere situations, whole blood
transfusion may be the only effective way to obtain platelets
and clotting factors. Frozen RBC storage at 2808C, with the
high-glycerol method to prevent red cell lysis, allows storage
for several years. However, deglycerolization is very
resource intensive, needing several hours of preparation
before these red cells can be transfused (27). Rapid freeze-
drying of red cells (lyophilization) also results in the need
to process the product before it can be transfused. Recent
advances in storage of PRBC by use of additive solution
EAS-76 with 45 mEq/L NaCl allows RBC storage for 12
weeks with acceptable recovery, and 0.6% hemolysis and
normal 2,3-diphosphoglycerate (2,3-DPG) concentrations
for two weeks (28). Specialized blood units, such as cytome-
galovirus negative, irradiated, and leukoreduced prep-
arations have not been shown to be generally required in
adult trauma. However, leukoreduction is beneficial for lim-
iting febrile reactions, and irradiation can decrease graft
versus host disease (GVHD). Irradiation decreases blood
storage time and increases the potassium concentration of
each unit, so it is best done immediately prior to transfusion
(a process that could slow availability of the blood by
approximately 15 minutes).

Platelets
The normal adult platelet count is in the range of 150 to
400 � 109/L. During trauma, platelets are lost with shed
blood, consumed in wounds, and diluted by resuscitation
fluids (see Volume 1, Chapters 11 and 12). The anticipated
platelet count decline is difficult to predict during massive
hemorrage due to the multifactorial nature of the losses.
Once the patient’s blood losses are controlled, and in
the absence of ongoing platelet losses, thrombocytopenia

persists for two to four days. Subsequently, the platelet count
should begin to increase, resulting in a thrombocytosis from
increased marrow production (see Volume 2, Chapter 55).

Activity, Administration, and Half-Life
One platelet concentrate unit will generally increase the plate-
let count by approximately 5 to 10 � 109/L in the average
adult. Because the usual therapeutic dose is one platelet
concentrate per 10 kg body weight, typically, 10 concentrate
units are pooled and administered at a time.

Apheresis (single-donor) platelet units also have wide
variation in platelet yield. The content of each random-
donor unit may vary from 5.5 to 8.5 � 1010/L platelets (29).
The American Association of Blood Banks’ standards
require a minimum of 3.0 � 1011/L platelets in each platelet-
pheresis collection (30). When yields are greater than
6 � 1010/L, the collections are often split into two “doses”
(31). The in vivo activity of stored platelets in a recipient is
estimated to be reduced by 75% to 80% of their activity on
collection. Platelets should be given through an unused infu-
sion set with a 170 micron filter. The transfused platelets
have a half-life of only about two days (32).

One platelet concentrate increases the platelet
count by 5 to 10 � 109/L. In vivo platelet activity is

decreased 75% from collected activity. Transfused platelets
have a half-life of about two days.

Single vs. Pooled Platelet Donors
The advantages of single-donor platelets over pooled random-
donor platelets include reduction in the rate of alloimmuniza-
tion and transfusion transmitted infection, fewer transfusion
reactions, and easier logistics (33). The risk of bacterial con-
tamination is lower in single-donor platelets than in pooled
random-donor platelets, but nevertheless was 0.42% in one

Figure 5 (A) and (B): Pooled response of V̇O2 and AV PCO2 to the progressive reduction in ḊO2. O2Ercrit and AV PCO2crit

were determined in each animal. (C) and (D): Pooled response of blood lactate and AV pH to the progressive reduction in ḊO2. Lactate

crit and AV pHcrit were determined in each animal. Abbreviations: AV PCO2, arteriovenous gradient for PCO2; AV PCO2crit,

arteriovenous gradient for PCO2 at critical point; AV pH, arteriovenous gradient for pH; AV pHcrit, arteriovenous gradient for pH at

critical point; ḊO2, oxygen delivery; Lactate crit, blood lactate level at critical point; O2Ercrit, O2 extraction ratio at critical point; V̇O2,

oxygen uptake. Source: From Ref. 26.
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study (34). White blood cell reduction appears to be related
causally to a reduction in alloimmunization, regardless of
whether single or pooled concentrates of platelets are used
(35). The NIH consensus document on platelet transfusion
therapy is under revision (36).

Single-donor platelets have a lower rate of alloim-

munization, transmitted infections, and transfusion
reactions.

Platelet Transfusion Trigger
The consensus is that a platelet count of 10 � 109/L (10,000/
mm3) provides a safe lower limit for the prescription of
prophylactic platelet transfusion in a routine (nontrauma,
noncritical illness) setting (31,33). A threshold of 20 � 109/
L should be used for those with fever, infection, and
related conditions, with a therapeutic threshold of
50 � 109/L for surgery or invasive procedures (31).
Although the ASA believes that this level should be taken
into consideration, counts between 50 and 100 � 109/L
should merit platelet transfusion on the basis of individual
patient risk for bleeding (13). If thrombocytopenia occurs
due to massive transfusion or persists in the intensive
care unit, platelet infusion will be required. Thrombocyto-
penia due to consumption or dilution of dysfunctional
platelets may increase morbidity and mortality from
surgical and traumatic hemorrhage.

In nonsurgical and some nontrauma patients, spon-
taneous microvascular bleeding from gums, submucosa, and
percutaneous catheter sites rarely occur with platelet counts
above 20 � 109/L (37). In massively transfused patients receiv-
ing more than 20 units of blood, 75% had platelet counts less
than 50 � 109/L, whereas no patients receiving less than 20
units had counts less than 50 � 109/L (38).

Since six units of platelets contain the equivalent of 1.5
to 2 units of fresh frozen plasma (FFP), clotting and coagu-
lation improvement following platelet transfusion may not
be solely due to platelets (39). Forty-one patients random-
ized to receive platelets (n ¼ 22) or FFP (n ¼ 19), 32 of
whom were trauma patients, were prospectively studied
after an average of more than 20 units of modified whole
blood units (range 12–39 for platelet group and 14–41
units for FFP group). One patient randomized to FFP had
microvascular bleeding after 20 units of modified whole
blood (from which platelets and/or cryoprecipitate are
salvaged before storage), which was thought to be due to
dilutional thrombocytopenia (40). Two patients receiving
platelets and one other patient receiving FFP required
multiple doses of platelet concentrates and the authors
concluded that prophylactic platelet administration was
not warranted in massive transfusion (40). However,
patients with massive transfusion beyond that studied
would likely need platelet transfusion.

The ASA task force concluded that the need for
platelet transfusion is dependent on multiple risk factors,
and not a single laboratory value such as platelet count.
The risk for surgical patients is defined by the type and
extent of surgery, the ability to control bleeding, the conse-
quences of uncontrolled bleeding, the actual and anticipated
rate of bleeding, and the presence of other factors adversely
affecting platelet function (12). Although the ASA task force
did not single out trauma patients separately from surgical
patients, these conclusions seem applicable to nonsurgical
bleeding trauma patients. Their final conclusion is that plate-
let transfusion is justified in bleeding patients, despite an
apparently adequate platelet count, if there is known platelet

dysfunction, microvascular bleeding, or otherwise increased
risk of bleeding.

Transfusion of greater than 20 units of blood will
reduce platelets to less than 50 � 109/L in 75% of patients.
The decision to transfuse platelets is usually based on evi-
dence of microvascular bleeding or in a patient judged to

be at high risk of bleeding, rather than on the level of the
platelet count per se.

In certain groups of trauma patients, including those
with intracranial bleeding or those who require intracranial
or intraocular surgery, it is recommended by the British Com-
mittee for Standards in Haematology that efforts should be
made to maintain platelet counts above 100 � 109/L (41).
Clinicians appear to support this recommendation, if intra-
cranial bleeding is deemed a possibility (31,42). Clinicians
also identified difficulty obtaining platelets in emergencies
for trauma patients in Britain (32). In the United States, an
audit of underutilization of platelets at one hospital was
defined as failure to administer platelets when the platelet
count was less than 10 � 109/L, but this was found in only
one patient among 89 during the 14-month period when
3967 units of apheresis platelets were transfused (43).

In the setting of acute intracranial bleeding,
platelet counts greater than 100 � 109/L should be
maintained.

Drug-Induced Thrombocytopenia
and Platelet Dysfunction
Immune-mediated thrombocytopenia can be induced by
heparin and other drugs (44,45). However, the clinical
picture and therapeutic implications of heparin-induced
thrombocytopenia (HIT) differ considerably from other
drug-induced immune thrombocytopenic purpura (D-ITP).
Whereas HIT tends to give a moderate thrombocytopenia
(median platelet count nadir, 60 � 109/L, with a range
between 15 and 150 � 109/L in 90% of affected patients),
the majority of patients with D-ITP have a platelet count
nadir below 15 � 109/L (46). Moreover, patients with HIT
do not have petechiae or mucocutaneous bleeding,
whether or not such clinical evidence of thrombocytopenic
bleeding is typical of D-ITP. Further, HIT is a hypercoagul-
ability state with greatly increased risk of venous and arterial
thrombosis (47). Platelet transfusions are considered to be
contraindicated in HIT, as they may confer greater risk of
thrombosis or other complications (48). In contrast, platelet
transfusions (with or without high-dose intravenous
gammaglobulin) would be an appropriate treatment option
in a symptomatic patient with severe D-ITP. Although
HIT induced by unfractionated heparin is a relatively
common adverse drug reaction (46), D-ITP is very rare
(frequency ,1000–10,000), but has been implicated with
several drugs (e.g., quinine, quinidine, sulfa antibiotics,
vancomycin, carbamazepine, certain penicillins and cepha-
losporins, rifampin, ibuprofen, ranitidine, among others).

Ketamine inhibits agonist-induced aggregation by
suppression of platelet inositol 1,4,5-triphosphate formation,
guanosine 5-triphophatase activity, and calcium currents
(49). The in vitro concentrations to produce the inhibition
were in excess of the in vivo clinical concentrations; accord-
ingly clinical relevance is indeterminate (50). Other intrave-
nous induction agents, volatile anesthetics, and local
anesthetics may also modestly inhibit platelet function.
However, these effects are not thought to be clinically
relevant under normal conditions. Aspirin clearly has anti-
platelet action and may worsen bleeding in trauma patients.
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However, in elective coronary artery by-pass graft (CABG)
patients, it remains unclear to what extent aspirin increases
bleeding complications (51).

Thrombocytopenia Associated with Massive Transfusion
Thrombocytopenia associated with trauma and massive trans-
fusion is almost always due to platelet consumption, blood
loss, and hemodilution. The relative rate of bleeding and
mechanism of injury determine which of these etiologies is
most predominant (see Volume 2, Chapter 55).

Prostaglandin E1 (PGE1) is a vasodilator with antipla-
telet and anti-inflammatory properties. PGE1 was tested to
see if such an infusion would prevent thrombocytopenia in
association with massive transfusion for major orthopedic
surgery (52). PGE1 infusion resulted in decreased platelet
aggregation and prevented decline in platelet count. The 22
patients who received PGE1 in doses up to 30 ng/kg/min
for 72 hours after surgery had no reduction in platelet
counts after more than 10 units of red cell infusion, whereas
the control groups of 23 patients had a significant drop in
platelet counts three and five days after surgery, necessitating
platelet transfusion. The PGE1 treated group was more stable
and required fewer postoperative blood transfusions,
suggesting that PGE1 might inhibit transfusion-induced
coagulation disturbances (53). Although this orthopedic
surgery patient study is intriguing, its application to less
controlled trauma situations is unknown, and potentially
dangerous.

Fresh Frozen Plasma
FFP contains all of the major plasma proteins, including the
labile factors (V, VIII). In 1997, 3,320,000 units of FFP/single-
donor plasma were transfused in the United States. A recent
audit, using the Canadian Medical Association’s published
recommendations, found that FFP transfusions were appro-
priate for 167 patients (47%), probably appropriate for 31
(9%), and inappropriate for 160 (45%) (54,55). The Canadian
Medical Association guidelines recommended transfusion of
FFP in three specific situations: (i) for patients with signifi-
cant coagulopathy because of acquired deficiencies of mul-
tiple coagulation factors in whom serious bleeding has
occurred or for whom emergency surgery or other pro-
cedures are planned, (ii) for treatment of thrombotic throm-
bocytopenic purpura (TTP), and (iii) for treatment of
acquired single factor deficiencies where a product contain-
ing the single factor is unavailable or ineffective (55).

An NIH consensus conference concluded that FFP was
indicated for documented coagulation protein deficiencies,
for selected patients with massive transfusion as well as
patients with multiple coagulation defects (e.g., liver
disease) in conjunction with therapeutic plasma exchange
for TTP, for infants with protein losing enteropathy, and
for selected patients with other immunodeficiencies. FFP
use in other situations was discouraged (56). They noted
that there was little scientific evidence to support the increas-
ing clinical use of FFP.

The Canadian Committee stated that use of FFP as a
volume expander or for wound healing was contraindicated
(55). The British Committee for Standards in Haematology
noted that four units of FFP will usually promote coagu-
lation in adults (41). The ASA task force recommended
FFP for correction of microvascular bleeding secondary to
coagulation factor deficiency in patients transfused
with more than one blood volume or for correction of bleed-
ing in the presence of elevated (.1.5 times normal)

prothrombintime (PT) or partial thromboplastin time (PTT)
(12). The dose should be that to achieve a minimum of
30% of plasma factor concentration (usually achieved with
administration of 10 to 15 mL/kg FFP). The ASA Task
Force notes that four to five platelet concentrates, one unit
of single-donor apheresis platelets, or one unit of whole
blood provide a quantity of coagulation factors similar to
that found in one unit FFP (12).

In contrast, during elective surgical conditions where
normovolemia and normal core temperature are maintained,
FFP transfusions are seldom required. However, during
rapid or massive blood loss conditions associated with
trauma, more liberal use of FFP is warranted. Indeed, once
one blood volume has been replaced, consideration should
be given to administering PRBCs and FFP together in a
1:1 ratio (57).

An FFP dose of 10 to 15 mL/kg will usually
increase plasma coagulation factor concentration by 30%
(the minimum level required for hemostasis for most of
the coagulation factors).

Cryoprecipitate
In 1997, 816,000 units of cryoprecipitate were transfused (58).
Cryoprecipitate contains factor VIII, fibrinogen, fibronectin,
Von Willebrand factor, and factor XIII, and is used for correc-
tion of inherited and acquired coagulopathies. One unit of
cryoprecipitate per 10 kg body weight raises the fibrinogen
concentration by approximately 50 mg/dL. The Canadian
Committee recommended cryoprecipitate transfusion in
bleeding patients with hypofibrinogenemia, Von Willebrand
disease, and patients with hemophilia A (when factors VIII
concentrate is not available) (55). The British Committee
recommends that cryoprecipitate should also be given to
massively transfused patients when fibrinogen is less than
80 mg/dL.

The ASA Task Force had three recommendations
about cryoprecipitate: (i) prophylaxis in nonbleeding peri-
operative or peripartum patients with congenital fibrinogen
deficiencies, or Von Willenbrand disease unresponsive to des-
mopressin—in consultation with a hematologist; (ii) bleeding
patients with Von Willebrand disease; and (iii) correction of
microvascular bleeding in massively transfused patients
with fibrinogen concentrations less than 80 to 100 mg/dL or
when fibrinogen concentrations cannot be measured in a
timely fashion (12). After the loss of 1.5 blood volumes, in
massively bleeding patients, cryoprecipitate (10–12 cryopre-
cipitate packs) should be administered after every 10 to
15 units of PRBCs and FFP to maintain fibrinogen levels.

One unit cryoprecipitate per 10 kg body weight
increases fibrinogen 50 mg/dL in stable patients, and is
indicated for massively bleeding or transfused patients
with fibrinogen below 80 to 100 mg/dL.

Recombinant Factor VIIa
Recombinant factor VIIa (rFVIIa) induces coagulation at the
sites of vascular injury where it reacts with exposed tissue
factor to induce platelet activation and allow the platelet
plug to form and reduce bleeding (59). Initially it was used
to treat hemophiliac patients with inhibitors to factor VIII.
A potential adverse effect is promotion of thrombosis (60).
In a prospective, randomized trial in prostatectomy patients,
rFVIIa was shown to decrease blood loss (61).

The use of rFVIIa in trauma patients is usually
restricted to situations in which conventional means of
hemorrhage control, including surgery and angiographic
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embolization, have failed. The appropriate dose and time of
administration remains uncertain. Early experience was
reported by Dutton et al. (62), where its use was generally
found to be beneficial. A subsequent report by this group
wherein 81 patients were treated with rFVIIa showed that
61 (75%) had sustained improvements in their coagula-
tion status and 20 had persistent coagulaopathy
(“nonresponders”) (63). The nonresponders were signifi-
cantly more acidotic and had lower platelet counts than the
responders (63).

In a recent multicenter randomized trial, rFVIIa was
found to significantly decrease RBC transfusion in both
blunt ( p ¼ 0.03) and penetrating trauma ( p ¼ 0.08) (64).
The incidence of adverse events did not significantly
increase in the study population, but then mortality
did not significantly improve either (64). In summary,
rFVIIa is effective in achieving hemostasis in a large
number of trauma patients, but additional studies are
required to clarify target population, dosing, efficacy, and
safety (65).

EMERGENCYAND MASSIVE TRANSFUSION
EmergencyTransfusion
In a trauma setting, several administrative decisions should
be made jointly by the clinicians and the blood bank
regarding policy and procedures for emergency
compatibility testing (ABO and Rh typing, antibody screen-
ing, and cross-matching). In decreasing order of preference,
options include: type-specific, partially cross-matched
blood; type-specific uncross-matched blood; and, lastly,
type O Rh-negative (“universal donor”), uncross-matched
blood (66,67).

Partially cross-matched blood includes ABO–Rh
typing and an “immediate-spin” cross-match that takes one
to five minutes and eliminates serious hemolytic reactions
due to errors in ABO typing. Type-specific uncross-matched
blood requires a blood sample from the patient to determine
ABO and Rh type. This blood will be released by the blood
bank if the physician indicates the emergency need for
blood. Meanwhile, compatibility testing is completed while
the blood is being transfused. An advantage of type-specific
blood is that it saves type O/Rh-negative blood. As many as
1 in 1000 patients have antibodies detected on cross-match
that may make transfusion of ABO–Rh type specific
uncross-matched blood hazardous; previous exposure to
RBC antigens increases this risk tenfold (66,67).

Universal donor (type O) blood, which lacks both A
and B antigens, avoids risk of ABO-mediated hemolysis in
a blood group A, B, or AB recipient who has the antithetical
anti-B or anti-A (or both) alloantibodies. In many trauma
centers, O-negative blood is available in the trauma patient
resuscitation area, which can be transfused emergently
once a sample of patient blood is withdrawn for transfusion
investigations. This patient blood sample is essential for
subsequent units to be type-specific, and to determine if sig-
nificant red cell alloantibodies are present (68). After admin-
istration of uncross-matched universal donor blood, the
decision to transfuse the patient’s corresponding ABO/Rh
blood type is made when the blood bank determines that
passively transfused anti-A and/or anti-B antibodies have
fallen to levels low enough to permit the safe transfusion
of type-specific blood. At the Shock Trauma Center in
Baltimore in 2000, 161 of 501 patients who received blood
products were given at least one unit of uncross-matched
group O, including 52 of the 80 blood transfused patients

who died within the first 24 hours after admission. The
maximum number of uncross-matched units administered
to any one patient was 14, and a total of 581 units were
given to the 161 patients. These 581 units represented 11%
of all PRBCs administered at the Shock Trauma Center and
18% of those given in the first 24 hours to those patients
who had a mortality of 45% (69).

Massive Transfusion
Massive transfusion is defined as replacement of a patient’s
blood volume within 24 hours, for example, about 5000 mL
blood or 3000 mL (10 units) of PRBCs in an average-size
adult (70,71). Trauma accounts for at least one-third of
massive transfusion situations (70,71). In the United States,
10% to 15% of all PRBCs transfused are used to treat
injured patients. Massive transfusion protocols in trauma
centers support the transfusion service and their activation
identifies a need for better hemorrhage control modalities.
These massive transfusion protocols include use of
additional personnel and provide rapid infusion system
technicians to enable administration of large quantities of
warmed blood. Massive transfusion protocols ensure that
cross-matching policies are streamlined, automated
thawing of FFP is initiated, and platelets become readily
available (66,67).

Massive Transfusion Protocols
Massive transfusion protocols should be invoked judiciously,
as it may limit blood transfusion services to other patients in
need. A massive transfusion protocol used by the UCSD
trauma center mobilizes 45 units of blood (66). The initial
four units may be O Rh negative. Following this, type-specific
blood will be used to the extent possible, with the decision to
use compatible but nontype-specific blood (e.g., O for type B
recipient; A or O for type AB recipient) made by the blood
bank. Due to limited supplies of Rh-negative blood, it may
be necessary to use Rh-positive blood in an Rh-negative
individual, especially in males or post-menopausal females,
for whom implications of Rh-sensitization is less of a
concern. To prevent confusion, a single individual on the
trauma team should be designated to communicate with the
blood bank. Following the immediate resuscitation
period, standard procedures for blood ordering should be
followed (66).

Hemostasis and Component Therapy During Massive
Transfusion
Hemostatic defects are often related to dilution and con-
sumption of platelets and coagulation factors. In the
absence of trauma, disseminated intravascular coagulation
(DIC), or pre-existing coagulopathy, patients who bleed up
to 1.5 blood volumes (in a 70 kg male approximately 15
units of PRBC and 3–5 L crystalloid) generally do not have
clinically relevant hemostatic defects. Consequently, prophy-
lactic transfusion of platelets, FFP, or cryoprecipitate should
not be given to patients simply because they have received
10 to 15 units of PRBC (67).

However, the presence of a pre-existing coagulopathy,
acute trauma with extensive tissue damage, or DIC increases
the likelihood that hemostatic support will be required (72).
Trauma patients whose blood loss is .1.5 blood volume
should be carefully monitored for clinical signs of microvas-
cular bleeding (i.e., oozing from IV sites or wounds), as well
as by laboratory monitoring. When the coagulation assays
are abnormal (PT .17 seconds, PTT .55 seconds:
fibrinogen ,150 mg/dL, platelets ,75 � 109/L), empirical
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use of FFP in a 1:1 ratio of FFP to PRBCs in the setting of
ongoing massive bleeding (57). Platelets contain associated
plasma factors equivalent to one to two units of FFP for
each plateletpheresis bag.

Following initial therapy, it is important to evaluate
clinical and laboratory parameters for response. There is no
universal formula to guide hemostatic replacement therapy.
However, in patients who bleed in excess of two blood
volumes (.20 units of PRBC), it is prudent to transfuse suffi-
cient platelets to keep the platelet count .75 � 109/L, and
sufficient FFP to maintain fibrinogen .150 mg/dL, and/or
the PT ,18 seconds; PTT ,55 seconds.

It is usually not necessary to give cryoprecipitate
unless there is a disproportionate decrease in fibrinogen or
factor VIII, for example, in the setting of DIC, because a
unit of FFP supplies about twice as much fibrinogen and
factor VIII as a unit of cryoprecipitate. The most common
error in the management of massively bleeding patients is
to apply outdated, rote formulae without monitoring Hct,
platelet, and coagulation factor levels. This results in
inadequate replacement therapy in some, whereas others
are treated unnecessarily (66).

COMPLICATIONS OF BLOODTRANSFUSION

Inadvertent transfusion of ABO incompatible blood and
transfusion-associated acute lung injury (TRALI) are life-

threatening, noninfectious hazards of blood transfusion.

Infections
More than 12 million units of blood are transfused annually
in the United States (73,74). In 1999, the risks for acquiring
viral infection from a unit of blood were: ,1/1,000,000 for
HIV, 1:103,000 for hepatitis C, and 1:63,000 for hepatitis B
(Fig. 6) (73). The incidence of viral transmission from
blood transfusion is decreasing, with current infection
rates even lower (73). Indeed, the risk of viral infection
from blood is much lower than the risk of a patient being
given the wrong unit of blood due to clerical error within
the blood bank or in the ward, which occurs at a rate of
about 1:37,000, resulting in one fatality per 1.8 million
units transfused (75,76).

Noninfectious Hazards of Transfusion
Besides inadvertent transfusion of ABO-incompatible blood,
hemovigilance programs in the United Kingdom, France,
and the United States demonstrate that patients suffer
other significant noninfectious transfusion-related morbidity
and mortality (77), an issue that has gained increasing atten-
tion, given the dramatic reduction in viral transmission from
blood (e.g., 10,000-fold reduced risk of HIV and hepatitis
over the past few decades) (76).

Current data probably underestimate noninfectious
transfusion risk. Febrile nonhemolytic transfusion reactions
are common, occurring in up to 10% to 30% of transfusions,
especially with nonleukoreduced platelet transfusions (78).

A prospective study of transfusions identified sub-
stantial underreporting of bedside transfusion errors in
Belgium with a rate of unintended recipients of RBCs
being one in 400 units (79). This Belgian study concluded
that current passive reporting systems underestimate
the true frequency of hazard from blood transfusion by
30-fold. Even fatal transfusion mishaps are significantly
underreported. In a study of 355 transfusion-associated
deaths from 1976–1985, no fatalities were reported to the

FDA (80). Yet, the FDA-reported transfusion-related death
rate due to hemolytic reactions alone was two times that
due to all infectious hazards combined (81).

Circulatory overload is a significant problem in
trauma, and may be associated with red cell transfusion. A
seven-year retrospective study at a single institution found
the incidence to be 1:3168 patients (82). In another study,
1% of orthopedic surgery patients developed circulatory
overload, sometimes necessitating transfer to an intensive
care unit (83). Extrapolating these data nationally, it has
been estimated that 30,000 to 40,000 patients annually
might have circulatory overload as an avoidable compli-
cation of transfusion (82,83). When two groups of critical
care unit patients were randomized to a liberal or restrictive
use of blood, the patients randomly assigned to a more
liberal strategy had a significantly higher incidence of
cardiac and pulmonary morbidity (8).

Noninfectious transfusion risk exceeds infectious

hazard by 100- to 1000-fold.

Transfusion-Related Acute Lung Injury
TRALI is defined as acute post-transfusion noncardiogenic
pulmonary edema, and is characterized by severe bilateral
patchy pulmonary alveolar infiltrates, hypoxia, tachycardia,
and fever. It clinically resembles adult respiratory distress
syndrome (ARDS). TRALI occurs one to six hours after
transfusion of blood products, especially FFP. TRALI often

Figure 6 The risks of transfusion-related transmission of human

immunodeficiency virus (HIV), hepatitis B virus (HBV), and

hepatitis C virus (HCV) in the United States. Each unit represents

exposure to one donor. The risk of each of these infections has

declined dramatically since 1983, the year the criteria for donor

screening were changed; at that time the prevalence of HIV

infection among donors was approximately 1%. Further declines

have resulted from the implementation of testing of donor blood for

antibodies to HIV beginning in 1985; surrogate testing for non-A,

non-B hepatitis beginning in 1986–1987; testing for antibodies to

HCV beginning in 1990; and testing for HIV p24 antigen begin-

ning in late 1995. Source: From Ref. 74.
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requires mechanical ventilation, and may be fatal. It was the
third most common cause reported of transfusion-related
mortality (84,85). In the FDA reports, 31 cases (9%) were
attributed to acute pulmonary dynfunction (85). In another
study, 46 of 2430 platelet transfusions (2%) were associated
with severe respiratory reaction over a two-year period
(86). The FFP donated by women with a history of �3 preg-
nancies resulted in a significantly lower oxygen extraction
ratio, and in four out of 100 patients an acute pulmonary
transfusion reaction was noted, suggesting an immunologi-
cal etiology (antigranulocyte alloantibodies) (also see
Volume 2, Chapter 52) (87).

The development of ARDS following transfusion in
trauma patients has recently been prospectively reviewed
(88). The amount of transfused blood in these patients was
independently associated with both the development of
ARDS and hospital mortality. ARDS developed in 21% of
severe trauma patients who received zero to five units
of PRBCs, in 31% of those who received 6 to 10 units, and
in 57% of those who received .10 units ( p ¼ 0.007) (88).
The association between the amount of transfused blood
and the development of ARDS remained significant even
after accounting for differences in the severity of illness,
type of trauma, race, gender, and base deficit ( p ¼ 0.002;
odds ratio, 14.4; 95% confidence interval, 3.2–78.7). Patients
who received more units of PRBCs during the first 24 hours
also had a higher hospital mortality rate ( p ¼ 0.03) (88).

Graft vs. Host Disease
Over 200 cases of transfusion-associated GVHD have been
reported, with a fatality rate of about 90% (89). In contrast
to TRALI, where the etiology appears to involve passively-
acquired antigranulocyte alloantibodies and possibly other
toxins, GVHD is related to transfusion of live white blood
cells that become engrafted within the recipient. In a recent
prospective study by Utter et al. (90), 53% (24 of 45)
trauma patients who received .2 units of PRBCs developed
evidence of microchimerism when studied using polymer-
ase chain reaction technology. However, clinically-evident
GVHD is one of the rarest of transfusion reactions. Irradiat-
ing cellular blood components will prevent this problem, but
irradiation has detrimental effects on erythrocytes and there
is no current standard for irradiation dosing.

Transfusion-associated GVHD has high mortality

(.90%), but is extremely rare; irradiating blood components
can prevent this complication, but is not practical in the
acute trauma setting.

Exchange Transfusion
In neonates, exchange transfusion increases existing meta-
bolic derangements and causes hypoglycemia (91). Among
pediatric recipients of massive transfusion, hyperkalemia
and hypocalcemia are more common, and when untreated
may cause cardiac arrest. Among 140 exchange transfusions
that included 106 neonates, more than 34% of the infants had
documented hypoglycemia, 1/20 had ECG changes related
to hypocalcemia, and one had a cardiac arrest. In 25 ill neo-
nates, 12% had severe complications (including two deaths)
attributed to transfusion (92).

Undertransfusion
Undertransfusion indicates risk for morbidity and mortality
associated with a lack of transfusion when Hb concentration
was less than 6 g/dL. This issue is complex, because, in one

study, mortality was even lower in patients transfused when
Hb was ,7.0 g/dL compared to ,10 g/dL (93).

However, evidence for risk of undertransfusion was
seen in one study of 190 patients undergoing radical prosta-
tectomy in which myocardial ischemic episodes occurred in
61 (34%) of 181 evaluable patients (94). After adjustments for
other risk factors, the authors concluded that a Hct ,28%
was independently associated with a risk for myocardial
ischemia during and after noncardiac surgery.

In cardiac bypass patients randomly assigned to
receive either blood and colloid or crystalloid fluids, the
patients given crystalloids had delayed myocardial lactate
extraction compared to the patients receiving blood, indicat-
ing that anemia had a potentially deleterious effect on the
heart (95).

In peripheral vascular surgery, among 13 of 27 patients
with a Hct ,28%, 10 patients had myocardial ischemia and
six sustained a morbid cardiac event, and there was an
overall incidence of 37% cardiac ischemia (96). A Hct of
,28% was significantly associated with myocardial ische-
mia and morbid cardiac events.

Blood transfusion does not reduce mortality in
stable critically ill patients with Hb 8 to 10 g/dL, except for
a subset with coronary artery disease.

Inappropriate Transfusion
Transfusion of blood products has come under increased
scrutiny because of concerns over safety, product shortages,
rising costs of specialized blood components, and questions
about transfusion efficacy. The usefulness of behavioral
interventions to reduce inappropriate transfusion was
reviewed by Wilson et al. (97). They identified nine studies
describing different types of interventions: prospective
audit (n ¼ 2), education (n ¼ 4), transfusion algorithm
(n ¼ 1), retrospective audit (n ¼ 1), and patient-specific
decision support (n ¼ 1). Using Hct levels .36% as an indi-
cator for overtransfusion, all studies showed an impact of
the intervention on reducing inappropriate transfusion.

Compared to 1994, the gross domestic blood supply in
the United States, in 1997 (12,602,000 units) decreased by
5.5% (97). The 1997 collection included 11,741,000 units allo-
geneic community blood, 643,000 units autologous blood
(5.5% of total), and 205,000 units of allogeneic-directed
donation. The rate of whole blood collections in 1997 per
1000 members of the population aged 18 to 65 years was
12.6% lower than 1994. However, the red-cell transfusion
rate per 1000 members of the population in 1997 remained
nearly unchanged, raising concerns about progressive
supply shortfalls (97).

Blood collection in 1997 fell 12.6%, but the rate of
transfusion remained the same as in 1994.

Blood Storage Abnormalities
Progressive deterioration in blood quality occurs upon
storage and may impair flow through the microcirculation
and decrease cellular ḊO2. Increased splanchnic ischemia
occurs following transfusion with old blood in patients
with ischemia (98). In septic rats, old blood failed to increase
V̇O2, whereas fresh blood caused V̇O2 to increase (99).
Storing blood decreases 2,3-DPG concentration, reducing
the deformability of the red cell and increasing aggregation,
thereby decreasing flow through the microcirculation and
impairing cellular ḊO2 (100).
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Immunosuppression
Transfusion-induced immunosuppresion is increasingly
being recognized as an important adverse effect of blood.
Decreased cell-mediated immunity occurs by reducing
nonkiller cell activity, suppressing macrophage antigen
presentation, altering T-cell ratios, and decreasing the con-
centrations of cytokines (TNF, IFN-8, and GM-CSF) vital to
the immune response (101). There is evidence linking this
immunosuppression to white cells within the transfused
blood. Transfusion of leukodepleted blood to patients under-
going colorectal surgery resulted in a lower incidence of
postoperative infection (102). There is a significant associ-
ation between the number of blood transfusions and the
risk of subsequent infection in burn patients and a variety
of elective and significant emergency procedures. This
increased morbidity is associated with longer hospital
stays and higher costs. In addition, patients with malignancy
may have sooner recurrences and lower survival rates when
they receive blood transfusion (105).

TOLERANCE FOR ACUTE ANEMIA
Compensatory Mechanisms
There are three main mechanisms by which global ḊO2 is
maintained during acute, progressive anemia: (i) increased
O2 extraction, (ii) reduction in O2 affinity with shift of the
oxy-hemoglobin disassociation curve to the right due to
increased 2,3-DPG (Fig. 7), and (iii) increased cardiac
output. A fourth mechanism is the use of 100% O2 to increase
the amount of oxygen carried in the plasma. In hemodiluted
children undergoing orthopedic surgery, 37% of the oxygen
delivered came from the plasma (106). In fact, at a Hb of 3
dg/dL and normal cardiac output, 62% of the actual V̇O2

can be provided by O2 dissolved in the plasma. In addition,
extraction of O2 from plasma is much more efficient than
from Hb exceeding 85% removal (Table 1). As with the acel-
lular hemoglobin-based O2 carrying solutions, the presence
of larger quantities of O2 in solution facilitates the diffusion
of O2 into the mitochondria by minimizing the O2 gradient
between Hb in the red cell and tissues (106,107). So, high

FiO2 in excess of 80% should be used when Hb is low.
There is value in small quantities of added nitrogen, such
as are found in air, to minimize the microatelectasis that
occurs with 100% inspired O2 caused by the resulting alveo-
lar nitrogen washout with 100% O2. Thus, 100% O2 should
not be used unless the Hb concentration is below about
5 g/dL (108).

Human Data on Anemia Tolerance (Jehovah’s Witnesses)
Jehovah’s Witness patients comprise a group of patients in
whom effects of extremely low Hb levels can be observed.
Since blood transfusions are not permitted, treatment
approaches include deep sedation, mechanical ventilation,
and avoiding unnecessary blood sampling. Although ery-
thropoietin is often given, reticulocyte counts begin to
improve only after two to three weeks. There is a reported
20% mortality rate associated with a Hb concentration of
5 g/dL. However, there are a few reports of Jehovah’s
Witnesses surviving with a Hb concentration near 3 g/
dL, but most patients with a Hb concentration of 3 g/dL
die (109).

In some settings, very low Hb levels occur because of
a lack of available blood or refusal to receive blood. In one
report, pregnant women in West Africa with Hb values
greater than 4.5 g/dL had no mortality or cardiac failure
(110). In another study in Romania, there was no post-
operative mortality in 72 patients with Hb levels above
5 g/dL (111). In one of two studies in the Unites States,
48 pediatric patients undergoing cardiac surgery had no
mortality despite blood being withheld, provided Hb
was greater than 7 g/dL (Table 2). In the other U.S.
study, 59 patients successfully underwent surgery after
refusing transfusion, with no postoperative mortality
when the blood loss was less than 500 mL and Hb
greater than 8 g/dL (112,113).

Critical Oxygen Delivery in Hemodiluted Animals
In animals that were hemodiluted and monitored at inter-
vals, as Hb decreased from 14 to 10, 8, 5, and then
2.4 g/dL, it was only at a Hb of 2.4 g/dL that a significant
difference in brain pH and pCO2 was detected compared
with baseline. At the 2.4 g/dL Hb level, there was also a sig-
nificant decrease in mean arterial pressure and increase in
central venous pressure (Table 3). Brain O2 consumption
(cerebral oxygen metabolism) was also significantly lower
and cerebral blood flow significantly higher than baseline.
Both were restored to normal baseline ranges by transfusion.

Critical Hct values for intestinal O2 consumption were
measured by Van Bommel et al. and compared with the criti-
cal values for intestinal microvascular O2 (uPO2). The critical
values were almost identical at 15.8 + 4.6 and 16.0 + 3.5
uPO2 respectively. These Hcts represent a Hb value just
above 5 g/dL (Fig. 8) (106).

Critical Oxygen Delivery in Anesthetized Humans
At the Children’s National Medical Center, eight ASA I chil-
dren undergoing scoliosis correction surgery were hemodi-
luted by exchanging whole blood for 5% albumin in 0.7%
saline. On 100% O2 ventilation, Hb fell from 10 to 3 g/dL,
while mixed venous O2 saturation decreased from 90% to
72%, and O2 extraction increased from 17% to 44%, and
ḊO2 decreased from 532 mL/min/M2 (Fig. 9). When hemo-
diluted, one child had Hb fall to 2.1 g/dL and this was
associated with ST segment depression, which resolved on
re-infusion of autologous blood. The authors concluded

Figure 7 Shows the relationship between cardiac index,

hemoglobin levels, and 2,3-diposphoglycerate (2,3-DPG). At a

hemoglobin level of 8 to 9 g/dL cardiac index remains low,

while 2,3-DPG levels are greater than 18 mM/g hemoglobin.

Source: From Ref. 121.
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that Hb of 3 g/dL was safe in anesthetized and monitored
children, and that one should not hemodilute below a
mixed venous saturation of 60% as levels above this have
never been shown to produce lactic acidosis or compromise
cardiac function (114). The “critical point” of global ḊO2

below which V̇O2 becomes linearly dependent on ḊO2 in
anesthetized humans is estimated at 330 mL/min/m2 by Shi-
butani (115), as 300 mL/min/m2 by Komatsu et al. (116),
while Van Woerkens (117) found that critical ḊO2 was
lower in hemodilution when cardiac output was maintained.
Rheological changes in blood were impaired with hemodi-
lution and increased capillary O2 delivery and a critical
value of 184 mL/min/m2 was obtained in a patient with
a Hb of 4 g/dL (Table 4). However, these studies were
carried out either in anesthetized humans or when
cardiac output was maintained. Such states are not repre-
sentative of recently injured patients who may be hypovo-
lemic and have significant catecholamine and other stress
responses activated. Whether the existence of critical ḊO2

states can be identified in such trauma patients also
remains controversial. Recently, a study in animals
showed that multivariable analysis of critical delivery
may help determine the physiological oxygenation bound-
ary at the whole body level (118). This may assist in
finding therapeutic triggers on an individual basis using
systemic markers of the transition from aerobic to anaero-
bic metabolism (118).

Relationship Between Oxygen Delivery and Consumption
Some patients may benefit from the increased ḊO2

that is expected to occur after blood transfusion. The antici-
pated, concomitant increase in O2 consumption has only
been shown in a limited number of studies, possibly in
part due to the frequency of such studies being carried out
in septic patients rather than in impaired ḊO2 settings
such as hemorrhagic shock. Surrogate markers to quantitate
benefit from blood transfusion have been suggested, includ-
ing lactate washout and decrease in O2 debt, but confound-
ing variables occur because when blood is infused
reperfusion occurs and lactate rises (119,120). States with
impaired O2 extraction (e.g., sepsis) limit the usefulness of
such surrogate measures. The relationship of transfusion
for anemia or ischemia with oxygen metabolism is shown
in Figure 10. Factors alleviating ischemia include increased
O2 supply (and by inference, but not always true, reduced
O2 debt) and decreased O2 demand, such as can occur
with sedation, anesthesia, and decreased cardiac afterload
(11). Increased afterload, increased blood viscosity, and
decreased 2,3-DPG levels in stored blood will aggravate
ischemia. Hemoglobin levels per se are nonlinearly related
to cardiac index and 2,3-DPG with lowest cardiac index
associated with greatest 2,3-DPG levels occurring about
8 g/dL (Fig. 7) (121). Because data on O2 extraction are dif-
ficult to obtain in humans in emergency circumstances,
much of this work has been done on animals. There are

Table 1 Hemoglobin, Hematocrit, and Acid–Base Status During Hemodilution and Reinfusion

Variable (range) T0 T1 T2

Hct (%) 29.5 + 4.8 (20.3–36.1) 9.0 + 2.2a (6.3–13.3) 16.7 + 3.1a (12.2–21.6)

Hgb (g/dL) 10.0 + 1.6 (7.0–12.4) 3.0 + 0.8a (2.1–4.5) 5.6 + 1.0a (4.1–7.1)

Lactate (mmol/L) 1.3 + 0.2 (1.0–1.5) 1.4 + 0.5 (0.9–1.95) 1.5 + 0.5 (1.0–2.2)

Arterial pH 7.42 + 0.05 (7.33–7.50) 7.33 + 0.08a (7.25–7.49) 7.37 + 0.06 (7.26–7.45)

Venous pH 7.39 + 0.05 (7.34–7.46) 7.28 + 0.07a (7.22–7.42) 7.33 + 0.06 (7.22–7.42)

PaCO2 34.1 + 6.5 (25.1–46.1) 37.9 + 3.4 (32.1–42.7) 39.2 + 4.1 (33.6–45.0)

PvCO2 38.3 + 4.0 (32.5–43.3) 43.4 + 2.5a (39.3–45.9) 44.8 + 4.3 (39.2–50.8)

ABE (mmol/L) 21.1 + 2.3 (–6.1–0.6) 250 + 3.6a (–8.4–2.4) 21.8 + 2.5 (–5.4–2.1)

VBE (mmol/L) 20.6 + 1.1 (–2.5–1.0) 26.0 + 3.5a (–8.9–1.4) 22.3 + 2.5a (–5.5–2.1)

Note: aSignificant difference ( p , 0.05) from the mean value at the previous stage.

Abbreviations: ABE, arterial base excess; Hb, hemoglobin; Hct, hematocrit; PaCO2, arterial partial pressure of carbon dioxide; PvCO2, mixed venous partial

pressure of carbon dioxide; T0, immediately prior to hemodilution; T1, the lowest hemoglobin level reached; T2, end of surgery; VBE, mixed venous base excess.

Source: From Ref. 106.

Table 2 Natural History of Untreated Anemia

Study (reference) Year Patients, n Site Setting Finding

Fullerton and

Turner (59)

1969 Unknown West Africa Pregnant woman;

no available transfusions

No mortality or cardiac failure

in patients with hemoglobin .4.5 g/L

Gollub and

Bailey (61)

1966 5 New York City Jehovah’s Witness patients

undergoing cardiac surgery

No postoperative mortality in

patients with hemoglobin .7.0 g/L

Alexiu et al. (62) 1975 72 Romania Patients with bleeding ulcers

undergoing surgery without

transfusion

No postoperative mortality in

patients with hemoglobin .5.0 g/L

Kawaguchi

et al. (64)

1984 44 Buffalo Pediatric patients undergoing

cardiac surgery

No mortality in patients for whom

blood was withheld for

hemoglobin .7.0 g/L

Carson et al. (60) 1988 59 New Jersey Patients undergoing surgery

who refused transfusion

No postoperative mortality in patients

with blood loss ,500 mL and

hemoglobin .8.0 gL

1066 Mackenzie and Scheidegger



extraordinary compensatory abilities in the hemorrhagic
shock model. O2 extraction increased to more than 70% in
anesthetized dogs exsanguinated of more than 60% of their
estimated blood volume during a two hour period when sys-
tolic blood pressure was maintained at 50 mmHg (122).
Resuscitation with volumes of shed blood or Hb-based O2

carrying solutions produced supranormal cardiac index
with all these fluids, but only blood normalized O2 extraction
and cardiac index six hours later. Total Hb concentration fell
with the O2 carrying solutions due to endothelial and other
interactions causing red cell sequestration.

Anemia and the Brain
The other major organ besides the heart, at risk during
anemia, is the brain. In a study in rabbits, Morimoto et al.
(123) continuously monitored brain tissue pH PCO2 and
PO2 during production of anemia (Table 3). They found
that as Hb progressively fell from 10 to 7, to 5, and then to
a mean low of 2.4 g/dL, brain tissue PO2 fell from 27 to
12 mmHg, pH decreased from 7.22 to 7.12, cerebral blood
flow almost doubled to 66 mL/100 g/min, and cerebral
metabolic rate more than halved to under 2 mL/100 g/min.
At this level of anemia (2.4 g/dL), the authors concluded
that increases in cerebral blood flow and cerebral O2 extrac-
tion were only partially able to compensate for the decreased
O2 carrying capacity (Fig. 11). Postoperative visual loss has
been associated with many factors including anemia, blood
loss, and hypotension (124,125).

Anemia in Trauma and Critically Ill Patients
In bleeding but otherwise healthy trauma patients, cardio-
vascular compensation should be adequate for Hb levels as
low as 5 g/dL. As blood loss continues and Hb falls
further, compensatory responses begin to fail (126,127).
Mortality rates range from 50% to 95% when the Hb falls
below 3.5 g/dL (126,128). Anemia is a common problem in
critically ill patients. In part, anemia can be explained by
an average of 41 + 39.7 mL blood samples drawn per 24
hours. In a major European study involving 3534 patients,
there was a positive correlation between organ dysfunction
and the number of blood draws and volume drawn. The
mean Hb on critical care unit admission was 11.3+ 2.3 g/dL
with 29% (963/3295) having a Hb ,10 g/dL. The transfusion
rate was 37% (1307/3534). Older patients and those with
longer critical care unit stay were more commonly transfused.
Both critical care unit and overall mortality rates were signifi-
cantly higher in patients who received a transfusion (critical
care unit rates 18.5% vs. 10.1%; overall mortality 29% vs.
14.9%). For similar degrees of organ dysfunction, patients
who had a transfusion also had a higher mortality rate. For
matched patients, the 28-day mortality was 22.7% among
patients receiving blood transfusions and 17.1% among those
without ( p ¼ 0.02) (129).

In bleeding, otherwise healthy trauma patients,

cardiovascular compensation may be adequate to a Hb as
low as 5 g/dL. However, any further compensation is
inadequate with mortality 50% to 95% at Hb ,3.5 g/dL.

Table 3 Physiological Variables at Baseline and During Anemia

Baseline D1 D2 D3 D4 I1

Hemoglobin (g/dL) 14.2 +0.7 10.4 + 0.6a 7.7 + 0.6a 5.0 + 0.5a 2.4 + 0.3a 5.7 + 0.3a

pH 7.34 + 0.02 7.31 + 0.01 7.28 + 0.01 7.27 + 0.01 7.25 + 0.02a 7.26 +0.02

PaCO2 (mm Hg) 36.0 + 0.3 36.1 + 0.4 36.5 + 0.4 38.3 + 0.3 37.8 + 0.6a 36.7 + 0.5

PaO2 (mm Hg) 89 + 2 88 + 2 88 + 3 86 + 4 94 + 6 88 + 3

Temp (Brain) (8C) 37.6 + 0.4 37.6 + 0.4 37.6 + 0.5 37.7 + 0.4 37.6 + 0.05 37.8 + 0.5

MAP (mm Hg) 81 + 3 77 + 3 74 + 3 70 + 2 63 + 1a 68 + 2

CVP (mm Hg) 6 + 0 6 + 1 6 + 0 7 + 1 9 + 1a 9 + 1

Note: Values are mean + SEM; D1–D4, hemodilution; I1–I3, red blood cell infusion. Physiological variables measured in anesthetized rabbits during pro-

gressive hemodilution from baseline of Hb 14.2 g/dL to the nadir of 2.4 g/dL at time point D4 before infusion of red cells at I1. Brain tissue pO2 fell from 27 to

12 mmHg and brain pH decreased from 7.22 to 7.12 (Fig. 11 for cerebral blood flow changes).
aSignificant difference versus baseline ( p , 0.025); n ¼ 12.

Abbreviations: CVP, central venous pressure; MAP, mean arterial pressure; PaCO2, arterial carbon dioxide tension; PaO2, arterial oxygen tension.

Source: From Ref. 131.

Figure 8 (A) Critical hematocrit value for the intestinal oxygen consumption. (B) Critical hematocrit value for the intestinal

microvascular oxygen partial pressure. Critical values were determined in each animal separately and are represented here as mean + SD.

Data originating from the same animal are represented by a similar symbol. Abbreviations: mPO2, intestinal microvascular

oxygen partial pressure; Htcrit, critical hematocrit value; VO2,int, intestinal oxygen consumption. Source: From Ref. 106.
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Risk of Mortality with Anemia
In a study of 2738 sequential isolated coronary artery bypass
surgery patients, there was a significantly increased risk of
mortality for Hct ,14%. For high risk patients, Hct ,17%
had increased mortality after adjusting for other risk
factors (130). A meta-analysis of several studies of Jehovah’s
Witnesses found that of 50 reported deaths, 23 were
primarily due to anemia. Except for three patients who
died after cardiac surgery, all other patients died with Hb
concentrations ,5 g/dL (109).

EYE TO THE FUTURE

Progress is needed not only in the avoidance of compli-
cations of blood transfusion, but also in strategies to
reduce the need for blood and component therapy. The
potential methods of achieving this include: improved

methods of hemostasis at the sites of injury; pharmacological
and physical means for restricting blood flow to hemorrhage
sites; increased tolerance of organs and tissues for hypoxia;
and improved fluid and blood flow distribution to conserve
function of vital organs, such as the brain and heart. The
future of blood and component transfusion includes pro-
longation of storage of red cells, improved uptake and
release of oxygen, and avoidance of allogeneic and other
transfusion reactions. On the horizon, ongoing work will
reduce ABO incompatibility issues by changing all blood
to universal donor group O. Major advances are being
made in blood safety and these will continue in the future
with special emphasis on problems related to human error
and the improved culture of patient safety for blood transfu-
sion. Screening tests for West Nile Virus will be developed
and earlier detection of HIV will occur. Hepatitis and other
blood borne infections will continue to decline in frequency
because of better detection tools and viral inactivation
methods.

O2 carrying solutions will eventually receive FDA
approval and may be used as substitutes for the O2 carrying
capacity of blood. Because they are acellular, these solutions
may be used like a drug to facilitate O2 diffusion into the
mitochondria for many purposes including ischemia, and
trauma resuscitation, and to enhance the effectiveness of
radiation therapy. Control of O2 affinity for these O2 carrying
solutions may enable better tissue oxygenation with hemo-
globlinopathies such as sickle cell anemia. Endothelial
interactions and binding of nitric oxide by free hemoglobin
O2 carrying solutions will be mitigated.
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Figure 9 Relationship between oxygen delivery, oxygen

consumption, and hemoglobin concentration (Hgb) during the

stages prior to hemodilution (To), the lowest Hgb reached (T1),

and at the end of surgery (T2). Values are mean + SD. �

represents significant difference ( P , 0.05) from the mean

value at the previous stage. Abbreviations: ḊO2, oxygen

delivery; Hgb, hemoglobin concentration; V̇O2, oxygen

consumption. Source: From Ref. 114.

Table 4 Critical Limit Global O2 Delivery by Various Authors

Study ḊO2 limit Comments

Shinbutani et al. (115) 330 mL/min/M2 In anesthetized man

Komatsu et al. (116) 300 mL/min/M2 After CPB

Von Woerkens

et al. (117)

184 mL/min/M2 In hemodiluted man

Abbreviation: CPB, cardiopulmonary bypass; ḊO2, oxygen delivery.

Figure 10 The effects of red cell transfusion for anemia, or the many variables that can impact myocardial oxygen

metabolism and the ultimate impact on myocardial ischemia. Abbreviation: 2,3-DPG, 2,3-disphosphoglycerate. Source: From Ref. 11.
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The indications for RBCs, platelets, FFP, and cryopreci-
pitate transfusions will become more individualized than
the current numerical transfusion triggers. Evidence-based
practices will minimize overtransfusion and identify a
constellation of indications for red cell and component
therapy. Monitoring of ischemia and quantification of the
results of increased O2 carriage will better indicate the cir-
cumstances in which red cell transfusion may be beneficial.
The brain and heart, as organs at risk from acute lack of
oxygen, will be targets for improved monitoring during
trauma patient resuscitation.

SUMMARY

The concept of a single transfusion “trigger” is flawed.
Rather, comorbidities should be taken into consideration in
erring on the side of Hct .28%. These comorbidities
include cardiac risk (unstable angina, myocardial infarction),
age .55, and the acuteness of ongoing hemorrhage and
expectations for future blood loss. Blood loss in excess of
one blood volume in six hours indicates a need to monitor
Hb levels frequently. Clinicians should be aware that in
75% of patients receiving 20 units of blood, thrombocytope-
nia will occur; FFP may be needed should microvascular
bleeding occur, or PT and PTT may need to be prolonged
1.5 times or more. Cryoprecipitate is indicated in trauma
patients whose fibrinogen is decreased below 80 to
100 mg/dL with massive transfusion. Transfusion trends in
many trauma centers have changed with much less O uni-
versal donor uncross-matched blood being administered,
as well as less type-specific blood, indicating that clinicians
have increased anemia tolerance in this patient population.

Noninfectious hazards of blood transfusion—includ-
ing ABO/Rh incompatibility due to human error and
TRALI that have become relatively more important compli-
cations of blood transfusion than infectious complications—
have diminished in frequency (75–78). Errors occur in one
out of 37,000 transfusions and cause 1 fatality/1.8 million
transfusions (79–81). Generally, these noninfectious compli-
cations of transfusion are thought to be under-reported by
30%. It is estimated that circulatory overload may occur in
30,000 to 40,000 patients/yr (77). Base deficit, serum lactate,
arterio-venous pH, and pCO2 differences appear to be the

simplest and most practical measures for quantifying the
shock state and blood loss in hemorrhaging trauma patients
(26). Sublingual pCO2 monitoring may be a useful real-time
monitor to assess the progress of resuscitation from shock.
Real-time identification of lack of ḊO2 to the brain and
heart needs more sophisticated monitors than are currently
routinely in use (22). Blood collection of about 12.5 million
units in 1997 was 12.6% lower/1000 population than in
1994, yet blood transfusion rates remain the same, raising
concerns about progressive supply shortfalls (58). Tolerance
for acute anemia is considerable in otherwise healthy indi-
viduals. Data from Jehovah’s Witness patients indicate that
mortality rates are 20% when Hb is around 5 g/dL, increas-
ing to 90% to 95% when the Hb falls below 3.5 g/dL. Brain
oxygenation becomes critical in normo-volemic animals at
2.4 g/dL (109,126). Hemodiluted anesthetized human chil-
dren at Hb of 2.1 g/dL showed evidence of myocardial ische-
mia (114). Critical ḊO2 in anesthetized humans and animals
varies between 330 mL/min/m2 and 184 mL/min/m2 (115–
117).

Compensatory mechanisms to anemia include
increased O2 extraction (up to 70%), reduced O2 affinity,
increased cardiac output, and more O2 dissolved in plasma
with supplementary oxygen. Blood transfusion, although
increasing O2 carriage, does not necessarily increase tissue
V̇O2. Particularly in sepsis, and maybe even in other shock
states, O2 extraction does not increase with increased hemo-
globin (119–123,127). Red cell transfusion in critically ill
patients with no cardiac or cerebrovascular disease, when
hemogoblin is 7 g/dL or above, increases mortality and pro-
longs hospital stay (128–130). The therapeutic threshold for
platelets is 50 � 109/L for most elective surgical settings. For
emergency surgery or for acutely traumatized patients with
many potential bleeding sites, platelet counts of 100 � 109/L
or even higher may indicate the need for platelets when associ-
ated with clinically apparent microvascular bleeding. Dilu-
tional thrombocytopenia is less common than may be
suspected. In 75% of patients receiving more than 20 units of
blood, platelet transfusion will be required. The usual platelet
dose is one platelet concentrate/10 kg body weight. Thrombo-
cytopenia may be prevented in massive transfusion by prosta-
glandin E1 infusion. FFP is administered in a dose of 10 to
15 mL/kg for PT and PTT values more than 1.5 times the
normal. One single-donor apheresis platelet, four to five

Figure 11 The time course of cerebral blood flow (CBF), cerebral oxygen metabolism (CMRO2), and cerebral oxygen transport

(CTO2). Data are expressed as mean + SEM. # represents significant difference ( P , 0.05) versus baseline. Hemodilution ¼ fourth

blood draw; after transfusion ¼ third red blood infusion. D4 corresponds to the physiological variables listed under D4 in Table 3.

Source: From Ref. 123.

Chapter 59: Rational Use of Blood Products 1069



platelet concentrates, or one unit of whole blood provides one
unit of FFP. Cryoprecipitate is indicated in massively trans-
fused patients with fibrinogen concentrations of below 80 to
100 mg/dL or to correct microvascular bleeding. Factor VIIa
appears to have a potential benefit for emergency use, in
patients bleeding uncontrollably.

KEY POINTS

The requirement for blood in military and disaster situ-
ations is largely determined by the number of injured
that survive long enough to present for care.
The concept of a single transfusion trigger is flawed. Co-
morbidities, especially cardiac, age, injury severity, and
magnitude of hemorrhage should all be considered.
One platelet concentrate increases the platelet count by
5 to 10 � 109/L. In vivo platelet activity is decreased
75% from collected activity. Transfused platelets have
a half-life of about two days.
Single-donor platelets have a lower rate of alloimm-
unization, transmitted infections, and transfusion
reactions.
Transfusion of greater than 20 units of blood will reduce
platelets to less than 50 � 109/L in 75% of patients. The
decision to transfuse platelets is usually based on evi-
dence of microvascular bleeding or in a patient
judged to be at high risk of bleeding, rather than on
the level of the platelet count per se.
In the setting of acute intracranial bleeding, platelet
counts greater than 100 � 109/L should be main-
tained.
An FFP dose of 10 to 15 mL/kg will usually increase
plasma coagulation factor concentration by 30% (the
minimum level required for hemostasis for most
coagulation factors).
One unit cryoprecipitate per 10 kg body weight
increases fibrinogen 50 mg/dL in stable patients, and
is indicated for massively bleeding or transfused
patients with fibrinogen 80 to 100 mg/dL.
Inadvertent transfusion of ABO incompatible blood
and transfusion-associated acute lung injury (TRALI)
are life-threatening, noninfectious hazards of blood
transfusion.
Noninfectious transfusion risk exceeds infectious
hazard by 100- to 1000-fold.
Transfusion-associated GVHD has high mortality
(.90%), but is extremely rare; irradiating blood com-
ponents can prevent this complication, but is not prac-
tical in the acute trauma setting.
Blood transfusion does not reduce mortality in stable
critically ill patients with Hb 8 to 10 g/dL (except for
a subset with coronary artery disease).
Blood collection in 1997 fell 12.6%, but the rate of trans-
fusion remained the same as in 1994.
In bleeding, otherwise healthy trauma patients,
cardiovascular compensation may be adequate to a
Hb as low as 5 g/dL. However, any further compen-
sation is inadequate with mortality 50% to 95% at
Hb ,3.5 g/dL.
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INTRODUCTION

The discovery of insulin by Banting and Best in 1922 was a
revolutionary breakthrough in the treatment and outcome
of patients with Type 1 diabetes mellitus, a previously
lethal disorder due to the development of ketoacidosis. In
the late 19th century, Claude Bernard described the associ-
ation of acute trauma with the occurrence of hyperglycemia,
which was considered to be an adaptive stress response
proceeding irrespective of underlying diabetes. In addition
to trauma, hyperglycemia also commonly develops during
other types of critical illness. Whereas hyperglycemia in
critical illness was treated conventionally only when blood
glucose levels became excessively elevated, the beneficial
effects of treating even moderate hyperglycemia in critically
ill patients have recently been established (1).

ALTERED GLUCOSE REGULATION IN TRAUMA AND
CRITICAL ILLNESS

The concept “stress diabetes” or “diabetes of injury” has
been in the literature for almost 150 years. The stress-
induced hyperglycemia, seen following severe trauma,
burns and critical illness results from the combined action
of hormonal, cytokine, and nervous “counter-regulatory”
signals on glucose metabolic pathways. In the acute
stage of the disease, both hepatic gluconeogenesis and glyco-
genolysis are enhanced in the critically ill patient. Hepatic
gluconeogenesis is assumed to be upregulated by increased
levels of glucagon (2), cortisol (3), and growth hormone.
Hepatic glycogenolysis is stimulated by the catecholamines
epinephrine and norepinephrine, which are released in
response to acute injury (4). In addition, both these hypergly-
cemic responses may be enhanced directly or indirectly by
the cytokines interleukin-1, interleukin-6, and tumor necro-
sis factor (5–7). The evolution of intensive care medicine
during the last three to four decades has fostered a dramatic
increase in the survival of patients under conditions of mul-
tiple trauma, extensive burns, and severe sepsis, among
others. Hence, patients now frequently enter a chronic
phase of critical illness (8). How maintenance of hyperglyce-
mia is regulated during protracted critical illness remains
less clear. In comparison to the acute phase, growth

hormone, cortisol, catecholamine, and cytokine levels are
usually decreased in the more chronic phase of critical
illness, but the changes in glucagon levels are not well docu-
mented (9,10). In addition to the increased synthesis of
glucose, its uptake mechanisms are also affected during criti-
cal illness. In the first place, the immobilization of the patient
leads to complete loss of the important exercise-stimulated
glucose uptake in skeletal muscle. In addition, the insulin-
stimulated glucose uptake by glucose transporter-4 (GLUT-
4) as well as glycogen synthase activity are inhibited,
together compromising the insulin-stimulated glucose
uptake (11,12). Conflicting data have been reported on
glucose oxidation through pyruvate produced in the glyco-
lytic pathway, with some studies showing decreased oxi-
dation rates (13), whereas the opposite effect was found by
others (14). However, the decrease in insulin-stimulated
glucose uptake in skeletal muscle and adipose tissue is com-
pletely offset by a massive increase in total body glucose
uptake, of which the mononuclear phagocyte system in
liver, spleen, and ileum is the main receiver (15). The
overall increased peripheral glucose uptake (16) in light
of hyperglycemia only underscores the pivotal role of
increased hepatic glucose production during critical illness,
which cannot be suppressed by exogenous glucose (17).
Under normal circumstances, hepatic synthesis of glucose
by gluconeogenesis and glycogenolysis is inhibited
by insulin. The combined picture of increased serum
insulin levels, impaired peripheral glucose uptake,
and elevated hepatic glucose production indicates the

development of insulin resistance during critical illness
(18).

HISTORICAL RATIONALE FOR HYPERGLYCEMIC
INTENSIVE CARE UNITMANAGEMENT

In normal individuals, blood glucose levels are tightly
regulated within the narrow range of 60–140 mg/dL
(3.3–7.7 mmol/L) both in fed and fasted states. According
to the definition given by the World Health Organization,
fasting and fed blood glucose levels rise to, respectively,
110 mg/dL (6.1 mmol/L) or higher and 147 mg/dL
(8.1 mmol/L) or higher in patients with diabetic hyper-
glycemia. The reported prevalence of hyperglycemia in

1075



critically ill patients ranges from 3% to 71% (19). This large
variation results from the divergent diagnostic criteria to
define hyperglycemia in critically ill patients, in contrast to
the clear guidelines set for diabetes mellitus. Until recently,
it was considered state of the art to tolerate blood glucose
levels up to 220 mg/dL (12 mmol/L) in fed critically ill
patients (20), and treatment of hyperglycemia was only
initiated when glucose levels exceeded this value. The
primary motivation for this treatment was the occurrence
of hyperglycemia-induced osmotic diuresis and fluid
shifts, once glycemia exceeds that threshold. Secondly, it
was known that uncontrolled and pronounced hyperglyce-
mia predisposes to infectious complications, as shown by
data regarding diabetic hyperglycemia (21,22). A third argu-
ment for tolerating glucose levels up to 220 mg/dL
(12 mmol/L) was found in the commonly accepted view
that moderate hyperglycemia in critically ill patients is “ben-
eficial” for organs such as the brain and the blood cells that
largely rely on glucose for their energy supply but do not
require insulin for glucose uptake. Finally, many clinicians
feared that tight glucose management might occasionally
cause hypoglycemia and brain injury; moderate hyperglyce-
mia was viewed as a buffer against this occurrence.

STRICT MAINTENANCE OF NORMOGLYCEMIA
DEMONSTRATEDTO IMPROVE OUTCOME IN
CRITICALLY ILL PATIENTS

Recently, the classical dogma that stress-induced hyper-
glycemia is beneficial to the critically ill patient has been
challenged by an extended prospective, randomized,
controlled clinical trial, studying the effects of strict glycemic
control on mortality and morbidity of these patients (1). A
total of 1548 mechanically ventilated patients who were
admitted to the ICU, predominantly after extensive or com-
plicated surgery or trauma, were enrolled in the study and
randomly subdivided into two groups. In the intensive
insulin therapy, group blood glucose levels were kept
tightly between 80–110 mg/dL (4.4–6.1 mmol/L) by
exogenous insulin infusion, while in the conventional treat-
ment group insulin was only administered if blood glucose
levels exceeded 220 mg/dL (12 mmol/L). Strict mainten-
ance of normoglycemia by intensive insulin therapy mark-
edly reduced intensive care mortality of critically ill

patients (Fig. 1), particularly in the patient population with
prolonged critical illness where mortality was reduced
from 20.2% to 10.6% (P ¼ 0.005). The superiority of inten-
sive insulin therapy was also demonstrated by the higher
mortality even of patients with only moderate hyperglyce-
mia of 110–150 mg/dL (6.1–8.3 mmol/L) in the convention-
al treatment group, compared to the patients receiving the
intensive insulin therapy and having blood glucose levels
below 110 mg/dL (6.1 mmol/L) (23). The extreme import-
ance of this observation is illustrated by the lack of any inter-
vention with such a pronounced beneficial effect on
intensive care mortality since the introduction of mechanical
ventilation. Intensive insulin therapy also improved several
morbidity-related factors, including a reduction in the need
for prolonged ventilatory support, the duration of intensive
care stay, and the number of blood transfusions. In addition,
a lower incidence of blood stream infections, extreme inflam-
mation and, even more strikingly, of acute renal failure and
critical illness polyneuropathy was observed. Insulin
therapy also protected the central and peripheral nervous

system from secondary insults and improved long-term reha-
bilitation of patients with isolated brain injury (24). Impor-
tantly, in a large randomized controlled trial, the Leuven
protocol of glycemic control in a predominantly surgical
patient population (1) was recently proven to be similarly
effective in a strictly medical ICU patient population (25).

In the intention-to-treat population of 1200 patients, in-
hospital mortality was reduced from 40.0% to 37.3%. The
difference did not reach statistical significance, but this was
not surprising as the study was not powered for this mortality
endpoint. However, in the target group of long-stay patients
needing at least a third day of intensive care, for which the
study had been powered based on the results of the surgical
study, tight glycemic control with insulin significantly
reduced in-hospital mortality from 52.5% to 43.0%. Morbidity
was significantly reduced in the intention-to-treat group of
patients receiving intensive insulin therapy. New develop-
ment of kidney injury occurred less frequently, the therapy
allowed earlier weaning from mechanical ventilation and
earlier discharge from the ICU and from the hospital, and
the patients less frequently developed hyperbilirubinemia.
The reduction in morbidity was even more striking in the
target group of patients remaining in ICU for at least a third
day. These patients were discharged from the hospital alive
on average 10 days earlier than on conventional insulin
therapy. In contrast to the surgical patients, there was no
difference in bacteremia or prolonged antibiotic therapy
requirement, but the number of long-stay patients with
hyperinflammation was also reduced.

An earlier observational study also largely confirmed
the clinical benefits of the surgical ICU trial (1) in “real
life” intensive care of a heterogeneous medical/surgical
population with glucose levels targeted below 7.8 mmol/L
with insulin (26). A small prospective, randomized,
controlled trial that aimed to control glucose levels
below 120 mg/dL (6.7 mmol/L) showed a decreased
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Figure 1 Kaplan–Meier cumulative survival plots for intensive

care and in-hospital survival, showing the effect of intensive

insulin treatment in a study of 1548 critically ill patients. Patients

discharged alive from intensive care (left panel) and hospital (right

panel ), respectively, were considered survivors. P-values were

obtained by log rank (Mantel-Cox) significance testing. The

difference between the intensive insulin group and the conven-

tional group was significant for intensive care survival (unadjusted

P ¼ 0.005; adjusted P , 0.04) and for hospital survival (unad-

justed P ¼ 0.01). Source: Reproduced, From Ref. 1.
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incidence of nosocomial infections in a predominantly
general surgical ICU patient population (27).

SPECIFIC MORBIDITIES ASSOCIATEDWITH
HYPERGLYCEMIA
Diabetic Patients Have Improved Outcomes with
Tight Glycemic Control
The question whether tight glycemic control is beneficial for
subjects with Type 1 diabetes was the subject of vigorous
debate until this issue was resolved in 1993 by the results of
the diabetes control and complications trial (DCCT). The
study demonstrated a highly significant decrease not only
of the progression rates of diabetic retinopathy, the most
prevalent complication in Type 1 diabetes, but also of the
development of nephropathy and peripheral and autonomic
neuropathy (28). Like for Type 1 diabetes, evidence for the
importance of tight glycemic control in patients with Type 2
diabetes was provided by a large clinical trial. In the late
1990s, the United Kingdom Prospective Diabetes Study
(UKPDS) showed that a 0.7% decrease in glycated hemo-
globin (HbA1c) lowered the incidence of retinopathy by
21%, microalbuminuria by 33%, cataracts by 24%, myocardial
infarction by 16%, and resulted in a nonsignificant 5%
decrease in the incidence of cerebrovascular accident (29). In
addition, a tendency toward a lower death-rate was observed
when blood glucose levels were tightly controlled. However,
neither the UKPDS nor the DCCTwas appropriately powered
to detect a significant decrease in diabetes-related mortality.

A history of diabetes strongly increases the risk for
fatal outcome following acute myocardial infarction (AMI).
More specifically, the risk of mortality is 1.5 to two times
higher in this patient group than in nondiabetic patients
(30). Moreover, in AMI patients without previously diag-
nosed diabetes, hyperglycemia on admission has been
associated with larger infarct size, a higher incidence of
cardiac failure, and decreased one-year survival (31). These
findings suggested that strict glycemic control might
improve the prognosis for diabetic patients with myocardial
infarction. This has been investigated by a number of
studies, of which the Diabetes and Insulin-Glucose infusion
in Acute Myocardial Infarction (DIGAMI) Study was the
largest and also covered the longest follow-up period (32).
In that study, diabetic patients admitted to the hospital
with an AMI were randomly assigned to standard treatment
(at the physician’s discretion), or to “intensive insulin
therapy.” The latter comprised an infusion of glucose and
insulin, started as soon as possible and continued for 48
hours. Thereafter, the intensive insulin therapy patients
were submitted to a “stricter” blood glucose control
regimen (below 215 mg/dL [12 mmol/L]) with subcu-
taneous insulin continued for at least three months after dis-
charge. Thirty day and long-term survival significantly
improved under the intensive insulin treatment (29% rela-
tive risk reduction at one year) (33,34) and also, the risk for
re-infarction and new cardiac failure was remarkably
reduced (35). An observational study of patients with dia-
betes undergoing cardiac surgery showed that elimination
of hyperglycemia with intravenous insulin infusion
lowered in-hospital mortality compared to the historical
control group and reduced the occurrence of deep sternal
wound infections and length of hospital stay (36).

A significant correlation between on-admission hyper-
glycemia and adverse outcome has also been demonstrated
for other clinical conditions. Thus, high blood glucose

levels were associated with increased mortality and poorer
neurological recovery after cerebrovascular ischemic
insults (37,38). Similarly, hyperglycemia predicted increased
morbidity and mortality after severe brain injury (39,40),
trauma (41,42), and severe burn injury (43), as well as in cri-
tically ill children with widely varying pathology (44). Retro-
spective analysis of a heterogeneous population of critically
ill patients revealed that even a modest degree of hyper-
glycemia was associated with substantially increased hospi-
tal mortality (45).

Although data from different studies appear contro-
versial, administration of insulin in a glucose-insulin-
potassium (GIK) regimen has shown to improve myocardial
function and to protect the myocardium during AMI, open
heart surgery, endotoxic shock, and other critical conditions
(46,47). Lack of glucose control might explain the contro-
versy surrounding GIK using different protocols (48–50).
Indeed, direct anti-apoptotic properties of insulin, indepen-
dent of glucose uptake and involving insulin signalling,
have been shown to play a role in the cardio-protective
action of insulin (46,51,52), but such effects may be counter-
acted by elevated levels of blood glucose (46). This is in line
with the lack of tight glucose control and the disappointing
results of the recent DIGAMI-2 trial in patients with diabetes
and AMI (48), and the large randomized CREATE-ECLA
trial on GIK infusion in patients with AMI (49). These
studies failed to show an effect of this intervention on survi-
val, cardiac arrest, and cardiogenic shock. Likewise, GIK
infusion for 24 hours after acute stroke failed to realize a sig-
nificant reduction in glycemia or mortality, as examined in
the glucose-insulin in stroke trial (GIST) (53).

Critical Illness^Associated Renal Failure: Role of
Hyperglycemia
The pathophysiology of diabetic and critical illness-
associated nephropathy is presumably different. While in
diabetic nephropathy the glomerulus is mainly affected, in
the critically ill renal failure mostly results from acute
tubular necrosis. Taking measures to prevent deterioration
of renal function in critically ill patients is of crucial import-
ance. This is illustrated by the lack of any therapeutic option
besides bridging time to spontaneous recovery by extracor-
poreal hemofiltration or dialysis, with the continuous
veno-venous mode being the preferred method for unstable
critically ill patients (54). These preventive strategies include
maintaining or optimizing renal perfusion, diligence with
monitoring of nephrotoxic therapies such as aminoglyco-
sides, and limiting the use of nonionic radiocontrast
materials. Intensive insulin therapy has emerged as a
specific preventive measure for acute renal failure in critical
illness, with the demonstration of a 42% reduction in the
number of patients that required extracorporeal replacement
therapy to compensate for loss of renal function (1).

Critical Illness^Associated Neuropathy: Role of
Hyperglycemia
In the diabetic patient, distal sensory neuropathy with the
classic stocking distribution is the most frequent presen-
tation of neuropathies (55). Protracted critically ill patients
often suffer from a diffuse axonal polyneuropathy (56),
which presents as a tetraparesis with muscle atrophy, but
requires confirmation by electromyography (EMG).
Although the course of critical illness neuropathy usually
is self-limited and a good recovery should be expected
once the underlying critical illness is overcome, it severely
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delays weaning from the ventilator and mobilization of the
patient (57). Several factors, including sepsis, the use of
high dose corticosteroids, and the use of neuromuscular
blocking agents, have been implicated in the etiology of criti-
cal illness polyneuropathy (see Volume 2, Chapter 6).
However, the exact pathogenesis of critical illness poly-
neuropathy is still not understood (58). This lack of
knowledge for a long time hampered specific prevention
of, or treatment for, this complication.

However, strong indications recently became
available that underscore the importance of blood glucose

levels in relation to the development of critical illness poly-
neuropathy. In that regard, Bolton described a strong link
between, on one hand, the risk of critical illness polyneuropa-
thy and, on the other hand, increased blood glucose and
decreased serum albumin levels, which are both metabolic
manifestations of multiple organ failure and sepsis. Sepsis,
and the accompanying release of cytokines, was considered
to be the causal factor (59). Cytokines may indeed induce
microangiopathy, which may play a role, as in diabetic poly-
neuropathy. In addition, the Leuven study on intensive
insulin therapy in the ICU convincingly demonstrated that
strict glycemic control with insulin infusion has an important
preventive effect on the occurrence of critical illness polyneuro-
pathy, which was associated with a decrease in duration of
mechanical ventilation of protracted critically ill patients (1).

Infectious Disease/Immune System Impairment
by Hyperglycemia
It has long been known that hyperglycemia of diabetes
predisposes to infection (21). Several mechanisms could
account for this phenomenon. Hyperglycemia inhibits
the release of interleukin-1 by macrophages and oxygen

radicals by neutrophils (60). In addition, phagocytosis by
macrophages is impaired under hyperglycemic conditions
(61,62). Importantly, tight glycemic control was able to
ameliorate the leukocyte oxidative burst and phagocytotic
activity (63,64). In diabetic critically ill patients, such as
those after open-heart surgery, an association between
higher risk of infectious complications (65), and blood
glucose levels higher than 200 mg/dL (11 mmol/L) has
been documented. A follow-up study demonstrated that
continuous intravenous insulin infusion reduced the inci-
dence of postcardiac surgery deep sternal wounds (0.8%
vs. 2% for subcutaneous insulin injections) (66). Also in
patients with severe burn injuries, failure of skin graft take
and outcome seemed to be related to uncontrolled hypergly-
cemia (43). Again, the causal link between hyperglycemia
and higher risk of serious infections, regardless of a previous
history of diabetes, was provided only recently by the
Leuven insulin in ICU study (1). Indeed, the incidence of
bacteremia was reduced by almost 50% and sepsis-
associated mortality was largely prevented when critically
ill patients were intensively treated with exogenous insulin
to maintain normoglycemia. Hence, these observations
suggest that insulin-titrated blood glucose control enhances
the immune system. Improved capacity to clear bacterial
invaders was recently shown to mediate this benefit in a
novel rabbit model of prolonged critical illness (67,68).

Lipid MetabolismçImpairment by Critical Illness
and Hyperglycemia
Parallel to what is observed in diabetic patients (69), lipid
metabolism is severely disturbed during critical illness, in
addition to the presence of abnormally high glucose levels

(70–72). The most characteristic abnormalities are elevated
triglyceride levels, due to an increase in very-low-density
lipoprotein (VLDL) and low circulating high-density lipo-
protein (HDL) cholesterol (73). The levels of low-density
lipoprotein (LDL) cholesterol are also decreased (73), but
this is offset by an increase in circulating small dense LDL
particles (74) that presumably are more proatherogenic
than the medium and large LDL particles (75). The
derangement in serum lipid profiles seen during critical
illness is partially counteracted by intensive insulin
therapy; specifically, the hypertriglyceridemia is completely

eliminated, and serum levels of HDL and LDL are substan-
tially increased, though not fully normalized (76). The
role of triglycerides in energy provision and the coordinating
position of the lipoproteins in transportation of lipid
components (cholesterol, triglycerides, phospholipids,
lipid-soluble vitamins) are well established (77). In addition,
lipoproteins have recently been shown to possess endotoxin-
scavenging potential, and in that way are able to prevent
death in animal models (78,79). For that reason, intensive
insulin therapy may improve the overall endotoxin scaven-
ging function. Considering these data, intensive insulin
therapy would be a more integrated approach to correct
the abnormal serum lipid profile when compared to the
proposed infusions of lipoproteins (73,80). This was indeed
demonstrated by the multivariate logistic regression analysis
in which the improvement of the deranged lipidemia
explained a significant part of its beneficial effect on mor-
tality and organ failure and, surprisingly, surpassed the
effect of glycemic control and insulin dose. Likewise, the
effect of intensive insulin therapy on inflammation, reflected
by a lowering of the serum C-reactive protein (CRP) concen-
trations (81), was no longer independently related to the
outcome benefit when the changes in lipid metabolism
were taken into account. In that way, a link may be put
forward between the anti-inflammatory effect of intensive
insulin therapy and its amelioration of the lipid profile.
However, a mechanistic explanation for the dominant
effect of serum lipid correction still needs to be delineated.

Inflammation, Endothelium, and Coagulation Effects
of Critical Illness and Insulin
Critical illness also resembles diabetes mellitus in the
activation of the inflammatory cascade. Here too, intensive
insulin therapy has been proved beneficial, as it prevented
excessive inflammation in critically ill patients subjected to
this treatment (1,81), a finding that was confirmed in an
experimental rabbit model of prolonged critical illness (68).

Although the anti-inflammatory effect of insulin has
clearly been established, the exact underlying mechanisms

have not yet elucidated been (82). However, several
factors can be considered, such as suppression of the
secretion and antagonism of the harmful actions of tumor
necrosis factor-a (83,84), macrophage migration-inhibitory
factor (85), and superoxide (86).

As in patients with diabetes mellitus, endothelial
dysfunction is present in critically ill patients (87–91). Impor-
tantly, maintaining normoglycemia with intensive insulin
therapy protected the endothelium, likely in part via inhi-
bition of excessive inducible nitric oxide syntharse (iNOS)-
induced nitric oxide release and hereby contributed to pre-
vention of organ failure and death with this intervention (92).

Furthermore, diabetes mellitus and critical illness both
are hyper-coagulable states (93,94). Putative causes in dia-
betes include vascular endothelium dysfunction (95),

1078 Mesotten et al.



increased blood levels of several clotting factors (96,97),
elevated platelet activation (98,99), and inhibition of the
fibrinolytic system (97). Levels of the anticoagulant protein
C are also decreased (100). Considering the similarities
with critical illness (101,102) and the powerful preventive
effect of intensive insulin therapy on septicemia, multiple
organ failure, and mortality (1), investigating the influence
of this simple and cheap metabolic intervention on the
balance between coagulation and fibrinolysis in the critically
ill is strongly recommended.

HYPER-, NORMO-, OR HYPOCALORIC NUTRITION?

When hypercaloric nutrition (35–40 kcal/kg) is adminis-
tered to critically ill patients, this “hyperalimentation”
leads to a higher incidence of infections and severe metabolic
complications, ranging from hyperglycemia, hypertriglyceri-
demia, and azotemia to hepatic steatosis, fat-overload
syndrome, and hypertonic dehydration (103,104). Now-
adays, serious complications of feeding have been drasti-
cally reduced thanks to the introduction of more accurate
means to estimate energy expenditure and a cautious
approach toward obese or highly oedematous patients.

McCowen et al. (105) compared the efficacy of hypoca-
loric total parenteral nutrition (TPN) feeding (14 kcal/kg)
with a standard weight-based regimen (18 kcal/kg) in relation
to the occurrence of hyperglycemia or infections. Surpris-
ingly, hypocaloric nutrition did not lower these parameters.
In fact, caloric restriction only seems to be effective in conjunc-
tion with a hyperproteinic approach (about 1.8 g protein per
kg ideal body weight (IBW), compared to 1.2 g/kg IBW)
(106). Similar results were obtained with a hypocaloric par-
enteral regimen with 2 g protein/kg IBW in patients with
morbid obesity (107). However, a clear-cut benefit of hypoca-
loric over normocaloric nutrition was not consistently
present. This might be attributed to the ineffectiveness of
hypocaloric nutrition to lower blood glucose levels.

In view of the described morbidities associated with
hyperglycemia, the importance of glycemic control is becom-
ing increasingly clear. As indicated, hypercaloric feeding in
combination with insulin infusion (GIK) should simul-
taneously target normoglycemia, in order to result in clinical
benefits for the patients (see section “Specific Morbidities
associated with Hyperglycemia”).

Recently, interest in preoperative carbohydrate loading
has been rekindled through the studies of Ljungqvist et al.
which revealed that carbohydrate treatment instead of over-
night fasting before surgery reduces postoperative insulin
resistance and length of hospital stay (108).

INTENSIVE INSULIN THERAPYMETHOD:TARGET
GLUCOSE<110MG/DL FOR ALL CRITICALLY ILL PATIENTS

Since the effect of intensive insulin therapy on morbidity and
mortality of critically ill patients was equally present among
those with and without previously diagnosed diabetes (1),
the authors believe that strict normoglycemia below
110 mg/dL (6.1 mmol/L) should be the therapeutic goal,
irrespective of diabetic condition. The best way to
achieve blood glucose control during intensive care is by

continuous insulin infusion for both diabetic and nondiabetic

critically ill patients. In addition, oral antidiabetic agents

should be discontinued during critical illness.
Nutrition of critically ill patients, either with enteral

nutrition, TPN or with a combination of parenteral and
enteral feeding, is typically administered as a continuous
process. Consequently, it is intuitive that insulin should be
administered in a continuous way as well. In addition, intra-
venous administration is more reliable and consistent than
subcutaneous injections. Titrating of a continuous insulin
infusion is preferred to sliding scales as the former not
only provides a baseline insulin level but also can be more
easily and precisely titrated in response to the actual blood
glucose levels. Because of its short intravenous half-life,
insulin administration via infusion also allows rapid
cessation of insulin action in case the patient develops
hypoglycemia.

This risk of hypoglycemia is a major concern on
intensive insulin therapy during critical illness. Clinical
symptoms of the autonomic response (sweating, tachycar-
dia, tremor) and central nervous symptoms like dizziness,
blurred vision, altered mental acuity, confusion, and
eventually convulsions may be masked by concomitant dis-
eases and by inherent intensive care treatments such as
sedation, analgesia, and mechanical ventilation. Severe
(,30 mg/dL) (,1.67 mmol/L) or prolonged hypoglycemia
can lead to irreversible brain damage. Another insidious
complication of hypoglycemia is the induction of cardiac
dysrhythmias ranging from abnormal QT-intervals (109)
and sinus bradycardias (110) to ventricular tachycar-
dias (111).

Measures taken to prevent hypoglycemia in the criti-
cally ill are the administration of insulin together with carbo-
hydrates, either intravenous dextrose or tube feeds, and
close monitoring of blood glucose levels. Specifically in the
Leuven insulin in ICU study (1), blood glucose levels were
measured every one or two hours during the first 12–24
hours after the patient’s admission to the ICU. Once the tar-
geted blood glucose level was reached on a stable insulin
dose, measurements were scaled down to every four
hours. In case hypoglycemia did develop, this usually took
place after the first week of ICU stay, at a time when blood
glucose levels were stable. The precipitating factor of this
complication was often found in inadequate insulin dose
reduction during interruption of enteral feeding. Clearly,
the hazard of hypoglycemia warrants a strict and detailed
insulin titration protocol, combined with sufficient training
of the nursing and medical staff.

EYE TOTHE FUTURE

Future studies will help elucidate whether the beneficial
effects of intensive insulin therapy during critical illness (1)
derive from the maintenance of normoglycemia or rather
result directly from the insulin infusion itself. There are
data supporting the notion that both effects provide benefit
(23,112,113).

Insulin may have played a direct role in the functional
improvement of the insulin-sensitive organs. In a normal
individual, the heart and skeletal muscles are responsible
for the majority of the insulin-stimulated glucose uptake.
In addition, muscle catabolism is aggravated in hyper-
glycemic conditions. This could partially explain the
beneficial effects of intensive insulin therapy on duration
of mechanical ventilation of the critically ill patients in the
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intensive insulin therapy trial. At the molecular level, the
higher steady-state mRNA levels of GLUT-4 and hexokinase
II (HXK-II) found in skeletal muscle after intensive insulin
therapy suggests that peripheral glucose uptake is stimu-
lated in these patients, in comparison to the conventional
treatment group (76).

The liver, the major site for gluconeogenesis, is another
important insulin-sensitive organ that could be involved in
the improved outcome of the patients intensively treated
with insulin. However, a recent study showed that serum
and gene expression levels of insulin-like growth factor
binding protein-1 (IGFBP-1) and gene expression levels of
phosphoenolpyruvate carboxykinase (PEPCK), the rate-
limiting enzyme in the gluconeogenesis, are not regulated
by insulin in critically ill patients. This may indicate that
controlling gluconeogenesis was not the major factor in the
normalization of blood glucose levels with exogenous
insulin in the critically ill (114), although true glucose
kinetics can only be estimated by glucose turn-over studies.

Nevertheless, such a study, using a well-designed
canine model of critical illness, recently endorsed our
findings to a great extent (115). After induction of a sublethal
hypermetabolic infection in the dogs, hepatic glucose uptake
was decreased and unresponsive to insulin administration.
In contrast, peripheral glucose uptake did respond to
insulin infusion. Contrary to our findings, insulin therapy
suppressed hepatic glucose production. This occurred
apparently by inhibition of glycogenolysis rather than
diminished hepatic uptake of gluconeogenic amino acids
and gluconeogenesis. The lack of insulin responsiveness in
liver suggests that beneficial effects of insulin therapy in
the this organ are mediated by avoiding hyperglycemia.
In this regard, we recently demonstrated a protective effect
of intensive insulin therapy on hepatocytic mitochondria of
critically ill patients, where no effect was seen on the mito-
chondrial compartment in skeletal muscle (116). The tissue-
specific effect combined with different glucose uptake mech-
anisms in these tissues is consistent with the direct effect of
avoiding glucose toxicity on the hepatocytic mitochondria
rather than of insulin.

Another major insulin-responsive organ is the adipose
tissue. The increased serum free fatty acid and triglyceride
levels present during critical illness and the relative accretion
of adipose tissue as compared with lean body mass (muscle
and bone tissue) with feeding in the protracted critically
ill patient both point to a deranged lipid metabolism. This
imbalance in serum lipids was partially restored by intensive
insulin therapy, which significantly contributed to the
reduced ICU mortality. However, its direct effects on
the adipocytes remain to be investigated (76).

On the other hand, Finney et al. (117) recently pub-
lished results showing that increased insulin administration
is positively associated with death in the ICU regardless of
the prevailing blood glucose level. Although this was an
observational study mainly confirming the association of
insulin resistance and risk of death, the data are in line
with the previous interpretation (23) that metabolic control,
rather than the absolute amount of exogenous insulin,
explains the mortality benefit associated with intensive
insulin therapy demonstrated by others in a randomized
study (1).

Intensive insulin therapy is beneficial to kidney func-
tion and also decreases the incidence of critical illness
polyneuropathy. This may in part be explained by mainte-
nance of normoglycemia, as both organs are supposedly, at
least in part, insulin-insensitive. Here, although on a totally

different time scale, a parallel with Type 2 diabetes emerges.
Long-term studies have indeed demonstrated that meticulous
blood glucose control reduces the incidence and the severity
of diabetic nephropathy—and the onset of diabetic neuropa-
thy, and that “glucose-toxicity” may be the underlying mech-
anism. However, the rapid onset of critical illness
polyneuropathy and of acute renal failure suggest that
other factors, which predispose the critically ill to the toxic
effects of hyperglycemia on neurons and kidneys, must
play a role.

In a similar fashion, avoiding hyperglycemia may be
important for prevention of bloodstream infections. The sup-
pression of the immune system conceivably results in
increased risk of postoperative infections, as discussed pre-
cedingly. However, the exact underlying mechanisms of
the clinical benefits of intensive insulin therapy in critically
ill patients remain incompletely understood at this stage
(112,113).

Other areas of intensive insulin therapy that have been
studied with direct relevance to the critically ill trauma
patient are those who undergo cardiopulmonary bypass
(CPB) for myocardial revascularization, as numerous
stresses in trauma critical illness can lead to myocardial
ischemia. It is already known that hyperglycemia is an
independent risk factor for perioperative morbidity and
mortality in both diabetic and nondiabetic patients under-
going CPB (118).

In a recent prospective trial, 280 nondiabetic adult
patients undergoing first-time coronary artery bypass graft-
ing at a single university hospital were randomized to
receive GIK infusion or placebo (dextrose 5%) before,
during, and for six hours after surgical intervention (119).
The GIK group experienced higher cardiac indices
(P , 0.001) throughout infusion, but also a decreased sys-
temic vascular resistance (thus, the effect on contractility is
unclear). However, of particular note is that the incidence
of low cardiac output episodes was 16% (22/138) in the
GIK group and 28% (39/142) in the placebo group
(P ¼ 0.021). Furthermore, inotropes were required in only
18.8% (26/138) of the GIK and 40.8% (58/142) of the
placebo group (P , 0.001). Of greatest interest to the general
trauma critical care population, patients in the GIK group
had approximately half the rate of significant perioperative
myocardial injury (16/133) versus the placebo group (32/
137) (P ¼ 0.017) (119).

Additional clinical and laboratory studies are required
to explain the underlying molecular basis for these
improved outcomes associated with aggressive insulin
administration and tight blood glucose control. In addition,
the benefit of aggressive insulin and tight glucose during
the initial prehospital and resuscitation stages is yet to be
determined.

Finally, finding the best method for maintaining tight
glucose control while avoiding episodes of hypoglycema
remains an important goal. Ultimately, computerized algor-
ithms will likely perform better than insulin sliding scales
administered by the bedside nurse, who can be occupied
with other important patient care duties (120).

SUMMARY

In summary, hyperglycemia is a well-known accompani-
ment of trauma, burns, and critical illness resulting from
the combined action of “counter-regulatory” hormones,
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cytokines, and nervous signals on glucose metabolic path-
ways. In addition, insulin resistance develops during critical
illness, and is manifested by increased serum insulin levels,
impaired peripheral glucose uptake, and elevated hepatic
glucose production (18).

Recently, Van den Berghe, et al. (1) demonstrated that
strict maintenance of normoglycemia by intensive insulin
therapy markedly reduces mortality of ICU patients, par-
ticularly those with prolonged critical illness (mortality
was reduced by half). Furthermore, the intensive insulin
therapy was protective against acute renal failure, with a
42% reduction in dialytic therapy for loss of renal function
(1). They also documented a decrease in the development
of critical illness polyneuropathy.

Hyperglycemia has also been shown to impair immu-
nity, and is known to inhibit the release of interleukin-1 by
macrophages and oxygen radicals by neutrophils (60), and
to impair phagocytosis by the macrophages (61,62). Hyper-
glycemia is also associated with a deranged serum lipid
profile of critically ill patients. This can be partially counter-
acted by intensive insulin therapy, totally eliminating hyper-
triglyceridemia and substantially increasing the serum levels
of HDL and LDL (76). Insulin is also known to have an
anti-inflammatory effect; however, the exact mechanism
has yet to be elucidated (82).

The authors believe blood glucose should be tightly
controlled between 80 and 110 mg/dL, by continuous
insulin infusion for both diabetic and nondiabetic critically
ill patients. Blood sugars should be measured every one
hour until stable, then weaned to sampling every four
hours. Although most agree that continuous insulin infusion
is superior to intermittent subcutaneous dosing, the perfect
method for titrating of the insulin therapy may involve com-
puterized protocols (120). Ultimately, bedside testing
coupled with servo-controlled insulin administration
devices coordinated by computer derived protocols will
likely be utilized in the near future.

Caution must be observed when infusing intravenous
insulin to eliminate the possibility of hypoglycemic compli-
cations. In particular, insulin must be weaned down or off
whenever discontinuing enteral nutrition or peripheral
glucose-containing solutions. In addition, oral anti-diabetic
agents should be discontinued during critical illness.

KEY POINTS

The stress-induced hyperglycemia, seen following
severe trauma, burns, and critical illness results from
the combined action of hormonal, cytokine, and
nervous “counter-regulatory” signals on glucose meta-
bolic pathways.
The combined picture of increased serum insulin levels,
impaired peripheral glucose uptake, and elevated
hepatic glucose production indicates the development
of insulin resistance during critical illness (18).
Strict maintenance of normoglycemia by intensive
insulin therapy markedly reduced intensive care
mortality of critically ill patients (Fig. 1), particularly in
the patient population with prolonged critical illness
where mortality was reduced from 20.2% to 10.6%
(P ¼ 0.005).
Intensive insulin therapy has emerged as a specific pre-
ventive measure for acute renal failure in critical illness,
with the demonstration of a 42% reduction in the
number of patients that required extracorporeal

replacement therapy to compensate for loss of renal
function (1).
Strong indications recently became available that
underscore the importance of blood glucose levels in
relation to the development of critical illness poly-
neuropathy.
Hyperglycemia inhibits the release of interleukin-1 by
macrophages and oxygen radicals by neutrophils (60).
In addition, phagocytosis by macrophages is impaired
under hyperglycaemic conditions (61,62).
The derangement in serum lipid profiles seen during
critical illness is partially counteracted by intensive
insulin therapy; specifically, hypertriglyceridemia is
completely eliminated, and serum levels of HDL and
LDL are substantially increased, though not fully
normalized (76).
Although the anti-inflammatory effect of insulin has
clearly been established, the exact underlying mechan-
isms have not yet been elucidated (82).
The best way to achieve blood glucose control for both
diabetic and nondiabetic critically ill patients. during
intensive care is by continuous insulin infusion. In
addition, oral anti-diabetic agents should be discont-
inued during critical illness.
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INTRODUCTION

Most patients in intensive care units (ICU) with thyroid or
parathyroid disorders do not have an endocrine abnormality
as their primary problem. Indeed, most endocrine hormonal
derangements observed in the ICU may be attributed to
primary, nonendocrine illness(es) that promote a secondary
adaptation in hormonal levels. The converse is also true;
primary endocrine problems modulate a patient’s response
to nonendocrine illness. Trauma, in particular, is a global dis-
order, and the clinical course of individuals recovering from
trauma is directly related to their pretraumatic state. Because
the endocrine system plays such an important role in a
patient’s premorbid homeostasis, endocrine dysfunction
places the trauma victim at greater risk for morbidity
and mortality.

Usually the status of the endocrine system is assessed
by measurement of hormone levels. In critical illness,
however, these levels are frequently deranged as the endo-
crine system undergoes an adaptive response to reestablish
homeostasis. Thus, a primary objective of this chapter is to
provide guidance for determining whether abnormal
thyroid or parathyroid hormone levels occur as a result of
primary endocrine disorders or due to adaptive responses
of the endocrine system to nonendocrine illness.

The endocrine system is made up of glands that
produce and secrete hormones, which are transported by
the bloodstream to act on specific target organs. These hor-
mones are usually measured while in transit in the sys-
temic circulation, where their levels are influenced, and
are indicative of disordered physiological states. Serum
levels of these hormones can be used for diagnosing both
endocrine and nonendocrine illness. Either administration
or blockade of these hormones may be used for therapeutic
purposes. The thyroid and the parathyroid glands are
representative of the endocrine system insofar as their
hormone products have been used for both diagnosis and
therapy. This chapter will first address problems related
to thyroid dysfunction in the ICU (Section II) and then
review the clinical manifestations of parathyroid dysfunc-
tion in critically ill patients (Section III). Future directions
in the diagnosis and treatment of thyroid and parathyroid
disorders are discussed in Section IV. Key points and
important concepts presented in this chapter are summar-
ized in Section V.

THYROID DYSFUNCTION IN THE ICU

Thyroid disorders in critically ill patients may present as
“euthyroid sick syndrome,” as myxedema in patients
with pre-existing hypothyroidism, or as thyrotoxicosis in
patients with pre-existing hyperthyroid states. The signs
and symptoms of all three conditions are easy to confuse
with the signs of other systemic illnesses. Thus, it is
important to ascertain each patient’s premorbid thyroid
state and to understand the perturbations that the
thyroid axis causes to patients with severe illness, if these
thyroid disorders are going to be properly diagnosed
and managed.

Anatomy and Physiology of the Thyroid Gland
Anatomy
The thyroid gland is a 15 to 20 gm, bilobed gland that lies
directly anterior to the tracheal rings and cephalad to the
thyroid cartilage. This position has clinical relevance
insofar as thyroid enlargement may cause embarrassment
to the aerodigestive tract and block emergent access to the
trachea. The blood supply to the thyroid is abundant with
paired inferior thyroid arteries, paired upper thyroid
arteries, and occasionally a central thyroidea in an artery.
The vascularity of the gland, plus its location adjacent to
the parathyroid glands and next to the paired recurrent lar-
yngeal nerves and paired superior laryngeal nerves (nerves
of Galli-Curci), make surgical approaches to the gland chal-
lenging. The thyroid parenchyma is comprised mainly of fol-
licular cells, which are arranged in acini and are responsible
for the secretion of thyroid hormone. The less abundant par-
afollicular cells (C cells) are neuroendocrine cells, which are
part of the APUD system (amine containing, precursor
uptake, and decarboxylase). These cells secrete calcitonin
(1), whose precursor molecule, procalcitonin, has recently
been recognized as an important marker for a number of
inflammatory states, often seen in critically ill patients
(e.g., sepsis (1), pancreatitis (2), pneumonitis (3), smoke
inhalation (4), and heat stroke (5).

The production, storage, and secretion of thyroid
hormone (Fig. 1) are the most important functions of the
thyroid gland (the designation of thyroid hormone in this
section will refer to thyroxine and triiodothyronine rather
than calcitonin). This is accomplished by concentrating
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plasma iodide in the gland via a specific and rate-limiting,
ATP-dependent, sodium-iodide symporter protein, which
can also transport monovalent anions and chemicals such
as lithium. Following transport, the iodine is stored in thyr-
oglobulin. Organification, performed by the enzyme thyroid
peroxidase, occurs by iodinating tyrosine molecules to
make monoiodotyrosine (MIT) and diiodotyrosine (DIT),
and then combining these molecules to make the physio-
logically active hormones, triiodothyronine (T3), and thyr-
oxine (T4). This entire process is stimulated by the
pituitary peptide, thyrotropin, or thyroid-stimulating
hormone (TSH). The hormonally active T3 and T4 are
stored in the thyroid gland, bound to thyroglobulin and,
in this state, form intrafollicular colloid. Thyroxine, the
prohormone, is the predominately released species upon
TSH stimulation; most of the triiodothyronine, the bioactive

hormone, is produced by extrathyroidal conversion. The
thyroid stores an enormous amount of thyroid hormone in
colloid and can maintain a euthyroid state for several
months without synthesis.

The mechanisms and regulations of thyroid secre-
tion are complex, with the cerebral cortex stimulating
thyrotropin-releasing hormone (TRH) from the hypothala-
mus, which in turn stimulates TSH release from the anterior
pituitary. The feedback loops are both positive and negative,
resulting in a very carefully regulated secretion of thyroid
hormone from the thyroid gland (Fig. 2). The levels of
iodide in the blood also influence the production of
thyroid hormone; an important fact to keep in mind in

critically ill patients who may be administered medications
high in iodine (e.g., amiodarone).

Figure 1 A diagram detailing the iodine cycle. Iodine from the gastrointestinal tract is trapped in the thyroid where it is bound to tyrosine to

form either monoiodothyrosine (MIT) or diiodothyrosine (DIT). MIT and DIT are then coupled to form triiodothyronine (T3) or thyroxine

(T4). Some T4 is deiodinated outside of the gland to form T3, the more active hormone. After T3 and T4 are utilized, they are deiodinated and

the iodine is returned to the plasma where it is recycled.

Figure 2 The mechanism of thyroid hormone regulation. The

unbound fraction of thyroxine (T4) in the blood influences the

secretion of thyroid stimulating hormone from the pituitary using a

negative feedback mechanism. Although the control of thyroid

releasing hormone secretion from the hypothalamus is unknown, it

may also be subject to the same negative feedback mechanism by

unbound T4 levels.
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Metabolic Effects
The metabolic effects of thyroid hormone are considerable
and affect most tissues in the body. In general, thyroid
hormone promotes growth and maturation by increasing
protein turnover, oxygen consumption, heat production,
and oxidative phosphorylation. These anabolic functions,
however, are of secondary importance during stress when
most bodily functions are focused on responding to injury-
related problems such as inflammation, hypotension, or
shock. For this reason, the decreased level of thyroid
hormone during stress may be a teleologically programmed
adaptive response. Levels of thyroid hormone should not

necessarily be normalized during critical illness.

Pharmacology
Medications commonly used to treat hyperthyroidism block
the synthesis of thyroid hormone, its release from the
thyroid, or its peripheral conversion. Other medications
used for hyperthyroidism treat the symptoms (Table 1).

As noted above, iodide (and its oxidized form iodine)
influence the production of thyroid hormone. Small amounts
increase the production of hormone while larger, phar-
macological doses (e.g., potassium iodide or Lugol’s sol-
ution) decrease the release of active hormone from the
thyroid gland and can be used to treat thyrotoxicosis.
This biphasic response to iodide is important insofar as
iodide administration can precipitate either hyperthyroidism
or hypothyroidism.

There are multiple antithyroid medications. Potassium
perchlorate interferes with the uptake of iodine by the
thyroid, although it is used less often than the thionamides
due to its unacceptable side effects. The thionamide deriva-
tives propylthiouracil (PTU) and methyl-mercapto-
imidazole (MMI) prevent oxidation of iodide to iodine and
block the synthesis of the hormone. PTU also interferes
with the peripheral conversion of T4 to T3, an important dis-
tinction between the two drugs. Lithium carbonate is a
second-line antithyroid drug that decreases thyroidal
secretion. Although lithium is not often used therapeutically
for hyperthyroidism, its effect on thyroid hormone should
be kept in mind when it is being used for nonthyroidal
illnesses (discussed below). Beta-adrenergic blockers (e.g.,

propranolol) and, less commonly, alpha-adrenergic blockers
(e.g., reserpine) are used to control the symptoms of thyro-
toxicosis while waiting for other drugs to decrease
hormone levels or for rapid control of symptoms prior to
surgery.

Studies of Thyroid Function
Thyroid Function Tests
Thyroid function tests measure serum levels of T4, T3, and
TSH (Table 2). As previously mentioned, T4 is considered
a prohormone of T3. Although it is less potent, there is
usually more T4 than T3 present. There are important circu-
lating thyroid binding proteins, which can alter the
measured total T4 or T3 levels. Many problems seen in
the ICU cause either increased or decreased binding of
thyroid hormone to its binding proteins, which may make

the total hormone levels abnormal while the free, active
hormone levels are normal or vice versa. Most labora-
tories now use two-step analog methods to establish the
free (unbound) and hormonally active fraction of T4,
thereby avoiding but not eliminating prior methods of
protein binding. The more accurate equilibrium dialysis
method of measuring the free T4 is cumbersome but more
precise (6).

Due to the negative feedback by T4 on TSH, measure-
ments of TSH have become the most useful tests in diagnos-
ing hyper- and hypo-thyroid states as well as determining
whether T4 administration is sufficient for suppression.
Two-site noncompetitive immunometric monoclonal assays
for TSH have now reached third-generation capability; i.e.,
the functional sensitivity is 0.01–0.02 mU/mL which can
reliably separate euthyroid conditions from hyperthyroid-
ism and subclinical hyperthyroidism, as well as nonthyroi-
dal illness (NTI). This refinement in TSH measurement has
resulted in this test becoming the initial and often the
sole test to evaluate all thyroid abnormalities. Note,
however, that the TSH test is not accurate in patients
with pituitary insufficiency, due to either the pituitary path-
ology or the concurrent use of dopamine, dobutamine, or
glucocorticoids.

Table 1 Drugs Used to Treat Hyperthyroidism and the Steps Blocked

Step blocked TH synthesis

Thyroid

secretion

Peripheral

conversion of T4

to T3 Symptoms

Drugs used

(dose,

route, interval)

PTUa

(100–150 mg, po,

tid, acutely)

MMIb

(10–15 mg/day, po,

tid, acutely)

Potassium perchlorate

(0.6–1 g, po, qd)

Iodidesc

(5 drops Lugols, po,

qd) Ipodate sodium

(0.5 g, po, qd)

Lithium

(300 mg, po, tid)

Corticosteroids (see next

column)

PTUa

(100–300 mg, po, tid)

Beta blockers

(see next column)

Ipodate sodium

(0.5 g, po, qd)

Lithium

(300 mg, po, tid)

Corticosteroids (see next

column)

Beta-blockers

(e.g., propanalol,

10–80 mg, po qid or

1–2 mg, q15 min, iv)

Alpha-blockers

(e.g., reserpine or

guanethidine for

gradual control)

Corticosteroids

(e.g., hydrocortisone,

100–500 mg, iv, bid)

a100–200 mg/day for maintenance.
b5–15 mg/day for maintenance.
cIn thyroid storm a loading dose of PTU or MMI should be given before iodides are started.

Abbreviations: PTU, polythiouracil; MMI, mercapto-imidazole; po, by mouth; qd, once a day; tid, three times a day; qid, four times a day.
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Radioiodine
Radioactive isotopes (I131, I123, technetium99) given orally or
intravenously are concentrated in the thyroid and read by a
gamma camera. Small amounts of these radioisotopes are
used as tests to assess the function of the gland or localize
ectopic thyroid tissue (e.g., thyroid cancer metastases),
while administration of higher amounts of radioactivity
can be used to ablate thyroid tissue. Although this is not a
modality commonly used in the ICUs, patients who have
been treated with radioactive iodine should be evaluated
carefully for hypothyroidism.

Drugs that Interfere with Thyroid Studies
Patients in intensive care units often receive multiple medi-
cations. These medications may interfere with thyroid func-
tion itself, measurement of thyroid hormone, peripheral
conversion of T4 to T3, or measurement of TSH. Drugs com-
monly used in the ICU that affect thyroid hormone status are
shown on Table 3. In addition, phenytoin and carbameza-
pine both increase T4 metabolism and decrease T4 binding.
Certain nonsteroidal anti-inflammatory drugs (and aspirin)
displace T4 from binding proteins. Furosemide, at high
doses used in renal insufficiency, lowers T4 levels. Several
medications, such as dobutamine, dopamine, and glucocor-
ticoids, decrease TSH levels, whereas propanolol and other
b-blockers decrease the peripheral conversion of T4 to T3
(and are therapeutically useful in managing thyroid
storm). These many drug interactions must be kept in
mind when interpreting thyroid function tests in critically
ill patients. Other commonly used medications, which
affect thyroid function, are listed on Table 3.

Hypothyroid Disorders in Critically Ill Patients
Hypothyroidism is clinically expressed as lack of energy,
intolerance to cold, weight gain, lethargy, dry skin, and
prolongation of the relaxation phase of deep tendon reflexes
(Table 4). When these symptoms are present and TSH levels
are elevated (i.e., .20 mU/mL), the diagnosis is easy to
make. When subclinical hypothyroidism exists, there are
scant signs and symptoms, the free T4 level is normal, and
the TSH is mildly elevated but usually less than 20 mU/mL.
When overt hypothyroidism is recognized, it is easily treated
with thyroid hormone replacement (approximately 1.2–
1.6 mg/kg/d of levothyroxine). Subclinical hypothyroidism
may also necessitate treatment. There are a number of con-
ditions that cause hypothyroidism (Table 5). Importantly,
some of these conditions may also cause hyperthyroidism.

Euthyroid Sick Syndrome
The euthyroid sick syndrome (ESS) is the most frequently
encountered thyroid condition in the ICU. In this condition,
abnormal thyroid function indices develop in otherwise
euthyroid patients who have a variety of illnesses such as
infections, renal failure, liver disease, stress, starvation,
surgery, acute myocardial infarction, stroke, poorly-
controlled diabetes, cancer, and burns (7,8). Although the
etiology of ESS is unclear, other neuroendocrine systems,
such as the hypothalamic-pituitary-gonadal and somatotro-
pic axes, undergo parallel changes, which are thought
to minimize the catabolic impact of severe illness and
malnutrition. In ESS, there are perturbations in the
entire hypothalamic-pituitary-thyroid hormone system
and it is unclear if these patients are truly euthyroid or

Table 2 Thyroid Assays

Peptide measured Range of normal values conventional (SI units) Assay, limitations

Total T4

(bound and free T4)

4.5–12.5 mg/dL (58–161 nmol/L) RIA, hemolysis may cause a false decrease

Total T3 80–220 ng/dL (1.23–3.39 nmol/L) RIA, no interference

Free T4 0.7–1.5 ng/dL (9.0–19.4 pmol/L) Labeled antibody immunoassays (TS and AM). TS is

comparable to ED, while AM often disagrees with

ED in acute illness and other conditions, including

NTI

Free T3 230–420 pg/dL (3.5–6.5 pmol/L) RIA, heparin causes false low values

Reverse T3 80–350 ng/L (123–539 pmol/L) RIA, no interference

TSH 0.3–5.0 mIU/mL (0.3–5.0 mIU/L) The second-generation assay detects levels as low as

0.1–0.5 mIU/mL, so the range of subnormal

values is limited. The third-generation assay

measures levels as low as 0.01-0.05 mIU/mL

which is more reliable for hyperthyroid states

Abbreviations: RIA, radioimmunoassay; TS, two-step; AM, analog method; ED, equilibrium dialysis; NTI, nonthyroidal illness.

Table 3 Effects of Drugs on Thyroid Function

Inhibit thyroid

function

Increase binding

protein

Decrease binding

protein

Inhibit T4 to T3

conversion Decrease TSH Increase TSH

Iodine Lithium

Sulfonylureas

Interleukin-2

Estrogens

Clofibrate

Opiates

5-fluorouracil

Androgens

Glucocorticoids

Danazol

L-asparaginase

Salicylates

Glucocorticoids

Ipodate

Propranolol

Amiodarone

Propylthiouracil

Glucocorticoids

Dopamine

agonists

Dobutamine

Somatostatin

Iodine Lithium

Dopamine

agonists

Cimetidine

Abbreviation: TSH, thyroid-stimulating hormone.
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perhaps have central hypothyroidism (9). For this reason,
the term NTI may be more appropriate than ESS. The
clinical expression in NTI follows a certain pattern, which
is shown in Figure 3. In the early (or mild) phase, the T3
level is low with a parallel increase in reverse T3, the inert
metabolite of T4 (low T3 syndrome). This is thought to be
due to both inhibition of the enzyme 5’-iodinase and alter-
nate metabolism of T4. These changes occur in the majority
of hospitalized patients. With increased gravity of illness
or disease progression, total T4 levels decrease (low T4 syn-
drome), despite normal or slightly elevated free T4
(measured by equilibrium dialysis). These changes occur
due to increased T4 clearance, which is the result of abnor-
mal production and binding of thyroid-binding protein.
Low measured levels of both T3 and T4 portend a poor

prognosis and parallel (inversely) APACHE II scores. In
one study 84% of patients who had T4 levels ,3 mg/dL
died, although it is not clear whether these decreased
levels of T4 contributed to morbidity or were only indicators
of the severity of illness (10). Low T4 levels that persist for
greater than one week also correlate with higher mortality.
In NTI, the TSH is usually normal or slightly low which is
detectable with the third-generation TSH assay. TSH may
surge with recovery from the illness and reach levels seen
in mild hypothyroidism, but usually stays ,20 mg/dL (11).

Thus, there are several issues that must be kept in
when caring for these challenging patients: (i) Serum
thyroid hormone levels are fraught with interpretive pro-
blems making it difficult to determine which patients with
hypothyroidism need urgent treatment. (ii) The NTI

Table 4 Common Manifestations of Hyperthyroidism and Hypothyroidism

Organ system affected Hyperthyroidism Hypothyroidism

Central nervous system Poor concentration, headache, confusion

(with thyroid storm: agitated, delirious,

tremulous)

Lethargy, may progress to myxedema coma

Cardiac rhythm Palpitations, atrial fibrillation Bradycardia

Cardiac musculature Myopathy, heart failure Nonpitting edema (myxedema)

Cardiopulmonary symptoms Shortness of breath, (as GI fluid losses

progresses, may develop hypotension

and vascular collapse)

Hypotension, hypoventilation

Thyroid size Goiter Sometimes thyroid not palpable

Integumentary Warm, moist, flushed skin (due to

vasodilation)

Dry skin, brittle nails, puffy skin, palor,

periorbital edema, patchy hair loss

Metabolism Hyperactivity, weight loss, fever Decreased activity, obesity, hypothermia

Musculo-skeletal system Tetany, spasms, seizure Malaise, fatigue, weakness, tremor, slow

relaxation of deep tendon reflexes

Eyes Lid retraction, exophthalmos Cataracts

Gastrointestinal Diarrhea Mild constipation to severe obstipation

Menstruation Decreased menstrual bleeding Increased menstrual bleeding

Table 5 Conditions Causing Hypothyroidism

Drugs

Thionamides

Iodidea

Amiodaronea

Lithiuma

Thyroiditis

Hashimotoa

Subacute (viral)

Silent

Ablation of thyroid tissue

Radioactive

Surgical

Infiltrative diseases

Sarcoidosis

Lymphoma

Metastatic malignancya

Endocrine

End stage Gravesa

TRH deficiency

TSH deficiency

TH resistance

aAlso causes hyperthyroidism.

Figure 3 Serum levels of T3, T4, rT3, FT4, and TSH during

euthyroid sick syndrome, also known as nonthyroidal illness

(NTI). Early in the illness, levels of the active hormone (T3) are

depressed while levels of the inactive metabolite (rT3) are high.

This trend reverses as NTI resolves. TSH decreases as the illness

worsens, but is transiently elevated during the recovery phase. T4

levels stay within the normal range unless NTI gets very severe,

when they drop below the lower level of normal. Free T4 (FT4)

also stays within the normal range except for a transient elevation

during recovery.
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response by the thyroidal axis may be an adaptive mechan-
ism. (iii) Most importantly, attempts to treat routine NTI
have not been successful and, in some circumstances, have
been harmful (12). Considering the difficulty making this
diagnosis, the clinician should not rely too heavily on labora-
tory measurements. Instead the focus of the evaluation
should be on the physical examination and historical infor-
mation relevant to thyroid disease. The presence of a
surgical scar, a goiter, unexplained atrial fibrillation, hypo-
natremia, or constipation may be important clues to NTI.

Although hormone levels appear to be predictive when
NTI in the ICU is diagnosed, routine measurement of
thyroid function tests in patients upon admission to the
ICU does not predict outcome (13). Indeed, there is a great
deal of controversy regarding whether thyroid hormones
should be routinely measured or treated in the ICU. It also
seems most prudent to withhold thyroid supplementation
in the critical care setting in the absence of strong clinical
or laboratory evidence for hypothyroidism (14).

Amiodarone
Amiodarone is an iodine-rich medication used frequently in
the intensive care setting for controlling cardiac tachyarryth-
mias. Approximately 15% to 20% of patients on long-term

treatment with amiodarone develop thyroid abnormalities,
especially if there is underlying thyroid pathology (15).
Because of its iodine content, amiodarone may prevent the
oxidation of organic iodide, the first step in producing
thyroid hormone (the Wolff-Chaikoff effect). This decrease
in thyroid hormone production produces clinical hypothyr-
oidism. On the other hand, the increased iodine may escape
the Wolff-Chaikoff effect and cause increased synthesis of
thyroid hormone and hyperthyroidism. Patients being
treated with amiodarone may also develop an increase in T4
and a decrease in T3 due to the inhibition of 5’-iodinase.
Less frequently, amiodarone induces thyroiditis which is
associated with hyperthyroidism.

The treatment for amiodarone-induced hypothyroid-
ism is thyroid hormone replacement. Treatment of amiodar-
one-induced thyrotoxicosis is more difficult, however, and
often requires the use of antithyroid medications and potass-
ium perchlorate (1 g/day) (16). Amiodarone may be contin-
ued in thyrotoxicosis or myxedema if the symptoms are mild
and medically controlled. Amiodarone-induced thyrotoxi-
cosis, however, can be life-threatening and may require
aggressive treatment including ablative surgery (17).

Lithium
Lithium carbonate is a second-line medication when used to
treat thyrotoxicosis and, when used for this purpose, it
works by decreasing the release of iodothyronines. It is
more commonly used in clinical practice to treat bipolar
affective disorder. In either case, when high levels of
lithium are being used, myxedema and goiter usually
result. Less often, lithium therapy can cause hyperthyroid-
ism, which may cause decreased renal clearance of lithium
and increased lithium toxicity (18). Other symptoms of
lithium toxicity include blurred vision, slurred speech,
hand tremor and hypercalcemia. These symptoms are easy
to miss in the ICU setting so thyroid function tests must be
followed carefully in all ICU patients undergoing treatment
with lithium for thyroidal or nonthyroidal illnesses.

Hashimoto Thyroiditis
Hashimoto thyroiditis is an autoimmune disease of the
thyroid gland that is the most common cause of hypothyr-
oidism, although rare patients with this disease have hyper-
thyroidism (i.e., Hashitoxicosis). Although its occurrence is
not related to critical illness and its appearance in the ICU
is not common, it should be identified as a premorbid con-
dition. Critical illness, as noted above, may precipitate
severe myxedema in patients who have pre-existing,
poorly controlled hypothyroidism.

Patients with Hashimoto thyroiditis typically have
firm goiters, although the glands can be almost normal in
size. The diagnosis may be made immunologically with
demonstration of TPO (thyroid peroxidase) antibodies in
the serum. As with other causes of hypothyroidism in the
ICU, establishing the diagnosis of Hashimoto thyroiditis is
less important than recognition of the hypothyroidism (or
hyperthyroidism) and instituting treatment for either con-
dition before severe myxedema (or thyroid storm) develops.

Ablation
Two common causes of hypothyroidism include the admin-
istration of ablative radioactive iodine to control Grave’s
disease and total thyroidectomy. These are both circum-
stances where the ablation of all functional thyroid tissue
was planned. In these cases, hypothyroidism should be
anticipated and adequately treated before patients develop
critical illness.

Myxedema Coma
The term “myxedema coma” does not connote a unique con-
dition, but is simply the clinical expression of severe, uncom-
pensated hypothyroidism. When hypothyroidism is
severe, it will result in hypothermia, hypo-ventilation,
severe metabolic derangements, cardiovascular collapse,
and eventually, coma. It occurs most often in the
elderly who have long-term, untreated hypothyroidism,
but it may be seen in younger patients as well who have
untreated hypothyroidism and are then subjected to severe
physiological stresses, such as infection and invasive surgi-
cal procedures.

Historically, myxedema coma was associated with as
high as 50% mortality. More recently, survival has increased
with improved critical care and more successful treatment of
the underlying disorders, although myxedema coma is still
an ominous clinical entity. Treatment, as with other hypothyr-
oid states, is mainly thyroid hormone supplementation. The
hormone should probably be given intravenously to obviate
the problems of uncertain enteric absorption. In severe uncom-
plicated hypothyroidism, the most common initial treatment is
to give T4 (200–500 mg), to allow tissue conversion to the more
active hormone, T3. (Some clinicians advocate an initial com-
bination of T4 and T3, although high doses of T3 should be
avoided.) It is also prudent to preadminister stress doses of
glucocorticoids to patients who have other endocrine abnorm-
alities (i.e., hormone deficiencies) and are at high risk for
developing multiple hormone failure. After the initial dose,
T4 is administered at about 50 mg daily.

Hyperthyroid Disorders in Critically Ill Patients
Hyperthyroidism is easier to identify than hypothyroidism.
The signs and symptoms of hypothyroidism are usually
subtle whereas those of hyperthyroidism are often more fla-
grant (Table 4). However, either condition may be difficult to
identify in critically ill patients.
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There are multiple causes of thyrotoxicosis, which
may be broken down into those caused primarily by
thyroid tissue and those caused by nonthyroidal problems
(19). In the first group are toxic goiter (Graves Disease),
toxic adenoma (Plummer Disease), metastatic thyroid carci-
noma, and thyroiditis. In the second group are factitious
ingestion of thyroid hormone, administration of iodine-
containing drugs, overproduction of TRH, and trophoblastic
tumors that stimulate the thyroid and struma ovarii
(Table 6).

Graves Disease
Graves disease is the most common cause of thyrotoxicosis.
It is an autoimmune disorder that presents with symptoms
of thyrotoxicosis and others not related to hyperthyroidism.
The diagnosis is usually made by noting these nonthyroidal
signs and symptoms (e.g., orbitopathy) in a patient with
thyrotoxicosis and a symmetrically enlarged thyroid gland.
In the critical care setting, establishing the diagnosis of
Graves may not be as important as controlling the acute
symptoms of thyrotoxicosis. Acutely controlling symptoms,
such as tachycardia, atrial fibrillation, and heart failure, with
adrenergic blockade is important (see thyroid storm, below).
Controlling the production and release of more thyroid
hormone may be achieved in the acute or chronic setting
with the use of iodine (preceded by one to two doses of
PTU) and prednisone (to decrease T4 to T3 conversion). In
the chronic setting, antithyroid medications, such as PTU,
play a more important role. After the initial stabilization of
a patient with thyrotoxicosis, more permanent remission
with radioactive iodine or surgery may be considered.

Although subtotal or total thyroidectomy immediately

controls symptoms of Graves Disease, surgery should not

be attempted unless chemical control of symptoms, and
optimally, thyroid hormone levels have been achieved with
antithyroid drugs.

Iodinated Contrast Dyes and Other Agents
Critically ill patients are often given radiographic contrast
material containing iodine. Although these radiographic
contrast dyes have been reported to cause hyperthyroidism
(i.e., jodbasedow phenomenon), the actual incidence is low.
The practice of treating these patients with perchlorate or
thionamide prophylactically is no longer recommended
(20). It should be recognized that other iodine-containing
drugs (amiodarone, betadine, iodo-niacin), which can
cause hypothyroidism through mechanisms elucidated
above, can also produce hyperthyroidism. This usually
happens in iodine-deficient patients who may have pre-
existing goiters, although this phenomenon has been
reported in euthyroid patients as well (21).

Toxic Nodular Goiter and Thyroiditis
These conditions present with findings similar to those seen
in Graves disease without the autoimmune features. When
they affect the elderly, these patients may present with
masked (i.e., apathetic) hyperthyroidism, in which the
signs and symptoms are not obvious and the clinical
picture is often dominated by cardiovascular compromise
such as new onset atrial fibrillation.

In thyroiditis, hyperthyroidism may be due to a spon-
taneously resolving inflammation with a variable clinical
course. Characteristically, there is associated thyroid tender-
ness, jaw pain, myalgias, and an enlarged, firm, tender
thyroid. The thyroid uptake of radioactive iodine is decreased
and these patients need supportive care with prednisone and
aspirin.

Treatment of Hyperthyroidism
The other hyperthyroid states noted above may require
different diagnostic tests to make the diagnosis (e.g.,
thyroid scans, sonography, CT scans, MRI); however, the
treatment of these states is similar to that for Graves
Disease. Treatment of life-threatening physiological
derangements should be accomplished first. After the symp-
toms are controlled, efforts should be focused on controlling
thyroid hormone production, release, and peripheral con-
version. Finally, an attempt to control the source (e.g.,
thyroid lobectomy, excision of a diseased ovary, treatment
of thyroid cancer metastases) may be appropriate if the
patient is physiologically stable.

Thyroid Storm
Similar to what was stated above about myxedema coma, the
term “thyroid storm” does not connote a unique disease
process different from the other conditions causing thyro-
toxicosis. Rather it suggests that the disease process
causing thyrotoxicosis is severe. Severe thyrotoxicosis may
be seen in patients who are undergoing thyroid surgery for
hyperthyroidism or patients who are undergoing nonthy-
roid surgery and have coexisting hyperthyroidism that is
either unrecognized or poorly controlled. It is also seen fre-
quently in hyperthyroid patients with systemic illnesses,
especially infections (22). Relatively minor trauma may
trigger thyroid storm in a hyperthyroid patient (23). The syn-
drome is therefore part of the differential diagnosis of

Table 6 Conditions Causing Hyperthyroidism

Drugs

Amiodarone

Lithium

Iodide containing drugs

Thyroxine (factitious)

Thyroid Neoplasia

Single toxic adenoma (Plummer disease)

Multi-toxic adenoma

Metastatic thyroid carcinoma

Autoimmunity

Toxic goiter (Graves disease)

Hashimoto disease (Hashitoxicosis)

Thyroiditis

Silent

Postpartum

Granulomatous

Endocrine

Familial nonautoimmune hyperthyroidism

Over-production of TRH

Over production of TSH (pituitary and other sources)

Pituitary resistance to thyroid hormone

TSH resistance

Ectopic

Trophoblastic tumors (high hCG)

Struma ovarii

Abbreviations: TRH, thyrotropin-releasing hormone; TSH, thyroid-

stimulating hormone.
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hyperpyrexia and tachycardia in the emergency department,
where it must be distinguished from heat stroke, neuroleptic
malignant syndrome, malignant hyperthermia, and seroto-
nin syndrome (24). Thyroid storm is difficult to diagnose
in patients who present to the hospital following trauma
and have other reasons for hyperthermia, tachycardia, and
mental obtundation.

The symptoms of thyroid storm, i.e., tachycardia,
hyperthermia, sweating, and irritability, are not different
from those of Graves Disease, but are much more pro-
nounced. The tachycardia may become as severe as to pre-
cipitate congestive heart failure and pulmonary edema.
These symptoms may be attributed to other systemic ill-
nesses seen in the ICU, and if not recognized, may lead to
hypotension, coma and, ultimately, death. Thus, an index
of suspicion must always be maintained when these
common symptoms occur if this important entity is to be
recognized in critically ill ICU patients.

The symptoms of thyroid storm are believed to be
the result of the precipitous release or enhanced action of

catecholamines by thyroid hormone. Thus, the immediate
treatment is adrenergic blockade with agents such as pro-
panolol, reserpine, and guanethidine. Supportive
measures such as antipyretics, sedation, oxygen, glucose,
sodium, and steroids should also be started early. Treatment
of the thyroid hormone excess with antithyroid medications
and iodine [iodine preferably after the antithyroid medi-
cations (19)] is secondary, but is also important. The best
treatment however is prophylactic. Patients who are
known to be hyperthyroid should be well-controlled
on antithyroid medications before elective surgery or
pregnancy.

Thyroid Axis in Critical Illness
Assessment
Disordered thyroid function can cause or contribute to critical
illness, and critical illness can affect thyroid function.
Although most critical illness, including burns (25), are
associated with a low T3, hypothyroid state, there is evidence
that there may be a biphasic response to acute traumatic
injury with an immediate but short-lived “fight-or-flight”
hyperthyroid response and a later adaptive, hypothyroid
phase (26). Often, the cause and effect relationship between
thyroid and nonthyroid disease is difficult to sort out. None-
theless, the approach to both the problems is the same.
Thyroid parameters must be evaluated to determine if treat-
ment of the thyroid axis is appropriate. It must be kept in
mind that the only hormonally active fragments are free T3
and, to a lesser extent, free T4. Determining if the levels of
these hormones are appropriate requires an understanding
of the measurement of these fractions, their protein binding,
and the peripheral conversion of T4 to T3.

Treatment
It should also be recognized that the endocrine response to
critical illness is different for acute and chronic diseases.

When there is an acute metabolic or physiologic insult
associated with trauma, sepsis, surgery, etc., the endocrine
response can be characterized as actively secreting pitu-

itary hormones with peripheral inactivation of the target
organ hormones. For the thyroid, this is seen as normal
or slightly high TSH levels but decreased conversion of T4
to T3 with a low T3 state. This is most likely a protective
mechanism and should not be treated with supplemental
hormone. On the other hand, chronic illness is associated

with a different endocrine picture characterized by a
depression of anterior pituitary secretion with a resultant
depression of target organ secretion. In this scenario, there
may be a role for intervention. Use of the hypothalamic pep-
tides is optimal, allowing the normal feedback inhibition to
regulate hormone levels. Studies with infusion of TRH
have been able to restore T3 levels, but its ultimate effect
on survival is unknown (27). Administration of the active
hormone itself should be considered dangerous, based on
the adverse outcomes reported when patients were treated
with other active hormones (e.g., growth hormone) in the
ICU (28).

Neuroendocrine Function
Parafollicular Cells
The parafollicular cells (C cells) of the thyroid produce calci-
tonin, a 33 amino acid hormone that functions to maintain
calcium homeostasis (discussed in greater detail below)
and to protect the skeleton in times of increased need such
as growth and pregnancy. As noted above, these cells are
neuroendocrine cells and are a part of the APUD system.
Calcitonin acts by inhibiting bone osteoclastic activity and
decreasing serum levels of calcium. Salmon calcitonin is
given to patients therapeutically to treat the hypercalcemia
of malignancy and conditions such as Paget’s disease.
Most of the body’s calcitonin is made by the C cells of the
thyroid, but small amounts are made by other neuroendo-
crine cells located in the lungs, adrenal gland, hypothala-
mus, pituitary, etc.

Calcitonin and Procalcitonin
Calcitonin is made as a 116 amino acid prohormone, procalci-
tonin, which has recently been recognized as an important
marker for inflammatory states (2–5). Furthermore, it is
believed to be a mediator of inflammation (29). During
inflammatory states, levels of procalcitonin increase as
much as a 1000-fold and have prognostic significance (1,30).
It has been determined, however, that most of this procalcito-
nin comes from nonthyroidal, nonneuroendocrine cells (31).
Thus, although procalcitonin has become a marker
(and perhaps mediator) that is measured often in ICU
patients, the thyroid does not play a prominent role in
the massive outpouring of procalcitonin seen during
inflammation.

Postoperative Complications in the ICU
For many years, surgeons have been reporting almost no
operative mortality in large series of patients undergoing
thyroid surgery (32). Postoperative complications following
thyroid surgery, however, are still a significant problem
and include neck swelling, bleeding, thyroid storm, nerve
injury, and hypocalcemia. The thyroid gland is vascular
and, in many pathological states, becomes enlarged,
engorged, and extremely friable. Good operative technique
dictates a careful dissection with meticulous hemostasis.
Nonetheless, bleeding and airway compromise in the post-
operative period does occur, mandating careful monitoring
of the airway in the post anesthesia care unit. Post
thyroid surgery stridor is an airway emergency, most fre-

quently due to bleeding into the wound or injury to the
recurrent laryngeal nerves. In the case of post surgical
bleeding, opening the neck wound and decompressing the
expanding hematoma may be life saving.

Thyroid lobectomy or total thyroidectomy may result
in damage to one or both of the recurrent laryngeal nerves
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(RLN) or the superior laryngeal nerves (nerves of Galli-
Curci). Superior laryngeal nerve injuries may impair the
patient’s ability to phonate or sing at high pitch, but is not
an emergency. In contrast, bilateral RLN injuries can be life
threatening as the patient’s airway may become obstructed,
requiring intubation or an emergent surgical airway, if
unable to inubate. Obviously, a bilateral operation puts
both nerves at risk. Recently, there has been a trend toward
performing unilateral or minimally invasive operations to
minimize injury to surrounding structures, including the
RLNs. The risk for permanent unilateral injury to the RLN
is often reported as less than 1% in first operations and as
much as 5% in reoperations. Therefore, reoperative surgery
and aggressive operations for undifferentiated thyroid
malignancy are more often associated with nerve injuries.

Thyroid surgery can also precipitate thyroid storm in a
patient with untreated or uncontrolled hyperthyroidism.
This condition is usually recognized in the operating room
and should be managed postoperatively in a critical care
setting according to guidelines outlined in the section on
thyroid storm.

Unlike hypocalcemia resulting from parathyroid
surgery (see below), hypocalcemia related to thyroid surgery
is usually transient and is more often an outpatient problem.

PARATHYROID DYSFUNCTION IN THE ICU
Anatomy and Physiology of the Parathyroid Glands
Anatomy
The parathyroid glands are 35 mg, flat, ovoid glands that lie
posterior to the thyroid. The most important features of their
anatomy are the variability in numbers of glands and the varia-
bility in their locations. In a large autopsy series, 80% of
patients had four glands, 13% had three and 6% had five
(33). The upper glands are more consistent in location with
75% occurring immediately above the inferior thyroid artery.
The locations of the inferior glands are more variable and
only 50% are found immediately below the inferior thyroid
artery with some extending as low as the mediastinum (33).

The blood supply to the lower glands is usually from
the inferior thyroid artery. The blood supply to the upper
glands may be from the inferior or the superior thyroid
artery. Since the glands are small, hypertrophy rarely
causes obstruction and the only significance of their anatomic
position relates to finding them during surgical exploration.

Calcium and Phosphate Homeostasis
The primary physiological role of the parathyroid glands
is to maintain calcium levels. Calcium homeostasis is a
complicated process which requires the participation of
parathyroid hormone (PTH) and the metabolically active
form of vitamin D [1,25 (OH)2D], as noted in Figure 4.
Calcium is an important constituent of all cells and serves
as a major intracellular messenger. It is critically important
for such vital functions as muscle contraction, membrane
repolarization, bone mineralization, and clotting. Calcium
homeostasis is characterized by: (i) multi-hormonal regu-
lation, including PTH and vitamin D, (ii) a rapid response
to changes in ambient calcium (e.g., a 1% to 2% reduction
in ionized calcium leads to an increase in PTH within a
few seconds), (iii) tight control of the extracellular calcium
concentration, and (iv) an intracellular calcium concentration
which is 10,000-fold lower than the extracellular calcium
concentration. It should be noted that, while the intracellular
calcium levels may be the most important for cell health, it is
the extracellular levels that are tightly regulated. Intracellu-
lar calcium, on the other hand, varies widely.

Extracellular, circulating calcium levels are controlled
by the interaction with a calcium sensing receptor on para-
thyroid cells. This cell surface protein binds extracellular
calcium and is coupled to a G protein signaling system.
The response of the calciumsensing receptor is coupled to
PTH secretion so that a lowering of ambient calcium
increases the synthesis and release of PTH. Both gain-of-
function mutations (e.g., autosomal dominant hypocalce-
mia), which result in lower extracellular calcium, and
loss-of-function mutations (e.g., familial hypocalciuric
hypercalcemia), which result in increased extracellular
calcium, have been identified. In addition, there are several

Figure 4 Calcium homeostasis. Calcium enters the extracellular fluid (ECF) compartment from the bone, kidney, and GI tract.

Calcium levels are increased by the stimulatory effects of vitamin D, which is converted to its active form [1,25(OH)2D] by the liver

and kidney. Parathormone (PTH) stimulates bone to release calcium and the liver to produce 1,25(OH)2D. When ECF calcium

levels are low, PTH is stimulated, and calcium levels increase.
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acquired conditions in which the calciumsensing receptor
activity is altered (e.g., parathyroid adenomas, autoimmune
hypoparathyroidism). PTH bioactivity involves mobilization
of calcium from the skeleton via direct effects on osteoblasts
and indirect effects on osteoclasts. PTH also acts on the
kidney to reabsorb calcium and enhance excretion of phos-
phate. PTH also stimulates 1,25-(OH)2D hydroxylase,
which converts 25-OHD to 1,25-(OH)2D, the active form of
vitamin D. Interestingly, 1,25-(OH)2D imparts negative feed-
back control on the secretion of PTH itself.

Another peptide, PTHrp (PTH-related protein), is a
nonparathyroid peptide made by certain tumor cells and,
via the PTH/PTHrp receptor, increases calcium levels in
malignancy. It is also involved in calcium homeostasis in
multiple tissues such as placenta, mammary gland, smooth
muscle, skin, uterus, and cartilage, especially during neo-
natal life.

Measurement of Parathyroid Function
and Calcium Homeostasis
Free and Total Calcium Levels
Ionized free bioactive calcium constitutes 45% of the total
extracellular calcium pool, whereas albumin-bound
calcium contributes 45%, and calcium complexed to anions
accounts for another 10%. Therefore in patients with hypoal-
buminemia, the total calcium levels will decrease without
changing the ionized or active fraction. Thus, in hypoalbu-
minemia, a corrected total calcium level can be estimated
by adding 0.8 mg/dL to the measured total calcium for
every 1 g/dL decrease in the albumin below the normal
4 g/dL. However, changes in protein binding, pH, fatty
acids, or other ions may also affect the levels of total, esti-
mated, and ionized calcium. These changes often occur in
the ICU, making measurement of ionized calcium necessary
in circumstances where accurate calcium levels are import-
ant. Acidosis increases the ionized calcium levels, and
alkalosis reduces these levels (i.e., an increase of pH
change by 0.1 decreases ionized calcium by 0.1 mg/dL
and vice versa). Also important in the ICU are sudden
increases in phosphates, citrate, and bicarbonate, which sig-
nificantly reduce the bioactive ionized calcium levels. For
example, an acidotic hypotensive patient may receive
several amps of sodium bicarbonate in an effort to improve
pH and myocardial contractility. Unfortunately, the acute
alkalosis may initially impair contractility (due to the
decreased ionized calcium) to a greater extent than it restores
contractility, and the patient can arrest in some situations.
Accordingly, the clinician must be keenly aware of these
effects, and consider supplementing the sodium bicarbonate
with small (e.g., 250 mg) doses of calcium chloride or
calcium glucinate (use separate syringes and I.V. lines to
prevent calcium carbonate precipitation).

The most accurate ionized calcium levels are obtained
in the fasting state and at a time when the patient is not
hemoconcentrated. The use of a tourniquet should be
avoided if possible. Drugs used often in the ICU which
decrease total and ionized calcium measurements include
carbamazepine, phenytoin, foscarnet, furosemide, glucocor-
ticoids, and tetracycline.

Magnesium
Magnesium has important effects on calcium homeostasis.
Modest magnesium deficiency increases levels of PTH,
while severe magnesium deficiency causes a decrease in
PTH. The resulting hypocalcemia may be severe (34).
Similar to calcium, magnesium circulates in free, bound,

and chelated forms. It is now possible to measure ionized
magnesium and, although not universally available,
ionized magnesium levels are available and being utilized
in many critical care units. Unfortunately, serum magnesium
does not adequately reflect tissue magnesium levels and the
assays commonly employed can detect only severe hyper-
magnesemia. Digitalis, cyclosporin, cis-platinum, diure-
tics, aminoglycosides, amphoterecin B, and citrate (in
blood transfusions) will lower measured magnesium
levels.

Intact Circulating Parathyroid Hormone
The majority of PTH circulates as fragments of the parent
molecule. However the two-site, immunometric measure-
ment of the intact (bioactive) PTH (1–84) molecule is now
the standard by which parathyroid activity is assessed. The
level of intact PTH typically increases up to two-fold in
primary hyperparathyroidism and as much as 10-fold in
acute hyperparathyroidism (also called parathyroid poison-
ing) and secondary hyperparathyroidism. PTHrp (parathyr-
oid hormone-related protein) is a protein that is structurally
related to PTH and is found in patients with certain malig-
nancies. It has PTH-like properties, which are responsible
for malignancy-related hypercalcemia. Similar to PTH, it
is measured by a two-site, immunometric assay, but there
is no cross-reactivity between the two peptides. PTHrp is
very labile at room temperature.

Vitamin D
The measurement of vitamin D is important in assessing
calcium homeostasis. Liver produces 25-OHD (25-hydroxy-
vitamin D), which is the precursor molecule for mature
vitamin D. Phenytoin, carbamazepine, rifampin, and gluco-
corticoids decrease liver production of 25-OHD. 25-OHD is
further hydroxylated in the kidney to form 1,25 (OH)2D
(1,25-dihydroxy Vitamin D), the bioactive hormone, which
rises sharply with pregnancy, lactation, and obesity. Isoreti-
nonin and ketoconazole decrease renal production of the
mature hormone.

Imaging
Ultrasound and techneitium Tc 99 m sestamibi scanning
both image the parathyroid glands. Although they are both
used to assess parathyroid function, they have limited
utility other than localizing parathyroid glands for surgical
treatment.

Hypocalcemic Disorders
There are many causes for hypocalcemia, which may be
divided into those related to hypoparathyroidism and
those caused by other conditions (Table 7). Hypocalcemia
in the ICU is more often caused by conditions not related
to parathyroid deficiency. Both the absolute level and
the rate of fall of calcium influence the clinical manifes-
tations of hypocalcemia.

As many as 70% to 80% in the ICU experience hypocal-
cemia at some time during their hospital course, whether
calcium levels are measured by a total calcium assay or are
estimated using various formulae to calculate total
calcium. Hypocalcemia appears to be particularly prevalent
in patients with sepsis, but its etiology in this group is
often multifactorial. Hypocalcemic signs and symptoms,
which are related to disturbances of the neuromuscular,
gastrointestinal (GI), central nervous system (CNS), and car-
diovascular systems, may be present yet masked by the
severity of the concurrent illness. The diagnosis may rely
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on a careful physical exam and performance of confirmatory
tests (Table 8).

Systemic Inflammatory Response Syndrome
Hypocalcemia is commonly associated with critical illness
and the systemic inflammatory response syndrome (SIRS).
Indeed, hypocalcemia is a prognostic factor in ICU patients
with or without SIRS. Their hypocalcemia is thought to be
due to multiple abnormalities such as hypomagnesemia,
impaired vitamin D synthesis, impaired vitamin D action,
calcium chelation, or calcium precipitation. Prior evidence
implicating parathyroid insufficiency as the main causative
factor for hypocalcemia in SIRS patients appears not to
be correct. Indeed, PTH is frequently elevated during hypo-
calcemia and its levels often correlate to both the APACHE II
scores and mortality.

Endotoxin causes ionized hypocalcemia, suggesting
that proximal cytokines, stimulated by gram negative
sepsis, may be involved. Another group of peptides, which
are involved in the inflammatory response and may also
influence calcium levels, are the so-called calcitonin precur-
sors (CTpr). These are the peptide fragments derived from
the procalcitonin molecule, including procalcitonin itself,
which are released by both endotoxin and TNF. Levels
of CTpr, but not PTH, correlate inversely to ionized
hypocalcemia (35). As noted above, CTpr levels are valuable
markers of the severity of stress and correlate with the sever-
ity of SIRS, sepsis, and septic shock state (1). The studies
demonstrating that CTpr levels correlate with the degree
of hypocalcemia provide further evidence that CTpr are
mediators as well as markers of the inflammatory response
(see calcitonin and procalcitonin above).

Administration of calcium in systemic inflam-
mation has not been useful. In this regard, the hypocalcemia
seen with SIRS may be part of the inflammatory response
process and may be protective. Extracellular hypocalce-
mia might even be a response to intracellular hypercalcemia,
which is toxic to the cells.

Postsurgical
Hypocalcemia may result from surgery of the thyroid gland,
parathyroid glands, or other head and neck structures (e.g.,
lymph nodes being dissected for oropharyngeal malig-
nancy). When a parathyroid adenoma is removed, the result-
ing hypocalcemia is usually transient (about one week) and
related to the preoperative atrophy of the remaining para-
thyroid glands. Occasionally, in cases of severe, preoperative
osteoblastic overactivity, the hypocalcemia may be more pro-
found due to the “hungry bone syndrome” (described
below). Permanent hypocalcemia, which is rare, is usually
due to the deliberate removal of all parathyroid tissues for
hyperplasia or the inadvertent removal of all parathyroid
tissues in very extensive head and neck operations.

Hypocalcemia from the hungry bone syndrome
occurs following surgical resection of large adenomas,

which had caused severe primary hyperparathyroidism.
Removal of the exuberant PTH elaboration (from the
resected adenoma) results in disappearance of the osteo-
clasts in the bone and thus promotes rapid calcium depo-
sition into the skeleton (along with phosphate and
magnesium). The subsequent hypocalcemia can be severe,
causing symptoms in the first 24 hours and reaching a
nadir two to three days postoperatively. This effect may
persist for as long as three months. Tetany, seizures, and
CHF may accompany the hypocalcemia from hungry bone
syndrome. Hypophosphatemia and hypomagnesemia may
also manifest as concomitant electrolyte disturbances in the
hungry bone syndrome. Risk factors for this form of hypo-
calcemia include the volume of the resected adenoma, the
blood urea nitrogen level, the alkaline phosphatase level,
and the patient’s age. Interestingly, preoperative PTH level
is not a risk factor.

Patients undergoing subtotal thyroid resection due to
thyrotoxicosis may also experience transient hypocalcemia.
The etiology of this phenomenon is unclear, although the
hyperthyroid state is associated with increased bone
turnover as well as elevated serum calcium.

Malignancy
Although malignancy is more often associated with hyper-
calcemia, osteoblastic metastases from prostate and breast
cancer may also cause hypocalcemia. In addition, about

Table 8 Signs and Symptoms of Hypocalcemia

Symptoms Physical Finding Tests

Circumoral numbness

Tingling in

extremities

Abdominal cramps

Muscle cramping

Fatigue

Anxiety

Irritability

Depression

Seizures

(grand mal

and petit mal)

Dementia

Steatorrhea

Carpopedal spasm

Laryngospasm

Hyperactive

tendon reflexes

Chvostek sign

Trousseau sign

Papilledema

Dry skin

Coarse hair

Brittle nails

(transverse

grooves)

Hypotension

CHF

Serum

hypocalcemia

Increased ICP

Somatosensory

EP changes

EKG changes

QT prolongation

EEG

Abbreviations: ICP, intracranial pressure; EKG, electrocardiogram; CHF,

congestive heart failure; EEG, electroencephalogram.

Table 7 Conditions Causing Hypocalcemia

Parathyroid-related Nonparathyroid

Postoperative

Parathyoid

Thyroid

Other head and neck

Magnesium Deficiency

PTH Failure

Genetic-DiGeorge,

APECED

Sporadic

Hungry Bone Syndrome

PTH Resistance

Infiltrative

Hemachromatosis

Wilson Disease

Metastatic tumor

SIRS

Pancreatitis

Malignancy

Hypoproteinemia

Hyperphosphatemia

Necrotizing fasciitis

Enteric fistulas

Vitamin D deficiency

Malabsortion

Liver failure

Renal failure

Vitamin D resistance

Chelation

Hyperphosphatemia

Hypoproteinemia

(pseudohypocalcemia)

Renal failure

(acute and chronic)

Rhabdomyolysis

Abbreviations: APECED, autoimmune polyendocrinopathy-cadidiasis-

ectodermal dystrophy; SIRS, systemic inflammatory response syndrome.
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10% of cancer patients experience hypocalcemia due to hypo-
proteinemia. For others with malignancy, chemotherapy-
induced rhabdomyolysis and tumor lysis precipitate a
sudden influx of phosphate into the intravascular space,
which lowers calcium. Oliguria may contribute to this occur-
rence, exacerbating the hypocalcemia. Although this cause
for hypocalcemia is not specific for ICU patients, a similar
drop in calcium is seen more often in the ICU with
phosphate infusion.

Magnesium
Magnesium deficiency occurs in a variety of conditions and
can cause reversible hypocalcemia. Severe hypomagnesemia
decreases PTH secretion. Hypomagnesemia is also associ-
ated with abnormal PTH receptor action. Finally, hypomag-
nesemia can lower the production of 1,25-(OH)2D.
Alternatively, hypermagnesemia, as seen in the obstetric
use of high-dose magnesium infusions, can also cause hypo-
calcemia. For these reasons, magnesium levels, which may
be high or low in the intensive care unit, must be considered
in the differential diagnosis of hypocalcemia in critically ill
patients.

Vitamin D
Hypovitaminosis is common in hospitalized patients and
especially those in the ICU who may have compromised
nutrition. This is especially true for vitamin D, because of
the restricted exposure to sunlight for patients residing in
the ICU. In one study, 57% of 164 hospitalized patients had
a 25-OHD level ,15 ng/mL while 22% had levels ,8 ng/mL
(nl. Level .25 ng/mL) (36). These numbers are probably
larger for ICU patients.

Deficiencies or impaired activity of vitamin D result in
poor intestinal absorption of calcium and subnormal mobil-
ization of calcium from bone. The resulting hypocalcemia
may cause an adaptive elevation of PTH and low phosphate,
which may be helpful in making the diagnosis. Malabsorp-
tion syndromes are associated with the lack of the parent
vitamin D compound. In addition, liver disease is associated
with the inability to form 25-OHD, while renal abnormalities
are associated with inability to form 1,25-(OH)2D. Renal
disease is also associated with decreased calcium due to
the elevated concentration of phosphate, resulting from
decreased glomeruler filtration rate. Elevated phosphate
decreases renal-associated hydroxylation of 25-OHD, result-
ing in decreased GI absorption of calcium. Similarly, hepato-
biliary disease is associated with a specific deficiency in 25-
OHD.

Pancreatitis
In acute pancreatitis, the destruction of pancreatic exocrine
tissue leads to release of fatty acids with the precipitation
and deposition of calcium salts in the damaged pancreatic
tissue and surrounding fat. The resulting hypocalcemia cor-
relates with the severity of pancreatitis and is a clinically
useful indicator [Ranson criterion (37)] for predicting mor-
bidity and mortality in patients with acute pancreatitis.

Idiopathic (Autoimmune, Genetic, Sporadic)
There are several other causes of hypocalcemia that may not
be associated with the ICU illness per se but may be contri-
buting factors. Idiopathic hypoparathyroidism may be
sporadic or occur in a familial syndrome, which may
involve multiple glands and be associated with other devel-
opmental abnormalities. For example, type 1 polyglandular

syndrome, which has been given the acronym APECED for
autoimmune polyendocrinopathy-candidiasis-ectodermal
dystrophy typically occurs in early childhood followed by
hypoparathyroidism and subsequent adrenal failure (38).
Mutations in the AIRE (autoimmune regulator) gene,
located on chromosome 21, have been reported in patients
with APECED.

Idiopathic hypoparathyroidism may also occur as an
isolated deficiency, not related to other endocrine disorders.
These disorders, like APECED, usually involve antibodies
that inhibit parathyroid secretion or destroy parathyroid
tissue. They may occur at any time in life, but are most
often seen before the age of 10 years.

Hypoparathyroidism may also occur due to agenesis
or dysgenesis of the parathyroid glands. In the DiGeorge
syndrome, under-developed third and fourth branchial
pouches are associated with congenital absence of the para-
thyroid glands and thymus and characteristic facial
anomalies (e.g., hypertelorism, antimongoloid slant of the
eyes, asymmetric malformed ears). Children with the
DiGeorge syndrome are susceptible to infections and
cardiac failure and do not often survive into adulthood.
This is not often a problem seen in adult ICUs, however it
may be seen on pediatric wards or in pediatric ICUs.

Other
Rarely, infiltrative parathyroid conditions, including hemo-
chromatosis, Wilson’s disease, and metastatic tumors, may
cause hypoparathyroidism. Even more rarely, exposure to
I131 can cause postirradiation hypoparathyroidism. These
conditions result in PTH-related hypocalcemia.

Hypocalcemia has also been associated with massive
blood transfusions as well as volume expansion with associ-
ated hypoalbuminemia. These last two causes for hypocalce-
mia are seen frequently in ICU patients. Indeed,
hypoalbuminemia for any reason is the most common
cause for hypocalcemia in hospitalized patients. For these
patients an ionized calcium determination or a calculated
total calcium level is more clinically relevant than measured
serum calcium levels. In addition, many of the drugs associ-
ated with hypocalcemia are used in the ICU.

There are several disorders that cause PTH receptor
resistance and result in hypocalcemia with high PTH
(39). These include the pseudohypoparathyroidism syn-
dromes (1a, 1b, 1c, 2) as well as several hypomagnesemic
conditions.

Treatment
Correction of hypocalcemia in sepsis and during the acute
phase response is not always recommended. Although nor-
malizing calcium levels may increase blood pressure regard-
less of the level of ionized calcium, it does not change cardiac
index or oxygen delivery and may be associated with cat-
echolamine resistance (40). Thus, treatment of mild to mod-
erate ionized hypocalcemia (0.7–1.05 mmol/L) is generally
not recommended. Instead, reducing aggravating con-
ditions, such as loop diuretic administration, should be the
clinical focus in caring for patients with moderately
depressed levels of calcium. Aggressive therapy should

be reserved for severe ionized hypocalcemia, (,0.7 mmol/
L), severe symptoms (Table 8), or antagonism of specific
conditions such as hyperkalemia, hypermagnesemia, and
calcium channel blocker toxicity. If a patient with hypo-
calcemia is symptomatic, treatment may require intravenous
calcium gluconate [initially 1–2 amps (90 mg Ca/amp) in
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50 mL of D5 infused over 10–20 min until symptoms
stabilize, followed by a maintenance infusion of five to six
amps in 1L D5 infused at 100–125 mL/hr]. When the
hungry bone syndrome is expected, such as in surgery for
hyperparathyroidism and renal dysfunction, the patients
need preoperative calcitriol (2 mg for about five days)
along with oral calcium (2–3 g/day for about five days) to
prevent the expected decline in calcium. Calcium levels
can also be raised in renal failure patients by dialysis using
a high calcium bath. Preoperative use of bisphosphonates
appears to inhibit calcium mobilization from bone and
thus decreases the impact of the acute PTH withdrawal
that precipitates the hungry bone syndrome.

Routine administration of calcium with massive blood
transfusions is controversial, however calcium is frequently
useful if blood is administered rapidly and when ten or
more units are administered (41). Measuring ionized
calcium levels and electrocardiogram monitoring of QT
intervals may be done and calcium administered only
when hypocalcemia has been documented.

Because of the various effects of magnesium on
calcium homeostasis, magnesium levels should be moni-
tored and corrected in all hypocalcemic patients.

Osteoporosis
Although osteoporosis is not invariably associated with
hypocalcemia, it is often seen in critically ill patients.

Severe illness, prolonged immobilization, low vitamin D
levels, and aging all conspire to increase bone resorption.

These conditions usually respond to combined calcitriol
and pamidronate treatment (42). Other factors that adversely
impact the health of the skeleton include the use of glucocor-
ticoids and anticonvulsants. In both the conditions, the
prompt use of vitamin D and calcium may ameliorate the
effects on the bone. In the case of glucocorticoids, the use
of bisphosphonates or calcitonin should also be considered.

Other drugs used in the ICU which effect bones include
long-term, high dose heparin (.15,000 IU/day) and possibly
catecholamines. Acidosis and vitamin D deficiency predis-
pose to osteomalacia characterized by bone pain, elevated
alkaline phosphatase, and radiological abnormalities.

Hypercalcemic Disorders
Hypercalcemia may be caused by a multitude of conditions
often seen in the ICU (Table 9). Hypercalcemia from any
cause can be severe when renal elimination of calcium is
impaired. In ICU patients, renal function is often compro-
mised for a multitude of reasons, including dehydration,
vomiting, drug toxicity, and multiple organ dysfunction syn-
drome. Immobilization, which is another problem for criti-
cally ill patients, also contributes to hypercalcemia.

The signs and symptoms of hypercalcemia start in ICU
patients with nonspecific findings such as apathy, drowsi-
ness, confusion, bowel hypomotility, and anorexia. As the
hypercalcemia becomes more severe, these signs develop
into more ominous conditions such as obtundation, coma,
dehydration and death (Table 10).

Primary Hyperparathyroidism
Primary hyperparathyroidism, with elevated PTH levels, is
most commonly due to a single adenoma or, less commonly,
multiple adenomas. Primary hyperparathyroidism related to
either single or multiple adenomas is more common than
primary hyperparathyroidism caused by multiple gland
hyperplasia. Hyperparathyroidism associated with a
genetic syndrome (e.g., a MEN syndrome) is less common
than sporadic cases. On the other hand, when hyperpar-
athyroidism is part of a genetic syndrome, hyperplasia is
the usual pathology. Secondary hyperparathyroidism is
invariably caused by hyperplasia. Very rarely, hypercalcemia
is due to parathyroid carcinoma.

Most patients with hyperparathyroidism are asympto-
matic with modest elevations of serum calcium. The PTH
levels in these patients are usually less than twice normal.
Any patient, however, may decompensate to a life-threaten-
ing hypercalcemic crisis with PTH levels reaching 10–20
times normal. Almost 25% of these patients in crisis have
chronic stable hypercalcemia characteristic of primary

Table 9 Conditions Causing Hypercalcemia

Common Rare

Hyperparathyroidism Immobilizationa

Primary Familial hypocaliuric hypercalcemia

Secondary Thyrotoxicosis

Ttertiary Hypophosphatemiaa

Ectopic Addison disease

Drug-induced Vipoma

Vitamins A and D Parathyroid cysts

Thiazides Milk-alkali syndrome

Lithium Paget disease

Malignancy Pheochromocytoma

Osteolytic lesions

PTHrp

Lymphoma

Multiple myeloma

Granulomatous disease

Sarcoid

Tuberculosis

aAlthough immobilization and hypophosphatemia are often seen in criti-

cally ill patients and may contribute to the hypercalcemia caused primarily

by other conditions, they are not often the sole cause of hypercalcemia.

Abbreviation: PTHrp, PTH-related protein.

Table 10 Signs and Symptoms of Hypercalcemia

Early Late

Apathy Obtundation

Lassitude Severe weakness

Drowsiness Coma

Headache Stupor

Confusion Depression

QT shortening Death

Bowel hypomotility Constipation

Nephrogenic diabetes Dehydration

Polyuria Obstructive uropathy

Polydipsia Band keratopathy

Nephrocalcinosis Pancreatitis, PUD

Calcium phosphate precipitation Weight loss

Nausea, vomiting Chondrocalcinosis

Anorexia

Gout, pseudogout

Abbreviation: PUD, peptic ulcer disease.
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hyperthyroidism, prior to their decompensation. On the
other hand, only 1% of patients with mild hyperparathyroid-
ism develop crisis.

In patients with pre-existing hyperparathyroidism, the
crisis may be precipitated by spontaneous hemorrhage and
rupture of an adenoma (43). Another consequence of
rupture of an adenoma is mediastinal hemorrhage with
superior vena cava obstruction, mimicking a dissecting
aortic aneurysm. Partial necrosis of parathyroid cysts
accounts for another small percentage of patients experien-
cing hyperparathyroid crisis.

Malignancy
Malignant tumors, including lung cancer, breast cancer, lym-
phomas, and multiple myeloma, are associated with malig-
nancy-related hypercalcemia. Some of these tumors
produce PTHrp (see above), while others stimulate local
osteolytic humoral factors. Approximately 80% of patients
with solid tumors and hypercalcemia produce PTHrp (44),
making this the most common cause for hypercalcemia in
these patients. Those patients with concurrently elevated
PTHrp have PTH levels which are suppressed, a finding
which helps with the diagnosis. In addition, patients with
malignancy-associated hypercalcemic crisis are often more
debilitated and immobile, exacerbating their hypercalcemia.
Although almost any cancer can be associated with life-
threatening hypercalcemia, lung cancer, breast cancer, lym-
phoma (especially HTLV-1), and multiple myeloma are
most commonly involved.

Disorders of Vitamin D
There are several conditions associated with endogenously-
generated, excessive levels of vitamin D [1,25(OH)2D]. In
general, these are granulomatous disorders, such as sarcoi-
dosis, tuberculosis, histoplasmosis, and coccidiomycosis,
which have amplified macrophage-derived 1,25 (OH)2D
activity. In lymphoma, the lymphomatous tissue generates
enhanced 1,25 (OH)2D hydroxylase activity. HTLV-1 is
associated with severe hypercalcemia, related to elevated
levels of vitamin D. These conditions respond to glucocorti-
coid or hydroxychloroquin treatment, which impairs the
hydroxylase enzyme activity.

Endocrine
Other endocrine conditions result in hypercalcemia. In
thyrotoxicosis, hypercalciuria is commonly present and
20% also have transient hypercalcemia due to excessive
bone remodeling by thyroxine. Pheochromocytoma and
VIPomas can generate PTHrp and cause hypercalcemia
through mechanisms outlined above. Severe Addison
disease has been associated with hypercalcemia, perhaps
mainly due to hemoconcentration. Familial hypocalciuric
hypercalcemia is a loss-of-function mutation in the
calcium-sensing receptor with resultant hypercalcemia,
mildly elevated PTH, and hypermagnesemia. These patients
typically are asymptomatic and, although the PTH levels
may be high, the hypercalcemia does not respond to para-
thyroid surgery.

Drugs and Ingestion
As was the case with hypocalcemia, many drugs used in the
ICU can lead to hypercalcemia. The thiazide diuretics
reduce distal tubule reabsorption of calcium and may cause
hypercalcemia. This condition may be exacerbated by diure-
tic-induced dehydration. Hypercalcemia develops in 10% to

15% of patients treated with lithium, which appears to reset
the set point for PTH release, shifting the response curve to
the right (45). These patients may also have hypocalciuria
and hypermagnesemia. Recently, the milk-alkali syndrome
is being seen more often, due to public health efforts to get
people to increase dietary calcium or use antiosteoporotic
calcium supplementation. Excessive vitamin A may also
cause calcium toxicity related to increased osteclastic activity.
This is a problem of intoxication and is not a problem when
recommended daily allowances are observed.

Immobilization
Immobilization caused by a medical condition or a seden-
tary lifestyle is well known to exacerbate underlying positive
calcium balance by increasing bone resorption. This is an
under-appreciated yet important cause of hypercalcemia in
the ICU that is usually masked by the hypocalcemia more
often associated with critical illness. The resulting osteoporo-
sis, however, is a significant clinical problem, which is often
manifested by pathologic fractures following falls.

Treatment
The cornerstone for treatment in mild to moderate hypercal-
cemia involves rehydration, preferably using normal saline,
sometimes supplemented with diuretics. For more rapid
control, albeit with modest reductions, subcutaneous calci-
tonin injection may be administered twice per day at a
dose range of 100–200 IU. Pamindronate inhibits bone
resorption without inhibiting bone formation. It is useful
for treatment for hypercalcemia due to malignancy, Paget
disease, and osteoporosis. Bisphosphonates can also be
very effective for osteoporosis and Paget disease, but take
two to three days to act. Bisphosphonates must be used
carefully in patients with renal failure and high phosphate
levels.

The patient with “hypercalcemic crisis” often pre-
sents with signs and symptoms of severe hypercalcemia
including severe fatigue, oliguria, anuria, somnolence, and

coma. In extreme cases, either emergency surgery or
hemodialysis may be needed for a successful outcome. In
cases with parathyroid carcinoma, there are often associated
bone and kidney diseases and a palpable neck mass. Some of
these patients need urgent surgery.

Postoperative Complications in the ICU
The postoperative complications in the ICU following para-
thyroid surgery are similar to those noted above for thyroid
surgery and include neck swelling, bleeding, nerve injury,
and hypocalcemia. Because the parathyroid glands are
smaller than the thyroid, neck swelling and bleeding are not
common problems following surgical exploration and exci-
sion. The parathyroid glands are more variable in location
and an extensive exploration is sometimes necessary in the
retro-thyroid space, making injury to the one or both of the
recurrent laryngeal nerves more likely. Damage to a superior
laryngeal nerve (nerve of Galli-Curci) is less common in para-
thyroid surgery because these nerves lie in close apposition to
the superior thyroid artery, which does not have to be routi-
nely divided as it does in thyroid surgery. Because the inferior
parathyroid glands may be found in the mediastinum,
parathyroid surgery may involve retrosternal or mediastinal
exploration. These extended operations are certainly more
complicated and carry increased risks of bleeding and aerodi-
gestive tract compromise.
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Hypocalcemia following thyroid surgery may occur, if
all of the parathyroid glands are removed, injured, or devas-
cularized. The hypocalcemia in these cases may take weeks
to develop and is often transient. When a patient is being
operated on for hyperparathyroidism, the responsible
adenoma is removed or the hyperplastic tissue is reduced
in volume. In these circumstances, the bones, which were
previously decalcified by hyperparathyroidism, avidly take
up calcium (hungry bone syndrome, discussed above). The
serum calcium levels may plummet rapidly in these patients
and require extremely aggressive intravenous calcium
replacement with cardiac and hemodynamic monitoring in
an ICU.

The trend toward minimally invasive procedures is
revolutionizing parathyroid surgery. Adenomas can be
localized with preoperative sestamibi scintigraphy, allowing
a unilateral exploration through a minimal incision.
Occasionally, a hand-held gamma camera is also used to
further localize the adenoma. A rapid PTH assay is then
used to document intraoperatively that the PTH levels nor-
malize after removal of the adenoma. Minimally invasive
parathyroid surgery is too recent to have long-term follow-
up data, but initial results suggest that this approach has a
93% success rate in the 64% of patients who have hyperpar-
athyroidism caused by sporadic adenomas (46).

EYE TO THE FUTURE
Thyroid
New, highly sensitive TSH assays have become the corner-
stone of diagnostic testing used to evaluate the thyroid
axis. Tests with the highest sensitivity can differentiate
normal from hyperthyroid levels in virtually all cases,
including acutely ill patients. Improved TSH sensitivity
has also contracted the upper range of normal values. The
majority (.95%) of euthyroid individuals have a serum
TSH between 0.4 and 2.5 mU/L. Individuals with a TSH
value above 2.5 mU/L may have the early stages of
thyroid failure (47).

The isolation and genetic cloning of the sodium iodide
symporter protein (NIS), which is important in iodide trans-
port, has opened a new field in thyroid research. These
ongoing studies involving the molecular mechanism of
iodide transport have important implications for nuclear
medicine evaluation and treatment of both benign and
malignant thyroid diseases. Reduced NIS expression
accounts for reduced iodide uptake in thyroid cancer cells.
These cancer cells can be targeted to increase NIS expression
and thereby enhance the effectiveness and scope of radioio-
dine therapy. Interestingly, it also appears that radioiodine
could have a similar diagnostic and therapeutic role in
breast cancer, as these cells also express NIS.

Another important advance in thyroid disease man-
agement has been the development and use of recombinant
human thyrogen (i.e., TSH). The indications for thyrogen
should increase depending on the results of several
ongoing trials. Already, it has a role in assessing metastatic
disease in lieu of the standard practice of body scanning fol-
lowing induced hypothyroidism. Combined with ultrasono-
graphy of the neck, it has the highest sensitivity for
monitoring differentiated thyroid carcinoma (48). Future
uses will most likely include therapeutic preparation of
patients for radioiodine treatment.

Interventional radiology is being used more for
the evaluation and treatment of endocrine disorders.

Minimally-invasive techniques for treating Graves disease
are being developed using selective arteriography and arter-
ial embolization of thyroid arteries using the Seldinger tech-
nique. These techniques are especially valuable in patients
who have significant comorbidity, making their risk for
surgery prohibitively high.

Following thyroidectomy for Graves disease, some
investigators have advocated the combined administration
of T4 and T3. To demonstrate the efficacy of thyroid
hormone replacement in this situation, however, will
require additional trials. Although surgery is no longer con-
sidered primary treatment for hyperthyroid Graves disease,
thyroidectomy is still indicated in circumstances when
patients cannot tolerate medical treatment or when rapid
control of hyperthyroidism is deemed necessary. In these
situations, rapid control of hyperthyroidism can be achieved
with a combination of iopanoic acid and dexamethasone (49).
Another area of controversy involves the use of thyroid
hormone replacement in the so-called euthyroid sick syn-
drome. Thus, the data does not support such an approach. It
appears, however, that better powered trials might be able
to discern a potential role of thyroid hormones and/or
thyroid hormone-like agents in this hypothyroid state.

Parathyroid
Hyperparathyroidism with normal calcium but elevated
parathyroid hormone levels (without secondary hyperpar-
athyroidism) is now more commonly recognized, due to
more routine PTH screening. This probably represents
detection of hyperparathyroidism at an early stage,
before hypercalcemia develops. Because it may be associ-
ated with clinical problems such as osteoporosis, treat-
ment of this early stage of hyperparathyroidism may be
appropriate.

Parathyroid scintigraphy for the diagnosis and surgical
location of hyperparathyroidism is evolving rapidly. Dual-
tracer (subtraction) techniques using technetium-99 m sesta-
mibi has become the standard mode of localizing
parathyroid adenomas. Refinements, including the use of
99 m-tetrofosmin, single-photon emission tomography, and
PET scanning are currently being evaluated. The availability
of improved precision in the localization of a single
adenoma has already changed the scope of surgery to
include minimally invasive techniques utilizing a radio-
guided surgical approach.

Another area of development involves the use of allo-
steric activators of the calcium sensing receptor, that is, calci-
mimetic agents. These small organic molecules lower the
threshold for receptor activation by extracellular calcium
and thereby diminish parathyroid hormone secretion. Their
effectiveness in controlling parathyroid hormone levels has
been shown in both primary and secondary hyperparathyr-
oidism. These agents are alternatives to vitamin D and
calcium therapy to treat the secondary hyperparathyroidism
of renal failure. Notably they have also been reported to
decrease the calcium-phosphorus product (50).

Other agents that control parathyroid hormone
secretion are the modified vitamin D compounds. Although
these agents are already important in secondary hyper-
parathyroidism due to end-stage renal disease, newer com-
pounds with more potent effects on the secretion of
parathyroid hormone are being developed.

Finally, the availability of parathyroid hormone itself,
administered as a once-daily injection, will potentially revo-
lutionize the anabolic approach to osteoporosis. Completed
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phase III trials demonstrate an impressive increase in bone
mineral density as well as a decrease in bone fractures
using PTH supplementation.

SUMMARY
Thyroid Dysfunction
The signs and symptoms of thyroid dysfunction may be con-
fused with those caused by critical illness, and an under-
standing of thyroid hormone secretion and action is
important in order to recognize thyroidal illness in ICU
patients. The most important aspect of thyroid hormone
physiology is the recognition that most of the biologically
active hormone T3 is not secreted directly from the
thyroid, but is produced by extrathyroidal conversion of
T4. TSH, in general, relates inversely to the levels of T4,
the inactive species, due to the negative feedback mechan-
ism. When T4 is not converted to active T3, it may be con-
verted to the inactive hormone, reverse T3 (rT3), therefore
levels of T4 only bear an indirect relationship to levels of
T3, the active hormone. Although the measurement of TSH
is usually sufficient to determine whether thyroid hormone
levels are adequate, because of the confusing metabolism
and feedback of T3 and T4, it may be necessary to measure
the levels of other hormones to assess the thyroidal axis in
these challenging patients. When thyroid hormone levels
are determined to be high or low, it is not necessarily ben-
eficial to normalize these levels.

The most common thyroid problem seen in the ICU is
“euthyroid sick syndrome,” which represents abnormal lab-
oratory tests that don’t reflect primary thyroidal problems.
Although some clinicians consider that patients with ESS
may have clinical hypothyroidism, there is no role for
therapeutic thyroid hormone supplementation in these
patients. Several medications used in the ICU are com-
monly associated with hypothyroidism, including amiodar-
one and lithium. Other conditions encountered in ICU
patients that may lead to hypothyroidism include Hashi-
moto thyroiditis and conditions requiring thyroid ablation
by radioactive iodine or surgery. When hypothyroidism is
severe it may lead to “myxedema coma” with cardiovascu-
lar collapse, severe metabolic derangements, and even-
tually, coma.

The signs and symptoms of hypothyroidism are
usually subtle whereas those of hyperthyroidism are
more flagrant and easy to recognize. The main cause of
hyperthyroidism in the ICU as well as in the general popu-
lation is Graves Disease. Although symptoms in Graves
Disease may be severe, surgery, which controls the
disease immediately, should not be attempted unless
chemical control of the symptoms has been achieved
with antithyroid drugs. Other less common but important
causes of hyperthyroidism are use of iodinated contrast
dyes, toxic nodular goiter, and thyroiditis. When
hyperthyroidism is extreme, thyroid storm may be precipi-
tated, which, if not recognized in critically ill patients, may
lead to death. The symptoms of thyroid storm are believed
to be related to the precipitous release of catecholamines.
Thus the immediate treatment of this life-threatening con-
dition is adrenergic blockade.

In general, there is an endocrine response to acute
physiologic derangements seen in the ICU. This response
is characterized by actively secreting pituitary hormones
(e.g., TSH) with peripheral inactivation of the target organ
hormones (e.g., T3). It is unclear whether this mechanism
is harmful or protective. Treatment of these low hormone

states with hormone supplementation has not been success-
ful to date.

The parafollicular cells of the thyroid produce calcito-
nin and its prohormone, procalcitonin. Procalcitonin has
become increasingly recognized as an important marker for
inflammatory states such as sepsis. Most of the procalcitonin
produced in these states are not produced in the thyroid, but
originates in extrathyroidal, nonneuroendocrine cells.

Parathyroid Dysfunction
The parathyroid glands vary in number and in position for
all patients, thus, an understanding of these variations is
important before one embarks upon surgical exploration
and removal of parathyroid tissue. The principal action of
these glands is the regulation of calcium levels. It should be
noted that although the intracellular levels of calcium may
be most important for cell health, it is the extracellular
levels that are tightly regulated by the parathyroid glands.
Extracellular calcium exists as free active calcium, calcium
bound to albumin and calcium complexed to anions.
Because of changes in albumin and electrolytes in the ICU,
measurement of ionized calcium is important to understand
how much free bioactive calcium is present. Measurements of
other serum levels such as magnesium, PTH, and Vitamin D
are important to get a complete picture of calcium homeosta-
sis and the role that the parathyroid glands play.

The rate at which calcium levels fall as well as the
levels of hypocalcemia influence the clinical manifestations
of hypocalcemia. There are many clinically-encountered con-
ditions which lead to low serum levels of calcium, among
which are postsurgery (parthyroidectomy), malignancy,
hypomagnesemia, hypovitaminosis (Vitamin D), pancreati-
tis, autoimmune diseases (e.g., APECED), genetic diseases
(e.g., diGeorge syndrome), infiltrative diseases (e.g., hemo-
chromatosis), massive blood loss, and hypoalbuminemia.
Some of these conditions, such as malignancy, can also be
associated with hypercalcemia. Some, such as massive
blood transfusion and hypoalbuminemia, are seen often in
the ICU.

Calcium administration should be reserved for
ionized levels less than 0.7 mmol/L, whereas mild hypocal-
cemia should be treated by measures such as withholding
loop diuretics. Although massive blood transfusion may
lead to hypocalcemia, calcium supplementation is usually
not necessary unless ten or more units of banked blood
have been transfused.

Hypercalcemia initially presents with nonspecific find-
ings such as drowsiness, confusion, and anorexia, which are
difficult to identify in ICU patients. Unrecognized hypercal-
cemia may become severe leading to more serious conditions
such as obtundation, coma, and death. There are multiple
etiologies for hypercalcemia including primary hyperpar-
athyroidism, malignancy, hypervitaminosis (D and A), gran-
ulomatous disease, thyrotoxicosis, pheochromocytoma,
thiazide diuretics, milk-alkali syndrome, and immobiliz-
ation. Treatment of hypercalcemia usually requires only
hydration and diuresis (saline diuresis). For severe hypercal-
cemia and hypercalcemia caused by specific disease pro-
cesses, pamindronate, calcitonin, biphosphonates, and, in
rare circumstances, surgery (parathyroidectomy) may be
required. Surgery for both parathyroid and thyroidal ill-
nesses relies on careful, meticulous technique and, when
done correctly, is not associated with much morbidity or mor-
tality. Nonetheless, recent advances in minimally invasive
surgery have given surgeons more options for performing
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these delicate operations. The most commonly recognized
problem for parathyroid (and less commonly, thyroid)
surgery is hypocalcemia secondary to hypoparathyroidism.
Significant acute hypocalcemia that might require ICU moni-
toring occurs only following removal of hyperactive para-
thyroid tissue causing “hungry bone syndrome.”

KEY POINTS

Thyroxine, the prohormone, is the predominately
released species upon TSH stimulation; most of the
triiodothyronine, the bioactive hormone, is produced
by extrathyroidal conversion.
Levels of thyroid hormone should not necessarily be
normalized during critical illness.
This biphasic response to iodide is important insofar as
iodide administration can precipitate either hyper-
thyroidism or hypothyroidism.
Many problems seen in the ICU cause either increased
or decreased binding of thyroid hormone to its binding
proteins, which may make the total hormone levels
abnormal while the free, active hormone levels are
normal or vice versa.
In ESS, there are perturbations in the entire
hypothalamic-pituitary-thyroid hormone system and
it is unclear if these patients are truly euthyroid or
perhaps have central hypothyroidism (9). For this
reason, the term nonthyroidal illness (NTI) may be
more appropriate than ESS.
The presence of a surgical scar, a goiter, unexplained
atrial fibrillation, hyponatremia, or constipation may
be important clues to NTI.
Approximately 15% to 20% of patients on long-term treat-
ment with amiodarone develop thyroid abnormalities,
especially if there is underlying thyroid pathology (15).
When hypothyroidism is severe, it will result in hypother-
mia, hypo-ventilation, severe metabolic derangements,
cardiovascular collapse, and eventually, coma.
Although subtotal or total thyroidectomy immediately
controls symptoms of Graves Disease, surgery should
not be attempted unless chemical control of symptoms
and, optimally, thyroid hormone levels have been
achieved with antithyroid drugs.
The symptoms of thyroid storm are believed to be the
result of the precipitous release or enhanced action of
catecholamines by thyroid hormone. Thus, the immedi-
ate treatment is adrenergic blockade with agents such
as propanolol, reserpine, and guanethidine.
When there is an acute metabolic or physiologic insult
associated with trauma, sepsis, surgery, etc., the endo-
crine response can be characterized as actively secreting
pituitary hormones with peripheral inactivation of the
target organ hormones.
Post thyroid surgery stridor is an airway emergency,
most frequently due to bleeding into the wound or
injury to the recurrent laryngeal nerves.
Acidosis increases the ionized calcium levels, and alkalo-
sis reduces these levels (i.e., an increase of pH change by
0.1 decreases ionized calcium 0.1 mg/dL and vice versa).
Digitalis, cyclosporin, cis-platinum, diuretics, amino-
glycosides, amphoterecin B, and citrate (in blood trans-
fusions) will lower measured magnesium levels.
Both the absolute level and the rate of fall of calcium
influence the clinical manifestations of hypocalcemia.

Administration of calcium in systemic inflammation
has not been useful. In this regard, the hypocalcemia
seen with SIRS may be part of the inflammatory
response process and may be protective.
Hypocalcemia from the “hungry bone syndrome”
occurs following surgical resection of large adenomas,
which had caused severe primary hyperparathyroidism.
More aggressive therapy should be reserved for severe
ionized hypocalcemia (,0.7 mmol/L), severe symp-
toms (Table 8), or antagonism of specific conditions
such as hyperkalemia, hypermagnesemia, and
calcium channel blocker toxicity.
Routine administration of calcium with massive blood
transfusions is controversial; however, calcium is fre-
quently useful if blood is administered rapidly and
when ten or more units are administered (41).
Severe illness, prolonged immobilization, low vitamin D
levels, and aging all conspire to increase bone resorption.
The patient with “hypercalcemic crisis” often presents
with signs and symptoms of severe hypercalcemia includ-
ing severe fatigue, oliguria, anuria, somnolence, and coma.
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INTRODUCTION

The adrenal cortex produces steroids of three different types:
glucocorticoids, mineralocorticoids, and steroidal sex hor-
mones. The adrenal medulla produces the catecholamines
adrenaline (aka epinephrine) and noradrenaline (aka norepi-
nephrine). In the case of adrenal injury, failure of production
or secretion of the glucocorticosteroid cortisol bears the most
serious consequences (1–3). Hypocorticism is a rather rare
disease and is, therefore, more difficult to diagnose. The
absence of hydrocortisone in the critically ill patient can
have catastrophic consequences (4).

Adrenal crisis, also known as Addisonian crisis, in

a critically ill patient is a medical emergency. Fatalities
have been described following inadequate hydrocortisone
administration in patients severely stressed by acute
illness and in those undergoing major surgery (1–4). The
intensivist should be familiar with the classic presentation
of adrenal crisis and be prepared to supplement the ill
patient with adequate amounts of glucocorticoids.

Because adrenal crisis is a rare event, the diagnosis
may be missed, unless the traumatologist/intensivist has

a high index of suspicion. Often empiric therapy is war-
ranted due to the lack of history and time constraints,
especially in the unconscious patient.

This chapter reviews the physiology of normal adrenal
function and the associated hormones, the classic clinical
presentation, and diagnostic and treatment options of
adrenal crisis in the setting of the operating room and the
intensive care unit (ICU). In addition, the effects of various
exogenous steroids are provided, along with perioperative
guidelines for exogenous steroid use in patients with pre-
sumed adrenal suppression.

ADRENAL GLAND ANATOMY

The adrenal glands are located in the retroperitoneal space
above the superior pole of the kidneys. The adrenal glands
are extremely well vascularized and consist of two distinct
but interconnected endocrine organs of embriologically dis-
tinct origins: the adrenal cortex (derived from mesoderm),
which produces three major categories of steroid hormones;
and the adrenal medulla, derived from ectoderm (neural
crest cells), which produces the catecholamines epinephrine
and norepinephrine.

The medulla is perfused by a portal venous system
that drains the cortex, providing a rich flow of glucocorti-
coids that induce enzymes responsible for catecholamine
synthesis. The chromaffin cell is the principle cell type that
synthesizes catecholamines from cholesterol. The medulla
is richly innervated by preganglionic sympathetic nerve
fibers, serving in essence as an extension of the sympathetic
nervous system.

The adrenal cortex is divided into three layers: the
outer zona glomerulosa, which produces and secretes the
mineralocorticoid aldosterone; the middle zona fasciculata,
which produces the glucocorticoid cortisol; and the inner
zona reticularis, which produces androgens.

HYPOTHALAMIC-PITUITARY-ADRENAL AXIS PHYSIOLOGY

The production and release of glucocorticoids and andro-
gens is regulated by the hypothalamic-pituitary-adrenal
(HPA) axis (5). The hypothalamus is responsible for the pro-
duction of corticotropin-releasing hormone (CRH). CRH, in
turn, acts upon the anterior pituitary gland by signaling
the release of adrenocorticotropic hormone (ACTH). ACTH
regulates the synthesis and release of glucocorticoids and
androgens in the adrenal cortex (6). The glucocorticoid corti-
sol is life maintaining, and its deficiency plays a central role
in hypoadrenal crisis. In contrast, the androgens do not play
a significant role. Both CRH and ACTH receive negative
feedback regulation from cortisol (Fig. 1) (7).

ACTH and cortisol secretion have a diurnal pattern of
variation, with maximum secretion between 2 a.m. and 8
a.m., and minimum availability around midnight. Normally,
in the absence of any physical or psychological stressors, the
body produces 15 to 20 mg of cortisol per day (8).

An abnormally flattened circadian cortisol cycle has
been linked with chronic fatigue syndrome (9), insomnia
(10), and “burnout” (11). Critically ill patients often manifest
a slightly elevated but flattened curve as well (particularly
when chronically stressed) (3–8).

Cortisol Production and Actions
Cortisol, like many other steroidal hormones, is an end
product of cholesterol. Cholesterol is first metabolized in the
adrenal gland to pregnenolone, which serves as a precursor
for both cortisol and aldosterone, in two separate biochemical
pathways. The last step of the synthesis of cortisol is the
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conversion of 11-desoxycortisol to cortisol, under the
influence of the enzyme 11b-hydroxylase (Fig. 2) (12). If
one of the rate-limiting steps in the cortisol production is

inhibited (as can occur with the drug etomidate), then the
production and homeostasis of glucocorticoids is severely
disturbed (13).

Cardiovascular Effects of Cortisol
Cortisol is essential in maintaining vascular tone and

thus sustaining blood pressure; indeed, in the absence of
cortisol, smooth muscle cells become unresponsive to cat-
echolamines. Cortisol both facilitates the vasoconstric-
tor actions of catecholamines, and has a permissive role
on catecholamine synthesis (14,15). Classic mediators of
septic shock, like interleukin-1 (IL-1) and interleukin-6
(IL-6), have been shown to stimulate the HPA axis and
raise plasma cortisol levels by inducing the release of
CRH (16).

Stress Hormone Role of Cortisol
Cortisol is considered a stress hormone and has a positive
effect on mood, providing a sense of well being. Stress-
mediated neuronal stimulation of the hypothalamus causes
CRH release, which induces ACTH release and a subsequent
raise in cortisol; this mechanism overrides the body’s usual
circadian rhythm of ACTH and cortisol secretion (17).
Patients with an intact HPA axis are found to have elevated
cortisol levels during periods of stress and illness (16).
Serum cortisol increases by two to 10 times that of normal,
depending on the nature of the stressor (1,8–19). For
example, with the stress of surgery, cortisol requirements
usually increase from 75 to 150 mg/day (6). The maximum
release of cortisol does not exceed 300 mg. Even major
surgery does not lead to more than 200 to 300 mg of cortisol
secretion in the first 24 hours (6,18). Patients with adrenal
insufficiency, by definition, fail to reach the normal increased
physiologic levels in a stressed state (1,8).

Anatomical connections between the amygdala, hip-
pocampus, and hypothalamus facilitate activation of the
HPA axis (20). Sensory information arriving at the lateral
aspect of the amygdala is processed and conveyed to the
central nucleus, which hosts projections to several parts of
the brain involved in the fear responses. At the hypothala-
mus, fear-signaling impulses activate both the sympathetic
nervous system and the HPA axis (20–22). These neuroendo-
crinological connections involving the HPA axis are now
thought to be integrally related to the development of
post-traumatic stress disorder (PTSD), which is fully
reviewed in Volume 2, Chapter 65 (20–22).

Glucocorticoids serve important functions, including
modulation of stress reactions, but they can be damaging
with chronic stimulation. Atrophy of the hippocampus
is seen in humans and animals exposed to severe stress,
and believed to result from excessive stress-induced gluco-

corticoid levels. Deficiencies of the hippocampus are
believed to reduce the memory resources available to help
a body formulate appropriate reactions to stress (23).

Metabolic Properties of Cortisol
Cortisol has metabolic and catabolic properties as well. It
promotes glucose production through gluconeogenesis and
antagonism of insulin action (1,8). It also promotes the break-
down of lipids and proteins, mobilizing these energy stores
as substrate for gluconeogenesis.

Cortisol and other glucocorticoids affect bone and
calcium homeostasis. Cortisol increases calcium reabsorp-
tion from bone and in excess can cause osteoperosis (1,2).
Cortisol also inhibits intestinal calcium absorption and

Hypothalamus

CRH stimulates

Cortisol inhibits
Ant. Pituitary

ACTH
Cortisol inhibits stimulates

Adrenal gland

Figure 1 Hypothalamic-pituitary-adrenal axis. Hypothalamus

releases corticotropin-releasing factor, stimulating the pituitary

gland. The pituitary gland releases adrenocorticotropic hormone

which stimulates the adrenal gland to produce cortisol. Cortisol

exerts a negative feed back to the pituitary gland and the hypo-

thalamus, and thus inhibits both their activity. Abbreviations:

ACTH, adrenocorticotropic hormone; CRH, corticotropin-

releasing hormone. Source: From Ref. 5.

CHOLESTEROL

Pregnenolone

17 α-hydroxylase

17 α-hydroxyprenenolone

17 α-hydroxyprogesterone

11-deoxycortisol

11 β-hydroxylase

Cortisol

Figure 2 Etomidate inhibits in a dose-dependent fashion the

enzyme 11b-hydroxylase, and to a lesser extent the enzyme

17a-hydroxylase. This leads to an excess of 11-deoxycortisol

and a lack of cortisol. Source: From Ref. 12.
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drives extracellular calcium into intracellular space. Cortisol
and other glucocorticoids also inhibit ADH, and when in
high concentrations, bind to mineralocorticoid receptors,
providing an aldosterone-like effect (sodium reabsorption
and potassium secretion).

ALDOSTERONE PRODUCTION REGULATION AND ACTION

The secretion of aldosterone is mainly under the control of
the rennin-angiotensin-aldosterone system (RAAS). Aldos-
terone is the principle mineralocorticoid, although cortisol
is said to have weak mineralocorticoid effects in nonrodent
mammals. Aldosterone causes sodium reabsorption in con-
junction with potassium and hydrogen ion excretion at
the renal tubules, and serves as the primary controller of
extracellular fluid and plasma volume (24,25). Also see
Volume 2, Chapter 44.

A decrease in intravascular volume leads to increased
secretion of renin by the juxtaglomerular apparatus (JGA),
leading to increased conversion of angiotensinogen to angio-
tensin I, and then to angiotensin II. Angiotensin II acts on the
adrenal zona glomerulosa to increase the activity of aldoster-
one synthase, and therefore, the secretion of aldosterone.
Hyperkalemia also increases the activity of aldosterone
synthase.

Aldosterone deficiency leads to hyponatremia,
decreased plasma volume, hyperkalemia, and metabolic

acidosis. In primary adrenal crisis, these effects exacerbate
those due to cortisol deficiency and lead to profound cardi-
ovascular collapse (24,25).

ADRENAL INSUFFICIENCY DEFINITIONS AND ETIOLOGIES

“Primary” adrenal insufficiency is defined as a deficiency of
aldosterone, cortisol, and other adrenal hormones due to
disease of, or direct trauma to, the adrenal glands them-
selves, or due to drugs that block the adrenal synthesis of
cortisol. “Secondary” adrenal insufficiency is defined as a
decrease in secretion of ACTH by the pituitary gland
either due to direct pituitary pathology, or because of hypo-
thalamic pathology resulting in decreased elaboration of
CRH (though some term the hypothalamic causes as “Ter-
tiary” adrenal insufficiency) (3). “Tertiary” adrenal insuffi-
ciency is generally referred to as that resulting from
peripheral resistance to cortisol, and is by far the least
common variety of adrenal insufficiency. The pathological
entities that can result in primary and secondary adrenal
insufficiency are extensive. Only the most common causes
will be reviewed here.

Primary
Primary adrenal insufficiency, dysfunction of the adrenal
glands themselves, is commonly referred to as Addison’s
disease. Though this term is probably best reserved for the
autoimmune variety (the most common type), Addison’s
disease is reported to occur in 39 to 177 individuals per
million population (26,27). The mean age at which it is diag-
nosed in adult patients is 40 years (range, 17–72 years old)
(28). The estimates of occult adrenal insufficiency in critically
ill patients and in the general population depend partly
upon the criteria chosen and the tools used to diagnose the
disease. Therefore, it is difficult to compare older with
newer literature (29).

In one survey, over 80% of patients with adrenal insuf-
ficiency and who belonged to the National Adrenal Disease
Foundation (NADF) had seen two or more physicians before
the correct diagnosis was considered (30). The NADF esti-
mates that approximately 10,000 individuals in the United
States suffer with Addison’s disease (30). The NADF
points out that this figure most likely underestimates the
prevalence of Addison’s disease in the United States. The
number of people who have subclinical secondary adrenal
insufficiency that can be uncovered by stressful events is
not included.

Autoimmune
Primary adrenal insufficiency, also known as Addison’s
disease, most commonly results from an autoimmune adrena-
litis, accounting for about 70% to 90% of all cases of adrenal
insufficiency in the United States (1–3,31,32). Autoimmune
adrenalitis may present alone or along with other auto-
immune endocrine diseases, and may be found as a com-
ponent of type I or II polyglandular syndrome (1–3,31,32).
The primary autoimmune etiology is the formation of auto-
antibodies against the 21-hydroxylase enzyme producing
cells. Also, see Volume 2, Chapter 52 for a discussion of auto-
immune disease in trauma and critical care.

Granulomatous Disease
Tuberculosis (TB) was once the most common cause of
primary adrenal insufficiency (1). Granulomatous diseases
(including TB), along with some fungal diseases (i.e.,
histoplasmosis, blastomycosis), can cause complete adrenal
destruction (1). Other causes of primary adrenal insuffi-
ciency include acquired immunodeficiency syndrome
(AIDS), metastatic carcinoma, and sepsis-related adrenal
hemorrhage.

Trauma-Related Adrenal Hemorrhage
Adrenal hemorrhage can also result from abdominal
trauma (33), and the risk is likely elevated in patients
taking anticoagulants (33,34). Porter et al. (33) describe in
a case series of blunt trauma deaths (mainly caused by
motor vehicle accidents) with an adrenal hemorrhage inci-
dence of 8% (21 of 269 patients). The authors suggest in
this study that adrenal hemorrhage can result from
direct injury itself, rather than as a terminal event involving
the HPA axis, and that some patients with severe abdomi-
nal trauma may benefit from exogenous steroid adminis-
tration (33).

In a case series of 14 patients with adrenal gland
trauma by Gomez et al. (35), 12 patients required surgical
exploration of the adrenal gland. In seven of the 12 patients,
repair, rather than removal of the gland, was possible and no
patient required adrenal corticosteroid replacement therapy
(35). Webster and Bell (36) describe a young patient who
developed primary adrenal insufficiency in a rehabilitation
center one month after an isolated serious head injury and
a complex ICU course. The patient’s symptoms improved
markedly under corticosteroid therapy (36).

Both blunt and penetrating abdominal trauma, as well
as prolonged critical illness and stressful operations, have
led to bleeding or dysfunction of the adrenal gland resulting
in relative hypoadrenalism or adrenal insufficiency (so-
called “Addisonian crisis”) (1–3). However, primary injury
to the adrenal glands is a far less common cause of adrenal
insufficiency in critically ill trauma patients.

Chapter 62: Adrenal Suppression and Crisis 1105



Human Immunodeficiency Virus and Miscellaneous Causes
Adrenal insufficiency is also the most serious endocrine
complication that occurs in persons with human immunode-
ficiency virus (HIV) infection (37). In AIDS, the adrenal
gland may be destroyed by opportunistic infections.
Adrenal insufficiency develops in 30% of patients with
advanced AIDS (1,31). Metastases to the adrenal gland
most often originate from the lung, but also from other
primary sites including the breast, kidney, stomach, pan-
creas, and colon.

Secondary Adrenal Insufficiency
Secondary adrenal insufficiency can result from any lesion to
the pituitary (decreasing ACTH production) or the hypo-
thalamus (impairing CRH). The most common cause is the
abrupt discontinuation of exogenous glucocorticoid admini-
stration following long-term glucocorticoid therapy (38).
Chronic glucocorticoid use results in prolonged suppression
of CRH production and release. In the long-term glucocorti-
coid user, adrenal insufficiency clinically manifests itself in
two circumstances: (i) when maintenance steroids are not
increased in response to stress, or (ii) when chronic steroids
are tapered too abruptly (1–3).

ADRENAL SUPPRESSION AND CRISIS IN CRITICAL ILLNESS

Secondary adrenal insufficiency is most commonly seen
with long-term use of glucocorticoid usage. However, in cri-
tically ill patients, prolonged periods of elevated stress are

also associated.
The patient postcessation of steroid therapy may be

asymptomatic unless there is an acute stress. If the patient
undergoes surgery or sustains an infection, it is critical to
provide replacement steroids, otherwise circulatory collapse
may result (5,16–19).

It may only take a few weeks of glucocorticoid
administration to develop suppression of the HPA axis
and relative adrenal insufficiency to occur (2). However, it
can take six to 12 months postsuppression by exogenous
steroids for the HPA axis to fully recover its function (39).
Lamberts et al. (19) emphasize that the duration of recovery
of the HPA can range from days to one year. Less common
causes of secondary adrenal insufficiency include pituitary
or metastatic tumors, hypothalamic tumors, craniopharyn-
gioma, sarcoidosis, pituitary surgery or radiation, traumatic
brain injury (TBI), and postpartum pituitary necrosis
(Table 1) (1).

Glucocorticoids administered in equivalent doses of up
to 5 mg of prednisone, for any given period of time, generally
do not cause secondary adrenal insufficiency once the steroid
is withdrawn (19,40). However, doses greater than 10 mg pre-
dnisone for extended periods may cause HPA suppression.

Trauma patients are prone to adrenal hemorrhage.
Porter (33) describes a 7% incidence of adrenal hemorrhage
in ultimately fatal motor vehicle accident victims. Adrenal
injuries should also be considered in blunt and penetrating
trauma (35). The incidence and response to treatment of
adrenal insufficiency in high-risk postoperative patients
was studied in a prospective observational case series by
Rivers et al. (17). They found that 33% of patients, amongst
104 critically ill surgical patients over the age of 55, have
abnormally low adrenal function. Although the study
design did not test prospectively against a noncortisol treat-
ment group, it appears that there was a trend toward earlier

recovery from vasopressor therapy within 24 hours among
the patients who received a hydrocortisone stress dose.

Critically ill patients with adrenal dysfunction and
those with functional hypoadrenalism have a different
response to fluid resuscitation and pressors than those
with normal cortisol function (41). This is partly due to the
low systemic vascular resistance (SVR) present with this con-
dition. Seriously ill patients have a higher prevalence of
adrenal insufficiency than the general population (4,41,42).
Merry et al. (43) found that postoperative patients older
than 55 also have a higher incidence of adrenal failure.

In critically ill patients with hemodynamic instability,
a cortisol level and an ACTH test should be considered to
test for the diagnosis of adrenal insufficiency (17). There is
a wide variance of postoperative incidents of adrenal insuf-
ficiency and failure. One of the reasons for this wide discre-
pancy could be different patient populations, and different
types and states of disease in various studies.

Routine screening for adrenal failure in the critically ill
is therefore expensive, because with an incidence as low as
1%, it would take 99 patients without disease to find one
ill patient with adrenal insufficiency. Patients with a high
pretest probability such as old age, massive stress, labora-
tory abnormalities, and poor response to pressors and
fluids should be considered as candidates for presumptive
cortisol replacement and ACTH response testing.

DIAGNOSIS OFADRENAL SUPPRESSION IN CRITICAL ILLNESS
Clinical Picture
In primary adrenal insufficiency, patients demonstrate
depressed mentation, weakness, nausea, vomiting, diarrhea,
pigmented skin, and eosinophilia. With secondary adrenal
insufficiency, fluid and electrolyte disturbances are mini-
mized, but hypoglycemia can be severe because both cortisol
and (occasionally) growth hormone can be missing. These
patients often lack the marked weight loss that is present
in primary adrenal insufficiency and are not pigmented.

Table 1 Factors Contributing to the Development of Relative

Hypoadrenalism in Critically Ill Patients

Pre-existing or previously undiagnosed asymptomatic diseases of

the adrenal gland

Partial destruction of the adrenal cortex

Autoimmune adrenalitis

Tuberculosis

Metastasis

Acute partial destruction of the adrenal glands

Hemorrhage

Massive retroperitoneal bleeding

Thrombocytopenia

Anticoagulant therapy

Bacterial infection (meningococcemia), viral, or fungal

infections

Previously unknown hypothalamic-pituitary disease resulting

in undiagnosed secondary hypothalamic-pituitary-adrenal

insufficiency

Cytokine-mediated inhibition of ACTH release during septic

shock? (16)

Abbreviation: ACTH, adrenocorticotropic hormone.

Source: From Ref. 19. Courtesy of NEJM.
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Fever, tachycardia, low SVR, and orthostatic hypotension are
seen with both varieties.

Biochemical profiles usually show a prerenal azotemia, an
abnormal hyponatremia, increased potassium levels initially,
and hypoglycemia (Table 2). The cardiovascular exam in

adrenal-suppressed patients usually reveals tachycardia, a
weak thready pulse, a small cardiac silhouette on chest
X-ray (CXR), and an empty heart by transesophageal echo-
cardiography (TEE); Swan-Ganz would show a low cardiac
output (due to low stroke volume) despite a low SVR.

Baseline Laboratory Abnormalities
Adrenal insufficiency typically causes classic electrolyte
abnormalities, which include hyponatremia, hyperkalemia,
and hypercalcemia. Hypoglycemia is also common and a
mild metabolic acidosis and azotemia may also occur
(Table 1) (1). However, serum electrolyte levels may all be
initially normal in the adrenal insufficient patient, particu-
larly if the onset of adrenal insufficiency is abrupt.

The hyponatremia that may occur with Addison’s
disease is rarely less than 120 mEq/L. Hyperkalemia is
rarely greater than 7 mEq/L. Hyponatremia results from
both aldosterone and cortisol deficiency in primary
adrenal insufficiency. Cortisol deficiency results in
increased levels of antidiuretic hormone (ADH, also
known as vasopressin), which prevents the excretion of
free water. Hyponatremia is less profound in secondary
adrenal insufficiency because both RAASs are still typically
intact. Aldosterone deficiency, seen in primary adrenal
insufficiency, results in sodium depletion with retention
of potassium and hydrogen ions. In secondary adrenal insuf-
ficiency, the reasons for hyponatremia are due to cortisol
deficiency, increased vasopressin secretion, and water
retention (25).

Recognition of the above described laboratory/electro-
lyte abnormalities may be very helpful in establishing the
diagnosis of adrenal insufficiency. However, it is important
that the diagnosis of adrenal insufficiency not be excluded
on the basis of normal electrolytes, because they may be
relatively normal initially. In addition, electrolyte abnormal-
ities alone do not constitute a basis for diagnosis.

Measurement of Cortisol Levels
A first step to evaluate a patient for adrenal insufficiency is to
obtain a basal plasma cortisol level at 8 AM to 9 AM. If the
basal cortisol level is less than 3 mcg/dL (83 nmol/L), the
patient has primary adrenal insufficiency and no further
testing is needed. A basal morning cortisol level of more
than 19 mcg/dL (525 nmol/L) rules out a primary adrenal
insufficiency (1–3,18,44). All other patients need dynamic
testing with cosyntropin (synthetic ACTH) induced cortisol
stimulation. For the critically ill patient, it is very important
to recognize adrenal insufficiency. Acute adrenal insuffi-
ciency is now more commonly recognized in patients with
sepsis and septic shock (17,42).

In the standard cosyntropin stimulation test, the
plasma cortisol levels are measured before and after cosyn-
tropin is administered. In this test, a high dose of 250 mcg
is given intravenously before 10 AM, and plasma cortisol
levels are measured prior to injection, as well as 30 and 60
minutes after injection (1). A response of more than
18 mcg/dL of cortisol is considered to be a normal test and
should exclude primary adrenal insufficiency (Table 3) (44).

Because of erratic absorption via intramuscular injec-
tions in critically ill patients, this test should only be per-
formed with intravenous administration of cosyntropin.
Zaloga and Shenker believe that a high-dose cosyntropin
ACTH stimulation test (250 mcg), normally used for noncri-
tically ill patients, may not be appropriate for critically ill
patients in an ICU (5,18).

Current data suggests that the cortisol response to
critical illness should exceed 25 to 30 mcg/dL, which is
higher than the 18 mcg/dL proposed by Grinspoon (5,44).
Additionally, in critically ill patients with an acute onset
of stress and illness, a normal response to exogenous
ACTH can occur due to acute adrenal insufficiency, partial
secondary adrenal insufficiency, and ACTH resistance. Fur-
thermore, the standard ACTH stimulation test uses nonphy-
siologic high doses of cosyntropin, and should be replaced
by lower doses of 1 to 2 mcg of cosyntropin since critically
ill patients can develop ACTH resistance, which can be over-
come with nonphysiologic high doses of cosyntropin (5,18).

Table 2 Laboratory Finding with Primary Adrenal Insufficiency

Hyponatremia (frequent)

Hyperkalemia

Acidosis

Slightly elevated plasma creatinine

Hypoglycemia

Hypercalcemia (rare)

Normocytic anemia

Lymphocytosis

Mild eosinophilia

Source: From Ref. 25.

Table 3 Considerations During Cortisol and Cosyntropina Laboratory Testing in Critically Ill Patients

Basal cortisol level between 8 and 9 AM Lower than 3 mcg/dL ¼ primary adrenal insufficiency

Higher than 18 mcg/dL ¼ no primary adrenal insufficiency
Standard cosyntropin stimulation

testing with 250 mcg i.v
Response of more than 18 mcg/dL cortisol is considered to be a normal test

and should exclude primary adrenal insufficiency

Problems

250 mcg cosyntropin is unphysiologically high and it can miss ACTH

resistance and partial secondary adrenal insufficiency

Current data suggest that the cortisol response to the ACTH stimulation

test in critical illness should exceed 25–30 mcg/dL

The standard dose of 250 mcg cosyntropin for the ACTH

stimulation test should be replaced by 1–2 mcg by IV

1–2 mcg of cosyntropin is more physiologic and sensitive in critically ill

patients

aCosyntropin is synthetic adrenocorticotropic hormone (ACTH).

Abbreviation: ACTH, adrenocorticotropic hormone.

Chapter 62: Adrenal Suppression and Crisis 1107



The insulin hypoglycemia or the metapyron test are
better for testing for secondary adrenal insufficiency, but
they are cumbersome and difficult to perform with an ICU
patient (18). The considerations and potential pitfalls with
the cortisol and cosyntropin laboratory testing in critically
ill patients is reviewed in Table 3.

DRUG INTERACTIONS CAUSING ADRENAL SUPPRESSION

Certain drugs like etomidate or rifampin can cause
adrenal insufficiency and potentially trigger or exacerbate

an Addisonian crisis in a critically ill patient with pre-exist-
ing adrenal insufficiency.

Numerous drugs can interfere with the release, biosyn-
thesis, metabolism, and receptor effects of glucocorticoids,
which precipitate drug-induced adrenal insufficiency or
adrenal crisis. Another factor can be an unrecognized use of
steroids. The patient and the physician might not always
be aware of previous steroid use. Intra-articular injections of
corticosteroids have seldom caused HAA suppression
and been associated with subsequent adrenal crisis,
which rapidly improved with hydrocortisone therapy (45).
Systemic glucocorticoid therapy is more likely to suppress
the HPA axis than intra-articular, inhalation, or topical
steroid use (46).

The most common cause of secondary adrenal insuffi-
ciency in the ICU is the withdrawal of exogenous glucocor-
ticoids (47). Many surgical and medical patients enter the
ICU because of an emergency without a detailed medical
history and with the immediate need for critical and life-
saving interventions like endotracheal intubation. In these
cases, the health care personnel (physicians and nurses)
have to investigate the patient’s prior medication history.
Adrenal insufficiency should always be a differential diagno-
sis in critically ill patients with a recent use of steroids and
therapy-refractory hypotension. Classic examples for
steroid use are asthma bronchiale, rheumatologic disease,
and chronic inflammatory conditions.

There are many drugs which can lead to relative
hypoadrenalism. Several drugs and medications interfere
with corticosteroid homeostasis and therapy. Adrenal insuf-
ficiency under stress may simply be due to previously
unknown glucocorticosteroid therapy. Patients with
obvious Cushing syndrome should be considered at risk
for relative adrenal insufficiency under medical or surgical
stress. Relative deficiency of endogenous glucocorticos-
teroids or current steroid therapy can be a result of a
drug2drug interaction, change in cortisol synthesis, gluco-
corticoid-receptor blockade or interference with ACTH
action at the adrenal gland (1–4,19). Patients who are
treated with phenytoin, rifampin, barbiturates, mitotane,
and aminoglutethimide have increased steroid metabolism
(Table 4) (19).

Rifampin is a good example for such a drug–drug
interaction. Rifampin is a potent inducer of both gut and
hepatic cytochrome P450 (CYP3A4) (31,47). The induction
of this enzyme leads to a significant increase in the clearance
of steroids and other drugs (47). Ketoconazole is an effective
inhibitor of endogenous steroid production. Ketoconazole
inhibits the synthesis of glucocorticoids by blocking the
17a-hydoxylase cytochrome P450 (CYP-17a), which is an
important enzyme in steroidogenesis (48).

Mefipristone (RU 486), or the abortion pill as it is
known, acts by blocking glucocorticoid receptors and was
approved by the Food and Drug Administration (FDA) in

2000 as an option for first-trimester abortions (49). Replace-
ment therapy with glucocorticoids in patients with adrenal
insufficiency receiving RU 486 may be insufficient, due to
the steroid receptor blockade of this drug. Also, megestrol
acetate, a synthetic pro-gestational agent used to increase
appetite in cachexia-inducing illnesses, can suppress
ACTH secretion at doses of .160 mg/day, leading to sec-
ondary adrenal insufficiency.

Etomidate is another example where a therapeutic
drug interferes with steroidogenesis, and can lead to
problems with the stress response of critically ill or injured
patients in the perioperative period, or the ICU setting.
Etomidate is a carboxylated imidazole-containing com-
pound that is chemically unrelated to any other drug used
for the induction of anesthesia. Following an induction
dose of 0.3 mg/kg intravenously, the onset of unconscious-
ness occurs within one arm-to-brain circulation time. It is
used in trauma because of its hemodynamic stability. Etomi-
date inhibits the 11b-hydroxylase and (to a lesser extent) the
17a-hydroxylase enzymes (Fig. 1) (12). After a single dose,
adrenal suppression lasts only six to eight hours (13).
However, with a prolonged infusion in critically ill trauma
patients, Ledingham et al. (50) found an increased mortality
compared to patients sedated with morphine and benzo-
diazepines. Fellows et al. (13) confirmed this observation in
a small prospective study with six multiply injured patients
in an ICU. All had in common a low adrenocortical function,
and all received etomidate infusions for sedation. Another
ICU study with similar patients, also receiving steroid repla-
cement, did not experience increased mortality. Vitamin C
restores the plasma cortisol level after etomidate (51,52).

DIFFERENTIAL DIAGNOSIS

The differential diagnosis for adrenal insufficiency, especially
under medical or surgical stress, is broad. Often the patients
are unconscious and cannot give a history of previous steroid
use. This is true in patients with head injuries or other intra-
cranial pathology such as subarachnoid bleed. Mental status
changes should be investigated for other structural-anatomic
or toxic metabolic causes. Patients with an unknown change
of mentation should undergo advanced head imaging
studies, such as computed tomography, as well as a full lab-
oratory work-up including cultures of all body fluids in the
febrile patient. A lumbar puncture should be performed in
the absence of a classic contraindication.

New psychiatric changes, especially after the third life
decade, should receive a full medical work-up, including an

Table 4 Drug-Related Factors Contributing to the Development

of Relative Hypoadrenalism in Critically Ill Patients

Previously unknown corticosteroid therapy

Medroxyprogesteron, megestrol acetate

Increased metabolism of cortisol: phenytoin, phenobarbital,

rifampin

Changes in cortisol synthesis: ketoconazol, etomidate,

aminogluthemite, metapyron, mitotane, trilostane

Interference with ACTH action: suramin

Peripheral glucocorticoid-receptor blockade

Abbreviation: ACTH, adrenocorticotropic hormone.

Source: From Ref. 19. Courtesy of NEJM.
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endocrine evaluation, since adrenal insufficiency can present
as depression or apathy. Anytime a patient shows mental
status or psychiatric changes accompanied with fluid and
electrolyte imbalance and cardiovascular instability, adrenal
insufficiency should be included in the differential diagnosis.

High fever without apparent cause and negative cul-
tures that do not respond to antibiotics should generate a
differential diagnosis of adrenal insufficiency (19). Unex-
plained circulatory instability (including low SVR) should
raise suspicion for sepsis, unrecognized hypovolemia,
unknown drug ingestion or medications, adrenal insuffi-
ciency, and other endocrinopathies. Hypoglycemia, hypona-
tremia, hyperkalemia, neutropenia, and eosinophilia can all
be caused by adrenal insufficiency (Table 2). However, these
symptoms can also be seen with diabetes mellitus, hypotonic
dehydration, renal failure, chemo- and radiotherapy, and
parasitic disease.

Skin changes like vitiligo, altered pigmentation, or
cushingoid appearance with striae can be helpful in establish-
ing a diagnosis of adrenal insufficiency, especially in the
patient who cannot communicate. Physicians caring
for seriously injured and unconscious patients should
perform a careful inspection to look for a Medical-Alert
(“Med-Alert”) bracelet or necklace, which could warn of
pre-existing medical conditions such as adrenal insufficiency.

TREATMENT
Adrenal Insufficiency/Crisis
Empiric steroid administration should be considered in the
patient who is hemodynamically unstable despite adequate
fluid resuscitation and the use of high dose vasopressors.
Administration of glucocorticoids should not be delayed
for testing in a crisis situation. However, moderately stable
or “metastable” patients can generally tolerate a brief time
delay (for testing) between corticosteroid administration. If
the patient is dwindling, then dexamethasone (a corticoster-
oid that does not interfere with the cosyntropin test) can be
immediately administered.

The diagnosis and treatment of adrenal insuffi-

ciency in the “metastable” patient involves administration
of dexamethasone sodium phosphate as the glucocorticoid
of choice so as not to interfere with the cosyntropin stimu-
lation test.

A lack of cortisol response following the adminis-
tration of cosyntropin (synthetic ACTH) confirms hypoadre-
nocorticism. The intravenous administration 0.9% sodium
chloride will help repair the hyponatremia and hypo-
volemia.

Although there is no strict biochemical criteria for rela-
tive adrenal insufficiency (19), Lamberts et al. (19) emphasize
that the diagnosis of adrenal insufficiency should be enter-
tained if administration of hydrocortisone to severely ill
patients is followed by a period of diminished or absent
requirement for exogenous vasopressor administration. In
addition, as Zaloga and Marik (7) point out, a therapeutic
trail with hydrocortisone should not be withheld in patients
with suspected adrenal insufficiency who have pending
results of a diagnostic stress cortisol level or cosyntropin
stimulation test.

Emergency treatment for Addisonian crisis
involves prompt intravenous administration of hydrocorti-
sone, glucose, and 0.9% sodium chloride for shock and
maintenance fluid volumes. Glucose and steroids will help

to correct hypoglycemia. Fever etiologies should be

thoroughly evaluated with appropriate cultures. However,
fever is an important element in the constellation of Addiso-
nian crisis and will resolve with glucocorticoid replacement
and rehydration.

Baldwin and Allo (41) report that the administration of
100 to 300 mg hydrocortisone in a 24-hour period decreased
or eliminated the need for vasopressors in critically ill
patients. This suggests the occurrence of previously unrec-
ognized occult hypoadrenalism, which under conditions of
stress manifests as adrenal crisis.

Perioperative Glucocorticoids for Suspected
Hypothalamic-Pituitary-Adrenal Axis Suppression
Classically, a bolus of 100 mg hydrocortisone is administered
intravenously immediately prior to a major operation, and
again after eight and 16 hours (approximately 300 mg hydro-
cortisone) on the first perioperative day in patients with sus-
pected HPA axis depression, with continued high dose
therapy for an additional one to two days, and a taper
over the subsequent five days. However, this aggressive
approach may not be required in patients who are under-
going minimally invasive procedures.

A consensus paper by Salem et al. (6) provides less
aggressive recommendations for the substitution and sup-
plementation of hydrocortisone depending upon both the
previous dose and the magnitude of the operation. For
minor stress, 25 mg is considered sufficient, and for moder-
ate stress, 50 to 75 mg is recommended. If the patient is sub-
jected to major operative and perioperative stress, a dose of
100 to 150 mg hydrocortisone per day over a period of one to
three days should be administered. Since the more seriously
ill patients remain intubated postoperatively and cannot eat,
the hydrocortisone should be administered intravenously
(Table 5).

Jabbour (8) recommends tapering the corticosteroid
pulse over a five-day period. It is emphasized that the
patient has to be stable and stressors such as fever or vomit-
ing have been resolved, otherwise the taper is extended over
a longer duration (Table 6).

For children undergoing major surgery, Tan (53) rec-
ommends the administration of hydrocortisone 100 mg/
m2/day for 24 hours peri- and postoperatively before taper-
ing over several days to a maintenance dose. After tapering,
the patient needs to receive the regular maintenance dose.
The authors point out that it is unnecessary to give
mineralocorticoids over such periods if the patient starts

Table 5 Dosage Recommendations for Hydrocortisone

Supplementation Based upon the Magnitude of the Surgical Stress

Magnitude of stress Amount of hydrocortisone per day

Minor stress 25 mg

Moderate stress 50–75 mg

Major stress 100–150 mg

The recommended glucocorticoid dose should be given for one to three

days depending on the clinical course. The glucocorticoids are administered

in three divided doses over each 24-hour span. See Table 6 for recommen-

dations on tapering. Topical steroid users: In patients who use topical

steroids (like inhaled beclomethasone), hypothalamic-pituitary-adrenal

axis suppression is very rare. They usually do not need glucocorticoid

supplementation with minor or moderate stress if they are clinically

asymptomatic.

Source: From Refs. 6, 31.
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the operation with adequate salt balance (43). This is in
support of common practice in most hospitals, in that all
patients with fluid and electrolyte imbalance, including
those with adrenal insufficiency, should have their physio-
logical status optimized before major surgery takes place.

Some controversy appears in the animal experimental
literature: whether supraphysiologic doses of glucocorti-
coids, which are ten times the normal cortisol production
rate, are really necessary to treat adrenal insufficiency
during operative procedures to prevent hemodynamic
instability (54).

EYE TO THE FUTURE

Newer methods of diagnosis and treatment of glucocorticoid
deficiency are on the horizon. Diagnosis requires measure-
ment of the serum cortisol levels and the response of cortisol
to ACTH. Currently, these tests to measure mcg levels of
hormones at specific times are time-consuming and expens-
ive. Often, patients require a series of hormonal testing
panels performed in different settings before a definitive
diagnosis can be established. In the future, easier and less
expensive testing will help to establish adrenal insufficiency
in the perioperative trauma patient. Treatment depends
upon the degree of adrenocortical dysfunction, response to
stimulating hormones, and clinical presentation.

Testing of therapeutic drugs on their propensity to
disrupt cortisol synthesis should be intensified in the
future, prior to release by the FDA. Etomidate is a commonly
used anesthetic drug that can significantly impair adrenal
function, especially in compromised patients in stressful
situations. Vitamin C has been shown to attenuate this
response in laboratory animals, and should be administered
to trauma patients requiring etomidate for induction.

Ongoing studies are currently evaluating the role of
high dose glucocorticoids in the context of hemorrhagic
shock and septic shock. No conclusive data currently
justify the routine prophylactic use of high dose cortico-
steroids in adrenally noncompromised patients to improve
outcome. However, this role of steroids and other

inflammation inhibitors will continue to be the subject of
future clinical investigation.

One of the most common errors in diagnosing adrenal
insufficiency, especially in the unconscious or mentally
impaired patient, is failure to consider the pre-existing con-
dition, or failure to recognize the disease stigmata amongst
other life-threatening injuries. Beyond the obvious benefit
of reviewing a Med-Alert bracelet or necklace, future
selected patients might have a microchip implanted under
their skin on a voluntary basis (55). Implanted microchips
could store vital information including: allergies, medical
history, and current therapy for pre-existing conditions. In
the case of important allergic predispositions or pre-existing
adrenal insufficiency, this information could be life saving.

SUMMARY

Glucocorticoids are life-sustaining steroids. Lack or relative
lack of glucocorticoids can lead to therapy-refractory hypo-
tension, imbalance of glucose, fluids, and electrolyte homeo-
stasis in critically ill patients.

Life-threatening hypotension due to adrenal insuffi-
ciency constitutes adrenal (“Addisonian”) crisis (1–3). In
many cases patients with chronic steroid use cannot
produce enough endogenous glucocorticoids to combat the
stress of severe illness, surgery, or massive trauma.

A common reason for adrenal suppression is the
chronic use of steroids (secondary adrenal insufficiency)
(38). Other causes of adrenal insufficiency are destruction
of the adrenal glands by infection (e.g., tuberculosis), metas-
tasis, or hemorrhage (e.g., trauma) (31). It is crucial to ident-
ify patients with true adrenal insufficiency. A medical
history and clinical awareness are important to make the
correct diagnosis.

Often, the diagnosis of adrenal insufficiency or adrenal
crisis in the ICU or in the operating room can only be made
empirically by treating therapy-refractory hypotension with
glucocorticoids. A full work-up in search of the precipitating
illness has to be performed. Supportive care, fluid adminis-
tration, and hydrocortisone of up to 300 mg intravenously
are the mainstay of therapy to treat adrenal crisis.

KEY POINTS

Adrenal crisis, also known as Addisonian crisis, in a
critically ill patient is a medical emergency.
Because adrenal crisis is a rare event, the diagnosis may
be missed unless the traumatologist/intensivist has a
high index of suspicion.
Cortisol is essential in maintaining vascular tone and
thus sustaining blood pressure; indeed in the absence
of cortisol, smooth muscle cells become unresponsive
to catecholamines.
Atrophy of the hippocampus is seen in humans and
animals exposed to severe stress and believed to result
from excessive stress-induced glucocorticoid levels.
Aldosterone deficiency leads to hyponatremia,
decreased plasma volume, hyperkalemia, and meta-
bolic acidosis. In primary adrenal crisis, these effects
exacerbate those due to cortisol deficiency and lead to
profound cardiovascular collapse.
Secondary adrenal insufficiency is most commonly seen
with long-term glucocorticoid usage. However, in

Table 6 Tapering Recommendations for Hydrocortisone

Dosage Following Major Surgical Stressa in the Preoperative

Phase for Patients with Hypothalamic-Pituitary-Adrenal Axis

Suppression

Day of

surgery

Dose of IV

hydrocortisone

per injection

Frequency of

IV application

1 100 mg Every 8 hr or tid

2 50 mg Every 8 hr or tid

3 25 mg Every 8 hr or tid

4 25 mg Every 12 hr or bid

5 15–20 mg (AM) and

5–10 mg (PM)

Morning and

evening dose

aMajor surgical stress includes large scale tissue manipulation, cardiopul-

monary bypass, major burns, massive trauma. Once fever and hemody-

namic instability have resolved, the taper can be started.

Abbreviation: bid, twice a day; IV, intravenous; tid, three times a day.

Source: From Ref. 8.

1110 Bey and Pentheroudakis



critically ill patients, prolonged periods of elevated
stress is also associated.
The cardiovascular exam in adrenal-suppressed
patients usually reveals tachycardia, a weak thready
pulse, a small cardiac silhouette on CXR, and an
empty heart by TEE Swan-Ganz would show a low
cardiac output (due to low stroke volume) despite a
low SVR.
Hyponatremia is less profound in secondary adrenal
insufficiency because both RAASs are still typically
intact.
Certain drugs like etomidate or rifampin can cause
adrenal insufficiency and potentially trigger or exacer-
bate an Addisonian crisis in a critically ill patient with
pre-existing adrenal insufficiency.
The diagnosis and treatment of adrenal insufficiency in
the “metastable” patient involves administration of
dexamethasone sodium phosphate as the glucocorti-
coid of choice, so as not to interfere with the cosyntro-
pin stimulation test.
Emergency treatment for Addisonian crisis involves
prompt intravenous administration of hydrocortisone,
glucose, and 0.9% sodium chloride for shock and main-
tenance fluid volumes. Glucose and steroids will help
to correct hypoglycemia.
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INTRODUCTION

Systemic inflammation characterizes the nonspecific consti-
tutional disturbance resulting from numerous insults includ-
ing trauma, burns, major surgery, sepsis, and a variety of
disease processes including pancreatitis. The cause of this
postinjury systemic inflammatory response remains incom-
pletely understood. The currently known inflammatory
mediators involved in the systemic derangement involve
multiple normally protective systems (including the
immune and coagulation systems). The name given to this
systemic maladaptive disturbance is the systemic inflamma-
tory response syndrome (SIRS).

Whereas Volume 2, Chapter 47 (Sepsis) focuses mainly
upon the infectious disease-related triggers and considerations
for SIRS, this chapter highlights the fact that a variety of non-
infective triggers can cause SIRS and reviews the many inter-
related, cellular, and humoral (paracrine, autocrine, and endo-
crine) processes known to be involved. The chapter begins by
reviewing the definition of SIRS, followed by a survey of the
known contributors to SIRS, including in the immune
system, cytokines, various markers of inflammation, the
neuroendocrine system, and hormones. The increasingly
appreciated interaction between inflammation and the coagu-
lation system is reviewed subsequently. A theoretical construc-
tion is provided to incorporate the factors involved in the
progression of SIRS to compensatory anti-inflammatory
response syndrome (CARS) and multiple organ dysfunction
syndrome (MODS). The presentation and progression of
SIRS within specific populations (including trauma and criti-
cal care) is next examined, following which the effects of resus-
citation, the gut, immunomodulation, and immunonutrition
on SIRS are reviewed. Finally, the eye to the future section pro-
vides new definitions, improved diagnostic techniques, and
emerging therapies still on the clinical horizon.

THE1992 DEFINITION OF SYSTEMIC INFLAMMATORY
RESPONSE SYNDROME AND ITS REVISION IN 2001

SIRS is a systemic response to nonspecific insults, which may
include infections (Volume 2, Chapter 47), pancreatitis

(Volume 2, Chapter 39), trauma, and burns (Volume 1,
Chapter 34). SIRS, as a constitutional disturbance frequently
associated with sepsis and trauma, has been recognized
clinically for over a century. However, operational defi-
nitions and descriptions were extremely variable. A consen-
sus conference of the American College of Chest Physicians
(ACCP) and the Society of Critical Care Medicine (SCCM)
was convened in 1991 and developed a uniform definition
in an effort to provide standardization of definitions for
both SIRS and sepsis for use in clinical research (1,2).
According to the 1991 ACCP/SCCM Consensus Conference
Committee, SIRS is defined as a widespread inflammatory
response to a variety of clinical insults (infectious and non-
infectious). The 1991 ACCP/SCCM scoring system for SIRS
has a range from 0 to 4, with 1 point for each variable
present (Table 1). SIRS is diagnosed if two or more of the fol-
lowing criteria are present: fever or hypothermia (T . 388C
or T , 368C), tachycardia (HR . 90), tachypnea respiratory
rate (RR) . 20/min or PaCO2 , 32], and abnormal white
blood cell count (WBC .12,000/mm3 or ,4000/mm3, or
10% bands).

SIRS has been classified as an early component
of the sepsis syndrome. SIRS and sepsis commonly

present as a continuum of disease states, with progression
of SIRS to sepsis, severe sepsis, and septic shock.
“Sepsis” is defined as SIRS with a presumed or confirmed
infectious process (see Volume 2, Chapter 47) (1). Sepsis
can progress to “Severe Sepsis” that is defined as sepsis
with evidence of organ dysfunction, hypoperfusion, or
hypotension. “Septic shock” is defined as sepsis-induced
hypotension persisting despite adequate fluid resuscita-
tion, along with the presence of hypoperfusion abnormal-
ities or organ dysfunction. The presence of altered organ
function in an acutely ill patient with SIRS, often
progresses to MODS (3).

In 2001, an international consensus was convened to
review the 1991 definitions (4). The 2001 conference consen-
sus included delegates from the SCCM, European Society of
Intensive Care Medicine (ESICM), ACCP, American Thoracic
Society (ATS), and the Surgical Infection Society (SIS) (4).
They concluded that the current concepts of sepsis, severe
sepsis, and septic shock seem robust and should remain as
described 10 years prior. However, they also concluded
that the diagnostic criteria for SIRS were overly sensitive
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and not specific (4). They proposed an expanded list of signs
and symptoms of sepsis (provided in Volume 2, Chapter 47)
and a staging system called PIRO (Predisposition, Infection,
Response, and Organ dysfunction) (also provided in Volume
2, Chapter 47) (4). However, they do not provide any new
guidance regarding noninfectious etiologies of SIRS. The
2001, SCCM/ESICM/ACCP/ATS/SIS summary recommen-
dations are provided in Table 2 (4).

IMMUNE SYSTEM REVIEW AND ROLE IN THE SYSTEMIC
INFLAMMATORY RESPONSE SYNDROME

The immune system is a complex network of diverse cells
and proteins that continuously evolves in response to both
innate and environmental stimuli. The individual cells
communicate and collaborate with each other to modulate
their own proliferation, and to coordinate the complex

elaboration of compounds, which aid in the identification
and destruction of foreign invaders and other compounds
associated with survival, repair, and recovery after critical
illness, surgery or trauma.

Initial Immune Response
The immune response is triggered when an antigen encoun-
ters antigen-presenting cells (APCs). APCs process a protein
component of the antigen and present it to antigen-specific
helper T lymphocytes. These helper T lymphocytes become
activated and initiate an immune cascade (Fig. 1). This
process involves the self-proliferation of helper T cells that
then carry out their specific effector functions. These helper
T cells subsequently activate other immune effector cells (B
cells, cytotoxic T cells) as well as other systemic cascades
(complement, kinin, fibrinolysis), which are described
below. These interactions lead to phagocytosis, thrombosis,
and ultimately structural repair under normal conditions.
However, in certain individuals, and following certain
major insults, these processes lead to an increased inflamma-
tory state (which may be dysfunctional).

Lymphocytes, immunoglobulins, and APCs are con-
sidered the key components of the immune system in
regards to finding and destroying “foreign” cells.
However, the elaboration of certain humoral factors (e.g.,
cytokines) represents the most important immune system
mediators of SIRS. Some cytokines are proinflammatory,
whereas others are anti-inflammatory. Typically the pro-
inflammatory mediators predominate during the acute
phase, whereas the anti-inflammatory cytokines predomi-
nate in the later “chronic” phase of SIRS.

Inflammatory Response
The inflammatory response involves a complex network of
interactions that proceeds along specific pathways deli-
neated by distinct physiological and biochemical events.
These events are controlled by cytokines and other regu-
latory molecules, known collectively as inflammatory

Table 1 American College of Chest Physicians/Society of

Critical Care Medicine Scoring System for Systemic Inflammatory

Response Syndrome (SIRS). SIRS Is Diagnosed if Two or More of

the Following Criteria Are Present (SIRS Score �2)

SIRS score variables Points

Fever or hypothermia

(T � 388C or �368C)

1

Tachycardia (HR .90) 1

Tachypnea (RR .20/min, PaCO2 ,32) 1

Abnormal WBC (WBC .12,000/mm3,

or ,4000/mm3, or 10% bands)

1

Maximum total SIRS score 4

Abbreviations: RR, respiratory rate; SIRS, systemic inflammatory response

syndrome; WBC, white blood cell count, HR, heart rate.

Source: From Ref. 1.

Table 2 2001 International Systemic Inflammatory Response Syndrome/Sepsis Conference Conclusionsa

Consensus point Conclusion/comments/examples

Current concepts of sepsis, severe sepsis, and septic shock are

robust.

Should remain as described 10 years ago (1991 ACCP/SCCM

definitions), until further evidence arises justifying alteration.

Current definitions do not allow precise staging of the host

response to infection.

Staging system called PIRO proposed (see below), involves host

response.

Signs and symptoms of sepsis are more varied than the initial

criteria established in 1991.

In contrast to SIRS (which may be triggered by a variety of

noninfectious processes), sepsis must be diagnosed promptly,

because there are specific treatments (antibiotics, activated

protein C, etc).

An expanded list of the signs and symptoms for the diagnosis of

sepsis is presented.

See Chapter 47, Table 2

The future lies in developing a staging system that characterizes

the progression of sepsis.

Staging system called PIRO proposed definition involves pro-

gression and the extent of the resultant organ dysfunction

SIRS remains a useful concept, but the diagnostic criteria pub-

lished in 1992 are overly sensitive and nonspecific.

Biomarkers (e.g., IL-6, procalcitonins, and C-reactive protein)

among others, should be used to document the degree of SIRS.

aThe conference included delegates from the following organizations: SCCM, ESICM, ACCP, ATS, and SIS.

Abbreviations: ACCP, American College of Chest Physicians; ATS, American Thoracic Society; ESICM, European Society of Intensive Care Medicine;

PIRO, stratifies patients on the basis of their Predisposing conditions, the nature and extent of the Insult (in the case of sepsis, infection), the nature and mag-

nitude of the host Response, and the degree of concomitant Organ dysfunction; SCCM, Society of Critical Care Medicine; SIRS, systemic inflammatory

response syndrome; SIS, Surgical Infection Society.

Source: From Ref. 4.
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mediators. The inflammatory mediators include molecules
operating as paracrine, autocrine, and endocrine effectors.

The outcome of inflammation may be beneficial (inacti-

vation of injurious substances, initiation of repair) or dele-
terious (injury to tissue, interference with normal
functions) to the host.

Inflammation may proceed along different pathways
based upon the specific inciting event and, therefore, may
present clinically with different signs and symptoms.
When activation of the innate immune system is severe

enough, the host response may propel the patient into
SIRS, shock, and/or MODS (5). The mortality of patients
with MODS increases linearly with the SIRS score
(Table 3). SIRS and multiple organ failure (MOF) are
observed in as many as 30% of all trauma patients and
can result in a mortality rate as high as 80% (6). Most
patients do survive the initial SIRS insult, but remain at
risk for developing secondary or opportunistic infections
because of a CARS, typically occurring later in the
“chronic” phase.

Figure 1 The response to pathogens in sepsis, involving “cross-talk” among many immune cells, including macrophages, dendritic cells,

and CD4 T cells. Macrophages and dendritic cells are activated by the ingestion of bacteria, and by stimulation through cytokines (e.g.,

interferon) secreted by CD4 T cells. Alternatively, CD4 T cells that have an anti-inflammatory profile (type 2 helper T cells [Th2]) secrete

interleukin-10, which suppresses macrophage activation. Macrophages and dendritic cells secrete interleukin-12, which activates CD4 T

cells to secrete inflammatory (type 1 helper T-cell [Th1]) cytokines. Depending on numerous factors (e.g., the type of organism and the site of

infection), macrophages and dendritic cells will respond by inducing either inflammatory or anti-inflammatory cytokines, or causing a global

reduction in cytokine production (anergy). Other processes that release inflammatory cytokines (e.g., trauma/burns) may trigger some of

these systems causing SIRS in the absence of infection. Macrophages or dendritic cells that have previously ingested necrotic cells will

induce an inflammatory cytokine profile (Th1). Ingestion of apoptotic cells can induce either an anti-inflammatory cytokine profile, or

anergy. A plus sign indicates upregulation, and a minus sign indicates downregulation; in cases where both a plus sign and a minus sign

appear, either upregulation or downregulation may occur, depending on a variety of factors. Abbreviations: Th1, type 1 helper T cells; Th2,

type 2 helper T cells. Source: From Ref. 187.
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Acute Phase Response
Most soluble mediators of inflammation are present in

minute concentrations under normal conditions. Elabor-
ation of these mediators may dramatically increase when

the body is exposed to infecting organisms, trauma,
surgery, and/or critical illness. With these insults, the
liver responds by immediately increasing synthesis of key
proteins, referred to as acute phase proteins. This process
is designed to augment immune defense against invading
organisms in the case of infection, and initiate the processes
of stabilization and repair after surgery and trauma.
Exposure to cytokines [primarily interleukin (IL)-1, IL-6,
and tumor necrosis factor (TNF)-a], released via both para-
crine and endocrine mechanisms, incites hepatocytes to
initiate the acute phase response.

Lipopolysaccharide (LPS) is a potent stimulant for
release of the above mentioned cytokines. The acute phase
proteins as well as complement factors (particularly C3),
mannan-binding lectin, LPS-binding protein, and C-reactive
protein (CRP) are directly involved in antimicrobial activity
and are also released. Other proteins involved in antimicro-
bial defense include coagulation factors (primarily fibrino-
gen), granulocyte colony-stimulating factor (GCSF),
antioxidants, and metal-binding proteins. The cytokines
involved in this process react systemically in concert with
hormonal and neural factors to cause systemic symptoms
including fever (mediated by the hypothalamus via induc-
tion of endogenous pyrogens), lethargy, malaise, and anor-
exia. Increased glucocorticoid release by the adrenals results
from cytokine stimulation of the hypothalamus, which in
turn increases the secretion of corticotropin-releasing factor,
and adrenocorticotropic hormone from the pituitary. Pro-
longation of this response can lead to cachexia and anemia.
The presence of the acute phase response can be determined
by measurement of serum fibrinogen, CRP, procalcitonin
(PCT), or the time-honored erythrocyte sedimentation rate.

Endothelial Activation
The endothelium contained within the human body covers
approximately 4000 to 7000 m2 of surface area (7). Endo-
thelial cell properties vary widely depending upon the
specific organ or blood vessel type and size. For example,
hypoxia and/or acidosis in the systemic arterioles causes
vasodilation, whereas the presence of these factors in the
pulmonary vasculature leads to vasoconstriction. When sur-
rounding tissue is stressed, endothelial cells (in particular,
cells lining postcapillary venules) express high levels of

specific adhesion molecules. This stress results from
exposure to inflammatory mediators including cytokines,
complement, histamines, LPS, or components of the coagu-
lation system (7).

A recent study demonstrated that activated protein
C (APC) signals through protease-activated receptor-1
(PAR-1), an endothelial cell protein required for the cytopro-
tective antiapoptotic effect (8). Two of the most commonly
studied adhesion molecules include intercellular adhesion
molecule 1 (ICAM-1, CD54) and vascular cell adhesion
molecule 1 (VCAM-1) (see Volume 2, Chapter 47, Fig. 1).
E-selectin and P-selectin (in the selectin family of carbo-
hydrate-binding proteins) are also widely expressed on acti-
vated endothelium (discussed later in the section on
adhesion molecules). These adhesion molecules have an affi-
nity for surface molecules expressed by different leukocytes.

The selectin-phase is the first component of endo-
thelial activation promoting neutrophil migration. In this
phase, passing neutrophils or other leukocytes attach to
P-selectin and E-Selectin molecules on the activated endo-

thelium. Leukocytes come into contact with inflammatory
mediators (referred to as leukocyte chemotactic factors) eli-
cited both locally and systemically. When these mediators
bind to the leukocytes, the surface adhesion properties of
the leukocytes change. One example is that L-selectin
(typically present on neutrophils and all other leukocytes)
is shed. At the same time, integrins located on the surface
of leukocytes transform their molecular shape, enabling
them to bind to specific endothelial glycoproteins. This
endothelial surface interaction with integrin creates a
stable bond that effectively stops neutrophil rolling, allowing
the neutrophils to migrate out of vessels into adjacent tissue.
Then, through the process of chemotaxis, neutrophils travel
to the site of infection or injury.

The integrins are heterodimeric proteins, composed of
a and b chain polypeptides, that can associate in different
combinations to produce dimers with distinct binding prop-
erties that are expressed on different cell types. The integrins
bind extracellular matrix proteins as well as nonintegrin
adhesion molecules such as VCAM-1.

CYTOKINES
Cytokine Structure and Physiology
Cytokines are the soluble mediators involved in co-
ordinating the immune inflammatory response. They are
potent glycoproteins (MW 6000–60,000), involved in inter-
cellular signaling. Acting in concentrations of 10– 9 to 10– 15

M, they bind to specific cell membrane receptors and influ-
ence intracellular processes ultimately leading to gene tran-
scription and translation, creating the mediators (including
other cytokines) that produce the biochemical/molecular
cascade of events known as the inflammatory response.

It was initially believed that, unlike hormones which
are preformed and secreted into the circulation to act sys-
temically, cytokines were produced locally, and had their
effect primarily in an autocrine or paracrine manner.
However, recently, new cytokine assays have detected
large concentrations of cytokines in serum under certain
inflammatory conditions, suggesting that cytokines may
play a key endocrine role as well (9).

Some cytokines cause cellular chemoattraction (these
are known as chemokines). Others cause cellular prolifer-
ation or apoptosis. Others cause the release of bioactive sub-
stances (e.g., histamine from mast cells or basophils). The

Table 3 Mortality and Multiple Organ Dysfunction Syndrome

are Significantly Correlated with Day 2 Systemic Inflammatory

Response Syndrome Score in Surgical Intensive Care Unit Patients

SIRS

score

APACHE III

score

ICU

stay (days)

MOD

score

Mortality

(%)

0 47.6 4.0 3.6 3.8

1 51.8 7.0 4.5 8.2

2 60.3 11.3 7.0 18.4

3 58.0 12.6 7.5 24.2

4 78.5 9.8 8.5 40.0

Abbreviations: APACHE III, Acute Physiologic and Chronic Health Evalu-

ation; ICU, intensive care unit; MOD, multiple organ dysfunction; SIRS,

systemic inflammatory response syndrome.

Source: From Ref. 83.

1116 Malone and Napolitano



cytokines involved in systemic inflammation are considered
either pro- or anti-inflammatory (Fig. 2). “Cross-talk” among
many immune cells, including macrophages, lymphocytes,
and endothelial and dendritic cells, is vitally important for
a functional inflammatory response. Pro-inflammatory

cytokines are responsible for initiation and augmentation
of inflammation and its sequelae, whereas anti-inflamma-
tory cytokines are associated with moderation of the inflam-
matory response. Recent studies have demonstrated that
an imbalance between pro- and anti-inflammatory cytokines
leads to worse outcome in these patients (10). An exuberant
inflammatory response may cause SIRS, acute respiratory
distress syndrome (ARDS), or MODS. Whereas an exagger-
ated anti-inflammatory response may lead to immune sup-
pression and infection. TNF-a, IL-1a, IL-1-b, IL-2, IL-4, IL-
6, IL-8, IL-10, IL-18, and transforming growth factor
(TGF)b are the most frequently studied cytokines associated
with trauma, surgery, and critical illness (Table 4). These and

other cytokines mediate the biological cascades associated
with the inflammatory response.

Cytokine Receptors
Cytokine receptors and receptor antagonists have been
studied extensively in recent years. Both membrane-bound
and soluble receptors play key roles. It is apparent that
acute utilization of membrane receptors and the release of
soluble receptors and their receptor antagonists occur in
specific sequences based on time-specific physiological cas-
cades. It is therefore theorized that the receptors regulate
the inflammatory response and that the balance between
receptors for the pro- and anti-inflammatory cytokines
more so than the serum level of these cytokines defines the
immune response. Measurement of soluble receptors may
be utilized to characterize the immune response and may
serve as markers for SIRS and MODS (11).

Cytokine Measurements in Systemic Inflammatory
Response Syndrome Patients
Cytokines signal the normal processes of inflammation and
repair in all organs. Therefore, adequate measurement of
cytokines is critical to adequately assess their role in this
process. Plasma cytokine concentrations are at times difficult
to detect, perhaps due to the methods of measurement.
Enzyme-linked immunosorbent assay (ELISA) is the
method utilized most often in research studies. It requires
binding at two sites in order to detect the cytokines and,
therefore, measures only free cytokines.

Most cytokines are bound to carrier proteins, fre-
quently present in 10 to 1000 times the cytokine concen-
tration, that block detection by two-site ELISAs. Therefore,
a bound cytokine is 1000 times more apt to exist on the cel-
lular receptor than the soluble species. Although bound
cytokines are not measurable by ELISA, they are present in
the circulation and have the potential to be active at the cel-
lular level.

Recent evidence suggests that the total cytokine assay
(a competitive immunoassay) has the highest detectability
for cytokines in biological samples such as serum and
plasma, since only one antibody site is required for capture
and detection, thereby detecting essentially all the cytokine
in the sample. Malone et al. (9) compared this new assay
to ELISA in a study evaluating serum cytokine concen-
trations in trauma patients, and determined that no signifi-
cant differences in mean serum cytokine concentrations
were noted between trauma patients and normal controls
for IL-1, IL-6, and IL-10 using ELISA. In contrast, trauma
patients had significantly higher serum concentration of
these cytokines on admission compared to normals using
the “Total” cytokine immunoassay. Competitive immunoas-
says may be the method of choice when measuring cytokines
in biological fluids, and new normal ranges for cytokines
need to be established for future accurate research in sys-
temic inflammation.

OTHERMARKERS OF INFLAMMATION
Procalcitonin (PCT) and C-Reactive Protein (CRP)
PCT and CRP can be utilized to determine the presence and
severity of inflammation. These mediators differ in sensi-
tivity and specificity, as related to the ability to differentiate
between infectious versus noninfectious causes of SIRS,
sepsis, and MODS. Both PCT and CRP are included in the
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Figure 2 Balance of pro-inflammatory and anti-inflammatory

cytokines. Simplified schematic, depicting initiation of host

response to lipopolysaccharide (LPS) challenge by macrophages.

Beyond this stage, the interaction and redundancy of host inflam-

matory and anti-inflammatory response is dependent on factors

such as infectious cause, coexisting conditions, and genetics.

Abbreviations: IFN, interferon; IL, interleukin; LBP, lipopolysac-

charide-binding protein; Th1, type 1 helper T cells; Th2, type 2

helper T cells; TLR, Toll-like receptors; TNF, tumor necrosis

factor. Source: From Ref. 73.
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PIRO system of response assessment for sepsis (see Volume
2, Chapter 47, Table 3).

Elevated levels of PCT are associated with both sys-
temic inflammation and sepsis. Experiments have demon-
strated that serum levels are predictive of injury severity
and mortality in clinical studies; however, no studies to
date have elucidated the source of PCT and its mechanism
of action in these inflammatory states. Indeed, some
studies have actually suggested an anti-inflammatory role
for this molecule. Some investigators have demonstrated
that PCT may be a modulator that augments the inflamma-
tory response, initiated by other mediators, to include LPS
and cytokines (12).

Serum concentrations of PCT, compliment C3a, CRP,
and elastase were evaluated for their ability to predict SIRS
versus sepsis in medical intensive care unit (ICU) patients
(13). In this study, serum PCT and C3a levels were shown
to discriminate between sepsis and SIRS, whereas CRP and

elastase (measured in some ICUs to evaluate systemic
inflammation) did not.

Serum levels of PCT, cytokines, and acute phase pro-
teins were measured in patients with postoperative SIRS,
sepsis, limited wound infections, or pneumonia in another
clinical study to determine if any of these inflammatory
indices were more predictive of infection (14). PCT, when
compared to these other markers, was more sensitive to sys-
temic stimuli accompanying bacterial infection, most
notably endotoxin. It was found to have much less sensi-
tivity to nonbacterial stimuli after surgery or localized bac-
terial inflammation. Molter et al. (15) cautioned, however,
that postoperative PCT plasma concentrations in patients
without signs of infection are largely influenced by the
type of surgical procedure. These investigators report that
on postoperative days 1 and 2, PCT concentrations are
more frequently elevated in patients after major abdominal,
vascular, or thoracic surgery compared to patients

Table 4 Inflammatory and Anti-inflammatory Cytokines

Principal source Target cells Function

IL-1a

and b

Monocytes, macrophages,

APCs, endothelial cells

T and B cells, hematopoietic

cells

APCs and T cell stimulation

B-cell proliferation

Immunoglobulin production

Phagocyte activation

Inflammation

IL-2 Activated T cells, NK cells T and B cells, NK cells Activated T cell proliferation

T cell growth factor

T cell apoptosis (after repeated activation)

NK cell activation

B cell proliferation

IL-4 T cells (Th2), mast cells T and B cells, mast cells B cell activation and growth factor

Class II MHC expression

Th2 and CTL proliferation

Mast cell and eosinophil proliferation

Inhibition of monocyte proliferation

IL-6 Monocytes, macrophages, T

cells (Th2), APCs, endo-

thelial cells

T and B cells, fibroblasts,

hematopoietic cells

B cell stimulation, proliferation and differentiation

Synergism with IL-1 and TNF-a

Acute phase response

IL-8 Monocytes, macrophages,

endothelial cells

Neutrophils, basophils Neutrophil activation and chemoattraction

T cell chemoattraction

Angiogenesis

IL-10 T (Th2, CD8) and B cells,

macrophages

Monocytes, mast cells, T cells Inhibition of cytokine production

B cell proliferation

Suppression of cell-mediated immunity

IL-18 Macrophages, keratinocytes,

intestinal epithelial cells

T cells, NK cells T cell (Th1) activation

NK cell activation and proliferation

IFNg production

Pro-inflammatory cytokine production

TNF-a Macrophages, endothelial

cells

T and B cells, monocytes,

macrophages, neutrophils,

endothelial cells, hemato-

poietic cells

T cell activation

B cell proliferation

Monocyte and macrophage chemoattraction

Neutrophil activation and cytokine production

Angiogenesis

TGF-b Macrophages, T lympho-

cytes, platelets

Macrophages, T and B cells,

endothelial cells, hemato-

poietic cells

Suppression of cytokine production

Antiproliferation of T and B cells

Neutrophil and monocyte chemoattraction

Abbreviations: APC, antigen presenting cell; IFN, interferon; MHC, major histocompatibility complex; NK, natural killer cell; TGF, transforming growth

factor; TNF, tumor necrosis factor.
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undergoing minor procedures. Therefore, the “infection
monitoring” capacity of PCT may be impeded during the
first two postoperative days.

Furthermore, PCT may only be a useful marker in
patients without leukopenia. Indeed, a recent study
showed that PCT was not a sensitive marker for sepsis in leu-
kopenic patients with WBC ,1.0 � 109 leukocytes/L (16).
These authors determined that PCT had both high positive
and negative predictive values in patients with WBC
.1.0 � 109/L.

PCT and CRP were assessed as markers for noninfec-
tious SIRS versus sepsis, and as predictors of the severity
of organ failure in critically ill patients (17). CRP levels
were not found to be significantly different between the
three groups. PCT levels differed significantly between the
three groups and were determined to be a good indicator
of severity of sepsis and organ failure in patients with
severe SIRS. PCT was also found to be more predictive
than CRP and WBCs in emergency department patients sus-
pected of sepsis (18).

CRP, SIRS, temperature, and WBC were prospectively
evaluated as predictors for infection in 74 medical ICU
patients at admission and every four days thereafter (19).
Multivariate analysis determined that CRP and SIRS were
the only variables independently associated with the pre-
sence of infection. The combination of CRP and SIRS was
significantly more predictive than any of the other indices.
A decrease in CRP between admission and day 4 was the
best predictor of recovery.

Preoperative elevations of serum CRP, without other
indications of infection, were associated with worse
outcome after cardiac surgery with CPB (20). Fifty patients
with isolated preoperative CRP elevation were compared
with matched (age, gender, and disease) patients who did
not have preoperative elevations of CRP. Septic compli-
cations, prolonged catecholamine support, increased dur-
ation of respiratory support, and increased ICU length of
stay were more frequently demonstrated in patients with
preoperative elevations in CRP. It appears that patients

without apparent infection who have increased CRP
values preoperatively are at increased risk for infectious
complications postoperatively.

Nitric Oxide
Although nitric oxide (NO) does not itself cause inflam-
mation, NO is increased in many SIRS and shock states,
and has been shown to be the primary effector of vasolida-
tion in endotoxin LPS-induced hypotension during sepsis
(21). NO is an inhibitor of mitochondrial electron transport,
an inducer of vascular leak, and a mediator of LPS-induced
cytokine release. NO has also been shown to directly
increase ileal mucosal membrane and enterocyte monolayer
permeability, and bacterial translocation (22). These investi-
gators demonstrated that increased NO production and
inducible nitric oxide synthase (iNOS) mRNA expression
is associated with endotoxin and/or cytokine-induced loss
of enterocyte monolayer barrier function.

The mechanism of action in sepsis-induced NO elabor-
ation may be due to an increased expression of mRNA, for
the production of iNOS in vascular tissue as well as activated
neutrophils. Although a recent study indicates that iNOS
activity may be compartmentalized at the site of infection
in patients in septic shock (23), most studies demonstrate
systemic release. Circulating peripheral neutrophils in post-
surgical septic patients were compared to those from healthy

controls after stimulation with LPS and/or TNFa, to deter-
mine if there were differences in iNOS expression and consti-
tutive NO production (24). These authors demonstrated that
neutrophils from septic patients expressed higher levels of
iNOS mRNA than those patients with SIRS alone. Neutro-
phils from healthy controls did not express iNOS mRNA
and did not produce NO. After in vitro stimulation with
LPS and TNF-a, these neutrophils did produce iNOS
mRNA and NO, indicating that activated neutrophils
might be a source of NO in sepsis.

NO is also elevated in hemorrhagic shock with concur-
rent induction of iNOS along with cyclo-oxygenase (COX)-2
and CD14. This promotes inflammation by the immediate
production of NO and prostaglandins. However, hemorrha-
gic shock patients do not manifest vasodilation during
hemorrhagic shock, because more powerful vascoconstric-
tive forces are at play (centrally-mediated catecholamine
elaboration from volume depletion). Another transcription
factor, hypoxia-inducible factor-1 is thought to regulate the
induction of iNOS during the ischemic phase of shock (25).
NO acts as a signaling molecule involved in redox reactions
to include activation of nuclear factor-kB (NF-kB) (25). This
activation of NF-kB can also promote inflammatory cytokine
expression during reperfusion, further contributing to organ
injury after hemorrhagic shock.

Sepsis-induced hypotension is also related to impaired
angiotensin II (AII)-mediated adrenal catecholamine release,
despite the strong systemic activation of the renin-angiotensin
system. This may be due to the down-regulation of the adrenal
AII receptors (26).

Lipopolysaccharide-Binding Protein
Lipopolysaccharide-binding protein (LBP) is a humoral
protein that recognizes and forms complexes with LPS, the
macromolecule on the outer lipid layer of gram-negative
bacteria. LBP activity has been historically associated with
gram-negative bacterial sepsis. Specialized CD14 cell
surface receptors on numerous cells (including human
monocytes, neutrophils, and endothelial cells) bind with
the LBP-LPS complex. This bond initiates the immunological
steps that destroy these bacteria. CD14 is a 55 kD glycoprotein
originally thought to promote differentiation of monocytes.
CD14 is now known to have a glycosylphosphatidylinositol-
anchor in the cell membrane, and requires interaction with
transmembrane receptors (necessary for cell membrane
signal transduction), including Toll-like receptors (TLRs)
and certain integrins (e.g., CD18, CD55) to transmit signals
into the cell. Recently, Trianafilou et al. (27) proposed a new
model of LPS recognition upon discovery of a signaling
complex of receptors involving heat shock proteins.

LBP, PCT, CRP, and IL-6 were studied as markers of
inflammation in the first four postoperative days, in 12
adult male patients with SIRS, and at least two dysfunctional
organs (MODS) following coronary artery bypass graft
(CABG) surgery (28). Plasma PCT and IL-6 concentrations
were significantly elevated in all MODS patients. PCT and
LBP were markedly elevated in MODS patients with positive
microbial findings. The authors concluded that LBP may be a
marker for differentiation between noninfectious SIRS and
ongoing bacterial sepsis in the early postoperative course fol-
lowing CABG while microbiological results are still pending.

In another study of 24 patients with severe sepsis, LBP
serum levels from patients with gram-positive or fungal
infections did not differ from those with gram-negative
infections (29). When compared to LBP levels in healthy
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volunteers, levels were significantly increased in patients
with sepsis regardless of bacterial etiology. In patients
with multiple bouts of sepsis, the LBP response was of
lesser magnitude with each subsequent episode. These
data suggest that LBP may be a nonspecific marker of
sepsis. An ongoing clinical study at our institution is
examining the time-dependent changes LBP following
trauma (29a).

Intestinal Fatty Acid Binding Protein
The intestinal fatty acid binding protein (IFABP) is a small
protein uniquely located in the small intestine enterocyte,
and is believed to be important for fatty acid transport and
storage (6). IFABP is not typically detectable in serum and/
or urine of healthy individuals. It is, however, detectable
after episodes of acute intestinal ischemia and inflammation,
occurring most often at a time when the insult was still
reversible. Urinary levels of IFABP were significantly elev-
ated in critically ill patients with SIRS, and peaked
1.4 days before SIRS was diagnosed, suggesting that
urinary levels of IFABP could be used to predict patients at
risk for SIRS (30).

Adhesion Molecules
Adhesion molecules play a critical role in SIRS, sepsis, and
MODS as described above in the section on endothelial
activation. Figure 3 shows the sequential activation and
engagement of various families of adhesion molecules
(including L, P, and E-selectins). These adhesion molecules
have been utilized as markers for ongoing systemic inflam-
mation following injury. L-selectin (CD62L) surface
expression on neutrophils, monocytes, and lymphocytes
and soluble CD62L (sCD62L) plasma concentrations were
measured in trauma patients at different time points after
injury (31). Severe organ dysfunction in these patients was
associated with altered CD62L expression on leukocytes
and circulating sCD62L plasma concentrations. Nonsurvi-
vors had decreased sCD62L on admission and T-cell
CD62L expression after four hours. E-selectin (principle
ligands are surface proteins on cutaneous lymphocytes)

and P-selectin (principle ligand is P-selectin glycoprotein
ligand 1) activity was measured in ICU patients who had
experienced cardiopulmonary resuscitation (CPR) to deter-
mine if there was an association between CPR, SIRS, and
elaboration of these molecules (32). SIRS was a common
occurrence after CPR (66% of all patients). Soluble P-selectin
(sP-selectin) levels were higher in patients with SIRS com-
pared to those without SIRS or with noncritically ill control
patients. Soluble E-selectin (sE-selectin) levels were higher
in patients with and without SIRS compared to noncritically
ill patients, and were higher in nonsurvivors than in survi-
vors. P-selectin was higher in patients who developed
sepsis within one week after CPR. These authors concluded
that SIRS was a nonspecific finding after CPR, and the deter-
mination of sP- and sE-selectin early after CPR might be
utilized to identify patients at a high risk for sepsis or
adverse outcome. E-selectin is so strongly expressed in
sepsis states that its identification on intravascular, intersti-
tial, or intra-alveolar leukocytes in postmortem exams is
diagnostic of sepsis-induced fatalities (33). These authors
determined that ICAM-1 is strongly expressed on endothelial
cells of pulmonary vasculature, macrophages, and lympho-
cytes, and may be considered a marker for death due to
sepsis. Most recently, a prospective, double-blind, random-
ized, placebo-controlled clinical trial evaluated the safety and
efficacy of the humanized monoclonal anti-L-selectin antibody
aselizumab in severely injured patients. Aselizumab was
associated with a higher rate of infections and leukopenia,
however, this difference was not significantly different com-
pared with placebo (34).

NEUROENDOCRINE RESPONSE

Neurological and endocrine functions interact intimately
with inflammatory mediators after injury or onset of

illness. Together, these systems modulate the immune
system via release of neurotransmitters, neuropeptides,
and endocrine hormones (6). The immunological response
to the release of hormones associated with the hypothalamic-
pituitary-adrenal axis after trauma-hemorrhage has been

Figure 3 Adhesion molecules-sequential engagement. Sequential activation and engagement of all the families of adhesion molecules,

resulting in neutrophil migration onto tissue. Source: From Ref. 188.
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studied. The administration of prolactin augmented spleno-
cyte proliferation and splenocyte elaboration of IL-2 and IL-3
in mice, after trauma-hemorrhage (35). Prolactin also signifi-
cantly improved macrophage IL-1 and IL-6 release after
trauma hemorrhage, and demonstrated better survival
after sepsis [cecal ligation and puncture (CLP) model] (36).
These same investigators demonstrated that administration
of metoclopramide, to augment circulating prolactin levels,
exerted a beneficial cell-mediated immune response follow-
ing hemorrhagic shock (37). Melatonin, the major hormone
released by the pineal gland, maintains immune function
in mice subjected to severe hemorrhage and soft tissue
injury (6). Glucocorticoids, released by the adrenal glands,
have demonstrated anti-inflammatory effects by interfering
with leukocyte proliferation, and release of cytokines and
other inflammatory mediators. These steroids have also
been shown to limit TNFa production and enhance IL-10
synthesis in septic states (38).

Cells of both the central and peripheral nervous
systems, as well as endocrine organs, are capable of produ-
cing cytokines. Cytokines released under conditions of
stress by these cells act in an autocrine or paracrine
manner to stimulate organ-specific responses within the
involved organ. This is evidenced by the adrenal expression
of mRNA for IL-6 in cells of the cortex and the medulla in
juxtaposition to cells responsible for catecholamine secretion
(39). Furthermore, IL-6 and its receptors are expressed in
adrenal cell cultures in the presence or absence of macro-
phages (40). Under conditions of stress, these cytokines are
also released systemically, eliciting an endocrine response.

Cells of the central nervous system (CNS) respond in
similar fashion, demonstrating both the ability to release
cytokines and express cytokine receptors, as well as react
to systemically released cytokines. Cytokines play an
important role in normal development of the brain (neuro-
trophic) and the response to traumatic brain injury (TBI)
(41). Levels of IL-6 in the CNS compared to measurement
in other organs or plasma, after either local (into CSF) or sys-
temic injection of cytokines to include IL-1a, IL-1b, and IL-6,
indicate that the brain may be a significant source of this
cytokine elaboration (42,43). Whether released locally or sys-
temically, the cytokines act in an afferent manner, eliciting an
efferent response to the stimulus. This efferent response is
the brain-directed physiological sequelae to injury or illness.

Peripheral nerves are affected by the inflammatory
response as well. Inflammatory mediators have been
shown to alter neuronal phenotypes affecting growth and
functional and electrical properties (44). Il-6 and IL-6 recep-
tor expression, after neuronal injury has been associated
with initiation of neural tissue repair (45).

Neurogenic inflammation is thought to originate from
the release of substance P and other neurokinins encoded by
the preprotachykinin A gene, from unmyelinated nerve
fibers following noxious stimuli (46). This mechanism may
account for respiratory distress in response to CNS injury.
The airways have a complex network of sensory nerve
fibers just below the epithelial surface. Conceivably, any
change in the bronchial environment could stimulate the
release of substance P (47). Piedimonte demonstrated this
phenomenon in an animal study wherein the respiratory
syncytial virus (RSV) caused a marked increase in airway
vascular permeability, resulting in an increase in overall
inflammation (47). He demonstrated that these changes
were mediated by the high affinity receptor for substance P
(neurokinin [NK-1]). T lymphocyte subpopulations within
bronchial-associated lymphoid tissue in the lungs of

RSV-infected rats also expressed high levels of the NK-1
receptor. This upregulation presumably occurs at the gene
expression level, as NK-1 receptor mRNA levels were
noted to increase significantly during RSV infection.

The neurological and endocrine systems work in col-
laboration after either systemic or end-organ release of
inflammatory mediators. Cytokines released by neurological
cells act on those cells and others in the nervous system, but
also on the endocrine organs. These endocrine organs secrete
cytokines as well as hormones that act within the endocrine
system, but also act as afferent stimuli for the nervous
system. Recent evidence suggests that there is a specific
afferent system directly connecting endocrine and CNS
cells (48). This creates an intricate immunological cycle
incorporating the CNS and the hypothalamic-pituitary-
adrenal hormonal axis, wherein the systemic functional
physiological outcome after trauma or illness may be
orchestrated.

HORMONAL INVOLVEMENT

Animal studies utilizing trauma-hemorrhagic shock models
have demonstrated gender differences in outcome. Females
demonstrated enhanced immune function and better
outcome compared with males following hemorrhagic
shock and sepsis, whereas males demonstrated better out-
comes following major burn injury. Clinical studies have
been inconsistent in regard to outcome associated with
gender. However, basic science studies have demonstrated
sex hormonal differences that may explain the observed
gender based survival variation.

IL-10 therapy has been shown to have a potential role
in treatment of the early inflammatory state after hemorrha-
gic shock in some animal studies. To determine whether
gender impacted these results, male and female mice were
subjected to hemorrhage or sham operation, and then
received either recombinant murine IL-10 (rmIL-10) or
placebo during the resuscitation phase (49). At 48 hours
after resuscitation, peritoneal macrophages and splenocytes
were harvested. IL-1b and IL-12 released by the macro-
phages, and splenocyte proliferation, interferon (IFN)g,
and IL-2 release capacity was measured. IL-10 plasma
levels were not increased after treatment. In males, the treat-
ment with IL-10 restored the depressed immune response as
evidenced by depressed splenocyte proliferation, IFNg, and
IL-1b. Only depression of splenocyte proliferation was
demonstrated in female mice. Furthermore, sham-operated
male mice treated with rmIL-10 demonstrated depressed
immune responses compared with the placebo group.

Another recent study demonstrated female gender
protection from sepsis following hemorrhage (50). In this
study, both male and female mice were subjected to hemor-
rhage or sham operation. All mice were then subjected to
sepsis by CLP, and survival was assessed over 10 days.
Male mice subjected to hemorrhage prior to CLP had
higher mortality than shams. In contrast, mortality in
female mice after CLP was comparable in both the hemor-
rhage and sham groups. Plasma levels of the inflammatory
mediators, IL-6 and TNF-a after CLP were increased in
males subjected to hemorrhage, whereas these mediators
were not increased in hemorrhaged females.

In contrast, Wichmann et al. (51) did not demonstrate
gender differences regarding death from severe sepsis in
almost 4000 human patients in a surgical ICU. In a smaller
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critical care population, female gender was associated with a
lower mortality rate after severe sepsis (52). When patients
were stratified by age and injury severity score (ISS), there
were no gender differences in mortality in 18,892 blunt
trauma patients (53). In this study, male gender was associ-
ated with an increased incidence of pneumonia after
injury; however, females with pneumonia had higher mor-
tality. Gannon et al. (54) studied 22,332 patients from 26
trauma centers. These researchers demonstrated that age,
ISS, non-Caucasian race, blunt injury, revised trauma score,
and pre-existing diseases were associated with increased
risk for mortality. Gender was not associated with increased
risk for mortality. Female patients represented 27% of the
17,589 trauma patients stratified by age, ISS, mechanism of
injury, and gender in another study that evaluated
outcome to include mortality (55). Females � 40 years old
had a survival advantage in the ISS 16 to 24 group;
however, these patients had significantly less severe injury.
Males had more infectious complications, and females with
pneumonia had higher mortality. Interestingly, burn
trauma shows an opposite gender dimorphic outcome
response. With burn trauma, premenopausal women
demonstrate worse outcome compared with age-matched
males (see Volume 1, Chapter 34).

Estradiol
The hormone 17-beta-estradiol has been associated with

female gender-specific protective effects from SIRS follow-

ing trauma and hemorrhage in animal studies. The
Kupffer cell is a major source of inflammatory cytokine
release following trauma. Estradiol appears to directly
attenuate Kupffer cell release of inflammatory mediators.
To study this effect in an injury model, male mice were sub-
jected to laparotomy and hemorrhage or sham operation
(56). Two hours later, Kupffer cells were harvested and cul-
tured with 17beta-estradiol, in the presence or absence
of LPS stimulation. Kupffer cell production of IL-6 and
TNF-a were increased following trauma and hemorrhage.
Production of IL-6 was attenuated in all animals after incu-
bation with 17-beta-estradiol in a dose-dependent manner.
In contrast, the down-regulation of TNF-a was minimal.
Continued synthesis of 17-beta-estradiol, in proestrus
female mice, appears to be responsible for maintenance of
T lymphocyte cytokine release associated with protection
after trauma and hemorrhage (57). Specifically, it may be
that estradiol in females may maintain type 1 helper T cells
(Th1) cytokine release (e.g., IL-2, IFN-g) after trauma and
hemorrhage, whereas androgens are responsible for
depressed Th1 cytokine release (58).

Testosterone
In contrast to the female sex hormone estradiol,

increased levels of the male sex hormone testosterone are
associated with decreased cell mediated immune response

following trauma in animal studies. However, testosterone
decreases muscle catabolism following burns. In multiple
animal studies male mice exhibited significantly decreased
levels of cytokine release from inflammatory cells after
trauma and during severe sepsis (CLP) (6). Castration,
leading to undetectable serum testosterone levels, was associ-
ated with conservation of cell-mediated immunity in these
studies. To determine whether castration and testosterone inhi-
bition was the causative factor in this immune response, fluta-
mide, a testosterone receptor antagonist, was administered to
male mice after trauma-hemorrhage (59). At 72 hours

postinjury and hemorrhagic shock, protection of cell-mediated
immunity was observed in the flutamide treated males.

Studies have also demonstrated that flutamide was
protective against the lethal effects of CLP after hemorrhagic
shock (60). Yokoyama et al. (56) also demonstrated that cas-
tration or androgen receptor blockade with flutamide after
trauma-hemorrhage in male mice presented beneficial
effect. This group also demonstrated that administration of
17-beta estradiol or prolactin to male animals significantly
improved immune function.

Some clinical studies have demonstrated abnormally
low testosterone levels in males after trauma. Severely
burned male mice were found to have abnormally low tes-
tosterone levels after injury (61). These mice were then
treated with testosterone enanthate (1 dose/wk) for two
weeks. Serum testosterone levels increased from baseline
to low normal in one week, and to high normal range after
two weeks. These investigators also measured protein syn-
thesis over this time period, and found that protein synthetic
efficiency increased two-fold, demonstrating that restoration
of serum testosterone can ameliorate the muscle catabolism
of severe burn injury. Abnormally low levels of testosterone
were elaborated in male patients after traumatic injury, in a
study that evaluated time-dependent changes in serum hor-
mones (62). In this study, serum estradiol, progesterone, and
testosterone were measured at admission and at 24 hours in
male and female trauma patients. Estradiol levels were not
significantly different at admission, but females had signifi-
cantly higher levels at 24 hours. Progesterone levels were not
different between the genders at admission or at 24 hours;
however, male levels were noted to be abnormally high at
admission. Males had significantly higher testosterone
levels than females at admission, but not at 24 hours. Inter-
estingly, testosterone levels were at a low normal value for
males at admission and were below normal at 24 hours.
There were no differences in outcome based on gender.
Future studies must examine time-dependent changes in
sex hormone concentrations at later time points, to further
elucidate their role in gender-related outcome differences
in human SIRS and sepsis following trauma.

Progesterone
To date, progesterone has not been studied as extensively as
estradiol or testosterone. The main focus of some of the
studies is modulation of the immune system. In one study,
progesterone administration in a trauma-hemorrhage
animal model was found to ameliorate the pro-inflammatory
response (decreased IL-6 and TNF-a), and subsequently
hepatocellular injury (decreased transaminases and
reduced myeloperoxidase activity), compared to controls
that received resuscitation fluid alone (63). Shear et al. (64)
studied progesterone as a treatment for cerebral edema
after TBI. These investigators determined that a single dose
of progesterone can attenuate cerebral edema after TBI in
rats, but didn’t always lead to functional improvement.
Regimens continued for three to five days reduced the size
of injury-induced necrosis and cell loss, and a five-day
regimen improved behavioral outcome.

Leptin
Leptin is an adipocyte-derived hormone whose serum levels
are influenced by cytokines. It is thought to regulate immune
function, food intake, and energy expenditure. Recent
studies have demonstrated that hypercatabolism and
immune dysfunction are closely associated with SIRS and
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MODS. Papathanassoglou et al. studied leptin levels,
nutritional indices, and outcome in critically ill patients
(65). Critically ill patients exhibited higher serum levels of
leptin, as well as IL-6, TNF-a, and cortisol than controls.
The authors concluded that cytokines and cortisol up-
regulate leptin levels that in turn may predispose the
patients to hypercatabolism, wasting, and immune dysfunc-
tion. Serum leptin levels alone were not independently
associated with severity of SIRS or MODS, or with
mortality. Gender specific changes in leptin levels also
require further elucidation.

SYSTEMIC INFLAMMATORY RESPIRATORY
SYNDROMEçCOAGULATION SYSTEM INTERACTION

The increasingly appreciated molecular linkage between the
procoagulant and inflammatory systems is one of the critical
discoveries of the last 25 years (66). The coagulation system
evolved as a mechanism to limit the loss of vital elements
from the internal milieu following mechanical injury to the
circulatory system. Whereas the innate immune system
was developed as a rapid response mechanism for detection
and clearance of microbial invaders that breach the integu-
ment, the coagulation and innate immunity systems
co-evolved from a common ancestral substrate early in
eukaryotic development, and these two systems retain a
highly integrated and co-regulated circuitry of signals and
control elements that defend the host following tissue
injury and microbial invasion. Indeed, the ancestry may
predate eukaryotic development, as primitive micro-organ-
isms, lacking a circulatory system and thus without need
for coagulation to stop bleeding, possess a coagulation
system that is used to protect against microbial invasion (66).

Coagulopathy and systemic inflammation are almost
universal findings in patients with sepsis. Septic patients
are also known to have diminished concentrations of circu-
lating antithrombin III (AT III), tissue plasminogen activator,
and activated protein C (APC) (67).

In the landmark Protein C Worldwide Evaluation in
Sepsis (PROWESS) trial, Bernard et al. (68) showed a signifi-
cant decrease in mortality for septic patients treated with
recombinant human APC compared to placebo. The
PROWESS trial was very well conducted with a large
sample number (1690 patients), demographic factors were
similar in the treatment and placebo groups, and protein C
deficiency was detected in 90% of the patients in which it
was measured (68). The relative risk of death in the treated
group was reduced by 20%. Furthermore, APC reduced
mortality in almost every subgroup examined in the phase
III trial. The only significant side effect of the drug is bleed-
ing, and the treatment patients had a higher rate of bleeding
episodes compared to placebo (3.5% vs. 2.0%), but this differ-
ence was not clinically or statistically significant (p ¼ 0.06).

The administration of APC was associated with a
reduction in plasma D-dimer levels, demonstrating that
the procoagulant effects of sepsis were diminished by this
therapy. A concomitant reduction in the serum levels of IL-
6 and TNF-a indicated that treatment also attenuated the
inflammatory cascade. The reduced TNF-a results are in
concert with the evidence that APC reduces the production
of TNF-a monocytes by inhibiting the coupling of endotoxin
and CD14, without affecting the antimicrobial properties of
monocytes (69).

Additionally, APC inhibits factors Va and VIIIa resulting
in decreased thrombin generation, and increases the fibrinoly-
tic response by reducing the levels of plasminogen activator
inhibitor-1 and by preventing activation of thrombin–
activatable fibrinolysis inhibitor (TAFI) (70). APC is also
known to reduce interactions between neutrophils and endo-
thelial cells, and to decrease tissue ischemia (71), in part by
reducing the endothelial expression of E-selectin (72).

At present, no clinical studies have evaluated the use
of agents that alter both coagulation and inflammation
(such as APC) in patients with noninfectious causes of
SIRS. Additionally, studies involving patients who are at
increased risk of bleeding (omitted from the PROWESS
trial) must be studied to better define the potential morbidity
of APC therapy. Real-time protein detection technologies,
which monitor a panel of sepsis-related bio-markers (includ-
ing APC levels) will likely improve the targeting of this
promising therapy (73). Optimal use of APC and other anti-
coagulant agents in sepsis and SIRS requires additional basic
research into the critical linkage between coagulation and
innate immunity (73).

PROGRESSION OF SYSTEMIC INFLAMMATORY RESPONSE
SYNDROME TO COMPENSATORYANTI-INFLAMMATORY
RESPONSE SYNDROME AND MULTIPLE ORGAN DYSFUNCTION
SYNDROME

It is unclear whether SIRS serves a purposeful function, or
merely represents an epiphenomenon resulting from
severe tissue injury, induced by trauma, shock, and infection.
However, we do know that the severity and intensity of the
inflammatory response affects outcome, and appears to be
determined by the balance between inflammatory and
CARS. Bone was the first to propose the five-stage pro-
gression from SIRS to MODS (Fig. 4), in 1996 (74). At that
time, considerable new evidence indicated that, in addition
to a massive pro-inflammatory reaction, a compensatory
anti-inflammatory response contributes to the onset of
these disorders. The five stages summarized in Figure 4
are as follows: (i) local inflammatory response, (ii) systemic
inflammatory response, (iii) massive systemic inflammatory
response, (iv) immunologic paralysis, and (v) immune disso-
nance. If the last three phases do not quickly resolve, cell
damage can be amplified thus perpetuating the inflamma-
tory process and promoting infectious complications, result-
ing in MODS.

At a local site of injury or infection, and during the
initial appearance of pro- and anti-inflammatory mediators
in the circulation, the beneficial effects of these mediators
typically outweigh their harmful effects. However, when the
balance between these two forces is lost, widespread inflam-
mation occurs and these mediators become harmful. Sequelae
of an unbalanced systemic pro-inflammatory reaction include
shock, organ dysfunction, and coagulation defects. An unba-
lanced systemic compensatory anti-inflammatory response
can result in anergy and immunosuppression. This late
immunosuppressive phase was termed the “CARS”—by
Bone (Fig. 4). The pro- and anti-inflammatory forces may ulti-
mately reinforce each other, creating a state of increasingly
destructive immunologic dissonance. SIRS continues to be
recognized as an ubiquitous early harbinger of MODS.
Although these acronyms are clever and provide simplified
understanding of the pathophysiology, they do not fully
explain the complexity of the human response to injury.
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Figure 4 Progression from systemic inflammatory response syndrome (SIRS) to compensatory anti-inflammatory response syndrome

(CARS) to multiple organ dysfunction syndrome (MODS). The five stages in the development of multiple organ dysfunction as postulated

by Roger Bone. Stage 1 begins at a site of local injury or infection. Pro-inflammatory mediators are released locally to promote wound

healing and to combat foreign organisms or antigens. Anti-inflammatory mediators are then released to downregulate this process. If the

original insult is small and the patient is healthy, homeostasis will be quickly restored. Stage 2 occurs if local defense mechanisms are

insufficient to correct the local injury, or eliminate the local infection. Through various mechanisms, pro-inflammatory mediators are released

into the systemic circulation; these recruit additional cells to the local area of injury. Systemic release of anti-inflammatory mediators follows

soon thereafter; under normal circumstances, these mediators ameliorate the pro-inflammatory reaction and restore homeostasis. Stage 3

occurs if the systemic release of pro-inflammatory mediators is too massive, or if the anti-inflammatory reaction is insufficient to permit

downregulation. It is at this stage that most patients have symptoms of the SIRS, as well as incipient evidence of the MODS. Stage 4

can be represented by excessive systemic levels of anti-inflammatory mediators that develop as a response to a massive pro-inflammatory

response; however, these levels can also develop de novo. Patients with a stage 4 CARS have marked immunosuppression and, thus, are

at increased risk for infection. The body can re-establish homeostasis after stage 3 or 4 and improve. Others will advance to stage 5—the

final phase of MODS. At this stage of immunologic dissonance, the balance between pro- and anti-inflammatory mediators has been lost,

and many of these patients currently go on to die. Some patients may have persistent, massive inflammation; others may have ongoing

immunosuppression and secondary infections. Still others may oscillate between periods of inflammation and immunosuppression.

Source: From Ref. 74.
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The human immune response is regulated by a highly
complex and intricate network of control elements (many
still unknown). Prominent among the known regulatory
components are the anti-inflammatory cytokines and
specific cytokine inhibitors (75). Under physiologic con-
ditions, these cytokine inhibitors serve as immunomodula-
tors limiting the potentially injurious effects of sustained or
excess inflammatory reactions. Under pathologic conditions,
these anti-inflammatory mediators may either: (i) provide
insufficient control over pro-inflammatory activities in
immune-mediated diseases; or (ii) overcompensate and
inhibit the immune response, rendering the host at risk
from systemic infection. A dynamic and ever-shifting
balance exists between pro-inflammatory cytokines and
anti-inflammatory components of the human immune
system. The regulation of inflammation by these cytokines
and cytokine inhibitors is further complicated by the fact
that the immune system has redundant pathways with mul-
tiple elements having similar physiological effects.

SYSTEMIC INFLAMMATORY RESPONSE SYNDROME AND
SPECIFIC PATIENT POPULATIONS
Trauma and Critical Illness
Traumatic injury immediately stimulates inflammation in
order to save the individual and initiate repair. This inflam-
matory response is a cascading process involving a delicate
balance between pro- and anti-inflammatory mediators, and
components of all bodily systems. If the injured person does
not die immediately, his morbidity and/or mortality may
depend in large part on the degree to which systemic inflam-
mation influences his clinical course. Basic and clinical
science studies have demonstrated an intricate relationship
between trauma, shock, SIRS, and sepsis (6). Trauma,
especially when complicated by hemorrhagic shock, may

induce SIRS, potentially resulting in immunodepression,
MODS, severe sepsis, or septic shock. If severe
enough, this inflammatory response may adversely affect
organ systems not involved in the original traumatic
injury. In this scenario, MODS typically follows a specific
pattern affecting the lungs first, followed by the liver, gut,
and kidneys (6). The presence of SIRS may provide insight
into patients at risk, for progression to MODS.

A SIRS score of �2 at the time of admission has been
shown to be an independent predictor of increased mortality
and length of stay in trauma patients, suggesting that admis-
sion SIRS score may be used as a predictor of outcome and
resource utilization (76). These findings were confirmed in
9539 trauma patients admitted to a level-one trauma center
over a 30-month period (77). This study demonstrated that
the SIRS score was an independent predictor of mortality
and ICU length of stay, hypothermia (temperature ,368C)
was the most significant predictor of mortality, and leukocy-
tosis (neutrophil count .12,000/mm3) was the most signifi-
cant predictor of total hospital length of stay (LOS). Another
study of 4887 blunt trauma patients admitted to a level one
trauma center determined that admission SIRS score, inde-
pendent of age and ISS, was an independent predictor of
infection (78). Infected patients had statistically longer hos-
pital lengths of stay and increased risk for mortality.

The predictive capability of daily SIRS scores and
outcome in trauma patients admitted to an ICU has been
evaluated (79). SIRS on hospital days 3 to 7 was a significant
predictor of nosocomial infection and hospital length of stay.
Persistent SIRS to hospital day 7 was associated with a

significant risk for increased mortality. In another study,
SIRS for �3 days in trauma patients was associated with
an increased incidence of disseminated intravascular coagu-
lation (DIC), the adult respiratory distress syndrome
(ARDS), and MODS (80).

A review of published cohort studies, examining the
septic syndromes with an emphasis on ICU patients
revealed that the prevalence of SIRS is very high, affecting
one-third of all in-hospital patients and .50% of all ICU
patients (81). SIRS occurs in 80% of all surgical ICU patients.
In this patient population, the prevalence of infection and
bacteremia increases with the number of SIRS criteria met,
as well as with increasing severity of the septic syndromes.
Approximately one-third of patients with SIRS has, or
evolves to, sepsis. Sepsis may occur in 25% of ICU patients,
progressing to severe sepsis in .50% of the cases. Mortality
rates increase with progression from SIRS to septic shock,
and are similar within each stage whether infection is docu-
mented or not. Most deaths (3/4) occur during the first
few months after sepsis, but there is also a 50% reduction
of life expectancy over the following five years. When SIRS
progresses to MODS and MOF, mortality rates increase sub-
stantially (30–80%), depending on the number of failed
organs (82).

A prospective study evaluating daily SIRS scores and
outcomes in 2300 surgical ICU admissions demonstrated
that SIRS on postoperative day 2 (compared to the score on
day 1) was a more accurate predictor of mortality and corre-
lated better with Acute Physiologic and Chronic Health
Evaluation III (APACHE III) and MODS scores (Table 3)
(83). It was hypothesized that the effects of surgery, surgical
stress, anesthesia, and ICU resuscitation in the first 24 hours
may overestimate the pro-inflammatory response itself,
making quantitation of the SIRS within that time period
too sensitive.

The degree of metabolic stress among critically ill
patients may be variable, and dependent upon whether or
not SIRS is related to infection and/or sepsis (84). Moriyama
et al. (84) demonstrated that oxygen consumption and
resting energy expenditure were higher in SIRS patients
with sepsis, compared to SIRS patients without sepsis.

Surgery
Surgical procedures are known to elicit systemic inflam-

mation. The magnitude and duration of the procedure,

comorbid diseases, and reperfusion injury are just a few
of the variables that affect the inflammatory response.
Some operations are associated with specific procedures
that directly affect the immune response. Knowledge of
these potential inflammatory insults may lead to modifi-
cation of certain surgical procedures and/or re-evaluation
of their indications.

Cardiopulmonary bypass (CPB) and extracorporeal
circulation have been associated with SIRS and MODS due
to inflammatory mediator release. Survival in patients with
MODS after CPB may be affected by the degree of inflamma-
tory mediator release. A recent study determined that levels
of IL-8, IL-18, and PCT could be used as parameters for the
prognosis of patients with organ dysfunctions after cardiac
surgery (85).

The inflammatory response associated with hepatic
ischemia/reperfusion during liver resection and transplan-
tation has been studied, though the clinical implications
remain to be clarified. These findings may also be applicable
to hepatic surgery associated with traumatic injury. The
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inflammatory cytokines TNF-a, IL-1b, IL-6, and IL-8 were
measured in serial samples of portal and systemic blood
before hepatic inflow clamping, at the end of clamping,
one hour, and one day after continuous inflow occlusion in
25 patients undergoing elective hepatectomy (86). These
investigators demonstrated that portal IL-6 levels during
resection and at one hour after cessation of clamping signifi-
cantly correlated with duration of hepatic inflow occlusion,
portal venous pressure, and increase in postoperative
serum transaminases and bilirubin. Increased levels of sys-
temic IL-8 demonstrated increases in these same parameters,
whereas portal IL-8 levels showed no such correlation. The
one patient who died had elevated cytokine levels in the pre-
sence of elevated portal venous pressure. The authors pro-
posed that hepatectomy that would require prolonged
inflow occlusion be reconsidered when an enhanced acute
generation of cytokines is anticipated, especially in the pre-
sence of markedly increased portal pressure.

Instrumentation is frequently utilized in orthopedic
trauma surgery. The effects of instrumentation on postopera-
tive inflammation in patients undergoing spinal injury were
investigated by Takahashi et al. (87). The pro-inflammatory
cytokines IL-6 and IL-8, the anti-inflammatory cytokines
IL-10 and IL-1RA, and the soluble TNF-a receptors I and II
were assayed in seven patients who underwent lumbar
spinal posterior decompression, six patients with spinal
decompression and posterolateral fusion without instru-
mentation, and seven patients with spinal decompression
and posterolateral fusion with instrumentation. All cyto-
kines increased significantly after spinal instrumentation
on postoperative days 0 and 1. Seven days later, the inflam-
matory cytokines had normalized, but the anti-inflammatory
cytokines remained elevated in this group. These findings
suggest that patients undergoing instrumentation may be
at higher risk for infection and/or SIRS and MODS, due to
an exaggeration of the inflammatory response.

Extremity ischemia/reperfusion injury is frequently
encountered in trauma and vascular surgery. Free radical
release following ischemia/reperfusion leads to inflam-
mation, and the patient’s innate antioxidant system [total
antioxidant capacity (TAC)] is the mode of defense. TAC
was evaluated in patients with chronic leg ischemia who
underwent femoral-distal bypass (88). Patients who devel-
oped SIRS following revascularization had a significantly
reduced TAC, and increased lipid peroxidation and vascular
permeability (measured by changes in the urinary albumin
to creatinine ratio). TAC may represent a marker for patients
at risk for SIRS, and the authors thought that augmentation
with antioxidants may be utilized to augment their defense.

Levels of postoperative inflammatory cytokine levels
have been shown to reflect the magnitude of surgical
stress. Laparoscopically performed intra-abdominal
surgery has been demonstrated to elicit lower postoperative
levels of inflammatory cytokines (specifically IL-6 and IL-8)
compared with open procedures, lending support to the use
of this modality when technically and/or surgically feasible
(89). Indications for the use of laparoscopic surgery in
trauma are presently under investigation.

Anesthesia
With the exception of anaphylaxis and allergy (see

Volume 1, Chapter 33), anesthetics and analgesics by them-
selves are not initiators of SIRS. However, several anes-
thetics and analgesics have shown immunomodulatory

effects, and may therefore have some effects on SIRS.

Different anesthetic agents have different effects on
the inflammatory response. The inflammatory response
associated with Total Intravenous Anesthesia (TIVA) and
Balanced Inhalation Anesthesia (BIA) was compared in
patients undergoing elective lumbar discectomies (90). In
the BIA group, the IL-6 plasma concentration was signifi-
cantly elevated, but IL-2Ra and IL-1RA were reduced com-
pared with the TIVA group. There was also a relatively
greater increase in postoperative cortisol, epinephrine,
and norepinephrine concentrations under BIA, perhaps
representing an enhanced activation of the hypothalamic-
pituitary-adrenal axis and the sympathetic nervous
system. Ketamine reduced the CPB-induced IL-6 and IL-
8 response in patients undergoing cardiac valve replace-
ment (91). Anesthesia with ketamine/acepromazine/zyla-
zine significantly blunted the LPS-induced plasma TNF-a
release in an animal study (92). Preoperative adminis-
tration of clonidine decreased both plasma and CSF con-
centrations of TNF-a (93). A large dose of clonidine
resulted in no detectable TNF-a in the CSF. Clonidine
also led to decreased catecholamine release in the periph-
ery and CNS. Furthermore, patients who received cloni-
dine preoperatively had lower pain scale scores and
required less postoperative pain medications. Propofol
inhibited IL-6 and IL-10 production by LPS-stimulated per-
ipheral blood mononuclear cells and thiopental induced
IL-10 production, when different IV anesthetics were com-
pared (94). General anesthesia with propofol and fentanyl
led to a decrease in circulating lymphocytes, characterized
by a significant increase in the percentage of T lympho-
cytes in favor of CD4þ cells, increased B lymphocytes
and a significant decrease in NK cells, suggesting pro-
motion of a pro-inflammatory immune response in
patients undergoing elective orthopedic surgery (95).
These investigators also studied the immune response to
whole blood stimulated with LPS in these patients. There
was a significant enhancement of TNF-a and IL-1b
release in these samples after induction of anesthesia. Syn-
thesis of IL-10 decreased significantly in these LPS-stimu-
lated cultures.

Inhalational (volatile) anesthetics utilized during GA
have been studied for their effect on systemic inflammation
and for effects on pulmonary tissue. Alveolar epithelial
type II (AT II) cells are known to elicit cytokines when
stressed and are exposed to volatile anesthetics when
patients are under GA. Giraud et al. (96) studied the effects
of halothane, enflurane, and isoflurane on rat AT II cells
after stimulation with recombinant murine IL-1b (rmIL-1b).
The volatile anesthetics decreased AT II secretions of inflam-
matory cytokines, but did not modify total protein secretion.
Halothane exposure decreased the inflammatory response in
a dose- and time-dependent manner. This inhibition was
reversed between 4 and 24 hours postoperatively.

Thoracic epidural anesthesia utilized during cardiac
surgery has been associated with a reduction in ischemia/
reperfusion injury, which may in turn decrease the elabor-
ation of pro-inflammatory cytokines (97). Epidural anesthe-
sia with bupivacaine administered during CPB surgery led
to an attenuated inflammatory response compared to
patients who had GA alone (98).

Inflammatory mediators, when present in patients
preoperatively, may adversely affect anesthesia. An animal
study demonstrated that both central (via intracerebro-ven-
tricular placement) and peripheral (via intraperitoneal place-
ment) administration of TNF-a decreased anesthesia time
induced by ketamine or propofol (99).
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Cardiopulmonary Bypass
CPB has been the traditional methodology for providing
oxygenated blood for tissue perfusion during cardiac
surgery. CPB is associated with augmentation of the sys-
temic inflammatory response. Okubo et al. (100) studied
the immunological effect of CABG, with and without CPB.
In this study, 10 patients who had CABG on pump, and 10
patients who underwent CABG without CPB, had periph-
eral blood sampled before and 6 hours after surgery. This
blood was then evaluated for gene expression of cytokines,
adhesion molecules, and vasoactive substances in the leuko-
cytes. Postoperative expression of mRNA for IL-1, IL-8, IL-
10, TNF-a, heme oxygenase-1, platelet endothelial cellular
adhesion molecule, and Mac-1 increased significantly in
the on-pump group, but not in the off-pump group.

Direct contact between patient blood and the synthetic
surfaces of the CPB system, along with released intracellu-
lar elements of destroyed cells, are the most likely reasons

for the increased inflammatory mediators seen with CPB.
In a review of alternatives to CPB, Ganapathy et al. (97)
reported that beating heart surgery (without CPB) signifi-
cantly attenuates the pro-inflammatory cytokine stress
response. They reported that there is reduced renal dysfunc-
tion associated with beating heart surgery as well.

Dexamethasone given to patients prior to CABG
surgery led to a relative decrease in inflammatory mediator
release and an increase in anti-inflammatory mediators
(101). Patients who had dexamethasone also had better
outcome immediately postop, and shorter ICU lengths of
stay. Dopexamine administered intravenously during
cardiac surgery, and up to 18 hours postoperatively, led to
a decrease in the pro-inflammatory immune response
when compared to controls [normal saline (NS) infusion
instead of dopexamine] (98).

EFFECTS OF RESUSCITATION ON INFLAMMATION

Resuscitation for trauma and surgery may affect an indi-
vidual’s innate immune response, as a result of the type,

quantity, and timing of fluid resuscitation. Controversy
presently exists regarding the timing and titration of fluid
resuscitation, as related to goal mean arterial pressure
(MAP) and end-points of resuscitation (e.g., measurement
of base deficit and/or lactate vs. other). There is also
concern that certain IV fluids may be more efficacious and
less immunogenic than others (see Volume 1, Chapter 11).
As with all decisions in medicine, one must balance risks
of fluid resuscitation with the benefits (102).

One of the concerns regarding fluid resuscitation in
hemorrhagic shock is the potential to disrupt efficacious
vascular clot. Animal studies have demonstrated that
increasing IV rates/blood pressure in the presence of
uncontrolled bleeding is accompanied by increased bleed-
ing (102). Using a rat model of uncontrolled hemorrhage,
Burris et al. (103) demonstrated that the group that had
no fluids had the lowest survival rate. Groups resuscitated
with lactated ringers (LR) to a MAP of 100 mmHg also
had low survival rates. The highest survival rates were
seen in rats resuscitated to a MAP of 80 mm Hg with LR
or 40 mm Hg with 7.5% hypertonic saline (HS) and 6%
hetastarch. Timing and volume of fluid resuscitation, cyto-
kine elaboration, and mortality were evaluated in an
animal model of hemorrhagic shock (104). Sprague-
Dawley rats were hemorrhaged 35% of their total blood

volume and then resuscitated with varying volumes of
crystalloid either early (15 minutes), delayed (60
minutes), or not at all. These investigators determined
that rats resuscitated early had decreased cytokine elabor-
ation and decreased mortality. Interestingly, the delayed
resuscitation group had increased mortality compared to
both the early resuscitation and no resuscitation groups.
Excessive fluid resuscitation in both early and late resusci-
tation groups resulted in increased inflammatory cytokine
elaboration and increased mortality. The authors con-
cluded that perhaps volume of fluid, rather than timing
of initiation, is a more important determinant of outcome
after hemorrhagic trauma.

The first study to evaluate low MAP resuscitation in
humans was published in 1994 (105). These investigators
randomized hypotensive penetrating trauma victims to
routine fluid resuscitation or no fluid resuscitation, until sur-
gical control of bleeding had been achieved. The results
demonstrated a survival advantage in the group that had
resuscitation withheld initially. However, when the data
included those patients who “died in the field” on an
intent-to-treat basis, no survival advantage was demon-
strated when fluid was withheld. No survival advantage
was demonstrated in a more recent study when 110
trauma patients presenting with hemorrhagic shock were
randomized to receive resuscitation to either systolic blood
pressure (SBP) . 100 mmHg (conventional) or SBP of
70 mmHg (low) (106). These investigators determined that
the imprecision of SBP as a marker for tissue oxygen delivery
might have accounted for these results. Clearly, large, multi-
center prospective randomized studies need to be done to
evaluate this more closely.

Resuscitation studies have also focused recently on the
type of fluid used. Presently, isotonic fluids are given prefer-
entially in resuscitation protocols. Normal saline (NS) or LR
are the crystalloids most frequently utilized. Isotonic fluids
are quickly distributed throughout the entire extracellular
space, as unfortunately there is no predilection for the intra-
vascular space. This results in fluid retention with an
increased ratio of extracellular to plasma space; only 10%
to 20% or less of infused isotonic fluids remain in circulation
(107). Colloid solutions elicit an oncotic pressure similar to
plasma (20–30 mmHg). Commonly used colloids include:
albumin (20–25 mmHg), hetastarch (30–35 mmHg), and
dextran 70 (60–75 mmHg) (107). Albumin expands plasma
volume by 80% of infused volume, hetastarch expands
plasma volume equal to the infused volume, and dextran
expands plasma volume 20% to 50% more than the infused
volume.

HS has been investigated extensively as both a fluid
medium for resuscitation and as an anti-inflammatory
agent in trauma and critical illness. It has demonstrated
efficacy in the restoration of hemodynamic stability and
microcirculatory support, in patients who are hypovolemic
due to hemorrhagic shock (6). HS has been associated with
decreased blood viscosity and improved microcirculation,
when utilized as a resuscitation fluid. HS mobilizes an
amount of cellular water proportional to osmotic load,
and tends to reduce overall volume needs in perioperative
patients (107). Cells become edematous during shock and
surgical stress, and HS has been shown to normalize
cell volume rather than reduce it below normal (107).
HS resuscitation was associated with improvement in
microcirculatory perfusion to the kidney and small bowel
(108). Coimbra et al. (109) demonstrated decreased
bacterial translocation and decreased incidence of lung
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injury associated with HS resuscitation. Resuscitation with
HS was also associated with restoration of intestinal nutrient
blood flow, prevention of gut barrier breakdown and bac-
terial translocation, and prevention of organ failure (110).
Gurfinkel et al. (111) demonstrated improved tissue oxy-
genation and perfusion, and reduced SIRS when HS [com-
pared with isotonic saline (IS)] was utilized for
resuscitation in an animal model of hemorrhage/shock.
These authors demonstrated that animals that received
HS had higher oxygenation and perfusion indices, and
lower arterial lactate, TNF-a, and IL-6 levels. These
animals also demonstrated less pulmonary edema, poly-
morphonuclear cell (PMN) sequestration, and lower mor-
tality compared with animals that received IS. HS (7.5%)
was added to dextran 70 (HSD), by Kramer et al. (107),
with the theory that HS would expand the vascular space
by mobilizing cellular water and that a hyperoncotic
colloid might selectively retain more of this water in the
vascular space. Their work demonstrated significantly
higher and more sustained cardiac output and MAP, and
a lower total peripheral resistance compared with either
compound alone. These results were repeated in multiple
animal studies, some of which also demonstrated
decreased mortality.

HS has demonstrated immune-enhancing properties
when utilized for fluid resuscitation. Increasing sodium-
chloride concentrations in resuscitation fluid was associated
with increased T-cell proliferation and decreased levels of
immunosuppressive mediators [e.g., prostaglandin E2

(PGE2)] (6). Neutrophil activation and associated release of
oxygen radicals and proteases is associated with worse
outcome after trauma-hemorrhage. Resuscitation with LR
was associated with neutrophil activation and release of
these harmful reactants, whereas resuscitation with
HS was not in an awake-swine model of hemorrhagic
shock (112). Junger et al. (113) demonstrated that increasing
the tonicity of the saline resuscitation fluid led to a
dose-dependent (saline concentration) decrease in N-
formyl-methionyl-leucyl-phenylalanine activated human
neutrophil release of proteases and oxygen radicals. When
compared with LR in an animal model of trauma-hemor-
rhage, then sepsis (CLP), HS resuscitation was associated
with decreased mortality (14.3%) compared to LR (76.9%)
(108). These investigators also demonstrated less severe
lung injury in animals resuscitated with HS. In another
study, these same investigators demonstrated that pentoxi-
fylline added to HS reduced bacterial translocation and
lung injury in an animal model of hemorrhagic shock, com-
pared to resuscitation with LR (114).

HS can reverse the immunosuppressive effects of
trauma, and the mechanism may in part be due to altered neu-
trophil adhesion properties in the microcirculation (102). Pre-
liminary human studies have demonstrated many of the same
immunological benefits, but not all studies demonstrate clear-
cut differences in the immune response to different fluids. Iso-
tonic and hypertonic fluids were evaluated, to determine
whether or not the differential effects elicited by these com-
pounds were due to different cytokine gene elaboration
profiles (115). All of the resuscitation fluids analyzed led to
increased pro-inflammatory mediator gene expression (to
include TNF-a, IL-1a, IL-6, and IL-10). There was no differ-
ence in the cytokine expression profile between isotonic and
hypertonic fluids in this study. Likewise, multicenter trials
that have studied the efficacy of HSD, compared to other crys-
talloids (e.g., LR), have not demonstrated an overall survival
benefit, although a subgroup of patients who received HSD

and required surgery had a survival advantage (102).
Clearly, human studies need to be undertaken to study this
more in depth.

A recent clinical study, designed to determine if HSD
was detrimental when administered to hypotensive patients
after penetrating trauma to the torso, demonstrated that
HSD resuscitation improved survival in the patients who
required surgery (116). The study evaluated 230 patients.
Overall survival in the 120 patients who received HSD was
82.5%, whereas survival was 75.5% in those who received
an equivalent amount of NS ( p ¼ 0.19). Surgery was
required in 157 patients (68%). Of these patients, 84 were
resuscitated with HSD and 73 with NS. Survival was 84.5%
in those patients who received HSD, compared with 67.1%
in those resuscitated with NS ( p ¼ 0.01).

HS has become a mainstay of therapy for intracranial
hypertension associated with TBI. HS decreases intracranial
pressure, due to changes that primarily occur in areas of the
brain that maintain intact blood-brain barriers (102). Differ-
ent saline tonicities are also being investigated regarding
efficacy in this scenario. A 7.5% saline solution in doses
of 2 mL/kg per treatment was as (or more) efficacious than
mannitol, for intracranial hypertension refractory to other
standard methods of treatment (117). Other strategies
most recently utilized along with HS for intracranial hyper-
tension include mild hypothermia, and decompressive
craniotomy (118).

THE ROLE OF THE GUT IN SYSTEMIC INFLAMMATORY
RESPONSE SYNDROME AND SEPSIS

Under nonstressed conditions, gut integrity is well pro-
tected. Intraluminal contents (containing large quantities of
bacteria) are kept within the confines of the bowel in mul-
tiple ways. An intact gastrointestinal (GI) mucosa via main-
tenance of tight intracellular junctions is one important
method. Additionally, the GI tract has immunological
tissue referred to as gut-associated lymphoid tissue
(GALT). GALT includes Peyer’s patches, mesenteric lymph
nodes, and intraepithelial and lamina propria lymphocytes.
These immunological cells represent the first line of defense
against foreign proteins. Furthermore, surface immunoglo-
bulin A is found in high concentrations amongst these
cells. If foreign antigens transfer across the bowel wall, clear-
ance through the portal system (including the mesenteric
veins and lymphatics, liver, and spleen) should eliminate
the toxic threat (Fig. 5). A breakdown in any component
of this GI defense system may contribute to bacteremia
and sepsis, following injury or illness. The transfer of
bacteria across the bowel wall and into surrounding tissue
and/or circulation is known as “bacterial translocation.”
When normal mesenteric processes tasked with controlling
this bacterial load fail, overwhelming levels of local, and
then circulating, endotoxin levels lead to SIRS, sepsis, and
MODS. The pathophysiology of intestinal bacterial translo-
cation is not entirely understood, but it is probably due in
part to a breakdown at the local intestinal mucosal barrier
from an imbalanced local inflammatory response, ischemia,
malnutrition, or a combination of these. Gut associated
immune cells release both pro- and anti-inflammatory cyto-
kines when stressed (119). Animal studies have demon-
strated significant changes in GALT after hemorrhagic
shock and soft tissue trauma. Buzdon et al. (120) utilized a
murine femur fracture model to demonstrate a significant
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increase in Peyer’s patch lymphocyte CD3, CD4, and TCRab
expression, as well as a significant decrease in Peyer’s patch
IL-10 protein expression. Secretion of the inflammatory cyto-
kines TNF-a, IL-6, and IFNg occurs in the small bowel and
levels of IL-6 are increased in states of bacterial overgrowth
(38). Ischemia/reperfusion may contribute to this insult. In
exvivo human intestine, ischemia/reperfusion was associ-
ated with increased pro-inflammatory cytokine levels in
venous effluent (38).

Basic science and clinical research have demonstrated
that the GI tract plays a pivotal pathogenic role in the devel-
opment of postinjury SIRS and MODS (121). These and other
investigators have demonstrated the following findings:
(i) shock with resulting gut hypoperfusion is an important
inciting event; (ii) upon reperfusion, the gut is a source of
pro-inflammatory mediators capable of amplifying SIRS
and contributing to early MODS; (iii) early gut hypoperfu-
sion causes an ileus in the stomach and small bowel that
sets the stage for progressive gut dysfunction, so that the
proximal gut becomes a reservoir for pathogens and toxins
that contribute to late sepsis-associated MODS; and (iv)
Late infections then cause worsening of the gut dysfunction.
These findings elucidate the gut’s role as both an initiator of
inflammation and as a “victim” of SIRS/MODS.

The exact role of malnutrition in this scenario is
unknown. Malnutrition has not been directly associated
with bacterial translocation; however, there is evidence to
suggest that it may make the gut more sensitive to inflamma-
tory mediator release. Maintenance of bowel mucosal integ-
rity in the setting of SIRS is a target of ongoing scientific
investigation.

Selective decontamination of the digestive tract (SDD)
is a process through which the intraluminal bacterial load is

decreased. A decreased bacterial load is theorized to modu-
late the inflammatory response to gut hypoperfusion after
trauma or critical illness.

Male Wistar rats were divided into four groups in a
study to determine the influence of SDD on the pro-
inflammatory immune response of the gut (122). The rats
were given either SDD or conventional rat chow, and under-
went hemorrhage with withdrawal/reinfusion of shed blood
or not. TNF-a and IL-6 were measured in portal and caval
blood, splenic macrophages, and gut mononuclear cells.
Mesenteric lymph nodes were harvested to determine bac-
terial translocation and a histological specimen was taken
from the distal ileum. Feces were also examined to evaluate
the effect of SDD. SDD eliminated gram-negative enteric bac-
teria, but had no influence on mucosal damage or on
bacterial translocation in control animals and animals
after hemorrhage. There was a significantly elevated LPS-
induced pro-inflammatory cytokine release in portal blood,
splenic macrophages, and gut mononuclear cells in
animals subjected to hemorrhagic shock that were fed rat
chow. Hemorrhagic shock after SDD led to suppressed or
unchanged cytokine release in these organs, compared
to unmanipulated animals receiving SDD. In unmanipulated
animals, SDD itself induced a significant inflammatory
response. Plasma concentrations of cytokines were signifi-
cantly elevated in animals after hemorrhage and SDD, com-
pared with animals after hemorrhage alone. The authors
warn that SDD may induce an increased inflammatory
response in some patients that can be augmented after an
insult such as hemorrhagic shock.

Clinical trials have not demonstrated improved
outcome after SDD. In a study of 78 consecutive cardiac
surgery patients, Bouter et al. (123) demonstrated that SDD

Figure 5 Gut–liver–lung axis in response to shock and hemorrhage. The gut–liver–lung axis in response to hemorrhagic shock injury.

These organs (gut, liver, and lung) seem to be the major target organs of systemic inflammatory response syndrome. Initiation of the

inflammatory state can occur in any of these organs following trauma or shock. The gut can leak inflammatory mediators into the portal

circulation, which will cause a response in the liver. Inflammatory mediators then travel in the hepatic vein to the inferior vena cava and to the

lungs. The lungs may become injured, may inactivate some substances (not shown), or can release inflammatory substances themselves,

which travel systemically to distant organs (including the gut). Abbreviation: LPS, lipopolysaccharide. Source: From Ref. 188.
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effectively reduced the percentage of gram-negative flora,
but did not affect the incidence of postoperative endotoxe-
mia and cytokine activation. SDD did not decrease bacterial
colonization, nor did it decrease subsequent infectious epi-
sodes when severely burned pediatric patients were
studied (124).

IMMUNOMODULATION: MODERATING THE INFLAMMATORY
RESPONSE

Manipulation of immune pathway mediators may become
a tool for modulating the balance between the pro-inflamma-
tory and anti-inflammatory conditions. The key is to
balance the exuberant pro-inflammatory response (which
may lead to SIRS) with selected anti-inflammatory modu-
lators that decrease systemic inflammation, but do not
decrease the necessary local antibacterial or inflammatory
processes needed to control infection and promote healing.
The ideal modulator would be effective when given after
injury or onset of illness to regulate SIRS, and it would be
readily available and economical.

Tumor Necrosis Factor a and Interleukin-1
TNF-a is a target of immunological research, as it initiates
the pro-inflammatory response and is a key mediator in
the development of sepsis. Despite continued investigation
into the role of TNF-a in injury and sepsis and therapies
designed to control its role in adverse physiological
outcome, little progress has been achieved over the last
decade.

Antibodies to TNF-a and IL-1 have been investigated
as potential therapeutic agents, with encouraging results in
preliminary studies but disappointing results in clinical
trials, due to lack of efficacy and the occurrence of unwanted
side-effects (125). Large clinical trials of anti-TNF-a mono-
clonal antibodies and soluble TNF-a receptors produced
only small, insignificant beneficial trends in patients with
sepsis (6). Furthermore, when investigated for its effects on
cytokine release and physiological responses in patients
with severe sepsis, there was no difference in overall
pattern of cytokine activation or the physiological derange-
ments associated with sepsis.

Pentoxifylline, a methyl-zanthine derivative, best
known for successful treatment of atherosclerotic disease,
inhibits the formation of TNF-a and has demonstrated effi-
cacy in attenuating the inflammatory response in clinical
trials (6). In a multitude of studies, it has been demonstrated
to decrease the release of inflammatory cytokines that lead to
neutrophil activation and superoxide radical release (6). It
has been shown to improve erythrocyte flow and increase
tissue oxygenation when added to resuscitation fluids
(126–128). It has also been shown to restore effective
hepatic blood flow after shock and resuscitation, perhaps
by reducing neutrophil-endothelial cell interaction and acti-
vation (129).

TGFb and corticosteroids as antagonists to these two
agents have also been investigated. TGFb does reduce IL-1
production, but it also induces production of IL–1RA (com-
petitively binds to IL-1 receptors), making the immunosup-
pression overly toxic. Likewise, corticosteroids amplify
immunosuppression by reducing production of IL-1 and
TNF-a, but they also increase IL-1RII. This receptor prefer-
ably binds IL-1b and inhibits it.

GCSF, a growth factor, has been shown to modulate
these two cytokines. GCSF supplementation suppresses the
LPS-induced release of TNF-a and IL1b, and increases
sTNF-R p75 and IL-1ra, thus enhancing anti-inflammatory
activity (6). Growth factor was evaluated by Zhang et al.
(130), who used rat acute necrotizing pancreatitis (ANP)
models and measured serum levels of IL-6, IL-8, IL-10, and
TNF-a. They also observed TNF-a mRNA in the liver,
lung, kidney, and heart after ANP. Serum levels of these
inflammatory cytokines were elevated in response to ANP,
and this elevation led to the development of MODS. The
administration of Somatostatin and growth hormone inhib-
ited these inflammatory mediators and TNF-a mRNA
over-expressions, reduced the risk of the MODS, and mark-
edly increased survival.

Exciting work by Wang et al. (131) has demonstrated a
key link between inflammation and the involuntary nervous
system that may lead to new therapeutic options. These
researchers discovered that the vagus nerve has receptors
for inflammatory cytokines and, once stimulated, can sup-
press ongoing inflammation. In an animal study, this group
electrically stimulated the vagus nerve after injecting LPS
into rats (132). This stimulation prevented the release of
TNF-a from macrophages and death. They characterized
the macrophage nicotinic receptor that binds to the acetyl-
choline released by the vagus nerve, leading to suppression
of TNF-a release. This receptor is comprised of five copies of
the monomer a7. When this receptor was blocked, acetyl-
choline and nicotine were no longer able to prevent the
release of TNF-a. This was confirmed by studyinga7 deficient
mice. These mice actually exhibited an exaggerated inflam-
matory response to LPS. Therapies involving vagus nerve
and/or a7 stimulation should undergo further investigation.

Interleukin-2
Preoperative pretreatment with IL-2 has been shown to abro-
gate the immunosuppression associated with surgery. The
cytokine mechanisms responsible for this effect were
studied in colorectal cancer patients (133). Operable colorec-
tal cancer patients (n ¼ 12) pretreated with IL-2 were com-
pared to 21 age- and disease-matched patients (controls)
who underwent surgery without IL-2 pretreatment. Serum
levels of IL-6 were measured before surgery, and then at
days 3 and 7 in the postoperative period. A significant
increase in mean serum levels of IL-6 occurred in the post-
operative period in the control patients, whereas no signifi-
cant difference was seen between presurgical and
postsurgical IL-6 mean concentrations in the IL-2 pretreated
groups, suggesting that the neutralization of surgery
induced immunosuppression by IL-2 may, in part, be due
to inhibition of IL-6.

Preoperative administration of IL-2 was also associ-
ated with attenuation of immunodysfunction after nephrect-
omy for renal cell carcinoma (134). In this study,
postoperative levels of IL-6 and IL-10 were lower in the pre-
treated patients. T cell and activation markers were also
decreased.

Cyclo-oxygenase Inhibitors
PGE2 is known to disrupt cell-mediated immunity
after severe trauma or hemorrhage (6). PGE2 acts on the
phosphokinase-A-phosphokinase-C pathway by cAMP.
Prostaglandin inhibitors would therefore block this
pathway or enhance cyclic guanosine monophosphate,
which is protective.
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Diclofenac, a COX inhibitor (and thus prostaglandin
inhibitor), has been studied as a modulator of inflammatory
cytokine release. In a double blind, placebo-controlled study,
the administration of diclofenac in the perioperative period
(of patients undergoing major urological surgery) was
associated with lower IL-6 and IL-10 concentrations, lower
leukocyte count, and CRP (135). It was concluded that Diclo-
fenac might play an anti-inflammatory role in surgery.

Prostacyclin has been theorized as an anti-inflammatory
option for patients undergoing CABG (136). In a randomized
prospective double-blind study, 40 patients undergoing
CABG were divided into four groups. One group served as
a control, another group received prostacyclin, another
group was given high-dose aprotinin, and the last group
was treated with prostacyclin and aprotinin. Plasma elastase,
PCT, C1-esterase inhibitor (CEI), and coagulation and fibrino-
lysis parameters were measured in the perioperative period.
Levels of elastase increased significantly in the peri- and
postoperative period in all patients, and were most pro-
nounced in the control and aprotinin groups. The duration
of myocardial ischemia could be directly correlated to elastase
levels at the end of CPB. Elastase levels were significantly
higher in patients who developed SIRS. These patients devel-
oped a hypercoagulatory state. PCT and CEI levels did not
change significantly during and after CPB. These authors
speculated that prostacyclin controlled the inflammatory
effects of increased elastase release associated with CPB and
myocardial ischemia.

Thymopentin stimulates cyclic guanosine monophos-
phate, and has been shown to result in improved in vitro
lymphocyte proliferation compared to placebo-treated
cardiac surgery patients (137). When combined with indo-
methacin, cardiac surgery patients who received this
therapy demonstrated improved cell-mediated immunity
(i.e., IL-1, IL-2, and IFNg production and IL-2 receptor
expression) and lymphocyte proliferation (138).

Nitric Oxide Inhibitors
Due to the extensive involvement of NO in the augmentation
of inflammation following hemorrhagic shock and sepsis,
it is a target for therapeutic intervention. Animal studies
have demonstrated that NO scavengers may suppress pro-
inflammatory signaling. Hierholzer et al. (139) studied NOX,
an inhibitor of induced NO (iNO), in rats subjected to hemor-
rhagic shock. These rats were resuscitated and then examined
24 hours later for histological evidence of inflammatory lung
injury. Nontreated animals demonstrated IL-6 localized to
luminal sides of bronchial cells, and increased activation of
NF-kB and Stat3 (IL-6 signaling intermediary). Administration
of NOX beginning at 60 minutes of shock reduced all measured
inflammatory parameters within lung tissue, and the authors
concluded that NOX might prevent lung injury in this
hemorrhagic shock model.

In contrast to short-term animal studies, long-term
human studies have shown nonselective NO inhibition to
increase mortality (140). A recent multicenter, randomized,
two-stage, double-blind, placebo-controlled safety and effi-
cacy study was performed to assess the safety and efficacy
of the nonselective NO synthase inhibitor 546C88, in patients
with septic shock in a total of 124 ICUs in Europe, North
America, South America, South Africa, and Australia. A
total of 797 patients with septic shock diagnosed for ,24
hours were enrolled. Patients with septic shock were allo-
cated to receive 546C88 or placebo (5% dextrose) for up to
seven days (stage 1) or 14 days (stage 2) in addition to

conventional therapy. Study drug (546C88) was initiated at
2.5 mg/kg/hr and titrated up to a maximum rate of 20 mg/
kg/hr to maintain MAP between 70 mmHg and 90 mmHg,
while attempting to withdraw concurrent vasopressors.

The trial was stopped early, after review by the inde-
pendent data safety monitoring board detected an increased
mortality in the NO synthase inhibitor group (140). The day-
28 mortality was 59% (259/439) in the 546C88 group, com-
pared to 49% (174/358) in the placebo group ( p , 0.001).
The overall incidence of adverse events was similar in both
groups, although a higher proportion of the adverse events
were attributed to the study drug in the 546C88 group
(140). Most of the events accounting for the disparity
between the groups were associated with the cardiovascular
system (e.g., decreased cardiac output, increased pulmonary
and systemic hypertension, and increased heart failure).
The causes of death in the study were consistent with
those expected in patients with septic shock, although
there was a higher proportion of cardiovascular deaths
and a lower incidence of deaths caused by MOF in the
546C88 group (140).

Interestingly, sub-group analysis of the 312 patients
with vasopressor-dependent septic shock treated with the
NO synthase inhibitor 546C88 showed slightly improved
resolution of shock, and an acceptable overall safety
profile. Indeed, administration of 546C88 was associated
with resolution of shock at 72 hours in 40% and 24% of the
patients in the 546C88 and placebo cohorts, respectively
( p ¼ 0.004). There was no evidence that treatment with
546C88 had any major adverse effect on pulmonary,
hepatic, or renal function. A decrease in cardiac index
occurred, but stroke index was maintained. Day 28 survival
was similar for both groups (141).

Antithrombin III
Experimental data and clinical observations suggest a thera-
peutic role for Antithrombin III (AT III) in sepsis, as its
plasma concentration is commonly decreased in patients
with sepsis or septic shock, and the degree of decrease of
AT III is correlated with the severity of the clinical status (142).

AT III, a serine protease inhibitor, has been demon-
strated to prevent the development of DIC, decrease the inci-
dence of organ dysfunction during sepsis, and lower the
mortality rate in septic animals (143). AT III may incur this
effect by inhibiting the induction of iNOS, by inhibiting pro-
duction of TNF-a (144). This effect may be mediated by the
endothelial release of prostacyclin. In another animal
study, Mizutani et al. (145) observed that AT III reduced
ischemia/reperfusion renal injury by inhibiting leukocyte
activation, and concluded that these therapeutic effects
may be mediated by prostacyclin as well. AT III limited
renal cellular injury by inhibiting LPS-induced iNOS
expression in an obstructive jaundice model in rats (146).
When recombinant human AT III was administered to
baboons, the baboons demonstrated less severe coagulo-
pathic pathology, and a significantly attenuated inflamma-
tory response, compared to baboons that did not receive
rhAT III after challenge with Escherichia coli (147).
However, the rhAT III was given one hour before E. coli
challenge.

AT III dosage may be the key determinant to its effi-
cacy. AT III inhibited LPS-induced production of inflamma-
tory cytokines when given at high concentrations (5 or 10
U/mL), and actually enhanced production of these cytokines
at lower doses in a study utilizing vascular smooth muscle as
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a monoculture model (148). This effect of high dosage was
demonstrated in CBA mice given different doses of AT III
just prior to heart transplantation (149). A 50 U/kg dose
induced a moderate increase in graft survival, whereas
with a 500 U/kg dose, all grafts survived indefinitely and
regulatory cells were generated. Invitro, the AT III sup-
pressed the proliferation of mixed leukocyte responses and
generation of IL-2.

The same results could not be duplicated in human
studies. In the human studies, however, the dosages were
much lower proportionally than those in the animals, and
were started several hours after the onset of sepsis. In
these patients, AT III was shown to improve laboratory
values associated with DIC, but did not decrease mortality.
A recent study of high-dose AT III (30,000 intravenously
over 7 days in 2,314 patients with severe sepsis documented
increased 90-day survival in the AT III group (p ¼ 0.04) (150).
Presently, AT III is indicated to treat AT III hereditary dis-
orders, DIC, and lack of heparin effect due to low AT III
levels. The potential therapeutic effects of AT III in patients
with SIRS have yet to be demonstrated.

Protease Inhibitors
Because intestinal ischemia and mucosal injury are thought
to be contributors to shock induced MODS, researchers
hypothesized that pancreatic proteases may cause mucosal
stress, or incite inflammatory mediators within ischemic
intestine leading to SIRS, and that inhibition of pancreatic
proteases may attenuate that response. In an animal
study utilizing male Wistar rats, Fitzal et al. (151) demon-
strated that intestinal ischemia and reperfusion-induced
hypotension was accompanied by a significant increase in
leukocyte–endothelium interactions, suggesting neutrophil
cell activation. Lavage with the protease inhibitor gabexate
mesilate resulted in a stable blood pressure throughout
the experiment and essentially abolished cell activation, leu-
kocyte-endothelial interactions, and cell death. The research-
ers concluded that pancreatic protease inhibition
significantly attenuates intestinal ischemia-induced shock by
reducing SIRS and gut injury. Much additional work needs
to be done in this area prior to initiating human studies.

Platelet-Activating Factor
Platelet-activating factor (PAF) is a potent phospholipid
autocoid with a major role in priming, amplification, and
regulation of inflammatory mediator release in septic
patients. PAF is thought to amplify the inflammatory
response associated with SIRS, sepsis, and MODS. This
may in part be due to acetylhydrolase, a lipoprotein-
associated enzyme, that hydrolyzes PAF to an inactive
form. Depressed activity of this enzyme has been correlated
with death due to sepsis, suggesting that prolongation of the
half-life of PAF contributes to the pathophysiology of fatal
sepsis (6). Early studies of the PAF receptor antagonists
failed to demonstrate a therapeutic benefit. Recently the
PAF antagonist, TCV-309 was studied in a double-blind, ran-
domized, placebo controlled multicenter trial to determine if
this antagonist could reduce morbidity and mortality associ-
ated with septic shock (152). Though the overall survival
was similar in treated versus placebo groups, the mean per-
centage of failed organs per patient and mean APACHE II
scores were significantly lower in the treatment group. The
number of patients who recovered from shock after
14 days was significantly higher in the TCV-309 treated
group. The number of adverse events was not different
between the groups. These findings led the investigators to

conclude that TCV-309 can substantially reduce the organ
dysfunction and morbidity associated with septic shock,
without an increase in adverse events.

Opal et al. (153) recently reported the results of their
phase III clinical trial of a recombinant human platelet-
activating factor acetylhydrolase, in sepsis. No significant
difference in 28-day mortality was identified. Of note,
however, is that the anti-PAF agent used by Opal was not
studied in a population with a mortality risk as high as in
the APC trial. This is the seventh clinical sepsis trial studying
the inhibition of the PAF inflammatory pathway. Analysis of
the combined treatment effect from these seven trials of anti-
PAF agents reveals a small, but nonsignificant improvement
in survival rate (odds ratio of survival 1.10; 95% confidence
interval, 0.93–1.30, p ¼ 0.28) (154). These data stress the
importance of the need for adequately powered clinical
trials in high-risk patient populations to definitively deter-
mine efficacy.

Leukodepletion
As described previously, the interaction between PMNs and
vascular endothelial cells is considered the stimulus for the
development of SIRS and MODS. This concept is supported
by the increased elaboration of PMN cell surface receptors
and adhesion to endothelium in patients with SIRS. Leuko-
depletion filters have been evaluated as a means of removing
activated PMNs from the blood of patients with SIRS. In a
laboratory–designed extracorporeal circuit, passage of
SIRS blood through leukodepletion filters resulted in a
marked depletion of PMNs (155). Of the cells that remained
in the blood, far fewer cells were adherent to cultured endo-
thelial cells, compared with PMNs prior to leukofiltration
(LF). LF was evaluated in a clinical study by Treacher et al.
(156), who examined patients who developed SIRS after
CPB. Patients randomized to receive LF underwent LF for
60 minutes every 12 hours while SIRS criteria were met. LF
patients demonstrated improvement in respiratory and
renal function, while demonstrating no improvement in
mortality rate or ICU length of stay compared with controls.

Hypertonic Preconditioning
As a potential therapeutic agent, hypertonic preconditioning
was hypothesized to impair subsequent inflammatory
mediator signaling through a reduction in stress fiber
polymerization and mitogen-activated protein kinase
activity after LPS stimulation, in a study utilizing rabbit
alveolar macrophages (157). Rabbit alveolar cells were
stimulated with LPS. Selected cells were preconditioned
with NaCl, mannitol, or urea and then returned to isotonic
medium prior to LPS stimulation. Preconditioning of macro-
phages with NaCl or mannitol resulted in a dose dependent
decrease in extracellular signal-related kinase, a dose-
dependent attenuation of TNF-a production, and a failure
of LPS-induced stress fiber polymerization. Urea (intracellu-
lar hypertonic condition) had no significant effect. These
investigators concluded that HS or mannitol resuscitation
might protect against MODS due to reduced pro-inflamma-
tory responsiveness.

Anti-lipopolysaccharide Compounds
Different classes of compounds that bind directly to LPS,
thereby neutralizing its effects, have been examined (158).
These consist primarily of antiLPS monoclonal antibodies,
naturally occurring proteins and their derivatives, including
Limulus antiLPS factor (LALF), and antibiotics including
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polymyxin B and taurolidine. The LPS monoclonal anti-
bodies failed to demonstrate clinical efficacy, but investi-
gation of these compounds led to a better understanding
of the biochemical interactions associated with LPS-
induced inflammation and endotoxin antagonism.

Pituitary Adenylate Cyclase-Activating Polypeptide and
Vasoactive Intestinal Peptide
Pituitary adenylate cyclase-activating polypeptide (PACAP) is
a neuropeptide in the vasoactive intestinal peptide (VIP)/
secretin/glucagon family of peptides. Recent research has
demonstrated that this molecule is a potent anti-inflammatory
mediator, functioning by regulating the production of both
pro- and anti-inflammatory mediators. Delgado et al. (159)
demonstrated that PACAP prevented the deleterious effects
of arthritis by downregulating both the inflammatory and
autoimmune components of the disease. These authors
suggest that PACAP may be used as treatment for acute and
chronic inflammatory and autoimmune diseases, including
septic shock.

VIP and PACAP have been shown to have inhibitory
effects on the production of pro-inflammatory mediators
associated with microglia (160). Microglia have a central
role in the regulation of immune processes, inflammation,
and tissue remodeling in the CNS. Pathological activation
of microglia is thought to contribute to progressive
damage in neurodegenerative diseases, via the release of
pro-inflammatory and cytotoxic factors. VIP and PACAP
may, therefore, have therapeutic potential in the treatment
of inflammatory or degenerative brain disorders.

IMMUNONUTRITION IN TRAUMA AND CRITICAL ILLNESS

Immunological dysregulation due to trauma and critical
illness may complicate a patient’s clinical course and result
in sepsis and MOF. Immunomodulatory interventions aim
to ameliorate the pro-inflammatory component of systemic
inflammation. Immunonutrition is a modulatory interven-

tion intensively investigated over the past two decades (also
see Volume 2, Chapters 31–33). It is theorized that
changes in the GALT may contribute to gut-derived sepsis,
and enteral feeding supplemented with key nutrients may
prevent that change. Bastian et al. (161) utilized a prospec-
tive, randomized, double-blind, controlled study to demon-
strate that immunonutrition to include arginine, n-3 fatty
acids, and nucleotides significantly reduced the number of
SIRS days per patient and lowered MOF scores. Other
studies have demonstrated reduction in septic compli-
cations, decreased antibiotic usage, decreases in hospital
length of stay, and reduction in hospital costs when patients
were randomized to receive immuno-enhancing diets (IED).
The mechanism for the gut-protective effect of IED may be
augmentation of blood flow to the GALT in the terminal
ileum (162). This protection is in contrast to TPN, which
has been associated with increased release of pro-inflamma-
tory cytokines when compared to an enteral diet (163).

The amino acid L-glycine has demonstrated anti-
inflammatory, immunomodulatory, and cytoprotective
effects in recent immunonutrition research (164). Glycine
protects against shock due to hemorrhage, endotoxin, and
sepsis, and prevents multi-organ ischemia/reperfusion
injury. It suppresses inflammatory cytokine release from
inflammatory cells to include macrophages. In the plasma

membrane, it activates a chloride channel that stabilizes
membrane potential. This suppresses the agonist-induced
opening of calcium channels, thus preventing cellular
calcium influx (believed to be an important component of
the onset of inflammation).

Glutathione (GSH), an endogenous antioxidant
believed to be an important defense against oxygen meta-
bolites, was measured along with TNF-a and IL-6 in 28
trauma patients and 14 normal controls who were treated
with recombinant human growth factor (rhGH) (165). All
patients received total parenteral nutrition (TPN) starting
after 48 hours. Plasma levels of GSH were not altered in
the early catabolic phase, but TNF-a and IL-6 were elevated
compared to controls. After seven days, GSH levels were
enhanced with TPN alone, but these levels were two times
higher in patients who also received rhGH. These patients
also had higher levels of TNF-a, but no change in IL-6.
These authors concluded that modification of plasma GSH
and TNF-a, by adequate nutritional support with adjuvant
rhGH, has a beneficial role in enhancing antioxidant
defenses.

Zinc is essential for the proper functioning of all cells
in the human immune system. These cells demonstrate
decreased function in states of zinc depletion. Zinc
depletion impairs all monocyte functions, decreases cyto-
toxicity in NK cells, reduces phagocytosis in neutrophils,
and impairs T cell function (166). Autoreactivity and allo-
reactivity of T cells is increased, and B cells undergo apop-
tosis. These impaired immune functions can be reversed
by adequate supplementation. However, overtreatment
can induce negative effects on immune cells similar to
those seen in zinc deficiency.

Animal studies have demonstrated the benefit of zinc
therapy in inflammation. Zinc depletion sensitized mice to
the deleterious effects of TNF-a, whereas pretreatment
with zinc conferred protection against these deleterious
effects in a study evaluating the role of metallothionein as
a mediator in TNF-induced SIRS (167). Furthermore, co-
treatment with zinc led to complete regression of inoculated
tumors with TNF-a and INFg, leading to significantly
increased survival.

Selenium is an essential micronutrient associated with
improvement in T cell function and reduced apoptosis in
animal studies (166). It may enhance resistance to infections
through modulation of IL-1, and the Th1/Th2 response. It
upregulates IL-2 and increases the activation, proliferation,
differentiation, and programmed cell death of T helper
cells. Baum et al. (168) report that selenium supplementation
may down-regulate the abnormally high levels of IL-8 and
TNF-a in human immunodeficiency virus type 1 disease
that has been associated with disease progression and
increased viral replication.

Selenium has been shown to modulate cytokine-
induced expression of the adhesion molecules ICAM-1,
VCAM-1, and E-selectin, thus hindering the endothelial
pro-inflammatory state (169). Selenium at physiological
levels mediates the inhibition of the activation of NF-kB
(the transcription factor that regulates the genes that
encode for inflammatory cytokines), and the reduction of
selenium induces the synthesis of CRP by hepatocytes
during the acute phase response (170).

Selenium was investigated as an adjunct to treatment
in children suffering from inflammatory surgical diseases
and extended scalded skin, in an age and diagnosis-
matched cohort study (169). All of the patients in the study
had SIRS. Inflammatory mediators and acute phase reactants
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were measured on the first, second, third, sixth, and last
treatment day. Levels of IL-6 and the acute phase reactants
CRP and fibrinogen were similar in both groups. Plasma
glutathione peroxidase activity increased significantly
(representing cell membrane protection) in patients who
received selenium, in comparison to those who did not.
Malondialdehyde was initially elevated in all patients
(representing raised lipid peroxidation), and then decreased
to normal levels in the selenium treated group, thus sup-
porting selenium as supportive therapy in children with
SIRS.

EYE TO THE FUTURE

The concept of SIRS has been evolving for decades. The oper-
ational definition has recently come under great scrutiny
(172–175). Bossink et al. (174) documented that SIRS is
present in 95% of patients with fever, despite the fact that
only 44% of patients had sepsis with a microbiologically con-
firmed infection. Earlier sections in this chapter described
some of the recent research which has begun to elucidate
the pathophysiology of SIRS. In this section, we would like
to focus the interested reader on a few additional topics,
which will play an increasing role in management of patients
with SIRS in the near future, and also describe some promis-
ing areas of investigation, which may allow manipulation of
SIRS in future patients. We will review the new PIRO staging
system proposed for SIRS, the role of accurate ICD-9 coding,
important advances in the pathophysiology of SIRS, and an
area of potential treatment not discussed above, based upon
vitamin supplementation.

New Predisposition, Infection, Response, and Organ
Dysfunction Staging System for Systemic Inflammatory
Response Syndrome and Sepsis
In 2001, an International Sepsis Definitions Conference was
convened to review the strengths and weaknesses of the
current definitions of sepsis and related conditions, identify
ways to improve the current definitions, and identify meth-
odologies for increasing the accuracy, reliability, and/or
clinical utility of the diagnosis of sepsis (4). The primary con-
sensus points of this conference are reviewed in Volume 2,
Chapter 47. A new system, PIRO (Volume 2, Chapter 47,
Table 3), has recently been proposed for characterizing and
staging the host response to infection.

This newly developed conceptual framework for
understanding sepsis, called the PIRO concept, is a classifi-
cation scheme that could stratify patients on the basis of
their predisposing conditions, the nature and extent of the
insult (in the case of sepsis, infection), the nature and magni-
tude of the host response, and the degree of concomitant
organ dysfunction (Volume 2, Chapter 47, Table 3). The
PIRO system has been conceptually modeled from the
TNM classification (tumor size, nodal spread, metastases)
that has been successfully used in defining treatment and
prognostic indicators in clinical oncology. PIRO was intro-
duced as a hypothesis-generating model for future research
and extensive testing will be necessary before it can be con-
sidered ready for routine application in clinical practice. It
should be noted, however, that SIRS remains a prominent
feature in the new PIRO paradigm as one of the earliest
“Response” markers of sepsis. Furthermore, SIRS continues
to be utilized as an excellent screening tool to enroll patients
in clinical studies on SIRS and sepsis.

New ICD-9 Codes for Systemic Inflammatory Response
Syndrome and Sepsis
In October 2002, the Centers for Medicare and Medicaid Ser-
vices established new ICD-9 codes for SIRS and sepsis
(Table 5). Prior to this, there were no ICD-9 codes for SIRS,
and the only code for sepsis was “septicemia.” As medical
practitioners caring for critically ill trauma patients with
SIRS and sepsis, it is important to utilize these codes. By so
doing, additional information will be captured regarding
the accurate incidence and outcome of patients with SIRS,
sepsis, and severe sepsis that have sustained traumatic
injury. Although these ICD-9 codes do not themselves shed
light on the pathophysiology of SIRS, their correct appli-
cation is mandatory for accurate epidemiological data and
outcome studies in humans.

Advances in Pathophysiology of Systemic Inflammatory
Response Syndrome
Additional advances continue to be made in understanding
the pathophysiology of SIRS (176). The resemblance between
SIRS and sepsis has long been recognized. In the case of
sepsis, exogenous macromolecules such as LPS acting on
TLRs trigger the SIRS response. What triggers SIRS in the
absence of infection, however, has not been fully elucidated.
A recent study reported that a SIRS-like response could be
induced in mice by the administration of a soluble heparan
sulfate and by elastase, both of which were dependent on
functional TLR 4, because mutant mice lacking that receptor
or its function do not develop SIRS (177). These important
results provide an additional molecular explanation for the
initiation of noninfectious SIRS.

Resolution of inflammation and infection involves
removal of neutrophils and other inflammatory cells by the
induction of apoptosis. Fas/Apo-1 is a widely occurring
apoptotic signal receptor molecule expressed by almost
any type of cell, which is also released in a soluble circulat-
ing form. A recent study investigated the role of circulating
Fas/Apo-1 in patients with systemic SIRS. They evaluated 57
critically ill patients, 34 with infectious SIRS (sepsis and
septic shock), and 23 patients with noninfectious SIRS
(178). Levels of Fas/Apo-1 were significantly elevated in
patients with infectious and noninfectious SIRS (10.4 þ/–
8.1 pg/mL, controls: 5.0 þ/– 0.7 pg/mL; p , 0.0001). In
this small study, Fas/Apo-1 levels were not predictive
of poor outcome of patients with SIRS. Importantly, these
results show that increased levels of Fas/Apo-1
from patients with SIRS is a mechanism that contributes to

Table 5 New ICD-9 Codes for Systemic Inflammatory

Response Syndrome and Sepsis

ICD-9 code Diagnosis

995.90 SIRS, unspecified

995.91 SIRS due to infectious process without organ

dysfunction

995.92 SIRS due to infectious process with organ

dysfunction (severe sepsis)

995.93 SIRS due to noninfectious process without organ

dysfunction

995.94 SIRS due to noninfectious process with organ

dysfunction

Abbreviation: SIRS, systemic inflammatory response syndrome.

1134 Malone and Napolitano



inflammatory response, through accumulation of neutro-
phils at sites of inflammation/infection.

Interestingly, two recent studies in septic rodents
demonstrated significant survival benefit by inhibiting
apoptosis (179,180). The first utilized the antiretroviral pro-
tease inhibitor nelfinavirw (Agouron Pharmaceuticals, La
Jolla, California, U.S.A.), in a mouse cecal perforation and
ligation sepsis model (179). Mice pretreated with nelfinavirw

demonstrated improved survival (67%; p , 0.0005) com-
pared with controls (17%), and a significant ( p , 0.05)
reduction in lymphocyte apoptosis.

The second study demonstrated that Akt (a serine/
threonine kinase, and a key regulator of cell proliferation
and death) overexpression in lymphocytes prevents sepsis-
induced apoptosis, causes a Th1 cytokine propensity, and
improves survival (180). Findings from this study
strengthen the concept that a major defect in sepsis is
impairment of the adaptive immune system, and further
bolsters the concept that strategies to prevent lymphocyte
apoptosis represents an important new strategy of sepsis
therapy. Furthermore, it may turn out that in late SIRS
(from sepsis or other sources), triggering apoptosis to
occur may be actually beneficial. Much additional animal
work needs to be done before aptotic control is studied in
humans with SIRS.

Antioxidant Strategies: Vitamin Supplementation
We currently have few efficacious strategies to prevent the
progression from SIRS to MODS. Early enteral nutrition
and the use of immunonutrition have been discussed as
an early preventive strategy in trauma. Two recent studies
examined the use of antioxidant vitamin E and C sup-
plementation as an additional preventive strategy to
consider.

A recent prospective, randomized study compared
outcomes in patients receiving early antioxidant supplemen-
tation versus those receiving standard care, with a cohort of
595 patients, 91% of whom were trauma victims (181). The
treatment regimen included a-tocopherol (Aquasol-E 1000
IU q8 h via NGT) and ascorbate (1000 mg IV in 100 ml
D5W q8 h) for the shorter duration of ICU stay or 28 days.
Patients randomized to antioxidant supplementation had
significantly decreased risk for pulmonary morbidity,
including ARDS and pneumonia (RR 0.81, CI 0.60–1.1),
and MOF (RR 0.43, CI 0.19–0.96). Patients randomized to
antioxidant supplementation also had a shorter duration of
mechanical ventilation and length of ICU stay. This import-
ant study documented that the early administration of anti-
oxidant supplementation reduced the incidence of organ
failure and shortened ICU length of stay in a cohort of criti-
cally ill surgical patients. Significant limitations of this study
included lack of a placebo and lack of investigator blinding.

Oxidant stress has been implicated in SIRS both as a
mechanism for direct cellular injury, as well as activation
of intracellular signaling cascades within inflammatory
cells, resulting in progression of the inflammatory response.
Vitamin E is an inexpensive, nontoxic, chain-breaking anti-
oxidant that has therapeutic potential in regulating this
process. A recent review evaluated the current literature
regarding the use of Vitamin E in controlling the excessive
inflammation seen in SIRS and argued for further study of
its therapeutic potential for critically ill and injured patients
(182). Additional studies in this important area of investi-
gation are clearly warranted.

Genetic Influences
Genetic epidemiologic studies suggest a strong genetic influ-
ence on the outcome from sepsis, and genetics may explain
the wide variation in the individual response to infection
that has long puzzled clinicians (176). Several candidate
genes have been identified as important in the inflammatory
response and investigated in case-controlled studies, includ-
ing the TNF-a and TNF-b genes, positioned next to each
other within the cluster of human leukocyte antigen class
III genes on chromosome 6. Other candidate genes for
sepsis and septic shock include the IL-1 receptor antagonist
gene, the heat shock protein gene, the IL-6 gene, the IL-10
gene, the CD-14 gene, the TLR-4 gene, and the TLR-2 gene,
to name a few. A number of recent comprehensive reviews
have summarized the evidence for a genetic susceptibility
to development of sepsis and death from sepsis (183–185).
These reviews discuss candidate genes likely to be involved
in the pathogenesis of sepsis, and review the potential for
gene targeted therapy and prophylaxis against sepsis and
septic shock (183–185). Few studies have examined genetic
polymorphisms and genetic susceptibility for SIRS, and
additional research in this area is also warranted (186).

SUMMARY

The systemic response to trauma, surgery, and critical illness
is extremely complex and is a major factor affecting morbid-
ity and mortality in trauma. The pathogenesis of SIRS and
sepsis is becoming increasingly understood. When tissue
injury is severe, a maladaptive dysregulation of the
immune response occurs, which may lead to SIRS, and
later to CARS and MODS.

Early in the course of severe injury, patients demon-
strate an increase in inflammatory mediators, which may
lead to complications (e.g., SIRS or ARDS). However, later
in the course of severe illness following trauma, the
immune system may become impaired (i.e., CARS),
leading to other complications such as infections from organ-
isms not normally encountered by immuno-competent indi-
viduals (Fig. 6). Research focusing upon manipulating the

SEVERE SIRS

MODERATE SIRS
1st INSULT

2nd
INSULT

MODERATE
IMMUNOSUPPRESSION

SEVERE
IMMUNOSUPPRESSION

EARLY
MOF

? INFECTIONS
LATE
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Figure 6 Progression from systemic inflammatory response

syndrome (SIRS) to multiple organ dysfunction syndrome

(MODS). Following major trauma, patients develop an early

physiologic state of hyperinflammation (i.e., SIRS) due to a dys-

functional inflammatory response. This can lead to early multiple

organ dysfunction or failure (MODS, MOF). Subsequently, the

compensatory anti-inflammatory response is associated with sig-

nificant immunosuppression and risk for infectious complications

that is the most common cause of late MODS and MOF. Source:

From Ref. 189.
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immune system is ongoing. Decreasing the initial exuberant
inflammatory state (SIRS), and/or increasing immuno-
competence during the (later) immuno-impaired state
(CARS) may result in significant improvement in morbidity
and mortality.

Researchers and clinicians have made great strides in
determining many of the key facets of the immunological
system related to SIRS over the past few decades. Perhaps
the most astounding finding is that systems previously
believed to be entirely separate are now known to be
intricately related (e.g., inflammation and coagulation).
Furthermore, SIRS is not merely the result of a single dys-
functional cytokine, autocrine, paracrine, or endocrine
response. Rather, it is now recognized as a complex phenom-
enon, involving all of the above mediators and perhaps
many others (some still unrecognized).

Although numerous prior attempts to foil specific
steps in the inflammatory response failed to improve
patient outcomes, the PROWESS study has recently
shown that mortality can be affected by inhibition of coagu-
lation with APC therapy in severe sepsis. The benefit in SIRS
patients without a septic etiology has not yet been studied.
Additionally, the benefit of APC treatment in patients with
various coagulation disorders is unclear. Answers to these
questions, and review of numerous other novel treatments,
are now being contemplated. Some of the newer potential
remedies have been reviewed earlier in the Eye to the
Future section (e.g., apoptosis manipulation, antioxidant
administration, and genetic manipulations). As the frontiers
of research push our knowledge forward, SIRS, sepsis,
and organ failure are becoming increasingly understood.

KEY POINTS

SIRS has been classified as an early component of the
sepsis syndrome. SIRS and sepsis commonly present
as a continuum of disease states, with progression of
SIRS to sepsis, severe sepsis and septic shock.
The outcome of inflammation may be beneficial (inacti-
vation of injurious substances, initiation of repair) or
deleterious (injury to tissue, interference with normal
functions) to the host.
Most soluble mediators of inflammation are present in
minute concentrations under normal conditions. Elab-
oration of these mediators may dramatically increase
when the body is exposed to infecting organisms,
trauma, surgery, and/or critical illness.
The selectin-phase is the first component of endothelial
activation, promoting neutrophil migration. In this
phase, passing neutrophils or other leukocytes attach
to P-selectin and E-Selectin molecules on the activated
endothelium.
Pro-inflammatory cytokines are responsible for
initiation and augmentation of inflammation and its
sequelae, whereas anti-inflammatory cytokines are
associated with moderation of the inflammatory
response.
It appears that patients without apparent infection who
have increased CRP values preoperatively are at incre-
ased risk for infectious complications postoperatively.
Neurological and endocrine functions interact inti-
mately with inflammatory mediators after injury or
onset of illness.

The hormone 17-beta estradiol has been associated with
female gender-specific protective effects from SIRS, fol-
lowing trauma and hemorrhage in animal studies.
In contrast to the female sex hormone estradiol,
increased levels of the male sex hormone testosterone
are associated with decreased cell mediated immune
response following trauma in animal studies. Testoster-
one also decreases muscle catabolism following burns.
Trauma, especially when complicated by hemorrhagic
shock, may induce SIRS, potentially resulting in immu-
nodepression, MODS, severe sepsis, or septic shock.
Surgical procedures are known to elicit systemic
inflammation. The magnitude and duration of the pro-
cedure, comorbid diseases, and reperfusion injury are
just a few of the variables that affect the inflammatory
response.
With the exception of anaphylaxis and allergy (see
Volume 1, Chapter 33), anesthetics and analgesics by
themselves are not initiators of SIRS. However, several
anesthetics and analgesics have shown immunomodula-
tory effects, and may therefore have some effects on SIRS.
Direct contact between patient blood and the synthetic
surfaces of the CPB system, along with released intra-
cellular elements of destroyed cells, are the most
likely reasons for the increased inflammatory mediators
seen with CPB.
Resuscitation for trauma and surgery may affect an
individual’s innate immune response, as a result of
the type, quantity, and timing of fluid resuscitation.
A breakdown in any component of this GI defense
system may contribute to gut-derived bacteremia and
sepsis, after injury or illness.
Key mediators in the immune pathways continue to be
studied extensively in an effort to control or modulate
the pro-inflammatory/anti-inflammatory response.
Immunonutrition is a modulatory intervention inten-
sively investigated over the past two decades (also see
Volume 2, Chapters 31–33).
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INTRODUCTION

A family-centered approach to critical care is characterized
by collaboration between the patient, family (or loved
ones), and the health care providers. The important elements
of family-centered care include: (i) respect for patient’s
values, beliefs, including their cultural and spiritual back-
grounds; (ii) frequent communication and information
sharing; and (iii) physician encouraged collaboration in the
decision-making process (Table 1) (1). Caring for the needs
of families is an important component of comprehensive
trauma care and likely facilitates improved outcomes (1–3).

The American College of Surgeons Committee on
Trauma (ACS-COT) has identified the provision of family
services as an important measure for trauma programs
process improvement (4). Providing family-centered care
in trauma settings requires multidisciplinary support,
including education of providers, and is facilitated when a
dedicated case manager can oversee the process. Insti-
tutional guidelines that address family support, information
sharing, and utilization of supportive resources can be devel-
oped and implemented from evidence-based models (1).

IMPACTOF TRAUMA AND CRITICAL ILLNESS
ON FAMILYMEMBERS

Because the nature of trauma is sudden and unexpected
and includes the potential for loss of life or significant dis-
ability, family systems are often stressed to their emotional
limits. Typical responses evoked by observing one’s
family member in a life-threatening situation include:
shock, disbelief, helplessness, fear, and anxiety, as loved
ones seek understanding of what has happened. Fears
about death often predominate. Anxiety centers on concerns
about the seriousness of the patient’s condition as well as the
quality of medical care being received.

Additional burdens impacting family members include
financial hardships, loss of work, and concerns about the
future. Often the family’s entire lifestyle is disrupted, with
resultant changes in roles, relationships, and usual routines.
Lifelong goals and dreams may be shattered (5–7).

The circumstances surrounding the trauma as well as
the nature and severity of the injury impact the family’s
ability to cope with the crisis. The nature of the trauma
[e.g., unanticipated, violent, or stigmatizing (suicide
attempts)] can provoke high degrees of stress on families.

Tragic insults such as spinal cord injury (SCI) and traumatic
brain injury (TBI) are emotionally overwhelming, as they
represent lifelong debility to the patient. Severe disfigure-
ments from major burns, craniofacial injuries, amputations,
etc., are similarly devastating and result in high levels of
emotional distress to patients and their loved ones (7–9).

Acute grief responses can occur as members of the
family are confronted with actual or potential loss of the
patient’s physical status, level of function, and future capa-
bilities. Individual family member characteristics also influ-
ence their response to the crisis. These include: age and
developmental stage, relationships and family demands,
past experiences with illness or trauma, social support net-
works, cultural and spiritual values, as well as pre-existing
states of mental health and coping abilities (7,9,10). Specific
family members will also react differently based upon their
relationship with the patient and their own emotional con-
dition. When extreme emotional stresses are perceived by
a family member, initial anxiety and grief can develop into
an Acute Stress Disorder (ASD), or, if prolonged, to Post
Traumatic Stress Disorder (PTSD), as described briefly
later, and extensively in Volume 2, Chapter 65 (7–9).

FAMILY NEEDS FOLLOWINGTRAUMA AND CRITICAL CARE

Evidence indicates that families exhibit a universally pre-
dictable set of needs when a loved one becomes critically ill
(7–10). Common family needs following injury or critical
illness of a loved one include: (i) information, (ii) proximity
(i.e., to “be with” the patient), (iii) emotional support
(including reassurance that the patient is receiving optimal
care), (iv) cultural sensitivity, and (v) spiritual support
(Table 1) (10–16).

Communication and Information Sharing
The desire to obtain timely and accurate information about
the patient’s condition is the concern of family members
most widely recognized. Informational needs are particu-
larly important to families of trauma patients, as the unex-
pected injury evokes high levels of emotional distress (8,9).
Sparse communication from physicians and the unfamiliar
environment of the surgical intensive care unit (SICU) can
intensify feelings of anxiety, uncertainty, worry, and fear.

Well-informed families report a greater sense of
control, are more often able to accept the tragedy affecting

their loved one, and participate more effectively in patient
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care decision making (2,5,8). Understanding the
patient’s diagnosis, treatment plan, and likely outcome
constitute essential information elements for families
to develop realistic expectations regarding the patient’s
condition and prospects for recovery. Clinicians have
an obligation not only to provide honest and timely infor-
mation, but also to convey it in a sensitive and thoughtful
manner. When patients are not capable of making their own
decisions (e.g., coma, severe TBI), family members must be
prepared to act as surrogate decision makers, regarding inva-
sive procedures, life support, and end-of-life care (refer to
Volume 2, Chapters 68 and 69).

Several studies have addressed how health care pro-
viders can best meet the informational needs of families
(2,5). Findings indicate that most family members want
and expect direct, specific information about the patient’s
condition and overall management goals to be delivered
by the attending physician at least once a day. From
nurses, families expect to be informed about the daily
care of the patient, reasons for particular treatments, and
general information regarding the critical care environment
(staff roles, procedures, equipment, policies, etc.). Family
members also place great importance on being promptly
informed of any significant changes in the patient’s con-
dition (5–7). Many of the studies investigating family
needs have used the Critical Care Family Needs Inventory
(Table 2), originally developed by Molter in 1979 (12). This
tool has been validated across multiple critical care and
trauma settings (5,11–14).

Useful strategies to maintain communication include
scheduling a specific time for daily updates, holding multi-
disciplinary family conferences (especially with changes in
treatment direction), and providing family members with
written information that outlines the communication
process and lists the responsible physician and means of
access (i.e., names, phone/pager numbers, etc.).

A number of hospitals have made loaner pager
systems available to family members of unstable critical
patients so that they can feel more comfortable in leaving
the ICU, knowing they will be easily reached if the need
arises. The Society of Critical Care Medicine (SCCM) and
The American Association of Critical Care Nurses (AACN)
have published brochures that provide useful information
for families of critically ill patients, advising them of their
rights and responsibilities along with a list of questions
they should consider asking the doctors and nurses (15,16).

More recently, critical care family/visitor centers have
been developed. These spaces often equipped with web-
enabled computers providing access to informations (e.g.,
medical conditions, treatments, tests, drugs, etc.) (17). This
concept has been implemented in a number of ICUs and is

Table 1 Universal Family Needs During the Management of Trauma and Critical Care

Family needs Elements of care emphasized, comments, and examples

Communication and

information sharing

Information should be honest and sensitively communicated;

Brief daily meetings should be scheduled for information exchange;

The family should always be notified promptly following a change in the patient’s condition;

Regular (e.g., weekly) multidisciplinary family conferences are encouraged, especially regarding major

changes in patient status or treatment direction;

The family should be provided access to clinicians (phone number, pager etc.);

Informational booklets should be utilized (e.g., SCCM brochure: When your loved one is in the ICU).

Proximity (need to be

with the patient)

Liberalized, flexible visiting hours should be maintained;

The family should be prepared for what to expect in terms of patient’s condition and the ICU environment;

Family members should be informed regarding what they can do for the patient at the bedside.

Emotional support Reassure family optimal care is occurring;

Provide anticipatory guidance re: treatment plan and expected outcomes; Assist in mobilizing family

resources;

Refer to social worker, clergy, mental health clinicians, etc. when indicated;

Identify family members at risk for psychologic sequelae (i.e., depression, PTSD).

Cultural sensitivity Accept and respect cultural differences;

Adapt care to be congruent with cultural preferences when appropriate;

Utilize translators when language barriers exist.

Spiritual support Assessment of spiritual needs should be ongoing;

Spiritual rituals should be allowed to occur whenever possible;

Referrals should be made for spiritual support services whenever needs are identified (e.g., grave news,

ethical dilemmas, at or near the end of life).

Abbreviations: SCCM, Society of Critical Care Medicine; PTSD, posttraumatic stress disorder.

Table 2 The Critical Care Family Needs Inventorya

Do you feel that the best possible care is being given to

the patient?

Do you feel that the hospital personnel are courteous and care

about the patient?

Have explanations about the patient’s condition been in terms you

can understand?

Do you feel that you have been given honest information about the

patient’s condition?

Do you believe that someone will notify you following a significant

change in the patient’s condition?

Have the staff members shown interest in how you are coping?

Have the hospital personnel explained the equipment being used?

Do you feel comfortable visiting with the patient in the intensive

care unit?

Is the waiting room welcoming and comfortable?

aThe listed questions are asked of the family members by the staff.

Source: Adapted from Refs. 12, 13.
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expanding as individuals want access to knowledge sources
and desire to be well informed. The reader is referred to Ref.
17 for an excellent resource sponsored by the SCCM, detail-
ing implementation of a consumer medical information
system in ICU settings (17). Ideally, the environment of
waiting rooms should also be welcoming and comforting
(furnishings, noise, lighting, refreshments, etc.) to visitors.

Communication is an ongoing process among the criti-
cal care team, the patient, and the patient’s family members.
Open exchange of information and regular access to the
physician are vital to this process. Although the phys-

ician’s time is limited due to the complex demands of the
trauma and critical care environment, consistent communi-
cation with the family and open access to informational
resources are essential in meeting family needs.

When communicating with families, information
should be presented at a level the family members can
easily understand. The family’s emotional status must also
be considered, since denial or severe anxiety limits the
amount of information that can be assimilated. During

serious discussions, family members may be intimidated
or ashamed to admit that they do not fully understand
what has been said. To avoid confusion, medical infor-
mation should be clearly explained, and repeated as necess-
ary. Technical language and euphemisms should be

avoided, whereas clarifying questions should be encour-
aged. Initial attention should be focused on listening to
and addressing the most pressing concerns of the family.
These discussions ideally occur in a comfortable, private
place protected from the noise and chaos of the Trauma
Resuscitation Suite (TRS), emergency department (ED), or
SICU. Conflicts may arise when information given to
families is inadequate, inconsistent, or is not clearly under-
stood. Examples of inadequate communication include
using phrases such as the patient is “stable” without
further explanation of clinical status, or stating that certain
physical findings have improved when, in fact, the patient’s
overall condition may be worsening. Inconsistencies occur
when physicians from different specialties give contradic-
tory information, or when there is a lack of consensus in
the clinical management plan.

Proximity: Open Visitation Policy
The need for proximity (to be with the patient) reflects the
desire of the family to be physically near the patient to main-
tain family relationships and provide emotional support
to their loved one (10). Not long ago, critical care units
maintained rigid visiting hours that limited family access
to the patient and restricted visits by children or those
beyond the immediate family. In most critical care units
these traditions have given way to more liberalized visitation
policies. A flexible visitation policy has psychological
benefits for both the patient and the family members, with

a resultant positive influence on their overall satisfaction
with care.

For family members, being physically present enables
them to provide support to the patient and maintain family
connections. Being at the bedside also provides assurance
that their loved one is receiving the best possible care. Visita-
tion policies should consider patient preferences, remain
flexible to accommodate family needs, and convey the
message that families are valued. Family presence is
especially important in the acute phase, and whenever the
family perceives the patient as being critically ill.

Prior to visiting, and especially at the initial visit,
family members should be given explanations of the
patient’s medical status, appearance, and behavior, as well
as a description of the bedside environment. Whenever
possible, a nurse should remain with the family members
to assess their level of distress and to provide information
and emotional support. Families often require guidance
regarding what they can do at the bedside, and should be
encouraged to communicate with the patient even when
the patient cannot respond.

Emotional Support
Family requirements for emotional support typically center
on the tragedy of the trauma, and the universal wish to be
assured that their loved one is receiving the best possible
care. Family members also commonly perceive strong
needs to maintain personal coping strength in order to “be
there” for their ill-loved one. Although family members
give priority to the welfare of their relative, their own
emotional needs become increasingly significant over

time, while the quest for hope remains universal (11–14).
Other support needs emerge as family members of

severely traumatized patients begin to redefine their hopes
about the future, and as they begin to recognize the emotional
toll that the injury experience has imposed upon them. The
burden of having a traumatized family member impacts mul-
tiple domains within the family structure, including practical
day-to-day concerns, financial worries, and material comfort
needs. High levels of anxiety, depression, anticipatory grief,
ASD, and later PTSD are frequently reported in patients
with life threatening injuries (Volume 2, Chapter 65), and in
their family members as well (7–9,18).

Interventions to assist family members include
strengthening family-coping abilities and mobilizing
resources to provide needed emotional support. Because of
their 24-hour presence and close relationship with the
patient, the bedside SICU nurse plays a critical role in the
emotional well-being of family members by providing infor-
mation, support, and encouragement. Often family members
need someone to listen to them, acknowledge their feelings,
and be sensitive to their concerns. Recognition by clinicians
that this is an overwhelming and stressful time helps to
“normalize” feelings of fear, anger, or helplessness.

Anticipatory guidance regarding the treatment plan
and expected outcomes also helps relatives to better under-
stand the nature and severity of the illness, and serves to
foster more realistic expectations for recovery. When recov-
ery is unlikely, families require the most intensive support
and guidance during the difficult transition from curative
to palliative care (3). Family members who are highly dis-
tressed or struggling to grasp the gravity of irrecoverable
medical conditions benefit most from clear, direct expla-
nations by the attending physician. Occasionally, review-

ing diagnostic images (e.g., brain computerized
tomography scans, etc.) with family members helps to
convey situations that are difficult to grasp by words
alone.

Those family members who are highly distressed or
unable to cope may need the support of social workers,
mental health clinicians, or visitation by their spiritual
leaders. Utilizing the expertise and resources of interdisci-
plinary specialized support services early in the process
can help identify “at-risk family members,” and allow for
earlier implementation of supportive interventions.
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In many centers, the trauma nurse coordinator or case
manager acts as a liaison between the patient/family and the
trauma team to monitor patient progress, coordinate
implementation of care needs, and facilitate access to
needed services throughout the continuum from admission,
through discharge and follow-up.

Cultural Sensitivity
Changing demographics and the increasingly diverse cul-
tural profiles of major city populations’ worldwide (.300
languages are spoken in the US alone) mandates the pro-
vision of culturally sensitive and competent care by health
providers. Culture refers to integrated patterns of behavior
that include the language, beliefs, values, and customs of
racial, ethnic, or social groups. Cultural factors are recog-

nized to have a strong influence on health practices, and to
affect patient/family satisfaction with medical care, trust of
healthcare providers, and adherence to treatment regimens
(19,20).

In 2001, the Department of Health and Human Ser-
vices published national standards for culturally and lin-
guistically appropriate services (CLAS) in health care.
These standards address the need for patients to receive
effective, understandable, and respectful care compatible
with their cultural health beliefs, practices, and preferred
language. Cultural and linguistic competence refers to the
ability of health care providers and their organizations to
understand and respond effectively to these patient and
family needs (21).

When language barriers are encountered, bilingual
translators/interpreters should be utilized to obtain impor-
tant clinical information and ensure accurate two-way com-
munication. Family members or children should not be used
as translators (unless requested by the patient), to avoid pro-
blems with confidentiality and impartiality.

In situations where patients or families have unique
needs, it is appropriate to involve a social worker or
patient advocate/ombudsperson with special expertise
regarding unusual concerns. When important to the family,
the patient’s cultural traditions (e.g., healing rituals, ethnic
customs, etc.) can often be integrated into the medical plan
of care. Clinicians should also be sensitive to individual
family dynamics (e.g., divorce, estrangement), as well as
differences in educational and socioeconomic backgrounds
amongst members within the family group. When families
and their doctors have trouble agreeing, an ethics consult
is often helpful in resolving conflict (Volume 2, Chapter 67).

Although difficult on a busy trauma service or critical
care unit, knowledge and awareness of cultural factors not
only improves diagnostic accuracy and decreases errors,
but also improves therapeutic relationships by demonstrat-
ing understanding and acceptance of the unique concerns
of patients and their families.

Spiritual Support
Assessment, recognition, and support of the spiritual con-
cerns of patients and their families are important aspects
of modern critical care. Indeed, assessing and acknowled-
ging the patient’s spirituality can provide vital information
and guidance throughout their critical illness, from initial
resuscitation management (e.g., Jehovah’s Witness), to end
of life decision making, including the withholding or with-
drawal of life-sustaining therapy when further treatment is
futile (also refer Volume 2, Chapter 67–69) (22).

Spiritual support services have become an integral
aspect of care provided in most western hospitals, and spiri-
tually related issues can influence medical care and ethical
decision-making (23). Spirituality is recognized as a univer-
sal human phenomenon that transcends biological and psy-
chosocial realms. For many individuals, spirituality provides
a sense of inner strength, meaning, and purpose in their lives
(24). Spiritual belief systems can influence a patient or
family’s explanation of injury causation, perceptions of
severity, and acceptance of changes imposed by illness.

When faced with the crisis of critical illness, including
patient suffering, fear of death or uncertain prognosis, spiri-
tual concerns often arise. Ethical conflicts ensue when
patient/family values or beliefs conflict with treatment
plans, and/or with the healthcare professional’s perceptions
regarding quality of life (23,24).

While not endorsing any particular belief system, the
Joint Commission on Accreditation of Healthcare Organiz-
ations (JCAHO) has identified the provision of spiritual
support services as a requisite for quality, holistic patient
care (25). Hospitals are expected to anticipate, plan for, and
address patient/family spiritual needs. Ideally, requests or
needs for spiritual care are assessed as part of the admission
assessment, and on an ongoing basis as concerns arise. Upon
request or when needs are expressed or identified, clinicians
have a responsibility to make appropriate referrals (with
patient/family permission) for spiritual support services
(22,23).

As part of the healthcare team, pastoral care pro-
fessionals(priests, rabbis,mullahs,pastors,etc.)canoffervalu-
able support and assistance in addressing the diverse spiritual
needs of patients and families. Considerations for referral
include situations where grave news has been received,
when ethical dilemmas present, and at or near the end of life
(Volume 2, Chapter 68). Changes in a patient’s emotional
state (e.g., hopelessness, grief, or despair) may also warrant
referrals.

COLLABORATINGWITH FAMILIES

Collaboration between clinicians and family members is
fundamental in meeting the emotional needs of patients and
families. Collaboration in care transcends the ICU stay,
and continues into the recovery period when family
members often assume the role of care provider for the
patient.

The establishment of rapport begins at the initial
contact with patients and families. Distress in family
members can be reduced when clinicians are perceived as
knowledgeable and professional, yet approachable, under-
standing, and empathetic (26). The ability to convey a sense
of experienced professionalism at the same time as humility,
openness, and unhurried compassion, results from years of
experience in counseling families in crisis situations. This is
why senior members of the trauma team should speak with
the family about these important considerations.

Early and effective communication provides the foun-
dation for developing a relationship of mutual trust, and
influences the efficacy of future deliberations. Conversely,
inadequate attention to the interpersonal relations between
the trauma team and family can generate negative emotions,
and can impair the family’s ability to cope and participate
effectively in decision-making. Poor communication also
promotes family dissatisfaction with care (26,27).
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Due to their condition, patients are often unable to par-
ticipate in care; family members must be educated and
empowered to act as advocates, and at times, as surrogate
decision makers (5). As patients recover, family members
often are the patient’s most important source of support.
Effective communication between family members and the
healthcare team is strongly associated with empowerment
and improved decision-making, yet suboptimal communi-
cation in trauma and ICU settings continues to be reported
(2,26,27).

Ideally, collaborative discussions should take place
with the trauma/critical care team (including house staff
and nursing staff) prior to meeting with the family about
major changes in patient condition or treatment plans, to
ensure information consistency. The challenge for the attend-
ing physician is to synthesize all of the patient data and
present it in a clear and understandable way that provides
a full perspective of the patient’s condition, while showing
empathy and compassion to the family (6,28). In most
cases it is best to have a designated family member serve
as spokesperson, and as a primary point of contact to
receive and relay information to other family members.

ACUTE GRIEF MANAGEMENTAND BEREAVEMENT SUPPORT
Acute Grief Management
Family members often require considerable levels of gui-
dance and support to facilitate coping with the psychological
stress associated with injury or impending death of a loved
one. Patients themselves may manifest serious feelings of
grief and/or guilt, especially those who were involved in
motor vehicle collisions (or other traumas) where they may
have been only minimally injured, whereas another family
member was severely harmed or killed. The survivor guilt
can become particularly profound when the minimally
injured patient was directly responsible for the accident or
injury (e.g., driving while intoxicated), or otherwise derelict
in his or her duty (e.g., failure to use a car seat resulting in
infant death). In all of these situations professional grief
management should be employed. Specialists trained
in grief and bereavement management may not be available
when most needed (e.g., in the middle of the night or on
weekends). Accordingly, the physicians, and especially

the nursing staff, often provide this essential supportive
role.

The most important element in grief intervention is
demonstrating compassion and genuine concern for the griev-
ing patient as well as for their family and loved ones (29,30).
When patients and family members perceive that the phys-
icians and nurses are genuinely concerned about them, an
unnecessary barrier to care is removed. Providing early and
open emotional support positively impacts the patient and
family’s experience, and may decrease the development of
ASD, and later PTSD, as discussed in Volume 2, Chapter 65
(31,32).

Notifying the Family About Bad News
Notifying families of trauma victims that a death has
occurred is perhaps one of the most difficult challenges
faced by the trauma team and minimal formal attention is
typically given to this aspect of trauma management. Notifi-
cation is best carried out by a senior physician on the trauma
team who is experienced in handling this delicate task (3).
The manner in which survivors are informed of a death in
the family and the support provided at this time has an

enduring impact on their grief response, and emotional
healing process (29). Grief reactions of emotionally dis-
traught family members can be mediated by receiving
skilled, sensitive, and caring support from the trauma
team. Strategies for conveying unpleasant news to families
are summarized in Table 3.

Jurkovich et al. (2000) published the results of one of
the first studies in the trauma literature that addressed the
needs of bereaved family members of trauma victims (29).
The study investigated “giving bad news,” and identified
characteristics valued by families whose loved one had
died after a short stay in the ED or Trauma ICU.
Family perceptions regarding the most important elements
of “giving bad news” include: (i) the attitude of the
news-giver, (ii) the clarity of the information conveyed;
and (iii) the ability to have questions answered. Clinician
behaviors found to be most comforting were: (i) the
display of an empathetic and caring attitude, (ii) the deli-

Table 3 Strategies for Conveying “Bad News” (e.g.,

Poor Prognosis or Poor Outcomes) to Family Members and

Loved Ones

Strategies Comments and explanations

General approach Display a compassionate and caring

demeanor; a sensitive and thoughtful

approach can positively impact the

survivor’s grief process.

Information-giving Attending physician responsibility

(delegation is discouraged); provide

clear, direct, honest information

in understandable terms, avoiding

euphemisms; utilize translators as

needed.

Anticipate grief

reactions

Reactions can include: shock and disbelief,

anger, extreme sadness, and occasionally

violent behavior; assess coping abilities,

mobilize resources as needed; identify

those at risk for ASD (later PTSD) for

early intervention.

Allow sufficient

time

Maintain a non-hurried attitude allowing

time for emotional responses and

questions; allow loved ones to be with

the patient before death if possible, and

following death; ongoing clinician

presence can provide comfort and

guidance to distraught family members.

Provide emotional

support

Reassure the family that the patient

received the best possible care;

acknowledge the sorrow of losing a

loved one; respect spiritual and cultural

traditions; provide privacy and physical

comfort.

Follow-up and

referral

Refer to interdisciplinary support services

as indicated (trauma case manager,

social service, pastoral care,

bereavement specialist, etc); provide

written informational resources;

consider follow-up condolences with

phone calls or correspondence.

Abbreviations: ASD, acute stress disorder; PTSD, post traumatic stress

disorder.
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very of a well-informed clear message, (iii) privacy of the
conversation, and (iv) the allowance of sufficient time
to answer questions and allow families to adjust to the
emotional distress (29).

When a patient dies following trauma, the goals and
efforts of the trauma team are directed toward comforting
and supporting the family through the initial bereavement
experience. Documented needs of families facing sudden
bereavement include: (i) prompt and compassionate atten-
tion from professional staff immediately upon arrival to
the hospital; (ii) notification of imminent or actual death in
a sensitive and compassionate manner; (iii) opportunity to
be with the patient before death, if possible, and in most
cases, following death; (iv) to know the patient received
the best possible care; (v) to have questions answered; (vi)
to be advised on what to do next; and (vii) to be given
support and follow-up resources (29,30).

Kenneth Iserson, MD in Grave Words: Notifying Survi-
vors About Sudden Unexpected Deaths, outlines strategies to
effectively communicate with and support survivors,
emphasizing that delivering bad news with sensitivity and
in the right context, including support and direction for con-
tinued assistance can attenuate the grief process (30). In
most, cases, it is the responsibility of the trauma surgeon
to notify the family of a death. The presence of a nurse,
social worker, or clergy provides additional resources for
emotional and spiritual support of the family.

When initial contact is made by phone, it is generally
agreed that the relative should not be told over the phone
that the patient has died. It is usually best to briefly describe
the event, notify the family that the patient is “seriously
injured” and ask them to come to the hospital as soon as poss-
ible, ideally with someone to drive and accompany them. In
circumstances where informing of death by phone is una-
voidable, the clinician should attempt to ensure that the indi-
vidual receiving the news does so in the company of family or
loved ones, and is not left alone. Follow-up communication
should also be specifically arranged at that time. Extreme
care must always be taken to accurately identify the deceased
person and notify the appropriate family members (30,33).

Upon arrival to the resuscitation suite or SICU, a nurse
or social worker should meet the family member(s), bring
them to a private room, and remain with them. In communi-
cating with the family, the attending physician can assess
what is already known, and give a brief chronology of pre-
hospital, resuscitation, and subsequent events. The deceased
should always be referred to by name, and by use of clear
words stating that the person has “died” rather than using
terms such as “expired” or “succumbed” and so on (30,33,34).

Bereaved relatives have the right to thoughtful expla-
nations of the circumstances surrounding their loved one’s
death, the efforts taken to save the person’s life, and that
everything possible was done by providers in both the pre-
hospital and hospital settings (34,35). Careful listening

to the family’s style of communication and vocabulary can
help healthcare professionals develop a message that is
clearly understandable. Nonverbal communication ges-
tures such as sitting together and speaking on the same
physical level, maintaining eye contact, and a non-hurried
attitude also enhance communication.

Bereavement Support
Clinicians must be prepared for the resultant, sometimes
intense, expressions of grief and sadness following notifica-
tion of a patient’s death. Grief-stricken survivors are known

to experience a period of severe psychic pain, which
usually lasts for 10 to 20 minutes (36). During this highly
stressful time, the family’s emotional reactions should be
acknowledged, allowing time for responses and questions.
Insensitive remarks such as “we all must deal with death”
do little to console, and must be avoided. The clinician’s
remaining presence, expression of sorrow for the family’s
loss, and conveyance of empathy through physical touch
when appropriate, and even tears, can provide immeasur-
able support and comfort to suffering and distraught
family members.

Following the initial grief responses, the family should
be given the option of spending time with the deceased. The
physical appearance of the body should be made to look as
attractive as possible prior to viewing, and relatives should
be informed of what to expect ahead of time. This is especially
important with disfiguring injuries, and when medical equip-
ment (e.g., endotracheal tubes, etc.) is required to remain in
place for postmortem exam. When viewing the deceased,
staff should allow for privacy but remain nearby to answer
questions and provide emotional support. Families can be
encouraged to touch the body, and in the case of young chil-
dren, to hold the child. It is essential to allow unrushed time
for expression of mourning, and demonstrate respect for cul-
tural and spiritual traditions, which may help survivors
accept the loss of a loved one. A concluding process in
which families are given “permission” to leave and guidance
regarding what to do next is often helpful (33,35,36).

Requests for organ/tissue donation and autopsy
requirements are best handled after the family has acknowl-
edged the patient’s death, in order to emotionally separate
the issues. Personnel (usually from the regional organ pro-
curement agency), skilled in approaching families and
knowledgeable regarding procurement protocols should be
utilized. Survivor grief may be facilitated by the sense of
comfort associated with the decision to donate. When
handled timely and sensitively, negative reactions are mini-
mized and donation rates are improved (refer Volume 2,
Chapter 16 for a discussion of the donor procurement
process) (30,33).

When autopsy is indicated, requests for permission
should involve an explanation of the reasons for postmortem
exam, along with a brief description of procedures to dispel
any misconceptions. When the cause of death is unclear, a
specific determination of cause may help the family’s grief
process by reassuring them that nothing else could have
been done to save the patient’s life (33).

In medical examiner cases where authority to perform
autopsy does not require consent, clinicians must clearly com-
municate mandates for medico-legal examination. In cases
involving criminal investigation, notification of death may
be under the jurisdiction of law enforcement, and viewing
the body may be temporarily prohibited. Although complex
situations can arise, the clinician’s role is to provide necessary
information in a compassionate and consoling manner.

The nature and circumstances of the death may also
place survivors at greater risk for adverse psychological
sequelae. Unexpected mortality (e.g., following acute
trauma) is generally more difficult to assimilate than is a
death resulting from chronic illness, and traumatic deaths
are associated with higher rates of psychological morbidity
in loved ones, including prolonged or pathologic grief,
depression, and PTSD (35). Recognized risk factors for
psychological morbidity include: death of a child; death or
disability of more than one family member; traumatic, muti-
lating, or violent death; death by homicide or suicide; and
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death perceived as preventable. The bereaved may suffer
from survivor guilt, believing that they could or should
have done more to prevent the death; this is especially
serious when the survivor was unintentionally responsible
for the death. Individual characteristics such as prior
mental health problems, multiple life stressors, conflicted
or overly dependent relationships with the deceased, and
limited social support networks increase vulnerability for
psychological morbidity (31,32,37,38). Survivors who seem
to be especially disturbed or those recognized to be at
high-risk for pathologic grief should be identified and
offered referral for early psychiatric intervention.

Bereaved survivors should be informed about the
psychological impact of traumatic loss, the process of griev-
ing, and available supportive resources. Written material for
follow-up contacts, available hospital and community-based
grief support systems, mental health services, and pastoral
care (if indicated) should be provided in the hospital, and
mailed out in the following weeks. Follow-up phone calls
can also be made to express condolences (35,37). This pro-
vides families with a sense that clinicians “really care” and
also affords an opportunity to assess the family’s grief
status, identify needs for ongoing support, and to make
referrals if warranted.

A structured approach to bereavement care that is

integrated into the spectrum of trauma services has great
potential to reduce the stressors of the grief-stricken
family members faced with the sudden, unexpected death
of a loved one. Resources have begun to appear in the
trauma literature, and much can be learned from existing
models in pediatrics and palliative care where family
needs in bereavement have been more thoroughly investi-
gated (3,35,38). Multidisciplinary teams comprised of
trauma surgeons, intensivists, nurses, social workers,
clergy, and psychiatric clinicians committed in providing
family-centered care can have a positive impact on the
grief experience of those loved ones who are the “secondary
victims” of trauma.

FAMILY PRESENCE DURING RESUSCITATION

The presence of patients’ families in the trauma resuscitation
suite is a topic of recent and considerable debate. Controversy
on this topic centers on medico-legal issues, fear of causing
psychological trauma to witnessing family members, and
practitioner concerns that family needs may compete with
urgent patient care demands or scarce resources (39,40).
Although mostly limited to small, noncontrolled studies, a
growing body of research indicates that many families
would elect to be present during resuscitative and invasive
procedures, and when given the option, often choose to
remain. Almost universally, studies questioning family
members who have experienced resuscitations have

strongly supported family-witnessed resuscitation (FWR),
and most would elect to do so again (41,42). Although
“media miracles” and glorified misinformation may be
influential, lay surveys indicate that the majority of the
general population also favors FWR (43,44).

Several investigators have reported that witnessing
resuscitation has few adverse psychological effects, and
that family members may benefit from the practice. Reported
benefits include seeing that everything possible was being
done, feeling they were able to support the patient, and in
facilitating the grief process when death was imminent

(41,42,45). In the only study to date addressing patient
preferences, Benjamin et al. in 2004 studied resuscitation
survivors and reported that 72% (n of 200) of patients
surveyed favored the presence of their families (46).

Several professional organizations (Emergency Nurses
Association; American Association of Critical Nurses) have
recommended that health care providers offer families the
option to be present during both adult and pediatric resusci-
tations (47). In 2000, the American Heart Association Guidelines
for Emergency Cardiovascular Care and CPR advocated family-
witnessed resuscitation and recommended that family
members be given the option to be present during CPR
attempts (48). The American College of Emergency Phys-
icians (ACEP) has made the following statement: “When
no hospital policy exists, the decision should be based on
the family’s wish to remain with their loved one, the views
of medical personnel, the reactions of family members and
patients to the situation, and the nature of the emer-
gency”(49). A few emergency departments and trauma
centers (including Parkland Hospital in Dallas, Texas,
U.S.A.) have adopted family presence protocols for FWR.
The protocols generally involve pre-screening for suitability
of family members (e.g., emotional stability, no hostile intent,
no evidence of intoxication or drug use, etc.) and the agree-
ment to follow all instructions and leave the resuscitation
room if instructed to do so. A family facilitator is designated
(usually a social worker or nurse) to prepare family
members beforehand and remain present for guidance,
information, and support (41)

Provider views on this issue are divergent, with nurses
generally holding more favorable views of FWR than phys-
icians, and less experienced clinicians more often preferring
to avoid the practice (39). Geographic differences also exist,
with Midwest professionals more likely to allow family pre-
sence, and northeastern states least likely to implement FWR
(39). Pediatric providers have a longer history with FWR and
are generally more supportive of family presence (40).

While opposing views are likely to remain, continued
research exploring family presence is needed to evaluate
outcomes of family witnessed resuscitation from patient,
family, and provider perspectives (50). Not all resuscitations
are amenable to family presence (e.g., resuscitative thoracot-
omy, open head injury, violent crime circumstances, etc.).
Also, not all family members will choose this option.

Most importantly, staff resources and physical space
must be available to screen, monitor, and provide support
to the family. Protocols may be helpful, although their useful-
ness has not been well studied. Currently, research on FWR is
still in early stages since the concept is relatively new. Many
clinical, ethical, and legal/risk management issues surround-
ing FWR deserve further exploration, and research must
specifically address outcomes in trauma settings. Both pro-
ponents and critics of FWR agree that an individualized
rather than a prescribed approach is essential, and that mul-
tiple variables (patient needs, family characteristics, resource
availability, clinician education, etc.) must be considered in
decision-making and establishment of best practices.

ROLE OF THE CASE MANAGER

Successful achievement of family-centered care not only
requires a dedicated staff trained in the various elements
reviewed in this chapter but also is best facilitated by the
establishment of a trauma case manager (often a clinical
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nurse specialist) who begins working with the family,
patient, bedside nurse, and trauma/critical care team from,
the initiation of admission to the unit through the hospital
course of stay (51).

The trauma case manager helps both to standardize
and optimize care by facilitating the communication and col-
laboration between patients and health professionals and
between the health professionals themselves. Collaboration
among health care disciplines is well supported as an effec-
tive solution to many problems, particularly fragmentation
among complex patient groups (52).

Indeed, a recent study showed that the introduction of
a trauma case manager system resulted in several benefits
including: (i) a trend toward reduced length of stay
(especially in older patients and those with higher injury
severity scores), (ii) improved missed injury detection rates
(p , 0.0015), (iii) more efficient coordination of allied
health workers (p , 0.0001), and (iv) staff surveys exhibiting
dramatic improvement in perceived effectiveness of patient
care (p , 0.0001) (51). One criticism of the study is the
absence of a survey comparing the family’s perceptions
before and after the program.

Despite these minor reservations, the introduction of
the Trauma Case Management system provided greater con-
tinuity and familiarity for the patient and family. The unex-
pected benefit of improved missed injuries may have
directly led to the overall trend toward decreased length of
stay. Similar results have been achieved by others, particu-
larly in terms of improving the ability to follow critical path-
ways in the management of critically ill patients (53).
Additional randomized controlled studies are required to
further validate this model.

EYE TO THE FUTURE

As trauma systems have matured, it is now recognized that
the delivery of comprehensive trauma care extends across
the continuum, from the acute phase of injury through criti-
cal care and rehabilitation and beyond, to the time when
patients have returned to their families and communities.
Advances in the long-term management of injury are occur-
ring with increasing recognition of the importance of opti-
mizing psychosocial and functional outcomes following
trauma from both patient and family perspectives (54–56).

Over the past several decades, trauma outcomes
research by Michaels (57), Holbrook (58), Zatrick (59),
Richmond (54), and others has made significant contributions
to understanding the long-term physical and psychological
effects of trauma. These studies have examined pre-post,
and injury-related factors influencing functional recovery
(e.g., return to work, school, homemaking, etc.), psychologi-
cal outcomes (e.g., emotional well-being, depression, PTSD,
substance abuse, etc.), and health-related quality of life in
trauma survivors. Evidence indicates that functional limit-
ations and trauma-related emotional problems, especially
PTSD and post injury depressions, are common across
trauma populations, and are still under-recognized and
poorly treated (57–60). Pre-existing and untreated psychiatric
disorders as well as problems of substance abuse/depen-
dence are also prevalent, and contribute to the recidivistic
nature of certain types of trauma (57–60).

Trauma outcomes data suggest that psychological and
functional recovery from trauma is not just related to injury
severity and degree of physical disability, but that psychoso-

cial factors are additional important recovery predictors
(54,56,61). Evidence suggests that positive family coping
and adaptation may be associated with improved patient
functioning, long-term outcomes, and directly influences
treatment adherence (62,63). Further research is needed to
specifically examine the mediating effects of family
support in trauma recovery, and greater attention should
be focused on investigating the social and psychologic
factors surrounding injury.

With shortened hospital stays, a greater percentage of
trauma recovery takes place at home; accordingly, family
members frequently assume much of the responsibility for
care, necessitating earlier intervention with families
(56,61–63). Studies have begun to address the need to
educate and adequately prepare patients and families to
cope after discharge from hospitalization. These issues
have been best studied in major burn victims and brain
injured populations, where it has been demonstrated that
patients and families benefit from education and guidance
regarding the emotional, financial, and life disruptions
they will likely experience. Findings indicate that patients
and family caregivers frequently require more knowledge
and assistance in accessing resources (e.g., counseling, finan-
cial, legal, etc.) and obtaining follow-up care than they
usually receive (62,64–66). These studies suggest that edu-
cational and counseling interventions can positively impact
patient and family functioning, and are most effective
when begun early in rehabilitation and extended through
recovery via formalized programs and services.

Research on the impact of sudden bereavement in
trauma settings is also increasing. Previous literature on deli-
vering grave news and providing bereavement support has
been primarily anecdotal, with recommendations based on
the experiences and opinions of experts. More recently, inter-
ventional studies in the emergency and trauma literature are
contributing to a more evidence-based approach to the com-
munication of bad news and the establishment of bereave-
ment protocols following trauma-related deaths. Models of
bereavement care, which are well established in palliative
care settings, are becoming increasingly studied and
implemented in trauma settings (3,29,37,67).

SUMMARY

Trauma services continue to be challenged to deliver holistic
care including complex physiological and psychosocial
support for their patients. Likewise, clinicians have a respon-
sibility to address the needs of distressed and vulnerable
family members who are the “secondary victims” of trauma.
There is a compelling need to humanize the critical care
unit, and create a more caring and supportive environment
conducive to recovery and quality end-of-life care. Equally
important is the obligation to assist patients and families to
adapt and cope with the many potential long-term physical,
psychological, and life-quality sequelae following trauma.

Future research will focus on evidence-based appro-
aches to caring for relatives who are suddenly bereaved by
the unexpected death of a loved one. These studies will
include longitudinal studies to identify psychological and
socioeconomic issues affecting the health and well-being of
patients and families that often emerge after hospitalization
and rehabilitation. In addition, the inclusion of greater
numbers of well-designed trauma outcomes studies may
provide a deeper understanding of the life experiences and
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perspectives of patients and their families following serious
injury or death (68,69).

There are perhaps few situations in health care where
the family suffers more than in trauma and critical care.
As technological advances improve the ability to sustain
life after critical injury, simultaneously the need to support
patients and families faced with the acute and chronic
burdens imposed by trauma increases (70). Recognition of
the family’s importance to a patient’s recovery, and an
understanding of the impact of critical injury on the family
are essential prerequisites to establishing the systems and
resources for providing comprehensive family-centered
trauma care.

KEY POINTS

Because the nature of trauma is sudden and unexpected
with the potential for loss of life or significant disability,
family systems are often stressed to their emotional
limits.
Evidence indicates that families exhibit a universally
predictable set of needs when a loved one becomes
critically ill.
Well informed families report a greater sense of control,
are more often able to accept the tragedy affecting their
loved one, and participate more effectively in patient
care decision making.
Although the physician’s time is limited, due to the
complex demands of the trauma and critical care
environment, consistent communication with the
family and open access to informational resources are
essential in meeting family needs.
During serious discussions, family members may be
intimidated or ashamed to admit that they do not
fully understand what has been said. To avoid con-
fusion, medical information should be clearly
explained, and repeated as necessary. Technical
language and euphemisms should be avoided,
whereas clarifying questions should be encouraged.
A flexible visitation policy has psychological benefits for
both the patient and the family members, with a resultant
positive influence on their overall satisfaction with care.
Although family members give priority to the welfare
of their relative, their own emotional needs become
increasingly significant over time while the quest for
hope remains universal.
Occasionally reviewing diagnostic images (e.g., brain
computed tomography scans, etc.) with family
members helps to convey situations that are difficult
to grasp by words alone.
Cultural factors are recognized to have a strong influ-
ence on health practices, and to affect patient/family
satisfaction of medical care, trust of healthcare provid-
ers, and adherence to treatment regimens.
As with culture, spiritual beliefs systems can influence
a patient or family’s explanation of injury causation,
perceptions of severity, and acceptance of changes
imposed by illness.
Collaboration between clinicians and family members
is fundamental in meeting the emotional needs of
patients and families.
Specialists trained in grief and bereavement manage-
ment may not be available when most needed (e.g., in
the middle of the night or on weekends). Accordingly,

the physicians, and especially the nursing staff, often
provide this essential supportive role.
Family perceptions regarding the most important
elements of “giving bad news” include: (i) the attitude
of the news-giver, (ii) the clarity of the information con-
veyed, and (iii) the ability to have questions answered.
Careful listening to the family’s style of communication
and vocabulary can help healthcare professionals
develop a message that is clearly understandable.
A structured approach to bereavement care that is inte-
grated into the spectrum of trauma services has great
potential to reduce the stressors of the grief-stricken
family members faced with the sudden, unexpected
death of a loved one.
Almost universally, studies questioning family
members who have experienced resuscitations have
strongly supported FWR, and most would elect to do
so again (41,42).
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INTRODUCTION

Post-traumatic stress disorder (PTSD) is a psychiatric
ailment resulting from an individual experiencing or witnes-

sing an actual or potential life-threatening event. Symp-
toms include recurrent, intrusive recollections of the event
(e.g., nightmares or flashbacks), avoidant behavior (e.g.,
emotional numbing), increased arousal (e.g., irritability,
insomnia), and significant impairment in social and occu-
pational functioning (1–8).

Both acute stress disorder (ASD) and PTSD are
increasingly recognized to occur in trauma survivors, and
each entity has specific Diagnostic and Statistical Manual
of Mental Disorders, 4th edition (DSM-IV) criteria. To
achieve the diagnosis of PTSD, the aforementioned symp-
toms must be present for more than one month. When
these manifestations combine with dissociative symptoms
and persist between two days and four weeks following
the traumatic event, this entity is referred to as ASD. Being
affected by ASD or PTSD significantly impacts the quality
of life (QoL), emotional well being, and functional recovery
outcomes of these patients (1,5).

The symptoms attributable to ASD and PTSD have
been most closely associated with military combatants, and
have been recognized in various forms for centuries.
Myers ABR (1838–1921) (9) was the first to publish a clinical
description of symptoms describing ASD and PTSD in his
treatise “on the etiology and prevalence of diseases of the
heart among soldiers” in 1870. Da Costa JM (1833–1921),
(10) an American internist working at a Philadelphia mili-
tary hospital, chronicled cases of PTSD that occurred
during the American Civil War in 1871; consequently, for a
time this entity was known as “Da Costa’s Syndrome.”
Since then, symptoms of ASD and PTSD have been called
by various terms including: (i) “Soldier’s Heart” (Spanish
American War), (ii) “Shell Shock” (World War I), and (iii)
“Combat Fatigue” (World War II). During and after the
Vietnam conflict, the recurrent nature of the reliving

experiences became popularized by the symptom terminol-
ogy known as “flashbacks.” However, not until 1980 and
the compilation of DSM-III was PTSD even listed as an offi-
cial psychiatric disorder; it was at this time that the diagnos-
tic criteria were initially specified. The formal diagnosis of
ASD was not specified until 1994 and the publication of
DSM-IV.

Post-traumatic stress symptomatology is not rare.
Research on trauma survivors cared for in U.S. Trauma

Centers reveals that 10% to 40% develop symptoms of
ASD and PTSD (1–8). In addition, it is now recognized
that ASD and PTSD can develop in loved ones or family
members through “vicarious traumatization” mechanisms,
when they are confronted with death or serious injury to
significant others.

Fifty percent of American adults will experience a
traumatic stressor significant enough to cause PTSD (11).
Fifteen percent of those exposed will develop chronic symp-
toms of PTSD (12). Childhood trauma is also not uncommon
(Volume 1, Chapter 36). Sixteen percent of women were
sexually abused before the age of 18, (13) and probably
half as many men. PTSD is about twice as common in
women as men even after controlling for trauma rates for
all causes of trauma except perhaps rape (Fig. 1A and B)
(14). One million Americans were exposed to traumatic
stress in Vietnam, and several hundred thousand more
were exposed during the Gulf War and the antiterrorist cam-
paigns in Afghanistan and Iraq.

Structural changes occur in the brains of patients
whose PTSD symptoms have been allowed to persist

untreated for too long. The connection between exposure
to traumatic stressors and the development of ASD/PTSD is
becoming increasingly well characterized in psychological,
neuroanatomical, and evolutionary terms. The mind/brain
initially reacts to trauma by increasing the elaboration of
stress hormones (e.g., cortisol, epinephrine, and norepi-
nephrine) to marshal resources, direct attention, and
increase awareness. However, if the stress hormones,
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which are beneficial during the acute trauma response,
remain elevated for too long a time period, detrimental
changes can occur including brain damage to memory
centers and thought association loci. Chronic stress can
also exacerbate the development of heart disease, gastric
stress ulcers (Volume 2, Chapter 30), and immunosuppres-
sion (Volume 2, Chapter 52) (15,16).

This chapter provides a multidisciplinary approach to
the pathophysiology, diagnosis, and treatment of ASD and
PTSD in acutely injured trauma and critically ill patients.
Post-trauma depression (PTD) is also briefly summarized.
The neurobiological mechanisms underpinning ASD and
PTSD are emphasized. Treatment modalities are reviewed,
including the optimum timing for each type. Emphasis is
placed on early recognition of risk factors and symptoms
during initial hospitalization, with specific focus on inter-
ventions occurring in the Trauma Resuscitation Suite (TRS)
and the surgical intensive care unit (SICU), when possible.

NEUROBIOLOGYOF POST-TRAUMATIC STRESS DISORDER
Anatomic Brain Regions Involved in Post-traumatic Stress
Disorders
Several anatomic areas of the brain have been implicated in
the pathophysiology of ASD and PTSD. Four integral
components of the limbic system are specifically involved
in the pathophysiology of ASD/PTSD. These include
the hippocampus, the amygdala, the medial prefrontal
cortex (MpFC) (cingulate gyrus), and the hypothalamus.
The limbic system is an evolutionarily primitive portion of
the brain involving memory, emotions and motivations,
especially those involved in survival. Certain structures
in the limbic system are critical for memory formation

(especially the hippocampus, the amygdala, and the hypo-
thalamus), and likely play an important role in the patho-
physiology of PTSD. The MpFC, rectifies thoughts that
pass through the aforementioned structures, and also regu-
lates the hypothalamic-pituitary-adrenal (HPA) axis under
basal and stressful conditions.

The hypothalamus, like the MpFC, is involved in both
the limbic system, and the neurohormonal regulation
between the anterior pituitary gland and the adrenal
glands (Volume 2, Chapter 62). Apart from cardiorespiratory
and thermoregulation, the hypothalamus is an important
attenuator of emotional output by adjusting the elaboration
of hormones that cause joy, sadness, anger, and depression.
Numerous studies implicate dysregulation of the HPA axis
in PTSD, (17–22) along with impairments in cognitive func-
tion, (23) hippocampal tissue volume reduction, (24) and
alterations in the neuronal circuitry of the limbic system
(25). Recently Wang et al. (26) demonstrated axonal shrink-
age, myelin deformation, and neuronal degeneration in
both the hippocampal and hypothalamic structures of dogs
following high-energy missile wounds to extremities,
suggesting central nervous system (CNS) damage to limbic
structures following distant injury.

The hippocampus is integral to learning, data acqui-
sition, and memory of content, (27,28) and also records the
emotions associated with memorized events (29–31). Struc-
tures within the hippocampal complex have access to vir-
tually the entire brain, and create integrated records of
various aspects of memory including visual, auditory,
smell, and the somatosensory context. Permanent memory
of any event typically takes at least 45 minutes, but final
memory consolidation may take weeks or months. Hippo-
campal dysfunction or damage during consolidation can
cause impaired memory of events surrounding and sub-
sequent to a trauma. Furthermore, damage to the hippo-
campus can result in increased risk of subsequent ASD/
PTSD, chronic memory loss, and a propensity to dissociate
memory from experiences that occur later.

The amygdala is important in the acquisition of
emotional memory experiences, but not for neutral
memory. The amygdala is involved in producing an anger
or fear response when a threat is detected. Its size is posi-
tively correlated with aggressiveness in humans, and
shrinks by 30% following castration in men. The amygdala
connects with many areas of the brain and causes the
stress response by stimulating cortisol and epinephrine
release (32). The amygdala also has critical functions affect-
ing the conditioned fear response and emotional memory.
Recently, Eric R Kandel’s group identified the gene that
codes for “stathmin,” a protein highly expressed in the
amygdala, which inhibits microtubule formation, and
appears to be critical to the formation of the innate and
acquired fear response. When knocked out in laboratory
animals, fear was abolished (33).

The MpFC is important in regulating emotion and
suppressing primitive brain reactions such as those
emitted by the amygdala (35). Although the acute stress
response following fearful situations is universal, PTSD
patients fail to show remission of this response. The failure
of higher brain centers to suppress amygdala activity is
likely responsible for the exaggerated “startle response”
that is often seen in PTSD (36–38). The suppressive function
of the MpFC inhibits fear responses from the amygdala
when no actual threat exists. In patients with PTSD, this sup-
pressive response is altered, creating a tendency to respond
to all threats as if they were real.
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Figure 1 (A) Prevalence of trauma category according to gender.

(B) Probability of developing post-traumatic stress disorder by

type of trauma. Source: From Ref. 14.
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Neuroendocrine Changes
The neurobiological mechanisms mediating the response to
stress include: (i) stimulation of the sympathetic nervous
system, (ii) parasympathetic nervous system suppression,
and (iii) activation of the HPA axis.

Adrenergic stimulation causes adrenal medullary
release of epinephrine and norepinephrine with consequent
increased heart rate (HR), contractility, blood pressure (BP),
respiratory rate, and tidal volume coupled with a sharpen-
ing of mental focus and memory formation. HPA axis acti-
vation results in release of corticotropin releasing hormone
(CRH) from the hypothalamus and subsequent secretion of
adrenocorticotropic hormone (ACTH) from the anterior
pituitary gland, which signals cortisol release from the
adrenal cortex (Volume 2, Chapter 62).

Elevated hippocampal cortisol is thought to impair the
formation of new memories, while epinephrine causes stron-
ger memory formation and increased emotional intensity
associated with specific memories. Increased norepi-
nephrine levels also stimulate brain activity; however, exces-
sive release of these endogenous catecholamines can lead to
neurotransmitter overload, inhibiting the brain’s ability to
process information. These factors may partially account
for the chaotic memory formation commonly surrounding
trauma events, as well as the intrusive memories character-
istic of PTSD.

Individuals with PTSD have dysregulation of the

HPA axis (resulting in lower than normal cortisol levels),
as well as an elevated basal adrenergic tone. These
initially beneficial survival mechanisms are likely deleter-
ious in the chronic state. Long-term alterations of these neu-
rotransmitters may be partly responsible for the structural
changes detected in the brains of ASD and PTSD patients.

Several neuroendocrine studies have shown lower
than normal cortisol levels in individuals with PTSD as
well as an increased cortisol response (receptor sensitivity)
to subsequent trauma events (Fig. 2) (20,39). Norepinephrine
under extreme stress conditions may act longer or more
intensely on the hippocampus, leading to abnormally
strong memory formations. Since cortisol normally limits
norepinephrine activation, low cortisol levels may increase
adrenergic hyperarousal mechanisms (19–22). Long-term
effects of elevated adrenergic levels have adverse cardiovas-
cular effects whereas diminished baseline cortisol may have
an impact on stamina, mood, and immune-mediated dis-
orders (see Volume 2, Chapter 52) (15–16).

Other neurotransmitter functions are altered in PTSD.
Benzodiazepine receptors are reduced in the frontal cortex of
humans with PTSD (40). Opioid receptors appear to be
stimulated during traumatic reminders in PTSD, creating
decreased pain sensitivity during re-experiencing periods
(41). Frontal cortex serotonin function is also dysregulated
in PTSD. Animal studies indicate that serotonin may block
frontal cortex stress responses (42). Selective serotonin
reuptake inhibitor (SSRI) drugs are currently first line phar-
macotherapy for PTSD (discussed later).

Structural Changes
It is now well established that structural and biochemical
changes occur within the brain of trauma survivors support-
ing the mind/brain-integrated concept (43). Although
experiencing the symptoms can be seen as psychological in
origin, the neural circuitry underlying this is biological as
are the consequent structural changes associated with
ASD/PTSD.

The most significant structural damage that occurs after
the stress of trauma is found in the hippocampus. The hippo-
campus is involved in recording the emotions associated with
a traumatic event. Several well-controlled studies have
demonstrated hippocampal volume shrinkage in PTSD
populations (44,45,50–51). Hippocampal volume decrease is
nearly always imageable by two years post-trauma, but has
been seen as early as five to six months after trauma
(46,48,52). Structural hippocampal changes including
atrophy have been correlated with decreased capacity for
hippocampal mediated memory tasks, indicating that the
physiological damage is directly relevant to the clinical
deterioration of memory functioning in PTSD patients (47,49).

Stress may also affect the expression of brain derived
neurotrophic factor (BDNF), a protein necessary for neur-
onal survival, normal hippocampal activity, and long-term
memory function. Decreased BDNF is probably associated
with the cell atrophy and death seen in PTSD (53).

PET scans have identified an entire network of dys-
functional memory areas of the brain in PTSD patients
including the hippocampus, amygdala, and the MpFC (38).
The amygdala also exerts supernormal influence on the
visual cortex, subcallosal gyrus, and anterior cingulate
gyrus in PTSD compared to normal controls (54). In PTSD,
the amygdala appears to be hyperreactive to trauma-
related stimuli (55,56).

IMPACTOF TRAUMA INTERVENTIONS
Effect of Resuscitation, Anesthesia, and Critical Care on
Acute Stress Disorder/Post-traumatic Stress Disorder

The initial resuscitation, anesthesia, and critical care
experiences may contribute (negatively or positively) to
the development of ASD/PTSD . Because of the changing
awareness of these patients (due to hypotension, anxiety,
pain), their memories can become distorted. In addition,
some of the drugs administered to alleviate stress and pain
may contribute to memory impairment (and possibly
ASD/PTSD).

Awareness under anesthesia, prolonged ICU treat-
ment (ARDS, septic shock), and successful resuscitation
after cardiac arrest are also linked to the development of
PTSD. The prevalence of PTSD in these medical conditions
lies around 10% to 20%; they are therefore considered
important comorbidities (57,58).

Studies of former ICU patients utilizing a 10 item, the
Post-traumatic Symptom Scale (PTSS), indicate 17% screen
positive for probable PTSD, and just under 10% confirm
positive for PTSD following rigorous clinical evaluation
(58). Large level I trauma center studies have revealed
higher rates of PTSD development ranging between 30% to
40% after severe injury (excluding those with moderate or
severe brain injury) (1–8,59).

Treatment occurring in the critical care setting appears
to further increase the risk of developing PTSD. In studies of
patients undergoing treatment for myocardial infarction
(MI), cardiac surgery, hemorrhage, stroke, burns, cancer,
and awareness under anesthesia, the highest rates of PTSD
were found in those whose course included treatment in
ICUs (60). Postcardiac surgery patients show an 18% PTSD
rate, which is highly correlated with the number of traumatic
memories from their ICU/CCU treatment (61). Spinal cord
injury (SCI) patients show a 10% to 20% PTSD rate (62),
and rates of up to 51% have been seen in orthopedic
trauma patients (63). ICU stays have also been shown to be
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extremely stressful to relatives of trauma patients, and to
relatives of patients undergoing elective cardiac surgery (64).

Duration of Mechanical Ventilation and Other Interventions
PTSD, which can develop as a result of traumatic experi-
ences during ICU treatment, causes significant impairment,
decreased QoL, and increased risk for comorbid mental
health conditions (65). In a large review of long-term survi-
vors of ICU-based ARDS treatment, 44% were found to
meet criteria for PTSD upon hospital discharge. At eight
year follow-up, 24% continued to suffer full-blown PTSD
and an additional 20% had continuing post-traumatic symp-
toms (66). In one large study of critically ill patients the

risk of PTSD was directly correlated with the duration of
mechanical ventilation and inversely related to patient
age (67). Questionnaires after discharge from ICU treat-
ment indicated almost 40% had significant PTSD symptoms,
and 14% met full diagnostic criteria for PTSD three months
following discharge from the ICU (67).

Although trauma-inducing interventions during criti-
cal care treatment can increase PTSD rates, sedating patients
throughout the critical care experience (using standard
drugs) does not abolish it. In fact, daily sedation interruption
for patients on mechanical ventilation was correlated with a
lower incidence of PTSD (68).

Trauma outcomes researchers have consistently
identified PTSD as a significant factor in functional limit-

ations and diminished QoL above and beyond the medical

comorbities associated with their physical wounds
(7,62–67,69,70).

During and just after critical care treatment, patients can
make incorrect subjective decisions about the need for
psychiatric care (71). Trauma patients are often less able to
communicate due to the need for mechanical ventilation
soon following trauma, and are generally not interviewed
about the need for psychiatric involvement unless the
patient has a pre-existing psychiatric history or was injured
during a suicide attempt. Following discharge, few patients
seek mental health treatment; some fail to recognize they
have a problem, others believe the symptoms will resolve on
their own. Patients who seek care late more often present
with somatic symptoms, sleep disorders, and increased rates
of comorbid depression and substance abuse (59,60,71).

In a study of almost 100 people with civilian PTSD,
more than half had some form of suicidal ideation, and
almost 10% had made at least one suicide attempt. While
PTSD is considered a significant risk factor for suicide (72),
substantial disability and suicidal risk is also associated
with those experiencing subdiagnostic post-traumatic
symptoms (73).

ACUTE STRESS DISORDER (ASD)
Overview
Prior to 1994 (DSM-IV), severe psychological and emotional
distress immediately following trauma was not a diagnostic

Figure 2 Response to stress in a normal subject (A), a patient with major depressive disorder (B), and a patient with post-traumatic stress

disorder (PTSD) (C). In normal subjects (A) and in patients with major depression (B), brief or sustained periods of stress are typically

associated with increased levels of both cortisol and corticotropin-releasing factor. In each panel the thickness of the interconnecting arrows

denotes the magnitude of the biologic response. Corticotropin-releasing factor stimulates the production of corticotropin, which in turn

stimulates the production of cortisol. Cortisol inhibits the release of corticotropin from the pituitary and the release of corticotropin-releasing

factor from the hypothalamus. It is also responsible for the containment of many stress-activated, biologic reactions. In patients with PTSD

(C), levels of cortisol are low and levels of corticotropin-releasing factor are high. In addition, the sensitivity of the negative-feedback system

of the hypothalamic–pituitary–adrenal axis is increased in patients with PTSD rather than decreased, as often occurs in patients with major

depression. Source: from Ref. 208; Photos courtesy of Ref. 20.
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entity. This led to delay in diagnosis and appropriate treat-
ment. Currently, the diagnosis of ASD is made in individuals
experiencing significantly distressing symptoms of re-
experiencing, avoidance, and increased arousal within two
days to four weeks of the traumatic event. The diagnosis
of ASD symptoms helps identify patients at risk for PTSD, in

quantifying the severity of distress suffered by the trauma
survivor during the first month following the event.

The diagnostic criteria for ASD include the presence of
dissociative symptoms (not included in the criteria for PTSD).
Dissociative symptoms by themselves are strong predictors
of post-traumatic symptom severity. Several studies have
documented that having ASD markedly increases the risk of
subsequently developing PTSD. Approximately 50% of
those with ASD will go on to develop PTSD (74). However,
ASD does not necessarily need to be present prior to develop-
ing PTSD. One study of severely injured hospitalized trauma
survivors found only 1% with ASD at day eight, while at
months 3 and 12, the PTSD rates were 9% and 10% respect-
ively (75). However, ASD appears to be a more accurate pre-
dictor of PTSD in females than males. (76).

In one study of motor vehicle crash (MVC) survivors,
78% of those who met criteria for ASD at one month were
diagnostic for PTSD at six months. Sixty percent of those
who met all but the dissociative criteria for ASD were also
positive for PTSD at six months (77). This study has been
supported by similar studies of MVC survivors who sus-
tained mild traumatic brain injuries, (78,79) and in studies
of sexual and physical assault victims (80).

Diagnostic and Statistical Manual of Mental Disorders,
4th Edition (DSM-IV) Diagnostic Criteria
Since patients without ASD symptoms may later develop
PTSD, it is imperative to maintain a high index of suspicion,
and utilize early and follow-up symptom screening. Those
who meet criteria for ASD, with or without dissociative
symptoms, need definitive treatment because of their
higher risk of long-term pathology. The complete DSM-IV
criteria for ASD are summarized in Table 1. Each of the
specific symptom criteria is discussed subsequently.

Exposure (A1) and Response (A2) to Traumatic
Stressor (Criterion A)
The DSM-IV Criterion A for the diagnosis of ASD requires
the person to have been exposed to a traumatic event in
which both of the following has occurred: (i) The person
experienced, witnessed, or was confronted with an event
or events that involved actual or threatened death or
serious injury to self or others; and (ii) the person’s response
involved intense fear, helplessness, or horror. This trauma
exposure criterion for ASD is the same as that required for
PTSD.

Dissociative Symptoms (Criterion B)
Criterion B symptoms for ASD are dissociative in nature.
Dissociation refers to an unconnectedness of things that
should normally be linked. When experiences are not
encoded correctly into memory, they do not contribute to
the normal sense of self.

Dissociative symptoms contribute to discontinu-
ities in memory, identity, and perception; these are required
for the diagnosis of ASD but not PTSD. Re-experiencing,
avoidant, and hyperarousal symptoms are characteristic of

both entities.

A common manifestation of dissociative symptoma-
tology is “emotional numbing” where the person may fully
recall a trauma, but feels no emotions associated with it
(81). Dissociative experiences are also commonly expressed
in the opposite way, with strong and overwhelming
emotions displayed without any obvious cognate memory.
Some patients experience acting, feeling, or thinking as if
“someone else” was actually carrying out their actions.
Five main categories of dissociation are listed in DSM-IV Cri-
terion B (Table 1): (i) subjective numbing, (ii) awareness
reduction, (iii) derealization, (iv) depersonalization, and (v)
dissociative amnesia. To meet the DSM-IV criteria for ASD,
the victim must exhibit at least three of the five dissociative
symptoms listed in Table 1.

The dissociative symptom load manifested by ASD
patients is significant since three of the five listed symptom
categories must be present for diagnosis. Subjective
numbing can take several forms, including a lack of
emotional response to the trauma, anhedonia (the inability
to feel pleasure), or the experience of intense guilt.
Reduced awareness can manifest as difficulty concentrating,
missed social cues, and difficulty remembering post-trauma
details. Derealization is the subjective experience that the
world is not real; these patients often describe seeing
things through a fog or a veil (82). Depersonalization is the
subjective sense of being detached from one’s own body.
In extreme cases, patients may not even recognize them-
selves in the mirror (83). Dissociative amnesia is the inability
to remember substantial details of the trauma and sub-
sequent period. Episodes of amnesia can also occur well
after the trauma, usually with a significant attempt on the
part of the survivor to conceal their memory impairment
from others.

Re-experiencing Symptoms (Criterion C)
Psychological re-experiencing of the traumatic event can
be extremely debilitating. For the diagnosis of ASD, re-
experiencing must occur in at least one of the following
ways: recurrent images, thoughts, dreams, illusions, flash-
back episodes, a sense of reliving the experience, or distress
with exposure to reminders of the traumatic event (Table 1).
Images, thoughts, or flashbacks about the trauma can
intrude forcefully on the person’s awareness or they may
experience dreams and nightmares with content related to
the trauma. The re-experiencing criterion is considered posi-
tive whenever the person has significant emotional distress
when confronted with a trigger stimulus or reminder of
the traumatic event.

Avoidant Symptoms (Criterion D)
Avoidant symptoms describe the marked abstention from
stimuli that arouse recollections of the trauma (including
thoughts, feelings, conversations, activities, places, or
people). The trauma survivor with ASD or PTSD goes to sig-
nificant lengths to avoid anything that might cause the
event(s) to be remembered. Often, the nature of protracted
legal or medical procedures place the survivors into situ-
ations where they are unintentionally forced to remember
the event. Avoidant symptoms can drive ASD/PTSD
patients away from using beneficial services in an attempt
to avoid retraumatization.

Hyperarousal/Anxiety Symptoms (Criterion E)
Symptoms of anxiety or increased arousal may include diffi-
culty sleeping, irritability, poor concentration, hypervigilance,
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exaggerated startle response, or motor restlessness. The
criterion is specifically vague, as there are numerous ways
hyperarousal can manifest in ASD.

Distress Level (Criterion F)
For diagnosis, the symptomatology disturbance must:
(i) cause clinically significant distress or impairment in
social, occupational, or other important areas of functioning,
or (ii) impair the individual’s ability to pursue some necess-
ary task, such as obtaining assistance or mobilizing personal
resources by telling family members about the traumatic
experience.

Duration of Symptoms (Criterion G)
The disturbance must last for a minimum of two days to a
maximum of four weeks and must occur within four
weeks of the traumatic event to meet the criteria for ASD.
Disturbances lasting beyond the four-week period become
categorized as PTSD, providing the other criteria (see sub-
sequently) are also present.

Absence of Other Etiologies (Criterion H)
The disturbance must not be due to the direct physiologi-
cal effects of a substance (e.g., a drug of abuse or medi-
cation) or a general medical condition, and must not be
better accounted for as a brief psychotic break, or an
exacerbation of a pre-existing Axis I or Axis II DSM-IV dis-
order. Differential diagnosis can be difficult due to the high

prevalence of psychiatric comorbidities (i.e., major depress-
ive and anxiety disorders) that may pre-exist or co-occur
with PTSD.

POST-TRAUMATIC STRESS DISORDER (PTSD)
Overview
The factors underlying PTSD development are multiple,
complex, and not entirely understood. These include pre-
trauma individual differences (i.e. psychological, neuro-
biological, and genetic), peritrauma variables (e.g.,
characteristics of the trauma, responses to the event), and
post-trauma factors (i.e. biological and environmental).

The DSM-IV criteria for the trauma exposure necess-
ary for PTSD (Table 2) is identical to that required for
ASD, and can usually be made based on clinical interview
alone. However, if an evaluation of treatment efficacy is
being conducted or prolonged therapy is contemplated, the
diagnosis should be confirmed by a trained mental health
professional.

DSM-IV Diagnostic Criteria
Exposure (A1) and Response (A2) to Traumatic
Stressor (Criterion A)
To fulfill the DSM-IV (Criterion A1) for PTSD, the person had
to be exposed to a catastrophically traumatic event involving
actual or threatened death or physical harm to him/herself
or others (Table 2). The general injury types can be divided

Table 1 Acute Stress Disorder: Diagnostic Criteria

Criterion Short title Description

Criterion A Exposure to traumatic

stressor

The person has been exposed to a traumatic event where both of the following were present:

The person experienced, witnessed, or was confronted with an event that involved actual

or threatened death or serious injury, or a threat to the physical integrity of self or others

The person’s response involved intense fear, helplessness, or horror

Criterion B Dissociative symptoms Either while experiencing or after experiencing the distressing event, the individual has three

(or more) of the following dissociative symptoms:

A subjective sense of numbing, detachment, or absence of emotional responsiveness

A reduction in awareness of his or her surroundings (e.g., “being in a daze”)

Derealization

Depersonalization

Dissociative amnesia

Criterion C Re-experiencing

symptoms

The traumatic event is persistently re-experienced in at least one of the following six ways:

recurrent images, thoughts, dreams, illusions, flashback episodes, or a sense of reliving the

experience, or distress on exposure to reminders of the traumatic event

Criterion D Avoidant symptoms Marked avoidance of stimuli that arouse recollections of the trauma (e.g., thoughts, feelings,

conversations, activities, places, or people)

Criterion E Anxiety/arousal

symptoms

Marked symptoms of anxiety or increased arousal (e.g., difficulty sleeping, irritability, poor

concentration, hypervigilance, exaggerated startle response, motor restlessness)

Criterion F Distress level The disturbance causes clinically significant distress or impairment in social, occupational, or

other important areas of functioning or impairs the individual’s ability to pursue some

necessary task, such as obtaining necessary assistance or mobilizing personal resources by

telling family members about the traumatic experience

Criterion G Duration of symptoms The disturbance lasts for a minimum of 2 days and a maximum of 4 wk and occurs within 4 wk

of the traumatic event

Criterion H Other etiologies The disturbance is not due to the direct physiological effects of a substance (e.g., drug of abuse

or medication) or a general medical condition, is not better accounted for by brief psychotic

disorder or other Axis I or II, DSM-IV disorder

Abbreviation: DSM-IV, Diagnostic and Statistical Manual of Mental Disorders, 4th edition.

Source: Courtesy of DSM-IV.
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into three groups: (i) intentional (including combat, abuse,
criminal acts, and torture), (ii) unintentional human acts
(e.g., industrial accidents, MVC), and (iii) surgery (the second-
ary harm is unintentional, though the surgery is intentional);
and acts of nature, (e.g., hurricanes, tornados, floods, earth-
quakes, etc.). Traumas in the intentional category (especially
involving interpersonal violence) are known to cause higher
rates of PTSD than traumas in the other two categories.

Having been exposed to the trauma is not sufficient to
meet DSM-IV criteria; the person must also have reacted to
the trauma with intense fear, hopelessness, and/or horror
(Criterion A2).

Re-experiencing Symptoms (Criterion B)
The re-experiencing (Criterion B) symptoms associated
with PTSD describes a condition where “to remember is
to relive.” That is, when survivors are remembering the

trauma they are actually reliving it in their mind, complete
with the full emotional impact. Indeed, PTSD is very much
a derangement of memory, where recollections of the
trauma intrude on the person against their will. Common
re-experiencing symptoms include recurrent and intrusive
recollections that involve images, thoughts, or perceptions
of the trauma, as well as illusions, flashbacks, or distressing
dreams of the event (as described above for ASD)(Table 2).
Only one re-experiencing/reactivating symptom cluster is
required to fulfill Criterion B.

Intrusive recollections are unwanted and uninten-
tional memories of the trauma event that force themselves
into awareness, and in so doing evoke panic, terror,

dread, or grief. Vivid nightmares in these patients are
particularly troublesome because sleep difficulties are also
specifically associated with PTSD (Criteria D), due to
increased arousal symptoms. Although the subject matter
is trauma-specific, these nightmares are otherwise subject

Table 2 Post-traumatic Stress Disorder: Diagnostic Criteria

Criterion Name Description

Criterion A1 Involvement proximity

and type of trauma

The person had to see or learn about a trauma that involved:

Actual or threatened: death, serious injury, or violation of the body of self or others

Criterion A2 Reaction to trauma The person had to react to the trauma with:

Intense fear,

Hopelessness, or

Horror

Criterion B Re-experiencing

symptoms

Five ways trauma can be relived. Only one is required for diagnosis:

Recurrent, intrusive recollections of the event

Recurrent, distressing dreams of the event

Acting or feeling as if the trauma were recurring [i.e., dissociative hallucinations,

illusions, flashbacks, (including those occurring upon awakening or when

intoxicated)].

Intense psychological distress upon exposure to internal or external cues that

symbolize or resemble an aspect of the traumatic event

Physiological reactivity upon exposure to such internal or external cues

Criterion C Avoidant symptoms At least, three of these seven avoidance symptoms must have developed since the trauma,

for diagnosis:

Efforts to avoid thoughts, feelings, or conversations associated with the trauma

Efforts to avoid activities, places, or people that arouse recollection of the trauma

Inability to recall important aspects of the trauma

Markedly diminished interest or participation in significant activities

Feeling of detachment or estrangement from others

Restricted range of effect (e.g., unable to have loving feelings)

Sense of foreshortened future (does not expect to have a career, marriage, children,

or a normal life span)

Criterion D Persistent increased

arousal symptoms

At least, two of five types of persistent increased arousal must be experienced for diagnosis,

with onset since the trauma:

Difficulty falling or staying asleep

Irritability or outbursts of anger

Difficulty concentrating

Hypervigilance

Exaggerated startle response

Criterion E Duration of symptoms

in B, C, and D

The symptoms of PTSD from criteria B, C, and D must be experienced for one month for

diagnosis. Given this, the diagnosis of PTSD cannot be made prior to 1 mo after the trauma

Criterion F Distress level If all the criteria above are met, for the diagnosis of PTSD to be made, the symptoms must

cause clinically significant distress or impairment in social, occupational, or other

important areas of functioning

Abbreviations: DSM-IV, Diagnostic and Statistical Manual of Mental Disorder 4th edition; PTSD, post-traumatic stress disorder.

Source: Courtesy of DSM-IV.

Chapter 65: Post-traumatic Stress Disorder 1161



to the same distortions and characteristics associated with
normal dreams. Flashbacks can be particularly devastating
because the individual feels as though the traumatic event
is actually occurring again.

Triggers (e.g., experiences, sounds, smells) can
generalize to such an extent that what is initiating a flash-

back years after the event may not appear on the surface to
be connected in any way to the original trauma.

In PTSD, the term “trigger” refers to anything that
might initiate the recurrence of a memory or a re-experiencing
symptom. These include any sensory experience, (i.e., the
smell of gunpowder or fire, the sound of helicopters or gun-
shots). Anniversaries of previous traumas new stressful
events associated with strong emotions can also trigger
intrusive recollections. Initially, the triggers are obviously
related to the trauma. Eventually, conditions that trigger a
response become blurred and generalized (e.g., a woman
may develop a fear of flying after going on a trip where
she ran into someone who resembled her rapist) through a
process of trigger generalization.

Avoidant Symptoms (Criterion C)
The Criterion C symptoms are “avoidant” in nature. Indeed,
trauma survivors with PTSD will go out of their way to
avoid anyone or any thing that reminds them of the
trauma. Amnestic symptoms, with inability to recall import-
ant parts of the trauma, are experienced by many. The struc-
tural alteration of biological memory centers (i.e.,
hippocampus, amygdala), along with HPA axis dysregula-
tion provides the anatomic neurohumoral explanation of
why memory gaps of the event occur.

In addition, individuals can lose their ability to feel
strong emotions or participate in meaningful interpersonal
relationships. In order to fulfill Criterion C, the trauma sur-
vivor must experience at least three of seven specific avoi-
dant symptoms (Table 2). Since a wide range of avoidant
symptoms can occur, trauma survivors can present with a
variety of cognitive, affective, and behavioral symptoms as
part of avoidance mechanisms.

As with ASD, depressive symptoms (including
restricted affect, anhedonia, detachment from others) can
be experienced. Trauma survivors with PTSD often relate a
sense of foreshortened future and beliefs that the positive
aspects in life are unattainable. From an interpersonal per-
spective, these symptoms are particularly troubling, as
they contribute to a decreased social support system when
it is most needed.

Hyperarousal Symptoms (Criterion D)
While the individual’s effect may be flattened, arousal levels
are characteristically elevated. At least two of the five types
of persistent hyperarousal symptoms listed in Table 2 must
be present to fulfill Criterion D. Symptoms resemble those
seen in panic and generalized anxiety disorders, including
emotional irritability, concentration difficulties, and sleep
disturbances. An exaggerated startle response to innocuous
stimuli is common and may be one of the most pathognomic
symptoms of PTSD. Hypervigilance is characteristic, with a
sense that once something so horrible has been experienced,
“constant guard” must be maintained during surveillance
for anything even remotely similar.

These increased arousal symptoms are psychobiologi-
cally mediated. The amygdala and other structures fre-
quently send out “beware of trauma” signals, which in
PTSD are not appropriately suppressed by the higher-level

brain functions of the MpFC, resulting in high levels of
arousal, emotionality, and hypervigilance. This is exempli-
fied by combat veterans who talk about “walking the per-
imeter” at night and rape survivors who refer to keeping
watch when “things just aren’t safe.”

Hyperarousal behaviors can include anger, hostility,
and self-destructive behavior (e.g., acting out, dangerous
behavior, substance abuse, etc.). Emotional reactivity can
escalate to the level of rage and can be misdiagnosed as
bipolar disorder, antisocial behavior, or erroneously attribu-
ted to agitated depression.

Duration of B, C, and D Symptoms (Criterion E)
The PTSD criteria B, C, and D symptoms must be experi-
enced for at least one month to fulfill Criterion E of DSM-
IV diagnostic requirements for PTSD. This does not mean
that trauma survivors manifesting these symptoms cannot
be identified or receive treatment prior to one month. Indeed,
many patients can be identified early as having ASD, and
with proper treatment, may not progress to full PTSD.

Distress (Criterion F)
In addition to the above criteria (A–E), for the diagnosis of
PTSD to be made, the symptoms must cause clinically sig-
nificant distress or impairment in social, occupational, or
other important areas of functioning.

Additional DSM-IV Specifiers
PTSD is labeled “acute,” if the symptoms are of less than
three months in duration and modified as “chronic,” if per-
sisting beyond three months. Delayed onset PTSD can occur
if the symptoms do not appear until six months or more after
the trauma. Finally, the symptoms of PTSD must have devel-
oped since the trauma. Pre-existing symptoms are excluded
from the diagnostic criteria.

“Complex” PTSD refers to PTSD symptoms that
develop after extreme traumas, including childhood sexual
abuse, torture, captivity, and other prolonged horrific experi-
ences. In addition to the typical PTSD symptoms, complex
PTSD is associated with substantial risk for other psychiatric
comorbidities and can cause severe emotional dysregulation,
dissociative symptoms, and increased risk for suicide.

Instruments to Assist in Diagnosis
In clinical studies, rigorous evaluations are time intensive
and require specially trained staff. The gold standard for
comprehensive evaluation is the Clinician Administered
PTSD Scale (CAPS). Due to its statistical validity, interven-
tion literature typically reports CAPS scores for diagnosis,
severity, and improvement measurements (84,85).

The Post-traumatic Stress Disorder ChecklistçCivilian
The PTSD Checklist-Civilian (PCL-C) is the clinical assess-
ment instrument that can be used in the process of any
mental health evaluation. It has shown correlations with
the CAPS of over 0.9 in diagnostic and overall severity
ratings (86). The PCL-C is an instrument developed by the
National Center for PTSD Behavioral Science Division (87).
Patients are asked to rate the severity of impact in the last
month (on a scale of 1–5) for 17 PTSD symptoms (Table 3).
Questions 1 to 5 refer to re-experiencing symptoms, 6 to 12
are avoidant in nature, and 13 to 17 focuses on hyperarousal
symptoms. For critically ill trauma patients, these questions
can be asked as soon as the “high-risk” patient becomes
capable of answering questions. Although the PCL-C is
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specifically designed to evaluate the overall symptom
burden, it has also been used as a general guide to monitor
therapy in PTSD patients (88).

Trauma History Screen
A trauma patient’s prior history of ASD/PTSD is generally
unknown to SICU staff. The Trauma History Screen
(Table 4) was developed for patients who are not critically
ill; however, the 12 questions (or selected items as appropri-
ate) can be asked by the critical care nursing staff to deter-
mine the emotional impact of prior events on the trauma
survivor. The information gathered from this screen helps
to determine if a subsequent full mental health evaluation
for ASD or PTSD should be conducted.

EARLY RECOGNITION OF POST-TRAUMATIC STRESS DISORDER

Most critically ill trauma patients will by default meet ASD/
PTSD Criterion A1. If the patient’s response to this event
included significant horror or helplessness (Criterion A2),
the patient has both of the necessary prerequisites to diag-
nose ASD (symptoms ,1 month) or PTSD (symptoms .1
month). Initially, trauma patients may not be able to
convey their feelings about the event due to intubation
and/or sedation. However, once the patient recovers and
begins to follow commands, inquiries about the patient’s
emotional status should be sought.

In addition to the PCL-C and trauma history screen
(mentioned above), the Impact of Events Scale (IES) can be
used to measure early ASD/PTSD symptoms. Ideally this
should be done at least, once prior to hospital discharge

(8,77). The IES is a well-validated 15-item symptom scale
that measures subjective distress (related to intrusion and
avoidance) surrounding traumatic events. The IES appears
to be a very useful early screening tool in the acute care
setting.

Trauma-Associated Risk Factors for Developing Acute
Stress Disorder/Post-traumatic Stress Disorder
Prior Traumatic Exposure
Pretrauma factors have a significant influence on which
patients develop PTSD following physical trauma. A major
risk factor for developing PTSD is the experience of a pre-
vious traumatic stressor. In one study of Vietnam combat
veterans, 37% of those with PTSD had a history of severe
childhood abuse, while only 7% of those without PTSD
had such a history (89). When previous trauma includes
interpersonal violence, either as a child or adult, the risk of
developing PTSD is particularly high following exposure to
subsequent trauma. Domestic violence is another situ-
ation where numerous prior victimization factors increase
the likelihood of developing PTSD. In one urban county
medical facility for survivors of domestic violence, a two-
year sample revealed that nearly 70% of the population
met diagnostic criteria for PTSD (91).

Peritrauma Factors
Peritrauma factors increasing the risk of PTSD develop-

ment fall into three categories: characteristics of the trauma,
survivor reactions, and psychosocial support. Although
the degree of trauma is difficult to quantify, in general PTSD fre-
quency and intensity increase with greater severity, duration,
and repetitions of trauma events. Factors of the trauma

Table 3 The Post-traumatic Stress Disorder Checklist—Civilian

Question/symptom 1 2 3 4 5

1. Repeated, disturbing memories, thoughts, or images of a stressful experience

from the past?

2. Repeated, disturbing dreams of a stressful experience from the past?

3. Suddenly acting or feeling as if a stressful experience were happening again

(as if you were reliving it)?

4. Feeling very upset when something reminded you of a stressful experience

from the past?

5. Having physical reactions (heart pounding, trouble breathing, sweating) when

something reminded you of a stressful event of the past?

6. Avoiding thinking about or talking about a stressful experience from the past or

avoiding having feelings related to it?

7. Avoiding activities or situations because they remind you of a stressful

experience?

8. Trouble remembering important parts of a stressful experience from the past?

9. Loss of interest in activities that you used to enjoy?

10. Feeling distant or cut off from other people?

11. Feeling emotionally numb or being unable to have loving feelings for those

close to you?

12. Feeling as if your future will somehow be cut short?

13. Trouble falling or staying asleep?

14. Feeling irritable or having angry outbursts?

15. Having difficulty concentrating?

16. Being “super-alert” or watchful or on guard?

17. Feeling jumpy or easily startled?

Note: Rating, scale of 1 to 5.

Abbreviations: 1, not at all; 2, a little bit; 3, moderately; 4, quite a bit; 5, extremely.
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associated with higher PTSD risk include: (i) intentional trauma,
(ii) being wounded, (iii) seeing others killed (especially loved
ones, particularly when the survivor is responsible for the
death of another), and (iv) repetition or feared repetition of the
trauma Perceived threat to life (92) and injury due to

penetrating trauma (93) are consistently identified as
major predicators for the development of PTSD.

The presence of three or more ASD symptoms from
the re-experiencing and hyperarousal categories has been
found to be an accurate and strong predictor of future
PTSD development (80).

Survivor reactions which include physiological hyper-
arousal and/or dissociation in the peritrauma period com-
prise the highest risk group for long-term symptoms, and
are more likely to dissociate during traumatic reminders in
the future (94,95).

Decreased or limited psychological and social support
after a trauma is a major (underappreciated) risk factor for
PTSD. This issue is further complicated in the critical care
setting. The support systems and coping mechanisms
that the patient relied on during the pretrauma phase can
be disrupted. Characteristics of the SICU environment (e.g.,

constant noise, lights, unfamiliar people, frequent treatments,
etc.) must be considered when evaluating the impact of criti-
cal care on the psychobiology of the survivor.

Other factors associated with greater risk of develop-
ing PTSD include: pre-existing mental health conditions,
genetic predisposition, high levels of chronic stress, poor
coping skills, lack of education, emotional immaturity,
female gender, and family history of mental illness.

Predicting Likelihood of Acute Stress Disorder/
Post-traumatic Stress Disorder
Despite a large body of literature, predicting which patients
will develop ASD and PTSD remains an illusive task. Several
studies have shed important light, however, on this process
and certain factors are known to increase the likelihood of
developing ASD in accident victims. These include: prior
trauma, stay in an ICU/CCU, pre-existing psychiatric dis-
orders, perceived threat to life, appraisal of accident severity,
preventability of accident, pain, and prognosis for physical
recovery (96,97).

In women who were assaulted as adults, two factors
predicted greater PTSD severity even after treatment: previous

Table 4 Trauma History Screen

Instructions: These events may or may not have happened to you. Answer “Yes” if that kind of thing has happened to you and

“No” if it has not

Event Yes No

If you answer YES, indicate the number of

times something like that happened to you

1. A really bad car, boat, train, or airplane accident

2. A really bad accident at work or home

3. A hurricane, flood, earthquake, tornado, or fire

4. Getting beat up or attacked—as a child

5. Getting beat up or attacked—as an adult

6. Forced sex—as a child

7. Forced sex—as an adult

8. Attack with a gun, knife, or weapon

9. During military service, seeing something horrible or being

badly scared

10. Sudden death of close family or friend

11. Seeing someone badly hurt or killed

12. Some other event that scared you badly

Answer the following questions for each event that happened to you, if it bothered you emotionally

Question Answer

1. When this happened, did anyone get hurt or killed? Y N

2. When this happened, were you afraid that you or

someone else might get hurt or killed?

Y N

3. When this happened, did you feel very afraid, helpless,

or horrified?

Y N

4. When this happened, did you feel unreal, spaced out,

disoriented, or strange?

Y N

5. After this happened, how long were you bothered by it? a. Not at all,

b. 1 wk,

c. 2–3 wk, days �1 mo

6. At the time, how much did it bother you emotionally? a. Not at all

b. A little

c. Somewhat

d. Much

e. Very much
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childhood trauma and sustaining physical injury during
adult trauma (98). Younger age is also frequently cited as a
risk factor for developing PTSD; a study of 400 adolescent
trauma victims showed a long-term PTSD rate of 27% (99).
Gender itself is a predictor; women develop significantly
more PTSD than men, given the same trauma exposure. In
a study of MVC survivors, 23% of females developed ASD
compared to 8% of males, and PTSD was diagnosed in
38% of females and 15% of males. Females also had higher
rates of dissociative symptoms; and, ASD like PTSD has a
higher predictive value for females across all age groups
(100–104).

Several studies have shown the presence of delusions
in acutely traumatized patients as a significant predictor of
developing ASD and PTSD. Factual memories of difficult
trauma are less associated with PTSD than are delusions.
In one study, well more than half of ICU patients had delu-
sional memories of their ICU treatment and up to 10% had
no factual memories of their time in the ICU/CCU (105).

In a study of burn patients, acute levels of anxiety,
depression, and avoidant symptoms strongly predicted
symptom levels at three months postburn. Perceived threat
to life during the burn also predicted severity, but objective
burn severity did not (106). In another study more than a
quarter of burn patients were symptomatic in the first
month, and 15% remained positive for PTSD at one year
(107). Similarly, in MI survivors, perceived severity of MI
predicted PTSD, while the actual severity did not (108).

In a large SCI study, perceived threat to life was a sig-
nificant predictor of PTSD levels. Death awareness, pain
level, and spiritual/religious coping were also significant
predictors (109). In an orthopedic trauma sample, patients
who answered yes to the question, “Do the emotional pro-
blems caused by the injury cause more difficulty than the
physical problems?” had a very high correlation with the
presence of PTSD (63). In accident victims, some evidence
suggests that extended periods of trauma-induced uncon-
sciousness actually decreases rates of PTSD (110).

Providing written information about psychological
recovery from ICU stay was not shown, in one study, to be
effective as a stand-alone intervention in decreasing patient
or relative stress, anxiety, or PTSD rates (111). Further,
studies are warranted regarding the efficacy of written edu-
cational interventions in the early post-trauma period in
preventing PTSD.

Diagnosis and Evaluation in the Trauma/Surgical Intensive
Care Unit Setting
Referral for mental health evaluation in the emergency
department (ED) is rare, but more common when phys-
icians are satisfied their institution provides qualified
mental health services (112). Requests for formal psychiatric
evaluation is similarly rare in the critical care setting, partly
because psychiatrists are perceived as not being particularly
receptive to interviewing patients in the SICU. This
impression should be changed, as screening and awareness
of ASD, PTSD, and post-traumatic depression is very
important for the patient’s ultimate recovery. Trauma sur-
geons and intensivists should develop a level of expertise in

counseling patients with these disorders, in addition to
requesting early psychiatric consultation when appropriate.

The successful SICU/trauma center will require edu-
cation of all staff as well as advanced collaboration with
mental health professionals. SICU studies show that rates

of detection for mental health conditions are far less than
the actual occurrence, and when diagnoses are made by criti-
cal care clinicians, there is low correlation with objective psy-
chiatric assessment, (113) although diagnostic accuracy
improves when the case specificities are more typical (114).

For the purpose of evaluating those at risk for PTSD,
evaluations within the first week are sometimes futile.
However, at one-week post-trauma, most studies show that
a reasonable assessment can be made, providing the patient
is awake and cooperative. In one relatively large-scale study
it was found that surgical ward PTSD symptoms (though
too early to meet DSM-IVcriteria) were strong predictors of
PTSD symptoms over the course of the year after injury (7).
The one-week post-trauma time frame provides some gui-
dance for trauma providers to determine when more formal
evaluation and intervention might be warranted.

POSTINJURY DEPRESSION

Depression and PTSD are highly correlated. Depression has
been found in numerous studies of trauma victims to be the
most prevalent psychiatric condition occurring with PTSD
(59). The associative mechanisms between PTSD and
depression are not well understood. Current evidence
suggests that pre-existing depression may render an individ-
ual more vulnerable to PTSD; conversely the presence of
PTSD may increase the risk of depression. Studies also
suggest that the PTSD/depression combination that occurs
after a trauma is different from generalized depression post-
injury that occurs without PTSD (115).

Some of the most in-depth studies of depression in
critical care settings have been conducted on coronary
artery bypass graft (CABG) patients. Typically, 20% of
these patients are depressed. Depressed patients also have
a higher late mortality (116–118) and a higher subsequent
cardiac event rate (27% vs. 10% for nondepressed patients)
(119,120). Depression one-month postsurgery was found
to be a major indicator of cardiac morbidity five years
later (121).

The subject of depression is of considerable clinical
importance in traumatized populations, given the signifi-
cance of depressive comorbidity in determining treatment
options. Relationships between PTSD and postinjury
depression (and other mental health sequelae) are becoming
increasingly understood, but additional research is required
to identify predictive patterns.

ACUTE STRESS DISORDER/POST-TRAUMATIC STRESS
DISORDERTREATMENT

Treatment goals in PTSD are aimed at: reducing core
symptoms, improving stress resilience, improving QoL,

and reducing disability and comorbidity.
Early on, patients and families should be educated

about why PTSD develops, the expected responses to
trauma (psychological and physical), and that treatment is
available to assist in the healing process. Education should
be given in a way that is practical and easily understandable.
Follow-up resources should be provided, as well as how and
when to access needed support services.

For the SICU patient, recognition of risk factors, early
symptom identification, management of distressing symp-
toms [pharmacological and nonpharmacological, and
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minimizing potential triggers (e.g., reducing loud noises,
approaching the patients calmly)] are important initial inter-
ventions.

Early Interventions
Though many people show early signs of distress following
a trauma most will resolve their symptoms and adapt within
three months. This text deals with patients mainly in their
first days and weeks following trauma. Those who have
not resolved their symptoms by three months are at greatest
risk for developing severe, chronic PTSD; their treatment
should be coordinated by a mental health professional
trained in managing PTSD (122,123).

Single Session Psychological Debriefing Is Worse
Than No Debriefing
Psychological debriefing (PD) refers to the process of enga-
ging in a single session with trauma survivors or witnesses,
either individually or in groups. PD was previously advo-
cated for stimulating emotional processing and normalizing
reactions. After reviewing its implementation over many
years, there is no evidence for PD effectiveness in preventing
future psychopathology (124,125), and in several replicated
studies, PD has been shown to actually exacerbate
subsequent PTSD symptoms (126). Most experts have
called for ceasing single session psychological debriefing
interventions (64).

Critical Incident Stress Debriefing (CISD) is a common
form of PD for families and loved ones of trauma victims.
Originally intended for use with emergency medical services
(EMS) personnel, its use has widened to other areas of
trauma treatment. Cessation of CISD as a secondary PTSD
prevention measure is supported by scientific review of the
available data (128,129). Techniques for dealing with families
and loved ones of trauma survivors are provided in Volume
2, Chapter 64.

Cognitive Behavioral Therapy ‡ 4 sessions
Controlled trials of brief Cognitive Behavioral Therapy
(CBT) for recently traumatized individuals has shown
great promise in functioning as a secondary prevention for
PTSD. The initial trial compared assault victims who com-
pleted a four-session course of CBT with evaluation only con-
trols. The treatment patients showed significantly less PTSD
and depression symptoms two months postassault and a
strong signal for a similar difference at 5.5 months (130). In
another trial of five session CBT versus supportive counseling
for MVC and industrial accident survivors with ASD, those
who completed the brief CBT showed significant benefit
with lower rates of subsequent PTSD and depression (131).

Psychological First Aid
Prior to September 11th, the American Red Cross and most
other multinational relief agencies were not routinely provid-
ing psychological first aid (132). PTSD support researchers BA
Hong, CS North (both from the Washington University, St.
Louis, Montana, U.S.A.), were at that time developing an
organized plan for the mental health needs of disaster survi-
vors called “Project CREST”(132). Findings from studies of
survivors of the September 11th 2001 terrorist attacks were
coupled with those from survivors of the Oklahoma City
bombing and experience of B. Pfefferbaum (University of
Oklahoma) to develop a “Practical Front Line Assistance
and Support for Healingw” (P-FLASHw). This is an

empirically based rapid mental health intervention program
suitable for use in disaster settings.

The focus of this front-line counseling (also known as
“Psychological First Aid”) is current symptom reduction
and/or issue resolution. There are six major elements of
front-line counseling (Table 5). These symptom reduction
techniques are most relevant to acute trauma treatment
and are likely to be helpful in both the prehospital setting
as well as the TRS.

The patient and family (when appropriate) should
be made aware that there is a normal biological basis for

their symptoms and be reassured that treatment options
are available to help them.

Symptom Management
Symptom management tools can have an immediate impact
and can be taught by health care providers. The tools
described below can often be implemented in the SICU as
symptoms arise. The tools and skills are divided into
two sets, based on the symptoms they address. The
Criterion B (Re-experiencing), and D (Hyperarousal)
symptoms have a specific set of treatment tools. The
Criterion C (Avoidant symptoms) has a different set of
management tools.

Post-traumatic Stress Disorder Criterion B
(Re-experiencing) and D (Hyperarousal) Management
Symptom management tools for Criterion B (Re-experien-
cing) symptoms are provided in Table 6. In general, relax-
ation techniques and other nonpharmacologic treatments
are preferred. Muscle relaxation skills first became a tool
for stress reduction in the 1920s when it was shown that
stress could be maintained in muscles, and that it was
nearly impossible to remain stressed or anxious and be
relaxed at the same time. Relaxation skills are typically

Table 5 Psychological First Aid: For Survivors of Traumaa

Element Key points of psychological first aid

Supportive

listening

Being present and demonstrating interest in

listening to the patient is paramount.

Education and

reassurance

Provide the patient with knowledge that

ASD and PTSD symptoms are natural,

understandable, and treatable.

Coping and stress

management

Suggest nonpharmacological therapy first

(e.g., sleep meditation, exercise, and

relaxation training).

Problem solving Refrain from pejorative counseling.

Rather, use objective problem solving

capabilities. Help them untangle their

web of problems.

Finding meaning

and perspective

Without imposing one’s own belief-system

on the patient, help them describe and

find their own perspective.

Observation and

reassessment

Continued observation and reassessment is

required—patients may have a delayed

onset of symptoms as well as intermit-

tent set backs and exacerbations.

aTools such as this may be most suitable for dealing with large casualty situ-

ations (e.g., Hurricane Katrina, 2005; Indian Ocean Tsunami, 2004).

Abbreviations: ASD, acute stress disorder; PTSD, post-traumatic stress

disorder.
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taught in two forms, skeletal muscle relaxation and breath-
ing techniques.

Skeletal muscle relaxation is a process that involves
intentional skeletal muscle tensing, followed by relaxation
in a sequential and repetitive fashion. The skill can be
quickly taught and begins helping immediately. The entire
process is described in Table 7, can be completed within
several minutes. Muscle relaxation training must take into
account the patient’s physical condition and associated
fractures or dislocations, etc.

Considerable stress, tension, and anxiety can be main-
tained in the muscles of respiration and in the abdominal
muscles. Abdominal breathing instructions are provided
in Table 6. The abdominal breathing relaxation exercise
can even be practiced by most mechanical ventilation
dependent SICU patients when they have improved to
the weaning phase guided imagery, systematic desensitiza-
tion, thought stopping, cognitive reframing, and sleep
hygiene are additional Criterion B and D management
tools (Table 6).

Sleep hygiene is particularly important and relevant to
the SICU, and refers to attempts at ensuring post-trauma

patients have normal restful sleep. Sedatives/hypnotics
should be considered when the patient experiences difficulty
in falling or remaining asleep.

Post-traumatic Stress Disorder Criterion C
(Avoidant Symptom) Management
For the Criterion C (Avoidant) symptoms, treatment can be
very complex. Because the manifestation of avoidant symp-
toms often involves major volitional components (i.e., decid-
ing to stay home), avoidant symptoms are some of the most
difficult PTSD symptoms to treat, and some of the worst in
terms of long-term prognosis. Many of these symptoms
may not emerge until the patient has left the SICU. Avoidant
symptoms cause people to shun treatment, withdraw, and
become unemotional. Trauma systems should have outreach
programs to follow-up on those patients that fail to return to
clinic (these may be the patients in greatest need). Selected
tools for managing Avoidant (Criterion C) symptoms are
provided in Table 8; many of these patients will also
require antidepressant medications.

Acute Stress Disorder Criterion B (Dissociation)
Interventions
Grounding techniques (Table 9) help to keep patients “in the
present” when they are experiencing dissociative symptoms.
The dissociation can take the form of flashbacks or alteration
of one’s sense of self, but distortions of awareness of space,
time, and location are particularly in acute need of ground-
ing. Grounding tools used in the acute trauma setting help
to return the patients’ awareness to the present from a disso-
ciated state. These techniques can be performed by the
bedside nurse and include sensory and cognitive grounding
skills, which are described in Table 9.

Psychotherapy
Psychotherapy for PTSD can take many forms, including
typical insight oriented therapy, CBT, and desensitization
therapies (Table 10). Meta-analysis of studies from 1980–
2003 of psychotherapy for PTSD showed that, as a whole,
most patients treated with psychotherapy either recover or
improve with treatment; however, a majority of patients
continue to have substantial residual symptoms (133).

Table 7 The Short Muscle Group Relaxation Process

Tense the muscles as listed below. Hold the tension for 5 sec then

relax for 15 sec, before proceeding to the next set of muscles. Do

them in the order listed here.

Tighten both fists. Flex your arms all the way in, tightly.

With head back, scrunch up the muscles of your face. With neck

muscles tightened, roll your head clockwise then

counterclockwise.

Shoulders up, jaw clenched.

Arch your back gently, tense your back muscles and breath in

deeply and hold.

Toes up with tight shin and calf muscles.

Toes down with tight calf, thigh and buttock muscles.

Note: Muscle tensing relaxation training must take into account the

patient’s physical condition and the other effects the muscle tension may

have on body systems.

Table 6 Post-traumatic Stress Disorder Criterion B

(Re-experiencing) and D (Hyperarousal) Symptom

Management Tools

Management tools Examples and comments

Skeletal muscle

relaxation

Series of muscle group relaxation

techniques:

The process: Muscle groups are tensed,

then relaxed in sequence as shown in

Table 7.

Abdominal

breathing

Instructions: Lay, supine, and calm, right

hand on abdomen and left hand on chest.

Both hands raise and fall with each breath.

Diverts focus from PTSD trigger to

abdominal breathing.

Can be used during ventilator weaning

(see text).

Guided imagery Helps patient create a “safe place” (for

mental refuge from the PTSD trigger).

Use of a guided script helps change

mental focus to a calming, relaxing one.

Systematic

desensitization

A process of gradually exposing patients to

stressful images and thoughts while they

utilize a relaxing skill. Potentially

dangerous (professional oversight

recommended).

Thought stopping A distraction technique used to overcome

distressing thoughts by inwardly or out-

wardly shouting, “stop” as these

thoughts are called to mind.

Cognitive

reframing

A process of restructuring cognitions or

conclusions, which have been drawn as a

result of the trauma. Reframing assists

the patient to develop a different,

reality based cognition of the event.

Sleep hygiene This refers to the optimal conditions in

which to sleep and induce good

(i.e., restful) sleep without nightmares.

Abbreviation: PTSD, post-traumatic stress disorder.
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Cognitive Behavioral Therapy
CBT is a common and effective technique utilized in PTSD
patients, and is probably the most researched intervention
for treating post-traumatic symptoms. In one example
study, MVC survivors were evaluated in a controlled trial
of CBT versus supportive therapy. At one year follow-up,
the CBT group met diagnostic criteria for PTSD significantly
less than the control group (134). Another study of nearly
100 MVC survivors with PTSD found that 11% of those
treated with CBT remained positive for PTSD at nine
months, whereas 61% of those given a self-help booklet cov-
ering the same CBT information remained diagnostic for
PTSD, demonstrating the importance of ongoing psychiatric
intervention in this population (135).

Exposure based CBT techniques include: (i) gradual
exposure, (ii) flooding, and (iii) systematic desensitization,
which are used to help the patient confront the avoided
fears directly. By exposing a person to traumatic memories
in the safe setting of therapy, and usually combined with
stress reduction techniques, the overwhelming fear is
reduced or eliminated. Compared to other psychotherapies
for PTSD, patients tend to follow-up with exposure-based
CBT to about the same degree as with others (136).

Eye Movement Desensitization and Reprocessing
Eye movement desensitization and reprocessing (EMDR) is an
evolving therapy for PTSD (Table 10). EMDR are thought (by

some) to be analogous to rapid eye movement (REM), sleep
related eye movements, and thereby could serve as a stress
reducing function similar to sleep. Elements of exposure
therapy are combined with physical actions (e.g., saccadic
eye movements) in EMDR. Review of the randomized clinical
trials of EMDR indicates symptom improvement duration of
between three and nine months, but comparison study find-
ings are equivocal with numerous methodological variations
and small sample sizes (137,138).

Group Therapy and Brief Psychodynamic Psychotherapy
Survivors without major avoidant symptoms may feel more
comfortable sharing their experiences and feelings with
others who have been through similar events. Group
therapy can help resolve issues of trust and improve inter-
personal relations.

Brief psychodynamic psychotherapy focuses on the
emotional aspects of the trauma, including their relation to
early life experiences. Telling “one’s story” and exploring
the trauma in an empathic, nonjudgmental setting has been
shown to have psychologic benefit in the aftermath of trauma.

Drug Therapy
Medication usage (Table 11) is best implemented when PTSD
has been evaluated and a formal diagnosis has been made.
Symptom severity should be initially assessed and serial
measurements made to help to monitor the treatment
process. The PCL-C is included in this chapter (Table 3),
and allows for initial and repeated evaluation of PTSD
severity from both a specific and global perspective by

Table 8 Post-traumatic Stress Disorder (PTSD) Criterion C

(Avoidant) Symptom Management Tools

Management tools Examples and comments

Positive memory

anchoring

Allows the patient to focus on a positive

memory in their life that they can recall

at any time.

Helps switch out of an intrusive traumatic

memory.

Facilitates reconnection to positive events.

Resuming past

positive activity

Helps overcome the psychobiological

pressure to avoid all emotions.

Involves engaging in previously

pleasurable activities (chosen by the

patient) without any association with

the trauma.

Reconnecting with

important

relationships

Helps the patient heal the disruption in social

interaction that develops with PTSD.

Reconnection should occur in a safe

setting.

The safe setting (not associated with the

trauma) helps avoid creating associations

between significant relationships and the

trauma.

Emotional literacy Helping the patient to experience emotions

not related to the event helps them

acknowledge the existence of emotions

outside the trauma.

This skill encourages patients to recognize

and identify sad and happy events in their

life prior to the trauma.

Eventually the patient should

acknowledge these emotions in

their current experience.

Table 9 Acute Stress Disorder Criterion B (Dissociative

Symptoms) Interventions: Sensory and Cognitive Grounding Skills

Type of

intervention Examples and comments

Sensory

grounding

skills

Provides physical sensations, which will help the

patient return their awareness to the present.

These tools are facilitated by the bedside

nurse

Examples

Open eyes, look at something; identify details

of object

Hold something; concentrate on physical

sensation of touch

Place a cool cloth on face; be aware of the

cold sensation

Listen to music that maintains awareness

Place feet firmly on the ground; become

aware of the sensation in feet and legs

Focus on someone else’s voice or

concentrate on details in conversation

Cognitive

grounding

skills

The SICU nurse asks the patient a series of

orientation questions. Later the patient is

encouraged to ask themselves

Where am I?

What is today?

What is the date?

How old am I?

What was the most recent holiday?

Abbreviation: SICU, surgical intensive care unit.
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interrogating 17 areas, which address the triad of avoidant,
arousal, and re-experiencing symptoms.

Initial Pharmacotherapy (First Month)
Medication is typically used within the first month for
patients who have already had some other kind of interven-
tion such as psychological first aid, CBT, or other individual
or group therapy following trauma. No medications have
yet been Food and Drug Administration (FDA) approved
for ASD treatment, and treatment guidance is mainly
extrapolated from PTSD studies.

Prior to receiving medication for ASD/PTSD the
patient should receive thorough psychiatric and medical
evaluations. In the critical care settings, collaborative assess-
ment is required to determine which symptoms and findings
are due to current medications, delirium, brain injury, or
other nonpsychiatric etiology, and which are likely attribu-
table to the ASD/PTSD spectrum of symptoms.

In general, two populations of acutely traumatized
patients should receive medication: (i) those who have
received a therapy oriented intervention but remain sympto-
matic; and (ii) those who have symptoms that in themselves
warrant immediate pharmacological intervention, such as
patients who are dangerous (suicidal or homicidal), extre-
mely agitated, or exhibiting psychotic symptoms.

Symptoms of extreme arousal, including severe anxiety,
panic, hyper-vigilance, and insomnia, typically require acute

medication. In the past, high potency neuroleptics such as halo-
peridol were used for early symptom reduction. In current prac-
tice some of the atypical antipsychotics (i.e., olanzapine,
risperidone, and quetiapine) are legitimate considerations
since they have shown robust effects on PTSD symptoms, and
are highly effective in reducing agitative symptoms.

Benzodiazepines, which decrease acute anxiety, have
been shown to decrease anxiety in ASD/PTSD (139). Benzo-
diazepines are frequently and effectively used for initial
symptom management in the acute trauma/critical care
setting. Benzodiazepines, however, are of limited value in
treating core symptoms, and with prolonged use, have actu-
ally been associated with an increase in the rate of PTSD
development (140). Benzodiazepines must be used cau-
tiously, due to their abuse potential and withdrawal symp-
toms with discontinuation.

Alpha-2 agonists (e.g., clonidine), and both alpha-1
and beta-adrenergic blocking agents (e.g., prazosin and
propanolol respectively) have been used successfully to
decrease symptoms of hyperarousal in ASD/PTSD. One
trial has shown a secondary PTSD prevention effect in
patients who received a 10-day course of propranolol begin-
ning within six hours of the event (141,142). Each of these
agents must be used with caution in the critical
care patient due to effects on cardiovascular functioning.
Clonidine, and the newer a2 agonist, dexmedetomidine
may be particularly useful (research pending).

Selective Serotonin reuptake inhibitors (SSRIs) are the
pharmacologic agents of choice in treating PTSD. SSRI anti-
depressants have shown efficacy in reducing symptoms in
all three-symptom clusters, (Criteria B, C, and D) in multiple
double-blind and open-label studies. Although no medi-
cations are approved for ASD, sertraline, and paroxetine
do have FDA indication for PTSD. These agents are
usually well tolerated with a low incidence of side effects.
SSRIs are a first line treatment for PTSD after acute crisis
management, and in conjunction with continued psycho-
logical therapy. Dosage of these medications should start
low and be increased slowly with close monitoring of
symptom response. Similar to their effect in anxiety dis-
orders, SSRIs can cause CNS activation and anxiety in
PTSD when first started or when doses are increased. Full
effect of SSRI treatment takes from weeks to a few months
and the magnitude of improvement may be insufficient to
achieve full PTSD symptom resolution.

Maintenance Pharmacotherapy (After First Month)
After the first month, if PTSD symptoms either remain or
develop, full psychiatric assessment is warranted. If PTSD
or significant subsyndromal PTSD is present, a comprehen-
sive treatment plan must be implemented. Acute trial
literature indicates that either psychotherapy or psychophar-
macology alone may leave significant residual symptoms
even when effective (143). The most powerful combination
is probably medication and psychotherapy, in conjunction
with education and family support.

Only two medications (sertraline and paroxetine) have
FDA approval for treatment of PTSD, but studies with other
SSRIs and serotonin norepinephrine reuptake inhibitors
(SNRIs) have also shown improvement. In addition to
being first line pharmacotherapy for PTSD (144,145), the
SSRIs are also useful in treating conditions, which frequently
arise or coexist with PTSD (e.g., depression and panic dis-
order), and are effective in decreasing aggression and impul-
sivity. Beyond these medications, there is no definitive

Table 10 Post-traumatic Stress Disorder Psychotherapy

Methodology

Type of therapy Examples and comments

CBT The cognitive part of CBT addresses

cognitions (mental conclusions

drawn about the self, the world, and

other people). With PTSD some

cognitions become distorted.

CBT works when the therapist helps

reorder cognitions for the patient.

The behavioral parts of CBT consist of

skills training to cope with anxiety,

anger, stress reactions, and to relate

effectively with others.

EMDR Elements of exposure therapy are com-

bined with physical actions (e.g., eye

movements).

Group therapy Some survivors may feel more comfor-

table sharing their experiences and

feelings with others who have been

through similar events.

Can help heal issues of trust and inter-

personal relations.

Focuses on how members are success-

fully coping, which helps bring posi-

tive attention to the here and now.

Brief psychodynamic

psychotherapy

Explores the trauma in an empathetic,

nonjudgmental setting.

Focuses on the emotional aspects of the

trauma, including their relation to

early life experiences.

Abbreviations: CBT, cognitive behavioral therapy; EMDR, eye movement

desensitization and reprocessing; PTSD, post-traumatic stress disorder.
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empirical evidence to guide second-line choices. Suggestions
in the literature are made based on data available (146).

Twelve-week sertraline studies have shown 23% to
26% PTSD remission rates (147). Evaluating nearly 400
patients in sertraline trials, the average dose for response
in PTSD was 125 mg and in PTSD with comorbid depression
147 mg daily. Average time to response was 4.5 weeks
in PTSD and 5.5 in PTSD with comorbid depression
(148). In depression, sertraline can be started as high as
100 mg daily. In PTSD, a starting dose of 50 mg is prudent;
this may be decreased to 25 mg if necessary in order to
reduce adverse effects, which are typically dose related.

Paroxetine has been well studied and shown to be effec-
tive in all three clusters of PTSD symptoms, in civilian and
combat populations, in men and women, and in short-and
long-term studies (149). In a landmark study, PTSD patients
treated for one year with the SSRI paroxetine were shown to
have an increase in hippocampal volume of 5% and an associ-
ated 35% increase in verbal declarative memory functioning
(150). Effective doses of paroxetine are usually between 20
to 60 mg daily, often with a 10 mg starting dose.

Tricyclic antidepressants (TCAs) were used exten-
sively prior to the introduction of SSRIs. They are still used
in PTSD with SSRI failure, but remain second line due to
their negative side effect profile, and their significantly
increased lethality in overdose (151). There is also renewed

interest in reversible monoamine oxidase inhibitors (MAOIs)
with several studies showing promise in reducing PTSD
symptomatology.

Benzodiazepines do not specifically treat PTSD symp-
toms, but may assist in anxiety and sleep improvement in
the short-term (2–4 days). With prolonged use (greater
than one week), there is a possibility of increasing the rate
of PTSD development, possibly through blurring of reality
with sedation-related dreams. Buspirone, has been studied
(open label) as an alternative to benzodiazepines, and
holds promise as an effective antianxiety agent in PTSD.

Antiadrenergic agents have shown to benefit treating
hyperarousal symptoms and may be appropriate for patients
with significant arousal or dissociation. Prazosin has been
studied in combat PTSD, showing a beneficial effect on
PTSD nightmares (152,153). Propranolol has shown some
potential for use in the emergency department with
acutely traumatized patients to reduce the acute stress
response. Early administration may decrease future physio-
logical reactivity to trauma stimuli and PTSD development.

Anticonvulsant/mood stabilizer medications have
been used for some time in PTSD. These agents may be par-
ticularly useful in patients who are significantly labile,
impulsive, or aggressive (154). Open label studies have
shown positive results with carbamazepine, (155) valproic
acid, (156,157) topiramate, (158) phenytoin, (159) and

Table 11 Drug Therapy for Post-traumatic Stress Disorder Symptomatology

Type Drug Examples and comments

Initial (first month) Benzodiazepines Used to decrease anxiety in ASD/PTSD.

Should only be used briefly, if at all; other drugs may have a lower incidence of

subsequent PTSD development.

Antiadrenergics

Clonidine

Propranolol

Prazosin

Have been used successfully to decrease symptoms of hyperarousal in chronic

PTSD.

Must be used with caution in the critical care patient due to effects on cardio-

vascular functioning.

SSRIs

Setraline (Zoloftw)

Paroxetine (Paxilw)

Have shown effectiveness in improving PTSD symptoms in all three-symptom

clusters, (Criteria B, C, and D).

Full effect from SSRI treatment takes from weeks to a few months.

Maintenance

(after first month)

SSRIs

Setraline (Zoloft)

Paroxetine (Paxil)

First line pharmacotherapy in PTSD.

U.S. FDA approved—effective in all three clusters of PTSD symptoms, in

civilian and combat populations, in men and women, and in short-term and

long-term studies.

Tricyclic antidepressants Second line treatment after SSRI failure.

Benzodiazepines Do not specifically treat PTSD symptoms, but assists in anxiety and sleep

improvement in the short-term.

Antiadrenergic agents

Prazosin

Clonidine

Decrease hyperarousal symptoms.

Prazosin showed beneficial effect on nightmares in combat related PTSD.

Anticonvulsants/mood

stabilizers

Useful in patients who are labile, impulsive, or aggressive.

Atypical antipsychotics

Risperidone

Olanzapine

Quetiapine

Effective in acute psychiatric crisis. Atypical antipsychotics may be appropriate

for patients with significant fear, hyper vigilant, paranoid, or psychotic PTSD

symptoms.

Chronic SSRIs

Setraline (Zoloft)

Paroxetine (Paxil)

Success shown using SSRIs for more than one year for the treatment of PTSD

and prevention of relapse. Patients with a quick and robust response to

treatment may need a shorter duration of therapy.

Abbreviations: ASD, acute stress disorder; PTSD, post-traumatic stress disorder; SSRIs, selective serotonin reuptake inhibitors; U.S. FDA, United States Food

and Drug Administration.
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gabapentin (160,161). A small double-blind placebo-con-
trolled study also supported the efficacy of lamotrigine
(162). Valproic acid has been widely used in Veterans
Administration (VA) treatment of combat-related PTSD.
Dosing typically targets serum levels similar to those used
for seizure control.

Atypical antipsychotics are effective for treating
patients in acute psychiatric crisis. Atypical antipsychotics
may be also be appropriate for patients with significant
fear, hypervigilant, paranoid, or psychotic PTSD symptoms.
Olanzapine has been studied in oral (PO) and intra-muscular
(IM) formulations for stabilizing severely agitated patients
(163–165). Olanzapine has shown efficacy in all three
symptom clusters (166), and in treatment-resistant, combat-
related PTSD (167,168). Doses up to 20 mg daily were
studied in these chronic populations, while short-term use
of doses as low as 2.5 mg daily were found effective in
torture victims with acute PTSD (169). Risperidone has
been studied in doses from 0.5 to 8 mg daily as monotherapy
or more typically as an augmentation to an already stable
regimen (170). The most typical dosing is between 2 and
6 mg daily in divided doses (171,172). Quetiapine has also
shown symptom improvement in doses ranging from 75 to
300 mg (173,174). Psychotic symptoms in PTSD are not
rare, and are particularly debilitating, given the overall
symptom burden. Often, these symptoms go undetected
due to the patient’s reluctance to admit psychotic experi-
ences (175).

Postsymptom Medication Continuation
Medication continuation beyond the symptom period

may be prudent in PTSD, in order to reduce or prevent

relapse. Recent SSRI studies suggest that longer continu-
ation therapy (at least one year) should be considered in
treating PTSD. In a study of patients stabilized on sertraline
within 36 weeks, those who continued on medication for an
additional 28 weeks showed a 5% relapse rate compared to a
26% rate for patients who had been switched to placebo
(176,177). Other studies have also supported the extended
use of SSRIs for improved response rates and PTSD
relapse prevention. Patients who have a very quick and
robust response to treatment may need a shorter duration
of therapy. As with other SSRI use, gradually tapering is
suggested.

Multimodal Treatment
Multimodal treatment therapies may prevent or lessen PTSD
symptoms. Combined therapeutic modalities may include,
among others: CBT, pharmacotherapy, and collaborative
care. In one study that compared patients who received stan-
dard therapy to those who received collaborative care, the
latter showed decreased PTSD symptoms after one year as
well as a 24% decrease in alcohol abuse. Usual care patients
showed an increase in PTSD symptoms and a 13% increase
in alcohol abuse (178).

Non-traditional Therapies
Based on research conducted in trauma survivors, several
nontraditional therapies have shown promise (Table 12).
Writing about one’s emotional aspects of trauma has been
shown to produce measurable changes in physical and
mental health (179). Prospective diaries have resulted in
greater understanding of events and responses in the
SICU, and have helped patients and families set more realis-
tic goals for recovery (180).

Meditation has been studied in numerous medical
populations. Meditation has been shown to be effective in
reducing chronic pain, stress, and anxiety in patients under-
going medical treatment (181). In postsurgical breast and
prostate cancer patients, meditation-based stress reduction
increased QoL, decreased stress, and had a potentially ben-
eficial impact on the HPA axis functioning (182).

Virtual reality exposure therapy (VRET) helps recreate
trauma conditions (e.g., combat) and offers new potential in
re-exposure therapy. VRET has been shown in small trials to
decrease PTSD symptoms in all three clusters (183,184). It
has been used to treat survivors of the September 11 World
Trade Center attack (183) and Vietnam veterans (184). The
U.S. Navy is currently funding further research on VRET
in veterans. VRET has not been tested in the SICU.

Hypnosis has been used for over a century in the
attempt to treat post-traumatic symptoms. To date, no
formal, randomized clinical trials have been completed to
support its use as a definitive treatment in PTSD (185).

Another recent form of treatment is “Acceptance and
Commitment Therapy.” This is a therapeutic method
designed to reduce experiential avoidance. It has been vali-
dated in randomized clinical trials to decrease self-harm
among women with Borderline Personality Disorder (186),
and in treating polysubstance abuse (187). It may be well
suited for the use in PTSD populations (188).

Recently, supplemental cortisol administration has
been shown to be protective of PTSD in certain populations
of patients. In a study of 91 patients undergoing cardiac

Table 12 Novel and Emerging Therapies

Type of therapy Examples and comments

Writing

exercises

Writing about the emotional aspects of trauma

organizes thoughts, forces analysis.

As little as 15–20 min/day for 3–4 days has

produced measurable improvements in physical

and mental health.

Meditation Can help develop an accepting attitude of thoughts

or emotions that arise during treatment.

Effective in reducing chronic pain, stress, and

anxiety in patients undergoing medical

treatment.

VRET VRET helps recreate trauma conditions such as

combat and offers new potential in re-exposure

therapy.

VRET has been shown in small trials to decrease

symptoms in all three clusters.

Hypno-

therapy

Used in patients trying to access memories they

cannot consciously recall or are too emotional

to recall.

No formal RCTs have shown hypnotherapy to be a

beneficial treatment.

Peritrauma

cortisol

dosing

Recently, supplemental cortisol administration

has been known to be protective of PTSD in

certain populations.

In a study of 91 patients undergoing cardiac

surgery, half received a stress dose of hydro-

cortisone during the perioperative period and

showed significant reduction of chronic stress

and PTSD symptoms at 6 mo postsurgery.

Abbreviations: PTSD, post-traumatic stress disorder; RCTs, randomized

clinical trials; VRET, virtual reality exposure therapy.
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surgery, half received a stress dose of hydrocortisone during
the perioperative period and showed significant reduction of
chronic stress and PTSD symptoms at six months postsur-
gery (189). The same researchers completed similar studies
on long-term survivors of ICU treatment, again showing a
protective effect from a stress dose of cortisol (57,190).
Another study of septic shock treatment showed promising
results for hydrocortisone in reducing PTSD symptoms in
these patients (191). Currently however, there is insufficient
evidence to support the use of cortisol in PTSD prophylaxis.

LONG-TERM FOLLOW-UP
Observation and Reassessment During the First
Month Following Trauma
Formal diagnostic assessment typically requires a week to
have passed since the trauma. The suitability of the patient
for psychiatric evaluation depends on many factors, includ-
ing the level of critical care being received, the potential for
further traumatic interventions, prognosis for recovery,
psychological state, and willingness to participate in
therapy. Serial formal assessments in high-risk patients
provide data for longitudinal evaluation of the patient’s con-
dition and effectiveness of treatment. Collaborative efforts
between in hospital and outpatient providers are essential
to reduce the number of patients who drop out of treatment
or are lost to follow-up.

Formal Post-traumatic Stress Disorder Screening
and Diagnosis After the First Month
Screening for PTSD requires at least a month to have passed
since the initial trauma. The setting a patient is in at the time
of screening will have a significant impact on how formal
screening is implemented. The National Center for PTSD
promotes the Primary Care Screen (PC-PTSD) (192). The
screening is designed for maximal sensitivity and is easily
administered by appropriately trained healthcare providers
at all levels. The screen consists of four questions
(Table 13) that address the symptoms of hyperarousal,
avoidance, and intrusive recollections. This screening is con-
sidered positive when the response to question three or any
other two answers are positive.

Prolonged Critical Illness and Post-traumatic
Stress Disorder

Factors associated with prolonged critical illness may
play a causative role in PTSD, and critical illness may, of

itself, be considered a traumatic event. The severity
and number of traumas experienced in the hospital setting
can be the nidus for PTSD or increase the likelihood of its
development. For example, compared to all patients who
experience myocardial infarction, those who suffer cardiac
arrest are almost three times as likely to develop PTSD (193).

Critical care interventions need to be implemented
with the utmost consideration for the psychobiological
impact. This is especially important in situations, which
may be perceived as a threat to life (e.g., invasive pro-
cedures). Clinician interventions, such as calming presence,
simple and clear explanations, and remaining with the
patient following treatment may help to mitigate anxiety
and reduce the perceived level of threat. Pharmacotherapy
with sedatives and antianxiety agents should be used as
appropriate.

Permanent Disability and Post-traumatic
Stress Disorder
Permanent disability adds another significant level of impact
to the patient. In the case of someone who recovers from a
severe MVC, the person can feel as though they are disabled
and permanently broken. This can be due to the severity of
the PTSD symptoms, which causes disability in itself, or it
can be a cognitive distortion. Those who experience both a
life threat and a traumatic loss are at highest risk for PTSD
and for symptom severity (194,195).

Perceived threat to life has been noted in many trau-
matized populations to be strongly associated with PTSD
development (92). Some large studies of war survivors
have shown that PTSD rates of disabled trauma survivors
are similar to nondisabled survivors (196). A study of dis-
abled foreign war veterans who were treated in substandard
rehabilitation facilities found that the PTSD rate more than
doubled in five years and was related to inadequate social
support at home and deficient psychological care (197).

Even though depression is common with PTSD, the
depression rate for disabled patients with PTSD is even
higher, and the associated suicide risk is increased as well
(198). In physically disabled patients, there will be a signifi-
cant period of grieving the loss of functionality during
which recovery from ASD/PTSD symptoms may not be
possible.

In studies of SCI patients PTSD symptoms can impact
methods of adaptation to disability e.g., shock, anxiety,
denial, depression, internalized anger, externalized hostility,
acknowledgment, or adjustment (199). In this population,
death anxiety is highly correlated with total post-traumatic
stress levels experienced (199).

Importance of Long-Term Follow-Up Care
Long-term follow-up is essential to identify patients who are
initially asymptomatic, or with latent PTSD onset (200). A
study of 231 men who required trauma services due to inter-
personal violence found that while the need for mental
health services to treat their PTSD was high, the use of
these services outside the acute care setting was low (200).
Psychoeducation is required to increase the number of
people who take advantage of the services they need. Critical
care providers are in a unique position to provide brief, but
powerful screenings, education, and referrals for specialized

Table 13 Post-traumatic Stress Disorder: Primary Care Screen

In your life, have you ever had any experience

that was so frightening, horrible, or upsetting

that in the past month, you: Yes No

1. Have had nightmares about it or thought

about it when you did not want to?

2. Tried hard not to think about it or went out

of your way to avoid situations that remind

you of it?

3. Were constantly on guard, watchful, or

easily startled?

4. Felt numb or detached from others, activi-

ties, or your surroundings?

Note: This screening is considered positive in two cases. First, if any two or

more questions are answered yes, it is considered positive. Second, if ques-

tion three is positive, even by itself, the screening is considered positive.

Source: From Ref. 1.
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care and follow-up. Web-based education programs can help
facilitate education and outreach for patients and families
(201).

In relation to physical symptoms, trauma survivors
with PTSD have significantly higher than normal rates of
somatization, including conversion symptoms and chronic
pain, even when compared to traumatized patients
without PTSD (202–204). They are also at higher risk for
developing physiological illnesses. Combat veterans with
PTSD were found in a large study to have biological
markers associated with cardiovascular and autoimmune
inflammatory disorders (205).

Follow-up care providers must keep this in mind as
they reassess for both physical and psychological effects of
the trauma. Somatic complaints can lead to a seemingly
endless series of medical evaluations and procedures. If
the potential for a post-traumatic somatization etiology is
not considered among the differential, the true cause of the
symptoms may never be identified.

EYE TO THE FUTURE

Although many risk factors for ASD and PTSD have been
identified, much still needs to be learned. Very little is cur-
rently known about the interaction of specific injury event-
related phenomena and treatment in the prehospital, resus-
citation, SICU, and rehabilitation phases of trauma care.
For example, although PTSD onset is common after MVCs
that result in serious injury, it is not yet known what specific
collision or prehospital conditions, such as crash severity or
extrication time, are significant risk factors. Also unknown is
whether the contribution of resuscitation and trauma treat-
ment, such as the role of specific drug treatments and
environmental conditions during the treatment and insti-
tution of invasive procedures, are harmful or beneficial to
the early development of ASD and subsequent PTSD. In con-
junction with the elucidation of risk factors for ASD and
PTSD, further research efforts must also be directed
toward evaluating the efficacy of treatment protocols in
trauma patients. Hypocortisolemia may become one of the
diagnostic markers for PTSD (206). Furthermore, cortisol or
hydrocortisone therapy may be used in patients with high
risk for PTSD. Indeed, the use of stress doses of hydrocorti-
sone in high-risk cardiac surgical patients reduces periopera-
tive stress exposure, decreases chronic stress symptoms, and
improves health-related QoL at six months after cardiac
surgery (190, 207).

In the resuscitation and critical care settings, relatively
little is known about the efficacy of combined pharmacologi-
cal and psychological therapeutic approaches to treatment.
The elucidation of effective early intervention therapies to
control early ASD symptoms during hospitalization will be
a crucial focus of future research in order to decrease or elim-
inate ASD and PTSD onset.

The strong association of PTSD with significant long-
term deficits in QoL and functional status after serious
injury further underscores the importance of early secondary
prevention and effective treatment addressing the physical,
psychological, and emotional responses to traumatic injury.
Patients treated in the advanced trauma care setting may
receive optimal clinical care, but may not be able to return
to preinjury QoL without advances in awareness of psychia-
tric pathology, long-range trauma care, and rehabilitation
and support services.

SUMMARY

Recent research has begun to elucidate the pathophysiology
of ASD/PTSD and has increased our understanding of
trauma on the brain’s emotional and memory centers. An
evolving understanding of the neurobiology of PTSD recog-
nizes that structural changes in limbic system structures
(chiefly hippocampus and the amygdala) along with
neuro-hormonal changes in the HPA system are involved
in the pathophysiology. The complex psychological and
emotional factors that contribute to an individual’s resiliency
and adjustment following trauma are just now becoming
elucidated. When making the formal diagnosis of ASD,
PTSD is important for formulating proper treatment
decisions, educating patients, and for research purposes.
However, subdiagnostic acute stress symptoms constitute
another important area of concern due to the physical and
emotional distress to the patient, and the increased likeli-
hood of progression to ASD or PTSD, if unchecked.

Although patient wishes regarding mental health
intervention should be honored, formal diagnostic evalu-

ation is indicated whenever ASD or PTSD symptoms are
present and causing significant distress. Practitioners
caring for these patients should inform the patient and
family about the common nature of the symptomatology in
highly traumatized individuals. The symptoms and diag-
noses should be destigmatized, given the high frequency
with which these symptoms arise in trauma survivors who
have experienced or perceived a major threat to their life
or that of a loved one.

When patients are experiencing symptoms that are
distressing, or causing functional impairment, specific treat-
ment is warranted. Optimum interventions for ASD and
PTSD are symptom-targeted and should be individualized
to the patient’s phase of illness and overall clinical con-

dition.
From the trauma survivor’s perspective, PTSD symp-

tomatology is often viewed as being far more significant than
the nonpsychiatric medical and physical conditions result-
ing from injury. Accordingly, trauma care systems must
adopt a more comprehensive conceptualization of trauma
that extends beyond their fundamental raison d‘etre (saving
lives), and addresses the associated life-altering conse-
quences of traumatic injury. Comprehensive trauma
systems must be responsive, not only to the immediate phys-
ical outcomes, but also to the long-term emotional, psycho-
logical, and social outcomes of severely injured individuals.

KEY POINTS

PTSD is a psychiatric ailment resulting from an individ-
uals experiencing or witnessing of an actual or potential
life-threatening event.
Research on trauma survivors cared for in U.S. Trauma
Centers reveals that 10% to 40% develop symptoms of
ASD and PTSD (1–8).
Structural changes occur in the brains of patients whose
PTSD symptoms have been allowed to persist
untreated for too long.
Four integral components of the limbic system are
specifically involved in the pathophysiology of ASD/
PTSD.
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Individuals with PTSD have dysregulation of the HPA
axis (resulting in lower than normal cortisol levels), as
well as an elevated basal adrenergic tone.
The initial resuscitation, anesthesia, and critical care
experiences may contribute (negatively or positively)
to the development of ASD/PTSD.
In one large study of critically ill patients the risk of
PTSD was directly correlated with the duration of
mechanical ventilation and inversely related to patient
age (67).
Trauma outcomes researchers have consistently ident-
ified PTSD as a significant factor in functional limit-
ations and diminished QoL above and beyond the
medical comorbidities associated with their physical
wounds (7,62–67,69,70).
The diagnosis of ASD symptoms helps to identify
patients at risk for PTSD, in quantifying the severity
of distress suffered by the trauma survivor during the
first month following the event.
Dissociative symptoms contribute to discontinuities in
memory, identity, and perception; these are required
for the diagnosis of ASD but not PTSD. Re-experien-
cing, avoidant, and hyperarousal symptoms are charac-
teristic of both entities.
Intrusive recollections are unwanted and unintentional
memories of the trauma event that force themselves
into awareness and, in so doing, evoke panic, terror,
dread, or grief.
Triggers (e.g., experiences, sounds, smells) can general-
ize to such an extent that what is initiating a flashback
years after the event may not appear on the surface to
be connected in any way to the original trauma.
When previous trauma includes interpersonal violence,
either as a child or adult, the risk of developing PTSD is
particularly high following exposure to subsequent
trauma.
Peritrauma factors increasing the risk of PTSD develop-
ment fall into three categories: characteristics of the
trauma, survivor reactions, and psychosocial support.
Perceived threat to life (92) and injury due to penetrat-
ing trauma (93) are consistently identified as major pre-
dicators for the development of PTSD.
Trauma surgeons and intensivists should develop a
level of expertise in counseling patients with these dis-
orders, in addition to requesting early psychiatric con-
sultation when appropriate.
Treatment goals in PTSD are aimed at: reducing core
symptoms, improving stress resilience, improving
QoL, and reducing disability and comorbidity.
The patient and family (when appropriate) should be
made aware that there is a normal biological basis for
their symptoms, and be reassured that treatment
options are available to help them.
Although no medications are approved for ASD, sertra-
line and paroxetine do have FDA indication for PTSD.
Medication continuation beyond the symptom period
may be prudent in PTSD, in order to reduce or
prevent relapse.
Factors associated with prolonged critical illness may
play a causative role in PTSD, and critical illness may,
of itself, be considered a traumatic event.
Although patient wishes regarding mental health inter-
vention should be honored, formal diagnostic evalu-
ation is indicated whenever ASD or PTSD symptoms
are present and causing significant distress.

Optimum interventions for ASD and PTSD are
symptom targeted and should be individualized to the
patient’s phase of illness and overall clinical condition.
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INTRODUCTION

Patients who survive massive trauma and critical illness
must not only overcome the initial injury but also the
profound debilitation of many other organ systems during
their recovery. For example, orthopedic spine injuries may
cause paralysis (with its multiple ramifications); pulmonary
contusions may lead to severe acute respiratory distress
syndrome and prolonged ventilatory dependence; and
hemorrhagic pancreatitis will often cause anemia, as well
as metabolic and nutritional complications. Organ systems
not directly injured by the trauma may also become
impaired following critical illness. For example, renal
failure may develop from radio-contrast dye, hypotension,
aminoglycosides, or immunosuppressant therapy. ICU
psychosis may result from sleep deprivation and drug with-
drawal, or the administration of multiple psychoactive com-
pounds. Even in excellent specialized trauma units, critically
ill patients may develop derangements in the hematological,
endocrine, metabolic, and immunological systems. Further-
more, all patients confined to bedrest for prolonged
periods of time will suffer deconditioning of cardiovascular
and musculoskeletal systems and become susceptible to
decubitus ulcers, deep venous thrombosis (DVT), muscle
weakness, and joint contractures. All of these systems must
be rehabilitated for optimum outcomes to occur.

The overall goal of rehabilitation is to achieve
maximum restoration of the patient’s physical, psychologi-

cal, social, vocational, recreational, and economic functions
within the limits imposed by the trauma, critical illness, or
any other pre-morbid deconditioning that may have
occurred. Successful rehabilitation requires a dedicated
multidisciplinary team working together toward the above
stated goal. This multidisciplinary team includes the phys-
icians, nurses, physical therapists (PTs), occupational thera-
pists (OTs), speech and language pathologists, respiratory
therapists, social workers, psychiatrists, vocational counse-
lors, and the patient and family.

This chapter focuses upon the key role played by PT
and OT teams during rehabilitation from trauma and critical
illness. The review begins by defining the scope of practice
for both PTs and OTs. Next, the consequences of pro-
longed bedrest and deconditioning are discussed. The meth-
odology utilized to complete a formal PT and OT needs
assessment, as well as the criteria for monitoring and dis-
charge planning are then discussed. Specific rehabilitation
for various organ system injuries are also provided, as

are important age-specific guidelines. The psychological
hurdles that must be overcome for successful rehabilitation
in the intensive care unit (ICU) are thoroughly presented,
and factors affecting overall patient outcomes are summar-
ized thereafter. Recently developed and emerging ideas for
rehabilitation are presented in “Eye to the Future” section.
The benefits of early rehabilitation following trauma and
critical care are emphasized throughout this text.

PHYSICAL AND OCCUPATIONALTHERAPIES DEFINED
Physical Therapy

PT involves the identification, prevention, correction,
and rehabilitation of acute or prolonged movement dysfunc-
tion of any etiology. The musculoskeletal, neuromuscular,
and cardiopulmonary systems are most often impacted by
trauma and/or critical illness (1). PTs assess the physiological
factors that may contribute to any movement dysfunction,
as well as the previous and current levels of gross motor
function. The involvement of the various impairments is
considered, while formulating goals and treatment plans
that are instituted by the primary PT and the PT assistant.
Just as in other specialties, the realm of rehabilitation
medicine is replete with specific jargon and a large list of
commonly employed abbreviations (Table 1). The ultimate
PT goal is to maximize patients’ gross motor function and
achieve independent functional mobility. As integral
members of the ICU team, PTs provide input to the primary
service and critical care physicians through direct communi-
cation, during rehabilitation rounds, and through documen-
tation, thus ensuring maximum progress for the patient.

Initiation of the PT process in the ICU is analogous
to “jump-starting a car’s battery,” in order to prepare the
patient for more aggressive PT in the future. Patients who are
unable to actively participate in PTcannot be treated as aggres-
sively as interactive patients. However, treatment goals will be
established to prevent the secondary complications of pro-
longed bedrest. After ensuring maximum range of motion
(ROM), contracture prevention, and caregiver education, the
PT’s next goal is rehabilitation of the patient’s gross motor
skills. In the ICU setting, these skills relate to functional mobi-
lity, including rolling, moving to and from supine and sitting,
and transfers from bed to chair and back. In many instances,
the initiation of gait training coincides with recommendations
for the use of support devices such as an ankle foot orthotic.
Assistive devices may be issued for out of bed activities.
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Occupational Therapy
OT primarily focuses upon improving patients’ abilities

to perform activities of daily living (ADLs) and functional
mobility. “Occupation” is defined as “specific ‘chunks’
of activity within the ongoing stream of human behavior,
which are named in the lexicon of the culture (2).” In the
context of a hospital, the patients’ occupations are often
limited to basic ADLs such as dressing, bathing, grooming,
and self-feeding. Occupational therapists (OTs) use such
occupations as therapeutic modalities to allow their patients
to regain function, strength, and independence. Important
functional mobility addressed by OTs in this setting
include: transferring to and from a toilet, moving into and
out of a bathtub or shower, as well as sitting and standing
while performing ADLs. Other functional activities com-
monly addressed by OTs include: household management,
driving safety, recreation, and work tasks, in addition to
addressing various cognitive and psychosocial deficits.
Adaptive equipment can be issued to expedite patients’ pro-
gress toward regaining functional independence. Two com-
monly employed adaptive equipment devices (the reacher
and the sock aide) assist patients with lower body dressing
(Fig. 1). Because trauma and critical illness often lead to
functional decline in numerous areas, OTs help foster
maximal progress toward independence by employing
these and other adaptive devices.

Patients in the ICU benefit from early OT intervention
by promoting patient participation in ADLs, functional
mobility, and cognitive or perceptual activities. OTs can
help patients with tasks as simple as face washing or
feeding, or with transferring to and from a bedside

commode. These seemingly trivial activities provide major
benefits to critically ill patients by helping them feel more
independent. Additionally, the light exercise helps prevent
further decline caused by inactivity. The OTs also address
fine motor and eye-hand coordination, cognitive impair-
ments, and visual/perceptual deficits, as they are all import-
ant components contributing to patients’ functional decline.
OT assistants also work closely with patients, expanding the
range of patient care and providing key information in col-
laboration with the therapist for setting treatment priorities
or revising goals.

Splinting is another important focus of OT. Splints main-
tain the body in a functional position and prevent the develop-
ment of contractures. This is especially important for
minimally-conscious or sedated patients who are immobile,
as they present a higher risk for developing contractures and
skin breakdown. Splints can be pre-fabricated or custom-
made from thermoplastic or other materials. Splints are most
commonly used to protect or support the hands, wrists, and
ankles. However, splints can be fabricated for almost any
joint, including the neck, knees, elbows, and shoulders. Note
that there is some crossover between the interventions
performed by OTs and PTs, however the final balance of
roles and responsibilities is often institution-dependent.

CONSEQUENCES OF PROLONGED BED REST
AND INACTIVITY

For over sixty years, research has shown that prolonged
bedrest is detrimental to a satisfactory post-surgical
recovery. Indeed, as early as 1944, a study published in the
Journal of the American Medical Association stated that phys-
icians should “always consider complete bedrest as a
highly unphysiologic and definitely hazardous form of
therapy, to be ordered only for specific indications and dis-
continued as early as possible (3).” The sooner bedrest is dis-
continued and rehabilitation ordered, the better the patient’s
prognosis unless the patient has an unstable spine or other
injuries requiring temporary immobility.

Table 1 Common Physical Therapy and Occupational Therapy

Abbreviations

Abbreviation Definition

Weight-bearing status:

NWB Non-weight bearing

TDWB Touch-down weight bearing (,10%, unless

otherwise stated)

PWB Partial weight bearing (25 or 50%, unless

otherwise stated)

WBAT Weight bearing as tolerated

FWB Full weight bearing

Adaptive equipment:

w/c Wheelchair

FWW Front wheeled walker

PUW Pick-up walker

PFW Platform walker

HW Hemi-walker

AC or CR Axial crutches

QC Quad cane

SPC Single-point cane

BSC or 3:1 Bedside commode/“three-in-one” commode

Miscellaneous:

A&Ox4 Alert and oriented to person, place, time, and

situation

ADL Activity of daily living

OOB Out of bed

WFL Within functional limits

HEP Home exercise program

CI Contraindicated

Figure 1 Reacher and sock aide: Both devices are commonly

used by patients who are unable or instructed not to bend down

during lower body dressing. The reacher can also be used to grab

items that are low, high, or outside of the patient’s base of support

to prevent the need for reaching.
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Patients relegated to extended bedrest suffer more

secondary disabilities and require longer recovery periods
than patients who are mobilized out of bed early.
Table 2 provides a summary of conditions resulting from
prolonged bedrest and inactivity, along with preventive
measures that can be employed by PT and OT. Common
morbidities of chronic confinement to bed include musculos-
keletal and cardiovascular deconditioning. Other common
problems include contractures, decubitus ulcers, and DVTs.
Accordingly, it is important to order rehabilitation for
patients early in their hospital stay.

Musculoskeletal Weakness
The wasting and other ramifications of muscle disuse are
dramatic and may be long lasting. Within just four hours
of strict bedrest, muscles begin to atrophy, exhibiting
decreased mass, cell diameter, and number of cell fibers
(4). Several studies regarding the effects of bedrest have con-
firmed that decreased activity in the ICU negatively affects a
patient’s functional status. In fact, muscle strength declines
1% to 1.5% per day following strict bedrest, and up to 40%
after only one week (5–9).

Antigravity muscles, involved in activities such as
standing and ambulation, face the highest rate of atrophy
for patients on bedrest and without appropriate rehabilita-
tion, these muscles may never return to their original
strength (4). Patients subjected to prolonged bedrest are
also at increased risk for pathological musculoskeletal
damage from falls, especially if standing or ambulating
before muscles and bones have sufficiently recovered (4).
Osteoporosis is also exacerbated with prolonged bedrest,
due to a lack of weight-bearing exercise. This further subjects
patients to an increased risk of fractures upon resuming
activity (10). Finally, ICU patients may develop new onset
neuromuscular disorders, secondary to their critical illness
(11). These myopathies, neuropathies, and neuromuscular
junction disorders further contribute to the general wasting
that occurs with bedrest. These lesions are reviewed in
depth in Volume 2, Chapter 6.

Cardiovascular Deconditioning
Cardiovascular deconditioning is another common accom-
paniment of prolonged inactivity, reflected by an increase
in both the resting heart rate and the heart rate associated
with activity. An increase of one half beat to several beats
per minute at rest and more than 30–40 beats per minute

during activity can be expected after just a few weeks of
inactivity (12,13). Although less dramatic than skeletal
muscle atrophy, the cardiac muscle is also subject to
atrophy from inactivity. Decreased ventilatory capacity as a
result of bedrest and pulmonary pathology further impairs
aerobic capacity (10).

However, it is the vascular and orthostatic control
systems which are most affected by bedrest. Within only a
few days of bedrest, the cardiovascular system adjusts to
the decreased work required to pump blood throughout
the body due to elimination of gravity’s effects. Lying in a
horizontal position allows the blood volume to diminish,
and the vasculature and responsiveness to decrease. This
tends to cause orthostatic hypotension when the patient
eventually sits up or stands. Although this is reversed with
activity over time, recovery often takes twice as long as it
took to develop (14). Symptoms of hypotension are discon-
certing and makes the debilitated patient feel lightheaded,
and they naturally seek to return to a supine position,
which will only lengthen the recovery process further.
Encouraging patients to perform simple ADLs themselves
can help begin to reverse the inevitable cardiovascular
deconditioning and orthostatic hypotension which occur
with prolonged critical illness.

Contractures and Pressure Ulcers
Prolonged bedrest is also a leading factor in the develop-
ment of joint contractures and skin breakdown (especially
in neurologically impaired patients). Contractures limit
recovery and contribute to further morbidity. However,
they can be prevented if aggressive ROM and splinting
programs are initiated early (15). The most common sites
for decubitus ulcers are the coccyx, greater trochanters,
and heels (10).

Joints should be fully ranged at least twice a day to
prevent contracture development. Active range of motion
(AROM) is preferred, as this also serves to maintain strength
and motor control; however, passive range of motion
(PROM) is still effective for patients who are unable or for
whom active movement is contraindicated (15). Passive
stretching minimizes muscle atrophy and stimulates
growth by stabilizing muscles in lengthened positions (16).
As part of their treatment plans, PTs and OTs educate
patients, nurses, families, and other caregivers about
proper PROM and AROM techniques. When patients are
taught to perform PROM by themselves, this is referred to
as self ROM (SROM). After performing the ROM exercises,

Table 2 Preventative Measures to Combat Sequelae of Prolonged Bedrest

Organ system Potential results of prolonged bedrest and inactivity PT and OT preventative measures

Cognitive Decreased cognitive function, confusion, hallucinations Exercise, activity, daytime orientation

Psychiatric Depression, anxiety, apathy, decreased pain tolerance Exercise, activity, sitting, social interaction

Respiratory Decreased oxygen saturation, pneumonia Sitting, standing, activity, deep breathing

Cardiovascular Increased heart rate, decreased aerobic capacity,

orthostatic hypotension, DVT, PE

Exercise, AROM, standing, activity, compression

devices

Muscular Weakness, decreased muscle mass, muscle atrophy AROM, exercise, stretching, activity

Skeletal Decreased bone density, osteoporosis/osteopenia,

fractures

Standing, exercise, weight-bearing, activity

Joints Contractures, osteoarthritis AROM, PROM, stretching, splinting

Skin Pressure ulcers, tissue ischemia Frequent turning, positioning, splinting

Abbreviations: PT, physical therapy; OT, occupational therapy; DVT, deep venous thrombosis; PE, pulmonary embolism; AROM, active range of motion;

PROM, passive range of motion.
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the therapist places the patient in an optimal static position to
reinforce the positive aspects of treatment. For example, after
cervical stretching of a patient with neck contractures, towel
rolls are placed to maintain the neck in an optimal neutral
alignment.

Ranging joints and extremities and frequently changing
the patients’ positioning play important roles in the
prevention of decubitus ulcers by stimulating circulation (4).
Frequent turning for bed-confined patients and those who
are unable to move themselves helps minimize the constant
pressure on bony prominences. At a minimum, patients
should be turned from side to back to opposite side every
two hours, using foam wedges and pillows to maintain appro-
priate positions; special mattresses are also beneficial for
optimizing pressure-relief. Splinting also helps maintain a
functional position and optimal tendon stretch, and also
helps protect skin from breaking down.

Deep Venous Thrombosis and Pulmonary Embolism
Pulmonary embolism is a leading cause of death in trauma
patients directly related to inactivity and consequent DVT for-
mation (17). In fact, one study revealed that 13% of bedridden
patients developed DVTs (18). For this reason, DVT preven-
tion is critical, with a combined prophylactic approach of
anticoagulation, lower extremity compression (through the
use of support hose and/or sequential compression
devices), and mobilization. Studies have shown that early
ambulation for the majority of patients with DVTs is safe
(19). Furthermore, ambulation also serves to reduce pain,
swelling, and venous stasis associated with DVTs by increas-
ing blood circulation, provided that patients are anticoagu-
lated, and have compression bandages (20,21). Properly
elevating a patient’s heels—either on pillows or through the
use of pressure-relieving orthotics—is another important
maneuver, as it returns blood to the central circulation and
may aid in decreasing DVTs. Encouraging mobility through
early ambulation, therapeutic exercises, and out-of-bed
activities help to prevent the development of DVTs by increas-
ing circulation. Refer to Volume 2, Chapter 56 for additional
discussions on the ramifications of DVT.

Other Complications
Development of aspiration pneumonia and urinary tract
infections are additional complications that are commonly
associated with complete bedrest in debilitated patients
(3,10,22). Additionally, depression and other mood disorders
may result from lengthy hospital stays. Learned helplessness
is a common condition seen in long-term ICU patients, in
which patients become accustomed to others doing even
simple tasks for them, such as rolling, feeding, or hygiene
(10). Another important complication is the development
of an “ICU psychosis” which is characterized as decreased
orientation and increased confusion, anxiety, and agitation.
When severe, these patients may require antipsychotic medi-
cations. The elderly, those who have been sleep deprived,
and those withdrawing from alcohol and other drugs are
most frequently affected.

All of the above conditions can significantly lengthen a
patient’s stay in the hospital and prolong overall recovery.
By eliminating or reducing the duration of bedrest, patients
experience a more rapid recovery with fewer compli-
cations. Commencing rehabilitation services while in the
ICU improves the outcome and better prepares patients for
transferring to a general surgical floor and continuing
therapy as they progress, thus resulting in shorter duration

of hospitalization. Ordering PT and OT early in patients’

hospitalization will likely decrease medical and functional
complications because patients will be stronger, more
active, and mentally more interactive, leading to better
outcomes.

REHABILITATION NEEDS ASSESSMENTAND MONITORING
Initial Evaluation
Beginning with the initial evaluation, therapists review the
patient’s needs and rehabilitation expectations from a
holistic perspective. The patient’s current injuries and
illnesses are assessed, noting neurological function, stability
of the musculoskeletal system, and cognitive abilities. The
patient’s prior level of function (PLOF), including any
previously needed supportive equipment (e.g., a walker or
cane), is considered in order to set realistic goals. The
patient’s living situation is also evaluated to determine
what assistance will be available after discharge and if
caregiver or family training will be necessary.

Assessments are made for ROM, strength, sensation,
endurance, tone, coordination, and pain. Balance is
measured statically and dynamically for both sitting and
standing. Mobility tasks are broken down into the basic
elements of rolling, transitioning to and from supine,
sitting, and standing, as well as transferring to a chair and
toilet, gait, and wheelchair mobility. Patients also perform
several ADLs, including grooming and hygiene tasks,
upper and lower body dressing and bathing, toileting, and
self-feeding. To assess cognition, therapists grade patients’
orientation, safety and body awareness, judgment,
and attention to detail. Refer to Tables 3–6 for examples of
objective PT/OT assessment scales used at the UCSD
Medical Center.

Once objective data are gathered, goals are set with
patient and family input to establish treatment priorities.
Appropriate treatment plans are then established to reach

Table 3 UCSD Grading Scale for Motor Strength

Numeric

grade

Letter

grade Abilities of patient

5 N Full available ROM against gravity and

max resistance

4 G Full ROM against gravity and mod

resistance

3þ Fþ Full ROM against gravity and min

resistance

3 F Full ROM against gravity; no added

resistance

32 F2 Greater than 50% ROM against gravity; no

resistance

2þ Pþ 50% or less ROM against gravity; no

resitance

2 P Full ROM with gravity eliminated; no

resistance

22 P2 Only a portion of ROM; gravity eliminated

1 T Contraction can be palpated; no observable

movement

0 0 Contraction cannot be palpated; no obser-

vable movement

Abbreviations: N, normal; G, good; F, fair; P, poor; T, trace; ROM, range of

motion; max, maximal; mod, moderate; min, minimal.
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these goals. Goals and treatment plans are modified as
needed throughout the treatment sessions. Patient and
family education begins during the initial evaluation and
continues throughout all treatment sessions. Common
goals for patients in an ICU setting include: sitting at the
edge of the bed unsupported for 15 minutes, transferring
to a chair with moderate assistance and sitting up for two
hours, performing grooming tasks independently while
seated, and performing simple exercise programs with
assistance of the nurse or family.

Treatment Frequency and Monitoring
Treatment frequency is determined primarily by the
patient’s need for and ability to participate in therapy. At
UCSD, both PT and OT typically treat patients once a day,
five days a week. Patients with neurological or orthopedic
conditions often require more intensive rehabilitation, and

are therefore seen twice a day and/or on weekends. Patients
who are unable to fully participate in daily rehab program,
such as those who cannot follow commands or are on
strict bedrest, may only be seen by a PT and/or OT pro-
fessional two to three times a week. However, a plan of
care for ROM and positioning is developed with nurses
and family members so that these patients can receive
daily therapy from the start. Before decreasing treatment
frequencies for patients, therapists train family or staff
until they can independently perform the exercise programs.
Non-responsive patients who are unable to actively
participate and need only occasional monitoring until
becoming more alert and medically stable are typically
followed once a week by PT and/or OT while ICU nurses
continue established ROM and splinting programs to
prevent secondary complications from developing. Table 7
lists the types of ROM programs.

During treatments, therapists and assistants monitor the
patient’s abilities and future rehab needs. Pain and vital signs
are assessed before, during, and after treatments, with activi-
ties and exercise programs graded accordingly. When pain is
a limiting factor for progressing in therapy, patients should
be offered pre-therapy analgesia (in coordination with the
medical staff). Whenever possible, treatments are spread
throughout the day, such as having OT in the mornings to
address self-care and PT in the afternoons for gait training.
This allows patients to rest between treatment sessions so
that they can benefit most from the therapy.

Therapists caring for ICU patients must possess an
understanding of various monitors and lines. Frequently
used monitors include pulse oximetry, arterial lines,

Table 4 UCSD Grading Scale for Sensation

Numeric

grade Definition Abilities of patient

N Normal Able to correctly respond 100% of

the time

I Impaired Able to correctly respond with

inconsistency or incorrect

responses

0 Absent Unable to feel, respond, or patient

appears to be guessing

Table 5 UCSD Grading Scale for Balance

Grade Static abilities of patient

Dynamic abilities of

patient

Gþ Takes max challenges,

maintains through max

excursions of active trunk

motion

Maintains through max

excursions of active

trunk motion

G Takes mod challenges in all

directions

Maintains through mod

excursions of active

trunk motion (i.e.,

weight-shifting)

G2 Maintains position with min

challenges

Maintains through min

excursions of active

trunk motion

Fþ Maintains position without

supervision or cuing

Maintains within base of

support

F Maintains without assistance

but unable to take

challenges; requires

supervision or cuing

N/A—cannot move

within base of support

without losing balance

Pþ Needs min assist to maintain N/A

P Needs mod assist to maintain N/A

P2 Needs max assist to maintain N/A

U Needs total assist to maintain

sitting without back

support

N/A

Abbreviations: TG, good; F, fair; P, poor; U, unable; max, maximal; mod,

moderate; min, minimal; N/A, not applicable.

Table 6 UCSD Grading Scale for Independence Levels

Grade Assistance required

I Independent

Mod I Modified independent

S Supervision

SBA Stand-by assist

CGA Contact-guard assist

Min A Minimum assist (,25% needed)

Mod A Moderate assist (25–50% needed)

Max A Maximum assist (50–75% needed)

Dep Dependent (needs .75% assist)

Table 7 Range of Motion

Type Definition How produced

Passive range of

motion (PROM)

When no voluntary

movement by the

muscle is

involved

External force (i.e.,

mechanical device,

third party, or one of

patient’s functioning

body parts)

Active-assistive

range of motion

(AAROM)

When a primary

contractile

muscle uses an

external force

Primary contractile

muscle and external

force

Active range of

motion

(AROM)

Active contraction

of the muscle

without an

external force

Primary contractile

muscle
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electrocardiography, intracranial pressure (ICP) measure-
ment devices, intravenous lines, catheters, drains, chest
tubes, and naso-gastric or gastric feeding tubes. Caution
must also be taken when a patient has a tracheostomy or is
orally intubated and on a ventilator, especially during
upper body activity. Care is exercised so that tubes and
lines are not pulled during activity or by an agitated or con-
fused patient. Information obtained from the monitors can
be used to assess cardiopulmonary status and levels of
pain, which is especially useful for the minimally-conscious
patient who is unable to communicate. For example, an
increase in heart rate, blood pressure, or ICP can indicate
pain, fear, or anxiety. Similarly, a decrease in oxygen satur-
ation can indicate excessive stress of the activity. Therapists
use this information in the clinical decision-making process
to determine when and how to progress the patient’s plan
of care.

Therapeutic Progression
Therapists try to create a “just right challenge” for their
patients (23). Grading treatment activity throughout the
session assures that the patients’ abilities are challenged
but not overly exceeded. This concept refers to balancing
the challenge of the task with the person’s ability to
perform that task. Finding the “just right challenge”
ensures that patients do not become either frustrated by
failure or bored by not being challenged at all.

With practice, performing activities should become
easier as patients’ skills improve, allowing the tasks to
become more demanding. For example, a common goal in
the ICU is for patients to be able to transfer from supine to
sitting with only supervision and without using the bed
rails. With patients’ first attempts at this task, therapists
will allow them to pull on the bed rail for rolling to the
side and for pushing up when coming to a sitting position.
Once this is mastered, patients are encouraged not to use
the rail. The ultimate goal is to increase patients’ indepen-
dence without relying on an assistive device, such as the
bed rail. Requesting patients to sit up without using the
rail during the initial treatment is often too challenging,
causing great frustration, a high level of anxiety, and an
increased fear of falling out of bed without the protection
of the rail. The use of the rail allows patients to learn
proper bed mobility techniques (e.g., log-rolling), while
having more assistance and security. This is an example of
how therapists use graded challenges and assistive devices
in the therapeutic progression.

Rehabilitation and Discharge Planning
Discharge planning considerations are deliberated

during the initial rehab evaluation, even for ICU patients.
The more time the patient, family, and medical team have

to prepare, the more successful the discharge plan.
Therapists help to determine whether a patient will likely
be safe to return home after being discharged from the hospi-
tal. If not, the patient may require continued therapy at an
acute rehabilitation facility, a skilled nursing facility, or may
need placement at an assisted living or board and care facility.
If the patient is being discharged home, therapists help to
determine appropriate equipment needs (refer to Figs. 2 and
3 for examples of commonly-issued durable medical equip-
ment). Table 8 lists common discharge destinations from the
acute hospital and their rehabilitation criteria.

Figure 2 Reclining wheelchair.

Figure 3 Bedside commode, also known as a 3:1 (three-in-one)

commode—named for its multiple uses as a portable commode,

raised toilet seat, and shower seat.

Table 8 Common Discharge Destinations and Rehabilitation

Criteria

Destination Rehabilitation criteria

Acute rehabilitation

facility

Patient must be able to tolerate 3þ

hours/day of aggressive therapies

Skilled nursing facility

(SNF)

Therapy often averages 1–2 hours/
day

Transitional care unit

(TCU)

Intermediate level between acute

rehab and SNF

Board and care or assisted

living facilities

May or may not offer skilled PT/OT

services

Home with home health

PT/OT

Patient must be home-bound;

therapies often 2–3 visits/week

for short period

Home with outpatient

PT/OT

Able to go into the community;

therapy frequency and duration

vary

Home with no needs Patient is usually independent or at

PLOF

Abbreviations: PT, physical therapy; OT, occupational therapy; PLOF,

prior level of function.
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INJURY-SPECIFIC REHABILITATION CONSIDERATIONS
Brain Injury
Once the brain-injured patient is medically stable and a phys-
ician’s order is received, therapists perform their evaluations.
The Glasgow Coma Scale is useful for assessing coma follow-
ing head injuries. However, once patients are awake, a higher
level of cognitive function needs to be determined. The

Rancho Los Amigos Cognitive Scale provides the most
useful and reproducible categorization of cognitive and
behavioral status for patients who are awake and interacting
with their environment (24). The Rancho Los Amigos
Cognitive Scale (Table 9) is composed of 10 levels (24). Each
level describes a patient’s behavior as the patient progresses
from a coma state through and beyond a confused state.

The initial goal of rehab following brain injury is the
prevention of secondary complications of inactivity while
the patient is recovering. As patients progress into less con-
fused states, therapists provide a daily routine and struc-
tured environment while addressing the cognitive and
behavioral dysfunctions as they relate to sensorimotor func-
tion. Treatments are influenced by cognitive and behavioral
status and are focused on improving behavioral manage-
ment, motor learning, motivation, attention, memory, and
motor control.

Consistency in PT/OT training helps improve pro-
gress made in rehabilitation from cognitive and behavioral
dysfunction. If possible, the same therapist should treat the
patient throughout the hospitalization. Therapists must set
limits and provide the patient with clear feedback, as well
as redirect the patient’s attention from sources of anxiety
and frustration. Whenever appropriate, therapists include

the patient’s interests and/or hobbies in the treatment to
promote self-motivation.

The quality of therapy sessions can be improved by
reducing outside noise, clutter, light, and the number of
persons in the room. At UCSD, a “quiet room” has been
designated for patients with brain injuries to facilitate reha-
bilitation therapy. Soothing music can also quell agitation,
and help to focus (the use of music for relaxation is discussed
in more detail later in this chapter). Familiar objects and
photographs of family members provide a sense of security
and assist in facilitating earlier thoughts and memories and
should be liberally used in the patient’s room.

Conversely, sensory-deprived patients who are cate-
gorized with low response levels on the Rancho scale,
often benefit from intensive stimulation. One way to facili-
tate this is by optimizing the patient’s environment. For
example, altering the position of the bed so activity and
patient’s interests (e.g., watching television and talking to
family and medical staff) take place on the affected,
injured, and/or hemiplegic side of the body. Encourage
head turning and looking toward the affected side. By
using this approach, the affected side is forced to react,
thereby increasing sensory stimulation to that side.

Properly positioning patients in bed plays an import-
ant role in their functional outcome. In patients with
hemiplegia, lying on the affected side may reduce spasticity
by elongating the structures of that side, providing added
sensory input, and increasing body awareness. ADL
performance is also improved because the more skillful
hand is free to move and perform activities, (e.g., adjusting
the sheets for comfort). Figure 4 illustrates proper bed

Table 9 Rancho Los Amigos Levels of Cognitive Functioning

No. Response level Behavior Dependency

I None Total absence of response to visual, auditory, tactile, or painful stimuli Total dependence

II Generalized Response to repeated auditory or painful stimuli with associated

physiological changes, gross body movement, or vocalization

Total dependence

III Localized Recognition of auditory or visual stimuli demonstrated by turning of

the head or movement of the eyes; inconsistently responds to simple

commands

Total dependence

IV Confused/agitated Alert, heightened state of activity; performance of motor activities

without purpose; aggressive or exaggerated behavior; poor short-

term memory

Maximal assistance

V Confused, inappropriate,

nonagitated

Lack of orientation to person, place, or time; ability to consistently

respond to simple commands

Maximal assistance

VI Confused, appropriate Inconsistently oriented to person, time, or place; ability to attend to

familiar task in non-distracting environment for 30 min with

moderate redirection

Moderate assistance

VII Automatic, appropriate Consistently oriented to person, place; moderate assist to orientation

to time; minimal supervision for new learning; unable to think about

consequences of an action

Minimal assistance

VIII Purposeful, appropriate Consistently oriented to person, place, and time; independently

attends to and completes familiar tasks for 1 hour in distracting

environment; requires no assistance with newly-learned tasks;

self-centered

Stand-by assistance

IX Purposeful, appropriate Use of memory devices to recall daily schedules; ability to think about

consequences of decisions with assistance when requested

Stand-by assistance

on request

X Purposeful, appropriate Ability to handle multiple tasks simultaneously in all environments

and to recognize consequences of actions; social interaction

behavior is consistently appropriate

Modified independence
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positioning for hemiplegic patients. The supine position
should be avoided as much as possible because it enhances
abnormal reflex activity due to tonic neck and labyrinthine
reflexes (22).

Spinal Cord Injury
Assessment

Therapists should perform a standardized American
Spinal Injury Association (ASIA) evaluation within the first
72 hours of admission following spinal cord injury
(SCI). The ASIA evaluation quantifies both sensory and
motor abilities of the patient (Fig. 5) (25). Sensation is
assessed through light touch and pin prick, and motor func-
tion is assessed through manual muscle testing. This stan-
dardized assessment is used to objectively determine the
level of SCI. It also predicts the patient’s functional expec-
tations based on that particular level of injury. Refer to

Table 10 for a summary of UCSD’s critical path for the treat-
ment of patients with acute spinal cord injury (SCI).

Pre-stabilization Phase
Patients with an unstable spine who are awaiting surgical
stabilization or receipt of an orthotic device are referred to
as “pre-stabilization.” An activity level of strict bedrest is
appropriate during this phase. Treatment in the pre-stabili-
zation phase involves patient and family education in the
areas of therapeutic exercise, positioning, and splinting (if
needed). One common spine stabilizing brace is the thor-
acic-lumbar-sacral orthotic (TLSO). The patient is taught
AROM exercises and to be the “director” of his/her own
care, informing family and staff when and how to perform
PROM and positioning. At UCSD, patients are initially
placed on a rotating bed, which provides positional
changes mechanically while maintaining spinal alignment.
Resting hand splints or hand rolls are issued as needed for
patients with a high level of SCI. Short opponent splints
may be used to facilitate grasp for patients with at least a
fair-plus grade in the manual muscle testing in the wrist
extensors. Ankle splints are issued to maintain ankle align-
ment as well as prevent pressure sores from developing at
the heels.

Post-stabilization Phase
Once the spine is stable, the patient can begin functional
mobility and self-care training. The activity level should be
definitively declared by physician’s orders as “spine
cleared/OK for out of bed.” The patient is often transferred
from the rotating bed and issued a bed with a mattress
with pressure-relief mechanisms. The initial functional
mobility goals are rolling and tolerating an upright/vertical
posture. Rolling improves bed mobility and prepares the
patient for self-pressure relief and lower body dressing in
bed. A gradual progression into the vertical position is

Figure 4 Proper bed positioning for patients with hemiplegia.

The right side is the hemiplagia-involved (stippled) side.

Source: From the International Clinical Educators, Inc.

Figure 5 American Spinal Injury Association scale for assessing level of sensory and motor spinal cord injury.
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most effective. This progression begins by just elevating the
head of bed to 30 degrees, and then to 60 degrees. Once a
patient can tolerate this position for approximately two
hours, then the next step is sitting at the edge of bed fol-
lowed by transferring into a reclining wheelchair.

When a patient begins the functional activity of sitting,
lower extremity ace wraps and an abdominal binder are
issued to the patient. Ace wraps are bandaged around the
legs to increase venous return and decrease the possibility
of postural hypotension. The abdominal binder improves
the resting position of the diaphragm (making it more
domed), thus increasing the excursion of the diaphragm
during ventilation and increasing both vital capacity (VC)
and maximum inspiratory force (MIF). The abdominal
binder will typically increase these weaning parameters
(VC and MIF) by 15% in patients with C5-6 SCI (26). The
abdominal binder may also help maintain blood pressure
in some patients. If a patient is having difficultly with this
progression of upright/vertical sitting, the use of a tilt
table is recommended (26).

Most patients with SCIs are discharged to acute
rehabilitation facilities. There, they continue to receive

intensive therapies to achieve their maximum functional
outcome. Table 11 lists functional outcomes for spinal cord
injuries that patients should achieve when medical issues
are stable and they have received optimal rehab.

Mechanical Principles
In the SCI population, some joints require increased flexi-
bility while others benefit from increased tightness. Within
the shoulder joint, PT and OT aim to increase extension
and external rotation to ease transfers and seated self-care
activities. Full elbow extension and triceps strength are
necessary in order to use the locking technique to achieve
the goal of independent sitting. Intact wrist extensors and
normal range is crucial for the locking technique and tenod-
esis. To promote tenodesis, the long finger flexors must be of
mild to moderate tightness. Lumbar tightness is encouraged,
as this helps with transfers, lower extremity dressing, and
balance activities. The primary ROM goal for the hips
is full extension for a greater and more normalized gait
pattern. Hamstring flexibility to 110–120 degrees is
recommended for long-sitting activities such as lower body
dressing and floor transfers. Full dorsiflexion of the ankles

Table 10 Critical Path for Rehabilitation Following Acute Spinal Cord Injury

Area Pre-stabilization Post-stabilization days 1–3 Post-stabilization days 4–7

Evaluation Complete ASIA evaluation Clarify orders and complete second

ASIA evaluation

Reassess as needed

Equipment required Foot-drop and wrist splints

and communication

devices as needed

Issue an abdominal binder and ace

wraps for BLE; adapt call light as

needed; cardiac chair and reclining

wheelchair with removal armrests

and elevating leg-rests

Continue with necessary equipment

Caregiver and patient

education

Education in skin integrity/
breakdown; rehab

expectations; issue and

educate on PROM

booklet

Education on pressure relief techniques

(1 min every hour or 30 sec every

30 min)

Continue as tolerated

Treatment Initiate PROM Initiate dependent transfers to cardiac

and/or wheelchair; begin BUE and

BLE exercises including ROM and

hamstring stretches

For C1-C3 SCI levels, continue

exercise program and initiate

mouth/neck therapeutic exercise.

For C4-T3 SCI levels, same as above

and progress to mat activities

For T4-L5 SCI levels, same as above

and progress to ambulation

Abbreviations: ASIA, American Spinal Injury Association; BLE, bilateral lower extremities; PROM, passive range of motion; min, minutes;

sec, seconds; BUE, bilateral upper extremities; ROM, range of motion; SCI, spinal cord injury.

Table 11 Functional Outcomes for Spinal Cord Injuries

Level of SCI Transfers Activities of daily living Wheelchair

C1-3 Dependent Dependent Electric with head controls

C4 Dependent Limited independence using mobile arm

supports and environ-mental control units

Electric with head or

breathing controls

C5 Dependent Independent with set-up Electric with joystick

C6 Independent with slide board Independent with universal cuff Manual

C7-T3 Independent without slide board Independent Manual

T4-L5 Independent; may progress to

ambulation with orthotics

and/or assistive device

Independent Manual

Chapter 66: Rehabilitation for Trauma and Critical Care 1189



will allow for a normalized placement of patients’ feet on
footplates of the wheelchair.

Mechanical principles are used to increase functional
mobility in the SCI patient. Agonist muscles are used to
compensate for weakened deinverted muscles. For example,
the tightness of the long finger flexors allows for tenodesis
grasp. Momentum is the “throwing” of a particular body
part to complete a functional activity when it cannot be com-
pleted by going against gravity to place it in a particular area
(27). Unweighing is a mechanical principle by which a body
part is used to advance another body part. For example, the
patient bears weight on the right hip while the therapist
unweighs the left hip in order to scoot in sitting. Head-hip
relationship is implemented when the therapist repositions
the hips by actively moving the head and shoulders in oppo-
site directions; this eases dependent transfers of a patient
into and out of a wheelchair (27,28). All of these learned tech-
niques take time and dedicated training by the PT and OT.

Orthopedic Trauma
Although a period of immobilization via traction or

casting is necessary for the recovery of certain injuries
and surgical repairs, therapy should be initiated as soon
as medically appropriate. Early ranging will maximize
joint ROM, ensure smooth tendon gliding, prevent or mini-
mize adhesions from developing, provide sensory re-edu-
cation and desensitization, and improve overall motor
function. Exercises, with or without resistance, will
strengthen both affected and unaffected muscles. Educating
the patient, family, and staff in the proper techniques is criti-
cal for the success of home exercise programs, as they should
be performed several times each day for an optimal
outcome. To prevent secondary injuries from developing,
therapy should be consulted to range and/or strengthen
noninvolved joints while others are immobilized.

Edema management is important to a successful rehab
program. The most effective method for preventing and/or
minimizing edema is through extremity elevation. Position-
ing the arm or leg on pillows, wedges, or other elevation
devices above the level of the heart while in bed not only
helps with reducing or minimizing edema, but also provides
support to minimize strain placed on the proximal joint. The
use of a sling can help avoid keeping one’s hand in a depen-
dent position while out of bed; this can also increase the
patient’s comfort during ambulation. Patients are encour-
aged to perform frequent AROM, and this is taught early
in most therapy programs and practiced several times a
day to decrease edema. Other methods used for effective
edema reduction include PROM, retrograde massage, and
the use of compression devices.

Axial Spine Considerations
Within the trauma setting, many patients are diagnosed with
axial spine injuries. Treatment for this population is similar
to that of spinal cord-injured patients with respect to protect-
ing the fracture site(s). Often, orthotic devices such as a
TLSO are prescribed for stabilization. For these patients, an
additional goal for donning and doffing the brace is
created. Patients are educated about the necessary precau-
tions to protect their spine, which may include but are not
limited to avoidance of bending, lifting, or twisting. To main-
tain these spine precautions, an assistive device called a
reacher may be needed for lower body dressing and for
picking objects off the floor, as well as for reaching items
overhead (Fig. 1). Patients are also taught to limit sitting to

15–30 minutes at a time (this may vary with different pro-
cedures or surgeons). Therapists also instruct the patient in
specific techniques to protect the spine while getting into
and out of bed, referred to as log-rolling. Refer to Figure 6
for an illustration and description of this technique.

Lower Extremity Considerations
Ambulation goals are initiated as soon as possible. Many
studies have shown that early ambulation is critical to a
good recovery. Conversely, prolonged bed rest is detrimental
to recovery following hip fractures, particulary in the frail. A
recent study of elderly patients following hip fracture
demonstrated that early ambulation and progressive
weight bearing after surgery was associated with less mor-
bidity and improved ambulatory status (29). Another
study suggested that twice-daily treatments during the
first post-operative week following hip fractures increases
the odds of regaining independent bed mobility and ambu-
lation with a walker, as well as the likelihood of being dis-
charged directly to home (30).

Weight-bearing status is an important consideration
that varies depending upon the surgical procedure and
type of injury. For example, nonweight-bearing is common
for non-surgical calcaneal fractures, whereas weight
bearing as tolerated is common for minor pelvic fractures.
The use of assistive devices is necessary to maintain lower
extremity weight-bearing restrictions during out of bed
activity and ambulation. Refer to Figure 7 for examples of
commonly used assistive devices for ambulation. The use

Figure 6 Log-rolling technique: this is often the most effective

method for a patient to safely get into and out of bed in order to

protect the spine and/or minimize abdominal pain or trauma. The

patient will roll to his side and push himself up with his arms while

lowering his legs simultaneously. This procedure is reversed for

moving from sitting to supine.
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of a platform walker for ambulation allows the patient to
maintain weight-bearing precautions on the distal upper
extremities.

Upper Extremity Considerations
Patients with upper extremity injuries will most likely need
OT for proper ROM, strengthening, and positioning
techniques, as well as fine-motor coordination and ADLs.
Splinting is an effective method for providing proper hand
position. Splints can be used to support joints, tissues, and
bones as they heal or facilitate and maintain increased
ROM. Collaboration between the OT and the surgeon is
essential for the use of proper postoperative splints.

The most commonly issued splint for the ICU patient
is the resting hand splint (Fig. 8). This splint allows for
wrist extension and metacarpophalangeal (MP) joint
flexion, thus placing ligaments and tendons in the wrist,
hand, and fingers in maximal stretch and reducing the like-
lihood of contractures. Additionally, slight interphalangeal
(IP) joint flexion of the fingers and carpometacarpal and

MP opposition of the thumb maintain the hand in the most
functional position. Soft, off-the-shelf wrist cock-up splints
are another frequently used option for providing wrist
extension in patients who do not require finger or thumb
support. This is a more economical approach and preferred
by some patients because of their smaller size and padding
for comfort. However, custom-made splints provide added
support and comfort if properly fit. A large variety of
splints are commercially available and even more splinting
options are possible for the experienced splinter.

Once splints are issued, OTs then educate patients,
staff, and families regarding correct protocols for donning
and doffing the splints. Most often, splints are to be worn
for two hours and removed for two hours throughout the
daytime, and worn at night. Immobilization splints are
usually worn at all times and removed only for hygiene
and/or wound inspection, if cleared by the physician. Skin
is inspected each time the splints are removed to assess for
redness or pressure spots to ensure proper fit of the splint
and to prevent skin breakdown. To combat stiffness, joints
should be fully ranged upon splint removal when indicated.

Hand injuries are often associated with profound
psychological effects on patients. Because most injuries to
the hand are quite traumatic, patients can develop a post-
traumatic stress disorder (PTSD) regarding the event that
led to their injury (31). The hand is one of the most important
body parts for performing daily activities and, therefore, the
loss of hand function can significantly affect the patient’s
personal, professional, and social life. Therapists endeavor
to reassure and educate patients and caregivers that these
conditions can improve or be coped with when the
therapy program is properly applied.

Amputations
Patients admitted for elective amputations should be

introduced to therapy pre-operatively. Table 12 shows a
summary of the critical path for acute lower extremity amputa-
tions used at UCSD (because upper extremity amputations are
more rarely performed, the focus of this section is on the lower
extremity). During the pre-surgical phase, the PT prescribes an
individualized exercise program in order to prepare the patient
for the post-operative phase. The exercise program consists of
strengthening both the upper and lower extremities, as well as
continued functional mobility, which increases endurance and
allows for bilateral lower extremity weight-bearing. These
important considerations are not often practical or available
for traumatic amputations.

Post-operatively, PT is resumed and OT is initiated to
address ADL needs such as modified dressing techniques.
Patient education and positioning of the residual limb is a
key component in the postoperative PT program. Positioning
assists in the prevention of joint contractures and the shorten-
ing of soft tissues. Prone lying is highly encouraged in order to
prevent hip flexion contractures; however, special consider-
ation should be taken with geriatric patients and patients
with multiple injuries. A patient unable to lie prone should
lie supine with his hip in extension against a supporting
surface. In side–lying, the PTs can also perform stretches in
order to increase hip extension. A pillow should not be
placed under the knee for prolonged durations due to the
increase in flexion moment, which leads to knee or hip
flexion contractures. The patient who remains in a seated
position, may use another supporting surface, such as a
chair, to maintain knee extension. A patient seated with the
knee flexed for a prolonged period of time may develop a

Figure 7 Example of various ambulation devices: left to right—

quad cane, hemi-walker, front-wheeled walker, and front-wheeled

walker with platform attachment.

Figure 8 Resting hand splint. This device places the hand in the

so-called “position of function” with the wrist in moderate exten-

sion, the metacarpophalyngeal (MP) joint in flexion, and the

fingers in only mild flexion to maintain stretch on aggregate flexor

and extensor tendons and limit contractures of prolonged disuse.
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flexion contracture and increased edema in the residual limb
due to its dependent position. These complications delay the
patient’s fitting for a prosthesis.

Skin care is another important factor in the education
of the amputee, especially if the patient suffers from dimin-
ished lower extremity sensation. Proper hygiene should be
exercised to prevent skin breakdown in the uninvolved
leg. This involves daily foot inspections, thorough washing
of the foot, and careful selection of footwear. The skin
should be kept clean and dry at all times. It is imperative
that the patient also conducts daily inspections of the
residual limb with a mirror, looking for signs of infection
or drainage at the incision site. Friction massage therapy
should be utilized daily to mobilize adherent scar tissue
and to desensitize to touch and pressure.

It is recommended that the amputee keep the residual
limb elevated to prevent increased swelling. Patients not
fitted with a rigid cast can also use an elastic wrap called a
“stump shrinker” to reduce the size and control edema. It
should be worn at all times, except when bathing. An alterna-
tive technique to reduce edema is to use an ace wrap, which
can begin to shape and shrink the tissue and control swelling
in order to prepare the residual limb for a prosthetic fitting.
The residual limb should be re-wrapped every 3–4 hours,
or more frequently if the wrap becomes loose. When wrap-
ping, always use diagonal turns, providing greater distal
than proximal pressure to facilitate fluid return back into
the body circulation, and ensure there are no wrinkles or
bulges, which can cause tissue ischemia (32).

The main goal of pre- and post-operative amputation
therapy in an acute care setting is to allow the patient to
be functionally independent prior to the possible use of a
prosthetic device. It is recommended that patients attend a
support group whenever possible to address the emotional
impact associated with losing a limb. With proper psycho-
logical support and routine follow-up PT, a patient with an
amputation can return to an active lifestyle with or
without a prosthetic device.

Burns
More than 50,000 patients are admitted to burn units each
year in the United States (33). Burn victims face a variety
of complications related to their injury. These complications
include, but are not limited to: decreased strength, ROM,
endurance, mobility, and independence with ADLs.

The initial role of the therapists is to establish a
functional baseline within the first 24–48 hours (or after
resuscitation is finished) to compare with the patient’s
status as complications or limitations in the functional abil-
ities arise. The initial evaluation and follow-up treatments

can be performed in coordination with the burn technicians
during dressing changes to allow therapists to better observe
the skin’s mobility. Although the patient may be unrespon-
sive, sedated, and/or on paralytics, therapy is vital to
prevent complications of immobility. In this stage of rehab
in the ICU, OTs fabricate splints for both upper and lower
extremities to assist graft stabilization and/or wound
closure, and to prevent contractures or damage to anatom-
ical structures.

Also in this stage, therapists educate caregivers and
the burn team members on proper positioning, splinting,
ROM, and scar management to the involved and uninvolved
joints (see Table 13 for rehabilitation guidelines following
grafting). The success of the burn patient’s recovery
relies greatly on their positioning in and out of bed. It is
important to note that a position of comfort is, unfortu-

nately, one that will facilitate contractures. For example,
allowing a burn patient’s extremities to remain flexed can
lead to contractures of flexor tendons.

Edema control is another crucial focus of therapy for
burn patients because edema directly affects function,
especially for the hand. If edema persists, it may lead to
such problems as adaptive shortening, adhesions, and even-
tually to a loss of function (34–36). Coban self-adhesive
wrap is frequently used to control edema, as well as to
conform and compress the scarring (37). The use of Coban
does not impede grip strength, hand mobility, or the
patient’s ability to perform self-care tasks (38).

As the patient weans off paralytics and increased
active participation in the exercise program is evident, thera-
pists should reassess the treatment plan. They perform a
functional mobility and ADL assessment, as well as reassess
the previous splinting, scar management, and therapeutic
exercise programs. Prior to beginning weight-bearing activi-
ties, such as tilt table and/or gait training, the lower extremi-
ties may be wrapped with circumferential graded passive
supports such as ace wraps. The ace-wrapping supports the
new grafts, promotes venous return, and assists in the
reduction of pain. If the patient cannot tolerate the upright
position required to begin gait training due to orthostatic
hypotension or increased pain in the lower extremities, a tilt
table treatment can assist in preparing the patient for walking.

Burn patients are at risk for hypertrophic scarring.
This abnormal tissue produces excessive amounts of col-
lagen, minimal elastin, and may form thick rope-like
bands. The scars may contract over joints, greatly limiting
ROM and functional use. Scar management is critical to
minimize the effects of hypertrophic scars. Modalities may
include aggressive stretching, splinting, Compression gar-
ments (e.g., Jobstw compression stockings and gloves).
Close attention should be paid to scarred areas for up

Table 12 Critical Path for Rehabilitation Following Acute Lower Extremity Amputation

Area Day 1 Days 2–4 Days 4–6

Evaluation Complete evaluation Re-evaluate patient Re-evaluate patient

Equipment needs Establish need for assistive

devices and adaptive

equipment

Re-evaluate need for assistive

devices and adaptive

equipment

Re-evaluate need for assistive

devices and adaptive

equipment

Caregiver/patient education Initiate home exercise program

and family training

Continue with home exercise

program and family training

Continue with home exercise

program and family training

Treatment Begin functional mobility and

edge of bed self care skills

training

Progress functional mobility and

advance self care skills to

sitting at sink

Progress functional mobility and

advance self care skills to

standing at sink
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to four years post-burn to minimize contractures and
deformity. Surgical contracture release may be needed for
more severe cases. Every patient who is hospitalized for
the treatment of a burn should be referred for follow-up
rehab upon discharge in order to achieve and maintain the
ultimate goal of independence.

Transplants
Most patients who have received organ transplants are
quite deconditioned before their transplants as a result of
organ failure, and therefore have lengthy recoveries. Pre-
transplant therapies should be ordered when patients are
admitted to the hospital so that they may be as strong as
possible before undergoing surgery and become intro-
duced to the therapy process. After the transplant, thera-
pists continue working with the patient to return to his/
her PLOF.

Mobilizing transplant patients as early as possible is
important for their overall recovery. Sternal precautions are
followed for patients who have received heart and lung
transplants, avoiding strenuous movements to stretch the
chest wall before the sternum has healed. All transplant
patients must avoid resistive exercises and heavy lifting for
several weeks or months following surgery. Patients are
taught log-rolling techniques for bed mobility to minimize
abdominal strain or pain at the incision sites (refer back to
Fig. 6). Abdominal binders are frequently used for
additional support and comfort.

At UCSD, the standard discharge goal for patients
following liver transplants is to be able to walk at least 50
feet, climb one flight of stairs, and perform simple ADLs
with no more than minimal assistance (39). Following
discharge, most patients go to an acute rehab facility if
needed and then home with their families.

Minimally Conscious Patients
Range of Motion, Positioning, and Caregiver Training
For minimally-conscious patients, ROM should be performed
to each joint at least twice a day to prevent the development
of contractures. Most family members are eager to learn
how they can help their loved one, and therapists can teach
them appropriate ranging and positioning techniques. In the

absence of family or visitors, nurses need to be more proactive
with rehab. Family involvement in therapy sessions has many
benefits. They feel they are contributing to the patient’s well
being (which they are). Moreover, knowledge of proper tech-
niques may also prevent potential injury from accidentally
moving a limb in a contraindicated method or an unnatural
position. The importance of passive stretching at end range
when the patient is at risk for or has a contracture is also
stressed to family members who may otherwise not
perform the stretches properly. Families and caregivers are
also trained in safe transfer techniques (utilizing mechanical
lifts if necessary) and proper body mechanics while ranging
and transferring the patient.

OT Assessment for Splinting
Some patients may require splints if they are unable to move a
limb. Often, a patient’s hands are closed at rest, which may
result in shortening of flexor tendons, thereby preventing
full finger or wrist extension. OTs can issue splints to ensure
proper positioning and prevent contractures. Ankle splints
are also commonly needed to prevent or combat foot drop
contractures. Patients on chronic bedrest commonly develop
a shortening of the heel cords due to a lack of stretching
through standing. This is further exacerbated by sheets and
blankets pressing down on their toes causing further
plantar flexion at the ankles. Consulting OT for splinting
will ensure that minimally-conscious patients are properly
positioned and do not develop contractures.

AGE-SPECIFIC CONSIDERATIONS
Pediatric Patients
Pediatric patients are more likely to present with a higher
anxiety level than adults, as they are too young to fully
understand what is happening around them. The ICU is a
scary place for most patients, and especially so for a child
with multiple IVs, monitors, and many physicians, nurses,
and other medical professionals entering the patient’s
room at all hours (Table 14).

Bringing in stuffed animals or other toys from home
can provide a sense of familiarity and comfort. Working
with and training parents and family members are critical
for pediatric therapists. This helps the patient feel more

Table 13 Critical Path for Rehabilitation Following Acute Burn Injury

Area Admission Pre-treatment Post-treatment

Assessment Complete a burn evaluation Re-evaluate patient’s progress and

needs

Re-evaluate patient’s progress and

needs

Positioning and

splinting

Issue splints and wearing

schedule

Monitor effects of splints and make

adjustments as needed

Monitor effects of splints and make

adjustments as needed

ADLs Determine deficits and establish

treatment plan

Initiate activities designed to

maximize self-care

Encourage active movement and ADLs

with grafted extremity in accordance

with post-op orders

Mobility Determine ROM and mobility

deficits; establish and

implement treatment plan

Continue therapeutic exercise

program and training for bed

mobility, transfers, and gait

Advance treatment program to maxi-

mize mobility and ambulation in

accordance with post-op orders

Strength Instruct patient in exercise

program

Monitor exercise program Progress to independent exercise

program

Scar management Determine need for and initiate

pressure management and

proper skin care

Monitor changing needs for pressure

management and instruct in

proper skin care

Progress to independent pressure man-

agement and skin care

Abbreviations: ADLs, activities of daily living; ROM, range of motion.
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comfortable with the PT/OT process, partly because the
therapy is provided by familiar individuals rather than by
strangers. Finally, the developmental level of the child
must also be considered when constructing treatment
plans and goals.

Geriatric Patients
As with children, special considerations must be made when
working with geriatric patients, especially in the ICU.
Therapy treatments are often less aggressive than for
younger, typically healthy patients, as they often have sec-
ondary diagnoses that must be accounted for during
therapy (Table 15). Older patients have significantly
more comorbidities than younger or middle-aged patients
(Volume 1, Chapter 37). Incidence of comorbid diseases
rises from 9% for patients under age 45 to 65% for patients
over 75 years (40). The most common comorbidities
include diabetes, coronary artery disease, cirrhosis, chronic
renal failure, and chronic obstructive pulmonary disease
(15). Therapists also consider the presence of dementia
when working with older patients. Presence of comorbidities
likely extends the length of stay in the ICU and the patient’s
overall hospitalization.

Geriatric patients rarely function at a fully indepen-
dent level even prior to hospitalization. It would therefore
not be appropriate for therapists to set goals of complete
independence for these patients. Caregiver/family training
is an important component of PT/OT treatment sessions,
as they must show that they are able to care for the patient
appropriately and safely at home.

PSYCHOLOGICAL REHABILITATION

The psychological component of rehabilitation is just as

important as the physical component. One must need a
“drive” or motivation to recover to achieve and improve
one’s overall functional mobility and self-care. This is
especially true for trauma patients because they need to
overcome several psychological ramifications from being a
victim of a traumatic event. A large number of trauma
patients suffer from psychological problems that may have
lead to the event. For example, alcohol abuse may contribute
to the mechanism of injury such as a fall that causes a sub-
dural hematoma, a motor vehicle accident that results in
multiple orthopedic injuries, or chronic conditions such as
liver disease, which may require a transplant.

Common psychological reactions of an ICU patient
resulting from traumatic events and/or loss of functional
independence include confusion, frustration, apathy,
depression, worthlessness, denial, anger, and PTSD. Indeed,
many hospitalized trauma survivors develop acute stress dis-
order or PTSD (refer to Volume 2, Chapter 65). In addition,
over 30% of patients in the ICU suffer significant anxiety (41).
These reactions must be taken into account when the PT and
OT create individualized plans of care for the ICU patient.

OUTCOME PREDICTION

Continuity of care for rehabilitation begins in the ICU and

is continued until after the patient is discharged. The goal

Table 14 Pediatric Considerations for Physical and Occupational Therapy

Age Focus Perceptions Approaches

Possible adverse effects of

hospitalization

Infants

(newborn to

1 yr)

Bonding, trust

formation, sensorimo-

tor integration

Entire body feels and

responds to pain, perceives

world as uncaring if cries

not attended, reacts with

appetite and play

Consistent caregiver, eye-

contact, smiles, maintain

parent contact, stroking,

holding, singing

Separation from parents may

cause anxiety, inactivity

may delay gross and fine

motor skills

Toddlers

(1–3 yrs)

Autonomy, gross and

fine motor,

exploration

Punishment, separation

anxiety, regression with

stress

Explain who you are and what

you are doing, focus on

what toddler can do to help,

give choices when appro-

priate, establish routines

Increased dependence on

parents, separation anxiety,

delayed toilet-training,

regressive behavior (may

want a bottle)

Preschoolers

(3–6 yrs)

Fantasy, motor skills,

social skills, very

independent

Punishment, fear of bodily

harm or intrusive

procedures

Same as toddler, use play as

outlet for fear and anger,

praise accomplishments

Parents become overprotec-

tive, regressive in behavior,

lack of exposure to new

experiences, bed wetting,

eating and sleeping

problems

School-age

adolescents

(6–13 yrs)

Separation from mother

as individual, social/
peer development,

Fear of mutilation, loss of

control, or uncontrolled

pain

Allow decisions when appro-

priate, explain what is

affected, encourage peer

support, offer coping

methods and activities that

promote mastery

Loss of body control

Adolescents

(13–19 yrs)

Independence, role

exploration, acquiring

values

Views treatment as

intimidation, loss of

independence, body image

is critical, idealistic

Give clear and detailed

explanations, allow

decisions, elicit input into

treatment plans

Fears about ability to function

in school, sense of iso-

lation, fewer peer opportu-

nities, resents loss of

control
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of overall independence is not always met prior to discharge
from the hospital, partly due to third-party payer restrictions.
Patients often require continued rehabilitation after discharge
to continue progressing toward independence (Table 8).

EYE TO THE FUTURE
Kinesio Taping
Kinesio Taping, developed by Dr Kenzo Kase, was first intro-
duced to the United States in 1995 as a modality treatment
for PT and OT. This treatment approach is based on provid-
ing a supportive exoskeleton during rehab while healing occurs
and the muscles regain strength (42). The tape affects the skin,
muscles, lymphatics, and joints (Fig. 9). In the skin, the
tape relates sensory stimuli to mechanical receptors,
decreases inflammation, and decreases pressure chemical
receptors. The tape improves contraction of weak muscles
and reduces muscle fatigue and over-contraction, in
addition to relieving pain. In the lymphatic system, blood
and lymphatic circulation improve. The tape promotes

lymphatic drainage from the extremity and reduces excess
inflammatory chemical substances in the tissue. The tape is
also believed to adjust joint misalignments caused by
spasm/shortened muscle, thus improving AROM. Kinesio
Taping is used in conjunction with therapeutic exercise pro-
grams and manual therapeutic techniques in order to assist
the patient in achieving his/her goals to maximize func-
tional independence with minimal pain.

Body Weight Support Treadmill Training
Body weight support treadmill training (BWSTT) is a treat-
ment intervention used to assist patients in more quickly
achieving ambulation goals. The BWSTT is composed of
the following parts: harness, groin piece, overhead straps,
unweighting scale, adjusting handes, and a height adjuster.
The idea to use this intervention with diagnoses of stroke
and SCI was first introduced by Finch et al. and Barbeau
and Blunt (43,44). Researchers have found that the spinal
locomotor pools are highly responsive to phasic segmental
sensory inputs as well as demonstrated motor learning
during step training (45).

In patients post-stroke, BWSTT is shown to be more
effective than treadmill training without any weight
support, and treadmill training is more effective than con-
ventional over ground gait training (46,47). A three-month
study demonstrated that the BWSTT group continued to
have increased motor recovery and ambulation speeds
than the non-BWSTT group (47). Step training with
BWSTT is most effective when stroke patients ambulate at
speeds close to normal over ground walking velocities (48).
For example, a speed of 2.0 mph on the treadmill is more
effective than training at speeds less than 2 mph (48). It
also recommended 40% body weight support, as this was
found to be the most effective amount of support (47). In
studying EMG recordings of the paretic limbs of patients
post-stroke, Hesse et al. found that they were more phasic
and had more symmetrical patterns following BWSTT,
than over ground training (49). In patients with incomplete
SCI, Wernig et al. found that BWSTT was most effective in
progressing patient’s ambulation (50). Prior to this study,
38 of 44 patients used a wheel chair. After BWSTT, 38
patients were able to ambulate with either a cane or a
walker (50). In patients with Parkinson’s disease, BWSTT

Table 15 Adult Considerations for Physical and Occupational Therapy

Age Cognitive changes Approaches

Possible adverse effects of

hospitalization

Young adults

(19–45 yrs)

Mental abilities peak during twenties,

reasoning, and information recall

Watch body language as a cue for

feelings, allow for as much

decision-making as possible,

explore impact of hospitalization

to work/job

Actual or perceived anticipation of

harm, anxiety of the unknown,

threats to physical self-image,

change in role as a provider, loss

of control

Middle adults

(46–60 yrs)

Mood swings, decreased short-term

memory and synthesis of new

information

Allow choices and decision-making

in plan-of-care, explore

relationship of illness to body

image, encourage as much self

care as possible

Anxiety for an unidentified threat,

threats to physical image and

change in functional ability, fear

of death, perception of aging,

losing independence

Older adults

(.60 yrs)

Decreased ability to respond to internal

and external environment, decreased

short-term memory

Teach stress reduction strategies,

encourage social interactions

Aggressive or hostile behavior,

withdrawal, non-compliance,

apathy, dependency, shock,

denial, information-seeking

Figure 9 Kinesio taping graphical representation of blood,

lymphatic, and interstitial fluid mobilization. Taped areas form

convolutions, which intermittently increase, then decrease the

space between skin and muscles, serving as a pump, which

promotes the flow of lymphatic and interstitial tissue into

capillaries, and back to the blood stream. Source: Adapted from

Ref. 42.
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assists in the improvement of short step length (51). Further
studies are required to determine the effectiveness of BWSTT
for other neurological diagnoses.

Neuromuscular Electrical Stimulation
Neuromuscular electrical stimulation (NMES) is used as a
therapeutic modality to increase muscle size and strength.
This is especially useful during spinal cord injury rehabilita-
tion, but it can also be used for post-surgical recovery (52,53).
NMES can be utilized for maintaining and/or improving
muscular contractions for patients restricted to bedrest
(54). Other uses for NMES include maintenance or increase
of ROM and substitution for various orthoses (52).

NMES uses pulses of current to activate the larger,
fast-twitch muscle fibers, causing them to contract. These
muscles can significantly atrophy during prolonged
periods of immobilization or bedrest and are difficult to
strengthen through exercise alone. Studies have shown
that muscle atrophy can be prevented through the use of
NMES (52). When nerves are impaired and active motion
is limited, NMES can help to increase the movements.
Some common indications for applying NMES are wea-
kened wrist and finger extensors, in order to improve fine-
motor coordination; and shoulder subluxation, to correct
and maintain proper joint alignment (54,55). This modality
is more commonly used in out-patient programs; however,
it can also be a useful tool for therapists in the acute
setting to address problems before they worsen or become
chronic, thus complicating recovery.

Complementary and Alternative Therapies
Various complementary and alternative therapeutic tech-
niques can be implemented to promote relaxation for hospi-
talized patients. This is especially important for patients in
the ICU, because of the “white noise,” and frequent sleep-
disturbing intrusions that are more common in the ICU
than on general medical floors. The use of multiple monitors,
IV machines, and ventilators, coupled with less privacy and
numerous professionals entering the room around the clock
can heighten anxiety and diminish rest. Patients with acute
neurological injuries are also easily over-stimulated and
cope better when relaxation techniques are utilized.

One calming technique utilized at UCSD involves ded-
icating programming on television sets located in patients’
rooms. Each television set has one station that plays relaxing
music and displays calming scenery 24 hours a day. This
allows patients, families, or staff to “drown out” noxious
noises so the patient can relax, sleep, or otherwise focus on
something other than pain and the hospital environment.
Focusing on music has been shown to reduce the effects of
unwanted stimuli while stimulating endorphins, which
produce pleasurable feelings (56). This noninvasive inter-
vention is an excellent adjunct to therapy treatments,
especially while performing ROM.

Relaxed patients typically have reduced perceptions of
pain, thus facilitating better stretching by reducing resist-
ance to passive movements. Easily distracted patients can
also focus better on cognitive activities and require fewer
cues for redirection when listening to relaxing background
music. Music can also be a useful relaxation and distraction
tool to offset painful or stressful activities such as dressing
changes or wound care as an alternative to increasing
pharmacologic dosages for improved pain control (57). The
Joint Commission on Accreditation of Health Care Organiz-
ations (JCAHO) has recommended that facilities implement

non-pharmocological treatments such as music therapy
to complement traditional methods of post-surgical pain
control (58).

Animal-assisted therapy is another novel intervention
known to help patients cope with painful and unpleasant
conditions. Pet therapy involves visits from specially
trained animals (typically dogs) that serve to improve
patients’ cooperation in cognitive or physical training.
These animals also serve to combat the stresses and anxieties
of hospitalization, improving patients’ mood, and decreas-
ing loneliness (59–61).

Pets can be used during PT and OT treatments to
motivate patients to participate in therapeutic activities.
For example, patients may be encouraged to sit up or use
their injured arm to pet the animal. In addition to pet
therapy visits, similar benefits can be gained from visitations
by the patients’ own pets (however, personal pets must be
certified free of disease and vaccinated). At UCSD, volun-
teers take Polaroid photos of the pet therapy visits, provid-
ing mementoes of pleasurable events during their
hospitalization. Pet visits can be permitted for ICU patients
typically with a physicians’ order, as long as they meet the
medical criteria (not immuno-suppressed, allergic to
animals, or have a communicable disease or unexplained
fever). Having pets visiting the units can be a positive
experience for patients, families, and staff members, which
is important in such a highly stressful environment.

SUMMARY

Early rehabilitation is essential for optimal treatment of
trauma and critical care patients. The sooner therapy is
initiated, the less likely patients will decline in the ICU
and will therefore have better outcomes. Important points
to consider when ordering therapy include a clear
summary of all injuries and medical conditions, and the
expected goals of rehabilitation. Additionally, the orthopedic
surgeons and/or neurosurgeons should clearly declare the
stability of the spine, pelvis, and extremities to both the
trauma team and the PT/OT consultant. A daily review of
weight bearing restrictions and/or other precautions regard-
ing physical movement of the spine or extremities is useful
and should be reflected in the patient’s activity orders.

Activity orders must further indicate whether patients
are cleared for edge of bed, out of bed to chair, out of bed
with assistance, or out of bed as tolerated. Out of bed
orders should be written as soon as the patient is medically
appropriate. Spine precautions must be cleared prior to
therapy or out of bed orders to ensure that the patient is
safe to participate in therapy programs. Orders for weight-
bearing (for each involved extremity), type and wearing
schedule for orthotic devices (e.g., if a specific back brace
is required when out of bed), other specific precautions or
contraindications (e.g., following anterior or posterior hip
replacement surgeries), any ROM limitations, and any
other critical information necessary for therapists to treat
the patient appropriately and effectively must be included
with the therapy orders. If in doubt, consult PT and/or OT
for a patient evaluation.

An individualized plan of progressive exercise initiated as
soon as possible in the recovery process is the best way to
ensure the total recovery of the patient in the least amount
of time and with fewest complications (4).
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KEY POINTS

The overall goal of rehabilitation is to achieve
maximum restoration of the patient’s physical, psycho-
logical, social, vocational, recreational, and economic
functions within the limits imposed by the trauma,
critical illness, or any other pre-morbid deconditioning
that may have occurred.
Physical therapy (PT) involves the identification, pre-
vention, correction, and rehabilitation of acute or pro-
longed movement dysfunction of any etiology.
Occupational therapy (OT) primarily focuses upon
improving patients’ abilities to perform activities of
daily living (ADLs) and functional mobility.
Patients relegated to extended bedrest suffer more sec-
ondary disabilities and require longer recovery periods
than patients who are mobilized out of bed early.
Ordering PT and OT early in a patients’ hospitalization
will likely decrease medical and functional complications
because patients will be stronger, more active, and men-
tally more interactive, leading to better outcomes.
Discharge planning considerations are deliberated
during the initial rehab evaluation, even for ICU
patients. The more time the patient, family, and
medical team have to prepare, the more successful the
discharge plan.
The Rancho Los Amigos Cognitive Scale provides the
most useful and reproducible categorization of cogni-
tive and behavioral status for patients who are awake
and interacting with their environment (24).
Therapists should perform a standardized American
Spinal Injury Association (ASIA) evaluation within
the first 72 hours of admission following spinal cord
injury (SCI).
Although a period of immobilization via traction or
casting is necessary for the recovery of certain injuries
and surgical repairs, therapy should be initiated as
soon as medically appropriate.
Patients admitted for elective amputations should be
introduced to therapy preoperatively.
The success of the burn patient’s recovery relies greatly
on their positioning in and out of bed. It is important to
note that a position of comfort is, unfortunately, one
that will facilitate contractures.
Consulting OT for splinting will ensure minimally-
conscious patients are properly positioned and do not
develop contractures.
The psychological component of rehabilitation is just as
important as the physical component.
Continuity of care for rehabilitation begins in the ICU
and is continued until after the patient is discharged.

REFERENCES

1. Black KS, Campbell MK. Physical therapy. In: Nickel VL, Botte
MJ, eds. Orthopaedic Rehabilitation. 2nd ed. New York:
Churchill Livingstone 1992:27–40.

2. Yerxa EJ, Clark F, Frank G, et al. An introduction to occu-
pational science, a foundation for occupational therapy in the
21st century. Occupational Therapy in Health Care 1989;
6:1–17.

3. Dock W. The evil sequelae of complete bedrest. JAMA 1944;
125(16):1083–1085.

4. Kasper CE, Talbot LA, Gaines JM. Skeletal muscle damage and
recovery. Am J Crit Care 2002;13(2):237–247.

5. Bloomfield SA. Changes in musculoskeletal structure and
function with prolonged bedrest. Med Sci Sports Exerc 1997;
29(2):197–206.

6. Deitrick DE, Whedon GD, Shorr E. Effects of immobilization
upon various metabolic and physiologic functions of normal
men. Am J Med 1948; 4:1033–1038.

7. Fowles JR, Sale DG, MacDougal JD. Reduce strength after
passive stretch of the human plantar flexors. J Appl Physiol
2000; 89(3):1179–1188.

8. Honkonen SE, Kannus P, Natri A, Latvala K, Jarvinen MJ.
Isokinetic performance of the thigh muscles after tibial
plateau fractures. Int Orthop 1997; 21(5):323–326.

9. Muller EA. Influence of training and of inactivity on muscle
strength. Arch Phys Med Rehabil 1970; 51:449–462.

10. Mahoney JE. Immobility and falls. Acute Hospital Care 1998:
14(4)699–726.

11. Lorin S, Nierman DM. Critical illness neuromuscular abnorm-
alities. Crit Care Clin 2002; 18:553–568.

12. Greenleaf JE. Energy and thermal regulation during bedrest
and spaceflight. J Appl Physiol 1989; 67(2):507–516.

13. Saltin B, Blomqvist G, Mitchell JH, Johnson RL, Wildenthal K,
Chapman CB. Response to exercise after bedrest and after
training. Circulation 1968; 38(5):VII1–VII78.

14. Taylor HL, Henschel A, Brozek J, Keys A. Effects of bedrest on
cardiovascular function and work performance. J Appl Physiol
1949;2:223–229.

15. Tisherman SA, Darby J, Peitzman AB. Intensive care unit: struc-
ture, role, and function in a trauma center and regional system.
Surg Clin North Am 2000; 80(3):783–790.

16. Herbert RD, Balnave RJ. The effect of position of immobilization
on resting length, resting stiffness, and weight of the soleus
muscle of the rabbit. J Orthop Res 1993; 11(3): 358–366.

17. Hoyt DB, Hollingsworth-Fridlund P. Trauma surgery and
trauma nursing. In: Nickel VL, Botte MJ, eds. Orthopaedic
Rehabilitation. 2nd ed. New York: Churchill-Livingstone;
1992:95–103.

18. Kierkegaard A, Norgren L, Olsson, CG, et al. Incidence of deep
vein thrombosis in bedridden non-surgical patients. Acta Med
Scand 1987; 222:409–414.

19. Aldrich D, Hunt DP. When can the patient with deep venous
thrombosis begin to ambulate? Phys Ther 2004; 84:268–273.

20. Partsch H. Therapy of deep vein thrombosis with low molecu-
lar weight heparin, leg compression and immediate ambu-
lation. Vasa 2001; 30:195–204.

21. Partsch H, Blattler W. Compression and walking versus bedrest
in the treatment of proximal deep venous thrombosis with low
molecular weight heparin. J Vascular Surgery 2000; 32:861–869.

22. Davies PM. Steps to follow, a guide to the treatment of adult
hemiplegia. Berlin: Springer, 1994.

23. Jacobs K, Jacobs J, eds. Quick reference dictionary for
occupational therapy. Thorofare, New Jersey: Slack, 2001.

24. Hagen C. Rancho Los Amigos cognitive scale (1982). Hagen
C. In: Herndon RM, (1997). Handbook of clinical neurologic
scales. New York: Dernos Vermande. Pg.195:207–208. Revised
scale 1997 by Hagen C.

25. American Spinal Injury Association/International Medical
Society of Paraplegia: International standards for neurological
and functional classification of spinal cord injury patients.
Chicago: ASIA, 2000.

26. Luce JM. Spinal cord injury. In: Luce JM, and Pierson DJ, eds. Criti-
cal Care Medicine. Philadelphia: W.D. Saunders Co. 1988:438.

27. Yarkony GM, ed. Spinal cord injury: medical management and
rehabilitation (Rehabilitation Institute of Chicago manual).
Rockville, Maryland: Aspen Systems Corporation., 1994.

28. Somer MF. Spinal cord injury: functional rehabilitation.
Norwalk, Connecticut: Appleton & Lange, 1992.

29. Koval KJ, Skovron ML, Aharanoff GB, et al. Ambulatory ability
after hip fracture: a prospective study in geriatric patients. Clin
Orthop 1995; 310:150–159.

30. Guccione AA, Fagerson TL, Anderson JJ. Regaining functional
independence in the acute care setting following hip fracture
Phys Ther 1996; 76(8):818–826.

Chapter 66: Rehabilitation for Trauma and Critical Care 1197



31. Grunert BK, Devine CA. Psychologic effects of upper extremity
disorders. In: Mackin EJ, Callahan AD, Skirven TM, Schneider
LH, Osterman AL, eds. Rehabilitation of the Hand, and Upper
Extremity. 5th ed. St. Louis: Mosby, 2002;1088–1096.

32. Karacoloff LA, Hammersley CS, Schneider FJ. Pre-prosthetic
program in lower extremity amputation: a guide to functional
outcomes in physical therapy management. Gaithersburg,
MD: Aspen Publishers, 1992;11–23.

33. American College of Surgeons Committee on Trauma.
Resources for the optimal care of the injured patient. American
College of Surgeons Committee on Trauma, Chicago, 1998;55.

34. Howell JW. Management of the burned hand. In: Richard RL,
Staley MJ, eds. Burn care and rehabilitation: principles and
practice. Philadelphia: FA Davis, 1994;531–532.

35. Laseter G. Management of the stiff hand: a practical approach.
Orthop Clin North Am 1983; 14:749–765.

36. Saunders S. Physical therapy management of hand fractures.
Phys Ther 1989; 69:1065–1076.

37. Ward RS, Reddy R, Brockway C, Hayes-Lundy C, Mills P. Uses
of coban self-adherent wrap in management of post-burn hand
grafts: case reports. J Burn Care Rehabil 1994; 15:364–369.

38. Lowell M, Pirc P, Ward RS, et al. Effect of 3M Coban self-
adherent wraps on edema and function of the burned hand: a
case study. J Burn Care Rehabil 2003; 24(4):257–258.

39. University of California Regents. UCSD guide for post liver
transplant care. San Diego: University of California, San
Diego Medical Center. 2003.

40. Milzman DP, Boulanger BR, Rodriquez A, Soderstrom CA,
Mitchell KA, Magnant CM. Pre-existing disease in trauma
patients: a predictor of fate independent of age and ISS. J
Trauma 1992; 32:236–243.

41. Jones C, Skirrow P, Griffiths RD, et al. Rehabilitation after criti-
cal illness: a randomized, controlled trial. Crit Care Med 2003;
31(10):2456–2461.

42. Kase K. Illustrated Kinesio Taping. Ken’i kai information.
Albuquerque: New Mexico, 2000;6–11.

43. Barbeau H, Rossignol S. Recovery of locomotion after chronic
spinalization in the adult cat. Brain Res 1987; 412:84–95.

44. Finch L, Barbeau H, Arsenault B. Influence of body weight
support on normal human gait: development of gait retraining
strategy. Phys Ther 1991; 71:842–855.

45. Edgerton VR, Roy RR, de Leon RD, Tillakaratne N, Hodgson
JA. Does motor learning occur in the spinal cord? Neuroscien-
tist 1997; 3:287–294.

46. Richards CL, Malouin F, Wood-Dauphinee S, Williams JI,
Bouchard JP, Brunet D. Task-specific physical therapy for
optimization of gait recovery in acute stroke patients. Arch
Phys Med Rehabil 1993; 74:612–620.

47. Visintin M, Barbeau H, Korner-Bitensky N, Mayo NE. A new
approach to retrain gait in stroke patients through body

weight support and treadmill stimulation. Stroke 1998;
29:1122–1128.

48. Sullivan K, Knowlton B, Dobkin B. Step training with body
weight support: effect of treadmill speed and practice para-
digms on poststroke locomotor recovery. Arch Phys Med
Rehabil 2002: 83:683–691.

49. Hesse S, et al. Treadmill walking with partial body weight
support versus floor walking in hemiparetic subjects. Arch
Phys Med Rehabil 1999; 80:421–427.

50. Wernig A, Nanassy A, et al. Laufband (treadmill) therapy in
incomplete paraplegia and tetraplegia. J Neurotrauma 1999;
16(8):719–726.

51. Miyai I, Fujimoto Y, UedaY. Long-term effect of body weight-
supported treadmill training in Parkinson’s disease: a random-
ized controlled trial. Arch Phys Med Rehabil 2002; 83:1370–1373.

52. Baldi JC, Jackson RD, Moraille R, Mysiw WJ. Muscle atrophy is
prevented in patients with acute spinal cord injury using func-
tional electrical stimulation. Spinal Cord 1998; 36(7):463–9.

53. Hangartner TN, Rodgers MM, Glaser RM, Barre PS. Tibial bone
density loss in spinal cord injured patients: effects of FES exer-
cise. J Rehabil Res Dev 1994; 31(1):50–61.

54. Michlovitz SL. Ultrasound and selected physical agent modal-
ities in upper extremity rehabilitation. In: Mackin, E.J., Calla-
han, A.D., Skirven, T.M., Schneider, L.H., Osterman, AL, eds.
Rehabilitation of the hand and upper extremity. 5th ed. St.
Louis: Mosby, 2002; 1745–1763.

55. Wang RY, Chan RC, Tsai MW. Functional electrical stimulation
on chronic and acute hemiplegic shoulder subluxation. Am J
Phys Med Rehabil 2000; 79(4):385–94.

56. Schiedermayer D. Music therapy for the relief of postoperative
pain. In: The physician’s guide to alternative medicine, Volume
II. Atlanta: American Healthcare Consultants. 2000; 295–297.

57. Fratianne RB, Prensner JD, Huston MJ, Super DM, Yowler CJ,
Standley JM. The effect of music-based imagery and musical
alternate engagement on the burn debridement process. J
Burn Care Rehabil 2001; 22(1):47–53.

58. Good M, Anderson GC, Stanton-Hicks M, Grass JA, Makii
M. Relaxation and music reduce pain after gynecologic
surgery. Pain Manag Nurs 2002; 3(2):61–70.

59. Cole K, Garlinski A. Animal assisted therapy in the intensive
care unit? a staff nurse’s dream comes true. Nurs Clin North
Am 1995; 30(3):529.

60. Connor K and Miller J. Help from our animal friends. Nurs
Manage 2000; 31:42–46.

61. Titler MG. Family visitation and partnership in the critical care
unit. In: Chulay M, Molter N, eds. Protocols for practice: creating
a healing environment. Aliso Viejo: Am. J. Crit. Care 1998; 1–46.

62. Lee R. Guided imagery of supportive therapy in cancer treatment.
In: The Physician’s Guide to Alternative Medicine, Volume II.
Atlanta: American Healthcare Consultants. 2000; 261–264.

1198 Heygood and Olexa



SECTION M: Ethical Considerations and End of Life Care
SECTION EDITOR: ANNE J. SUTCLIFFE

67

Ethical and Legal Issues in Trauma and Critical Care

John M. Luce
Department of Medicine and Anesthesia, UC San Francisco School of Medicine, San Francisco General Hospital,

San Francisco, California, U.S.A.

INTRODUCTION

Patients with trauma and critical illness present physicians
and other health professionals with a host of ethical con-
siderations. Ethical behavior is aspired to by the vast
majority of physicians and health care workers around the
world. Although there is broad agreement on fundamental
principles, complex ethical dilemmas can arise in clinical
practice that challenge even the most erudite and ethically
sophisticated of clinicians.

The fields of ethics and law have occasionally been out-
paced by the rapid technological changes in health care. Conse-
quently, disagreement and uncertainty can occur when
formulating clinical decisions, which uphold legal and ethical
precepts. The situation is complicated further by the global
mobility of patients and family members—some countries,
the interpretation of ethical issues have been enshrined in
local and national law. As might be expected, the legal interpret-
ation of ethical issues tends to reflect the values of individuals
and the society to whom these laws apply.

Important ethical issues in trauma and critical care
include medical decision-making, informed consent, resus-
citation, brain death, organ transplantation, the withholding
and withdrawal of life support, and the allocation of medical
resources. These issues are addressed in this chapter
after providing a background to the field of biomedical
ethics. The relationships between ethical and legal
considerations are discussed with specific reference to the
American and British case law. In the “Eye to the Future”
section, suggestions are provided regarding how this field
may evolve in coming years.

BACKGROUNDTO BIOMEDICAL ETHICS
Ethical Principles
Beauchamp and Childress (1) have described four ethical
principles that govern the attitudes and behaviors of
physicians and other health professionals. In addition to
influencing professional standards, these four principles
(based on Western philosophical thought) inform most
health care law. The oldest ethical principle is beneficence:
acting to benefit patients by sustaining life, treating illness,
and relieving pain. A correlative principle is nonmaleficence:
refraining from causing harm as per the dictum of
“primum non nocere” (“first, cause no harm”). A third principle,
which has increasingly gained importance in the United
States and some other countries, is that of autonomy: respect-
ing the patient’s right to self-determination. A fourth ethical
principle, enumerated by Beauchamp and Childress, is
distributive justice: the fair, equitable, and appropriate

allocation of medical services in society. Underlying these
ethical principles are the covenantal virtues of trust (or
fidelity), as articulated in the Hippocratic Oath (Fig. 1) (2),
and honesty, the obligation to tell the truth (not explicitly
referred to in the Hippocratic Oath). Patients have the
right to expect that all physicians and health care workers
will be honest and trustworthy at all times.

An additional ethical principle increasingly empha-
sized over the last decade is that of confidentiality: the
respect of privileged patient information (this concept is
explicitly mentioned in the in the Hippocratic oath). The
four ethical principles of Beauchamp and those additional
precepts addressed in the Hippocratic oath (trust and confi-
dentiality) are summarized in Table 1.

The Fiduciary Relationship
The first three ethical principles outlined above also consti-
tute the foundation of the fiduciary relationship through
which physicians hold a special relationship of trust, confi-
dence, and responsibility and, as such, are expected to
serve the best interests of their patients. Such a relationship
is expected by society, because patients are assumed to be
vulnerable and medically naı̈ve compared to physicians
(and other health professionals) who possess superior
medical knowledge. In keeping with the principles of bene-
ficence and nonmaleficence, physicians and other knowl-
edgeable health practitioners may feel compelled to decide
what is best for their patients. The principle of autonomy,
which respects the individual’s right to self-determination,
is viewed ethically and legally as having priority, even if
the patient’s choice is contrary to that of the practitioner (3).

In keeping with the principle of autonomy when
capable of rational informed decision-making, patients

should always be allowed to define their own interests.

Increased Legal Emphasis upon Confidentiality
Confidentiality in health care involves the respect of
privileged patient information. Respect for confidentiality
is firmly established in codes of ethics and in law. As an
element of the principles of fidelity (promise keeping),
confidentiality is an essential component of trust as part of
the fiduciary relationship. The Hippocratic Oath explicitly
demands that physicians respect their patient’s confidences.

Confidentiality is linked with rights to privacy and is
prescribed in law, including the 1996 Health Insurance
Portability and Accountability Act (HIPAA), which was
passed as Public Law 104–191 by the 104th congress. The
HIPAA regulations call for series of privacy standards to
be met in all patients, including trauma and critically ill (4).
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Special Circumstances of Trauma and Critical Illness
The fiduciary relationship is relatively easy to maintain when
patients have minor or chronic illnesses and are seen in
primaryphysicians’offices or in hospital rooms.Disagreements
about what is best for patients can be discussed unhurriedly in
such settings, and both parties have ample opportunity to
engage in deliberate conversation regarding the plan of care
and treatment goals. Such relationships are more difficult to
establish in the emergency department (ED), theTrauma Resus-
citation Suite (TRS), the operating room (OR), and the Surgical
Intensive Care Unit (SICU). One reason that the fiduciary
relationship may be compromised during critical illness is
that primary physicians usually have to share responsibility
for their patients with specialists or, in many cases, transfer it
entirely. In this process, physicians who have no prior famili-
arity with the patients must develop new fiduciary relation-
ships of their own.

At the same time, the ethical principles outlined earlier
can be more complex and difficult to apply in the ED, the

OR, or the SICU than in other settings. Beneficence and non-
maleficence often collide when critical care technologies that
support life also cause pain or loss of dignity. Autonomy is
more difficult to preserve when patients are unresponsive,
because their prior wishes are unknown and the pace of
medical intervention is accelerated. Finally, the interests of
patients and society may clash over issues such as the
triage of multiple trauma victims and the continuation of
life support in the face of a poor prognosis or limited
space in the SICU.

MEDICAL DECISIONMAKING
Competent Patients
In the United States and some other countries, most medical
decisions are made jointly by patients and their physicians.
Some patients may make unilateral decisions; others may
prefer to let physicians decide for them in some, if not all
circumstances. Nevertheless, most mentally competent

I swear by Apollo the physician and by 
Asclepius and by health [the God Hygieia] 
and Panacea and by all the Gods as well as 
Goddesses, making them judges [witnesses], 
to bring the following oath and written 
covenant to fulfillment, in accordance with my 
power and my judgment:

 To regard him who has 
taught me this techné [art and 
science] as equal to my 
parents, and to share, in 
partnership, my livelihood with 
him and to give him a share 
when he is in need of 
necessities, and to judge the 
offspring [coming] from him 
equal to [my] male siblings, 
and to teach them this 
techné, should they desire to 
learn [it], without fee and 
written covenant, and to give a share both of 
rules and of lectures, and of all the rest of 
learning, to my sons and to the [sons] of him 
who has taught me and to the pupils who have 
both made a written contract and sworn by a 
medical convention but by no other.

And I will use regimens for the benefit of the ill 
in accordance with my ability and my judgment, 
but from [what is] to their harm or injustice I will 
keep [them].

 And I will not give a drug that is deadly to 
anyone if asked [for it], nor will I suggest the 
way to such a counsel. And likewise, I will not 
give a woman a destructive pessary. And in a 
pure and holy way I will guard my life and my 
techné. I will not cut, and certainly not those 

suffering from stone, but I will 
cede [this] to men [who are] 
practitioners of this activity. 

Into as many houses as I may 
enter, I will go for the benefit for 
the ill, while being far from all
voluntary and destructive 
injustice, especially from sexual 
acts both upon women’s bodies 
and upon men’s, both of the free 
and of the slaves.  And about 
whatever I may see or hear in 
treatment, or even without 
treatment, in the life of human 

beings — things that should not ever be blurted 
outside — I will remain silent. Holding such 
things to be unutterable [sacred, not to be 
divulged]. If I render this oath fulfilled. And if I 
do not blur and confound it [making it to no 
effect] may it be [granted] to me to enjoy the 
benefits both of life and of techné, being held 
in good repute among all human beings for time 
eternal.  If, however, I transgress and perjure 
myself, the opposite of these.

Figure 1 Classical version of Hippocratic Oath—as translated and relayed by Miles SH: The Hippocratic Oath and the Ethics of Medicine.

Oxford University Press, 2004.
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patients seek physicians’ opinions, weigh the medical
options available to them, and either accept or reject their
physicians’ recommendations.

The propriety of competent patients to make medical
decisions is supported by the ethical principle of autonomy
and by the legal rights of consent and refusal, which have
been contained for centuries within British and American
common law. In keeping with this legal tradition, court
decisions, such as that in Bartling v. Superior Court (5) and
Bouvia v. Superior Court (6) in California, have established
that competent patients have the right to accept or refuse
any and all medical treatments, including those that are poten-
tially life saving. Similarly, in its Cruzan (7) decision, the U.S.
Supreme Court confirmed that competent patients have such
a right under the 14th Amendment to the Constitution.

Use of Surrogates for Incompetent Patients
Some previously competent patients remain so following
trauma and/or throughout a critical illness and, therefore,
can participate in medical decisions. However, many criti-
cally ill patients are decisionally incapacitated due to
illness-related factors. When patients are incompetent to
begin with, or are unable to communicate because they are
comatose or sedated, their surrogates may become involved
in the decision-making process. The proper role for the surro-
gates is to represent patients’ interests and previously
expressed wishes. Surrogates are less helpful when they rep-
resent their own interests or speak only from their own points
of view. Failure of surrogates to fully comprehend the
patient’s clinical condition can also impair their ability to
fully convey the patient’s true beliefs about decision-making.

The legal authority to use surrogates in making
medical decisions for incompetent patients was established
in the United States with the case of in re Quinlan (8), in
which the New Jersey Supreme Court allowed a parent to
exercise the incompetent daughter’s right of refusal
through the mechanism of substituted judgment. The U.S.
Supreme Court, in its Cruzan (7) decision, allowed the
states to require “clear and convincing evidence” of patients’

wishes before allowing surrogates to refuse life-sustaining
interventions for them. Nevertheless, the U.S. Supreme
Court did not mandate that other states adopt this strict stan-
dard, and states other than New York (9) and Missouri (10)
generally do not inhibit surrogates from exercising the
rights of consent and refusal on behalf of the incompetent.

The most ideal surrogates are those who have been
designated by patients before or during their critical illness
to make medical decisions in the event of incapacity. In
California and many other states, such surrogates may be
granted a durable power of attorney for health care
(DPAHC) (11). Proxy directives of this sort are legally
binding so long as patient’s interests are being protected.
Properly executed DPAHCs are more helpful than living
wills and other instructional directives, most of which are
either too broadly or too narrowly drawn (12).

Proxy and instructional directives are prepared for the
most part by patients with chronic illness who anticipate
further decomposition. Yet, only a minority (,20%) of
such patients draw up directives despite passage of the
Federal Patient Self-Determination Act of 1990, which
requires that healthcare institutions inquire whether patients
have advance directives, and help them to obtain such direc-
tives if they have not already done so (13). Living wills and
DPAHCs are even more rarely thought of by healthy
persons, even though they may become trauma victims. As
a result, unofficially designated surrogates, usually
spouses, parents, children, or siblings must make decisions
for patients, usually in a shared decision-making model
with physicians.

States vary in their processes and rules for medical
surrogacy. In general, these variations fall into two
categories: rules for determining the surrogate decision-
makers and rules stipulating what surrogates can decide.
Rules involving the first category are addressed by family
consent laws. Thus, many states, including Illinois, Ohio,
Virginia, and Washington, have enacted statutes that allow
close family members to act on behalf of incompetent
patients when the patients have not delegated this responsi-
bility before losing competence. All of the statutes prescribe
a hierarchy of family members and require agreement
among members at the highest available class in the hierar-
chy (14). With respect to what surrogates are allowed to
decide, differences also exist between various states.

In the Wendland Case (15), the California Supreme
Court unanimously decided to restrict sharply the authority
of a patient’s wife, who was also her husband’s conservator,
to limit life-sustaining interventions in the face of opposition
from the patient’s mother. In this case, the patient was
conscious, and expected to survive for many years if the
interventions were continued.

In contrast, Terri Schiavo was a woman who remained
in a persistent vegetative state after suffering cardiac arrest.
Mrs. Schiavo had been sustained by artificial hydration and
nutrition through a feeding tube for 15 years. In the Schiavo
case (16), the husband served as her surrogate and expressed
her wishes that life-supporting therapy (in this case, food
and water) be withheld, despite vehement disagreement
from Terri’s parents. The parents were waged in a legal
battle to continue the tube feedings and obtained surrogacy
rights for over a decade.

The Pinellas County Circuit Court initially ruled in
favor of the husband citing a previous decision by the
Florida Supreme Court in Re: Guardianship of Estelle
M. Browning (17). Judge Greer and the Circuit Court
held that Michael Schiavo (Terri’s husband) was the proper

Table 1 Principles of Biomedical Ethics

Principle Explanation

Honesty Perhaps the paramount ethical principle. In

past eras (of paternalism), honesty with

patient regarding his or her condition may

have been a secondary concern; whereas,

beneficence and nonmaleficence were held

as more important.

Beneficence Acting to benefit patients and promote

good”cure sometimes, relieve often,

“comfort always.”

Nonmaleficence Avoiding injury or harm primum non nocere

“first do no harm.”

Autonomy Auto ¼ self, nomy ¼ govern: Respecting a

patients’ right to self-determination.

Distributive

justice

Allocating resources fairly, and allowing

equal access to health care.

Confidentiality Information gained as part of the doctor/
patient relationship is privileged and not to

be shared with a third party without the

consent of the patient.
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surrogate, that prior to developing anoxic encephalopathy
(and while mentally competent) Terri Schiavo had made
credible and reliable statements regarding her wishes that
she not be kept alive by tubes if she entered a chronic vege-
tative state. The court was also satisfied that Mrs. Schiavo
was in such an irreversible and chronic vegetative state (18).

Subsequently, the case was appealed numerous times;
eventually going to the Florida District Court, which also
held in favor of the spouse’s right to serve as the proper sur-
rogate, conveying Terri Schiavo’s wishes not to remain in a
persistent vegetative state. This ruling was further upheld
by the district court of appeals and ultimately the U.S.
Supreme Court.

Unlike most incompetent patients for whom decisions
must be made about life-sustaining interventions, in the
Wendland Case (15), the patient was conscious and was
expected to survive for many years as long as the interven-
tions were continued. If the Wendland ruling were extended
to others like the Schiavo case, where the patient was in a
chronic vegetative state, patients could be subjected to bur-
densome interventions that offer little clinical benefit,
which they might not have ever wanted. In the Schiavo
case (16), the court ruled differently and held that the
husband was the proper surrogate to convey her wishes
that she not remain in a persistent vegetative state.

In English law, the surrogate situation is different. No
one may give consent on behalf of an incompetent adult. If
the patient, when competent, made his wishes known and
the circumstances are unchanged, those wishes must be
respected. The only exception to this rule is when patients
are detained under the Mental Health Act of 1983 (19). If
the patient is incompetent and has not made his or her
wishes known, it is generally accepted that life-saving treat-
ment may be given if physicians and surrogates agree that
such treatment is essential and in the patient’s best interest.
If there is time and the decision is difficult, guidance may be
sought from the High Court. Examples of High Court invol-
vement include separation of conjoined twins when one is
almost certain to die and withdrawal of feeding for patients
with severe brain damage.

When Surrogates Are Lacking
Legal guidelines are less clear for cases in which incompetent
patients lack surrogates. Two states—Connecticut (20) and
Hawaii (21)—allow physicians to make decisions for incompe-
tent patients based on wishes expressed by the patients to the
physicians when the patients were competent. However, no
state explicitly authorizes unilateral decision-making by phys-
icians based on any other standard, including the patients’
best interests. As such, where patients have not stated other-
wise, physicians can make decisions they consider in the
patients’ best interests under the principle of beneficence,
especially when urgent decisions must be made.

An alternative approach is for physicians to ask the
court to appoint conservators or other advocates to help pre-
serve the autonomy of their patients. This approach is cum-
bersome and time-consuming, and conservators often rely
upon the physicians to make medical decisions because the
conservators are seldom experts in health care. In certain
situations, and time permitting, this approach may be
justified. Otherwise, rather than make unilateral decisions,
physicians are best advised to review these decisions with
their colleagues or consult with members of the institutional
ethics committee. Such review is in keeping with good
medical practice, even though it has no legal standing.

Physicians may make decisions they consider in a

patient’s best interests in an emergency, unless the
patient has stipulated otherwise.

INFORMED CONSENT
Forms of Consent
The ethical principle of autonomy is contained in the concept
of informed consent, which Beauchamp and Childress (1)
define as “. . . an autonomous authorization by individuals
of a medical intervention or of involvement in research.”
According to these authors, consent can only be informed
if patients or their surrogates are competent insofar as they
can understand what they are being asked to do. In addition,
information that is material to them and their situations
must be disclosed to them. They must also be able to delib-
erate about this information. Finally, they must be free of
undue influence or coercion in giving consent. In health
care decision-making, a fully informed, capable, and freely
consenting patient (or surrogate) has the right to make an
autonomous decision (Table 2). In certain situations, the
state has the right to override the principle of autonomy as
discussed later in this chapter.

Beauchamp and Childress (1) note that informed
consent differs from other forms of consent, including implicit
consent. Implicit consent exists when approval of one medical
procedure is implicit in approval of another; for example,
consent to anesthesia may be implicit in consent to surgery.
Another form of consent is implied consent. Consent may
be implied in emergency situations, wherein physicians feel
obligated to provide medically necessary treatment when
patients or surrogates have not expressed their wishes. The
rationale for treatment in such situations is that patients or
surrogates would consent if they could be informed and
that harm would result if care were delayed (3).

The practice of trauma and critical care medicine
frequently involves the institution of emergency life saving
treatment, and physicians frequently use implied consent
to justify invasive treatments, including immediate
surgery. Although this may be appropriate in true emergen-
cies, informed consent should be sought prior to procedures
whenever possible, even if it requires an extensive family
search or the appointment of a conservator or other advocate
to protect patient interests. If a true emergency exists,
then consent may be considered to be implied.

Evolution in the Concepts and Standards of
Informed Consent
The concept of informed consent is supported by the rights
of consent and refusal that are inimical to British and

Table 2 Required Elements of Informed Consent

Requirement Explanation and examples

Competence Patients or surrogates can understand what is

asked of them (legal status).

Full disclosure Information that is material to patients and

their situation is disclosed to them.

Specificity Consent for each component of healthcare and

each procedure (no blanket consent).

Freedom of

coercion

Patients or surrogates are free of coercion.

Patients or surrogates can deliberate.
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American common law, as discussed earlier. Common and
constitutional law also have held that physicians have a
number of professional duties to patients, including the
duty to do good (i.e., beneficence) and avoid harm (i.e.,
nonmaleficence). Failure to fulfill these duties is a tort,
which may result in punishment under the criminal law or
in an obligation to compensate patients monetarily under
civil law (22).

Modern considerations for informed consent emanate
from the ethical principle of autonomy. However, until the
20th century medical paternalism prevailed. Indeed, the
concept of consent was not even mentioned in the first
medical ethics code of the American Medical Association
(AMA) in 1847 (Table 3). The ethical paradigms of consent
evolved as society changed, but also changed in response
to legal decisions.

The legal obligation of clinicians to obtain consent
before treating patients was established by several land-
mark rulings in the United States in the early 20th
century. In the first case, Schloendorff v. Society of New York
Hospitals (23), which occurred in 1914, the Court of
Appeal of New York determined that “Every being of
adult years and sound mind has the right to determine
what should be done with his own body; and a surgeon
who performs an operation without his patient’s consent
commits an assault, for which he is liable in damages,
except in cases of emergency when the patient is uncon-
scious, and when it is necessary to operate before consent
can be obtained.”

Only assent (the agreement to proceed) was required
for an operation at that time; no true consent was needed
until the late 1950s. In 1957, the case of Salgo v. Trustees of
Leland Stanford Hospital (24) involved a patient, Mr. Salgo,
who underwent transabdominal aortography that resulted
in paralysis, a known risk of the procedure of which he
was not informed. Mr. Salgo contended that he would not
have consented to the procedure had he known about the

risk. The judge ruled in favor of Mr. Salgo, and clarified
difference between assent and consent (which is legally
required), when he stated: “A physician violates his duty
to his patient and subjects himself to liability if he withholds
any facts which are necessary to form the basis of an
intelligent consent by a patient to a proposed treatment.”

The next step in the progression of consent rulings
occurred in 1960 with the case of Natanson v. Kline (25), in
which a patient, (Ms. Natanson) sustained radiation burns
while undergoing radiation treatment for a tumor, a
known complication for which she was not informed. This
decision established the “Professional Practice Standard”
later known as the “Reasonable Doctor Standard.” The
Judge asserted that disclosure to a patient should be to
the extent “a reasonable practitioner would make under
the same or similar circumstances.”

The “reasonable doctor standard” prevailed until the
case of Canterbury v. Spence (26) in 1972, which involved a
patient (Mr. Canterbury) who sustained quadriplegia
during a cervical laminectomy, a known but uncommon
complication. In this case, Mr. Canterbury was not informed
of the possibility of this complication because it was not
customary local practice to do so. Mr. Canterbury sued,
and the court agreed that the “reasonable doctor” threshold
was too low. The Court held that disclosure to a patient
should include all material that a “reasonable person”
would consider important for decision making. So was
born the “reasonable patient standard” which is used today.

In another case, Cobbs v. Grant (27), the Supreme Court
of California clarified in 1972 that the battery theory of
Schloendorff (23) “should be reserved for these circum-
stances where a doctor performs an operation to which the
patient has not consented.” Other actions may constitute
negligence, especially if a patient is harmed and a physician
did not uphold his/her duty, for example, if physicians
applied an intervention that caused harm without “reason-
able disclosure of the available choices with respect to the

Table 3 Historical Standards and Landmark Legal Cases that Impacted or Altered the Ethical Paradigms Underpinning Informed Consent

Era Prevailing ethical principles of era

Examples of societal focus or legal cases prompting

ethical paradigm shift

Antiquity Paternalism “Conceal most things from the patient while you are attending to

him . . . revealing nothing of the patient’s future or present

condition,” Hippocrates.

Late 19th century Paternalism “Consent” not even mentioned in first American medical ethics

code, American Medical Association, 1847.

Early 20th century Assent ¼ consent “Surgery without consent ¼ assault” (23).

Mid 20th century Autonomy but, only assent (agreement to

have a procedure) was required.

Increased emphasis on civil and consumer rights in the United

States and western countries led to increased emphasis on

autonomy.

Mid 20th century Full disclosure (not defined) Must provide all facts required to form an intelligent decision (24).

Mid 20th century Full disclosure (Reasonable Dr Std) Disclosure should be to the same extent “a reasonable practitioner

would make under the same or similar circumstances” (25).

Mid-late 20th century Full disclosure (Reasonable Pt Std) Disclosure should include all material a “reasonable person” would

consider important (26).

Mid-late 20th century Full disclosure (Reasonable Pt Std) Ruling

clarified breech of duty.

Clarifies difference between battery (operation without consent)

versus negligence (improper treatment) versus dereliction of

duty (failure to provide indicated treatment or information) (27).

Late 20th century to

current

Full disclosure (Clarifies fiduciary duty of

M.D. during medical research)

Physician must disclose conflicts of interest that can affect patient

care (31).
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proposed therapy and the dangers inherently and poten-
tially involved in each.”

With the continuing escalation in medical technology,
physicians have the duty to be knowledgeable of the latest
treatment options, and the most potentially beneficial treat-
ments should be made known to the patient, even if the
physician disclosing the information cannot personally
provide them (due to training or resource availability).

Consent for Clinical Research
In recent years, the same legal principles and precedents that
deal with informed consent for treatment have been applied
to clinical research. Research conducted by institutions that
receive federal funding is governed by the Code of Federal
Regulations (CFR) for the protection of human subjects.
According to the 1991 version of the CFR (28), “. . . no
investigation may involve a human being as a subject in
research unless the investigator has obtained the legally
effective informed consent of the subject or the subject’s
legally authorized representative.”

Most states have not clarified which surrogates are
legally authorized to represent subjects in issues regarding
research. However, the California Health and Safety Code
recently was amended to allow agents pursuant to an
advanced directive, conservators or guardians, and family
members to provide consent for subjects who are incompe-
tent and cannot consent for themselves. If a subject is in a
nonemergency room environment, consent may be sought
from available surrogate decision-makers in descending
order of legal priority. In an emergency room environment,
any available surrogate may give consent. In both environ-
ments, when two or more proxies are present and at least
one disagrees with the participation of the subject in the
medical experiment, surrogate consent is not valid (29).

Recognizing that surrogates are not always available,
the 1991 CFR also permits that consent be waived if “(i)
the research involves no more than minimum risk to the
subjects, (ii) the waiver . . . will not adversely affect the
right and welfare of the subjects, (iii) the research could
not practically be carried out without the waiver . . . , and
(iv) whenever appropriate, the subjects will be provided
with additional pertinent information after participation.”
The definition of “minimum risk” here is that “. . . the prob-
ability and magnitude of harm or discomfort anticipated in
the research are not greater in and of themselves . . . than
those encountered in daily life or during the performance
of routine physical or psychological examinations or tests.”

Although the 1991 CFR provides some latitude in
enrolling incompetent subjects without available surrogates,
its definition of minimal risk was interpreted by some to pre-
clude investigations of emergency interventions such as car-
diopulmonary resuscitation. This situation led trauma and
critical care investigators to enroll patients under a “deferred
consent mechanism” which the government declared inap-
propriate. They then argued that the minimal risk standard
should be changed to allow incompetent patients access to
potentially beneficial treatment in clinical trials.

In response to these arguments, the 1991 CFR was
revised in 1996 to allow research to be conducted in emer-
gency situations without patient or surrogate consent if the
following provisions are met: (i) the human subjects are in
a life-threatening situation, (ii) obtaining consent is not feas-
ible, (iii) participation in the research holds the prospect of
direct benefit to the subject, (iv) the clinical investigation
could not practically be carried out without the waiver,

(v) the proposed investigation plan defines the length of
the potential therapeutic window (during which the surro-
gate will be contacted for consent), (vi) the Institutional
Review Board (IRB) has revised and approved informal
consent procedures, and (vii) consultation (will occur) with
representatives of the communities in which the clinical
investigation will be conducted and from which the subjects
will be drawn (30).

The 1996 CFR revisions were rapidly implemented by
most IRBs. However, there has been variability on how the
IRBs ensure that investigators consult “with representations
of the communities in which the clinical investigations will
be conducted and from which the subjects will be drawn . . . .”
The 1996 CFR did broaden patient access to clinical research
in areas restricted by the 1991 CFR to include trauma and car-
diopulmonary arrest while also protecting patient autonomy.

Many critical care interventions have yet to be
subjected to prospective randomized, controlled trials. This
is partly due to the reluctance of physicians to participate
in trials that involve current practices that they believe
are beneficial. However, new and unproven treatments,
such as the use of hypothermia for head injury, and the
introduction of new drugs, such as activated Protein C,
have and should continue to be subject to rigorous scientific
testing before their generalized introduction. It may not be
possible to reduce current costs without depriving some
patients of beneficial treatment, but critical care physicians
can fulfill their obligation to individual patients and
society by only offering interventions that are of proven or
likely benefit.

Another important ethical conflict that can arise
during the consent of subjects for clinical studies is that of
financial or intellectual rights conflict. For example, a phys-
ician scientist investigating the clinical efficacy of a device
or drug that is produced by a company in which he or she
holds stock, or receives research funds from, should be
fully disclosed to the potential study subject (31). This infor-
mation should also be disclosed on any publications that
result from the research.

Patients with Unusual Beliefs: The Example of Jehovah’s
Witnesses
Physicians and other health professionals occasionally seek
consent from patients whose personal beliefs appear
unusual or unreasonable. Some of these patients clearly are
incompetent to make medical decisions due to drug use,
delirium, and chronic neurologic or psychiatric conditions
such as schizophrenia. Other patients, however, are
capable of making decision but refuse medical interventions
because of beliefs to which adherence is not ipso facto a sign
of incompetence. Among these patients are herbalists, advo-
cates of faith healing, followers of homeopathy rather than
allopathic medicine, Christian Scientists who prefer care
from practitioners within their faith, and Jehovah’s
Witnesses who refuse blood and blood products. Because
obtaining consent for transfusions is common during the
management of trauma and critical illness, and because
Jehovah’s Witnesses are representative of patients with
unusual beliefs, they will be discussed here.

In general, Jehovah’s Witnesses believe that blood con-
tains the essence of life and that the mingling of one’s blood
with that of another is prohibited by the Bible (32). Whereas
the biblical passage on which this belief is based refers to the
art of drinking blood, its interpretation by Jehovah’s
Witnesses precludes the receipt of whole blood, red blood
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cells, platelets, and plasma, though not necessarily of clot-
ting factors or plasma proteins such as albumin. Jehovah’s
Witnesses also have accepted preblood loss hemodilution
with a continuously flowing circuit, but not an extracorpor-
eal circuit with a heart-lung or dialysis machine that may be
“tainted” by blood from another. Their beliefs hold that
exposure to another’s blood risks eternal damnation and
ostracism from one’s family and other members of the
faith, instead of eternal life after death and resurrection. As
a result, saving the life of a Jehovah’s Witness may
condemn that person not only to a life not worth living but
also salvation unrealized.

As an affirmation of their faith, Jehovah’s Witnesses
may be asked on an annual basis to sign a wallet-sized
advance directive called a “blood card” to document their
informed refusal of blood and blood products in emergency
situations (33). When seen in an ED or in other areas of the
hospital, they may be surrounded by family and other
members of the faith who try to reinforce their resolve to
forgo transfusions. Although such reinforcement may be
effective, not all Jehovah’s Witnesses ultimately refuse
blood and blood products. A recent study (34) of 58
trauma victims who were Jehovah’s Witnesses revealed
that four patients were given blood and three were given
autotransfusions that were potentially “tainted.” Documen-
ted consent to receive blood was found in the charts of
two of these patients. This situation and others has
reinforced the need to question Jehovah’s Witness patients
individually (apart from family and friends) to ensure
autonomous, uncoerced decision-making.

Court decisions such as that In re Estate of Brooks (35)
have stated “. . . even though we may consider (an individ-
ual’s) beliefs unwise, foolish, or ridiculous, in the absence
of an overriding danger to society we may not permit inter-
ference therewith . . . for the sole purpose of compelling (an
individual) to accept medical treatment forbidden by (his
or her) religious principles, and previously refused by
(him or her) with full knowledge of the probable conse-
quences.” Such decisions and the ethical principles of auton-
omy they reflect mandate that Jehovah’s Witnesses, who are
competent and can articulate their wishes, may refuse blood
and blood products in both emergency and elective
circumstances.

The law is less clear regarding emergencies in which
wishes cannot be articulated by patients, and the exhorta-
tions of family and members of the faith or a “blood card”
must be relied on. Some physicians would prefer not to
treat patients without a court order in such situations, even
though a delay might mean death. Most would rely on
legal precedents such as in Re The Estate of Varrell Dorne
(36), in which the Pennsylvania Supreme Court said that
“. . . when there is an emergency calling for an immediate
decision, nothing less than a fully conscious contempora-
neous decision by the patient will be sufficient to override
evidence of medical necessity.”

Neither in emergencies nor elective circumstances do
Jehovah’s Witnesses have an ethical or legal right to prohibit
the administration of blood or blood products to their
children if these treatments are needed to sustain life. This
principle was established in the 1944 case of Prince
v. Commonwealth of Massachusetts (37) which did not
involve transfusions. The court held that “Patients may be
free to be martyrs themselves. But it does not follow that
they are free in identical circumstances to make martyrs of
their children.” In all cases since Prince, the courts have
agreed that children should receive transfusions if they are

medically indicated. Indeed, many physicians will give
blood and blood products to the critically ill children of Jeho-
vah’s Witnesses before the court order is granted. According
to Jonsen (38), the courts likely would judge in the same way
if the life of a viable fetus were in question.

Above and beyond the ethical issues, management of
Jehovah’s Witnesses may not require transfusions at all. It is
our duty as health-care providers to keep abreast of medical
developments that allow us to treat Jehovah’s Witnesses in a
manner that not only saves life but also respects their religious
beliefs. Experience with these patients, among others, has
demonstrated that patients with trauma and other conditions
may tolerate hemoglobin levels in the range of 5 gm/DL (39).
Such tolerance may be enhanced by decreasing the patients’
metabolic rate with hypothermia, sedatives, and neuromuscu-
lar blocking agents; and by increasing oxygen delivery to the
tissues with volume expansion and by dissolving more
oxygen in blood by providing a higher inspired oxygen frac-
tion. Red blood cell production can be maximized in Jeho-
vah’s Witnesses and other patients with erythropoetin. Red
blood cell loss may be minimized by discouraging unnecess-
ary phlebotomies, using hemodilution and hypotensive
anesthesia, administering DDAVP, and employing blood
salvage devices in surgery. Finally, patients may benefit by
the development of practical blood substitutes some day
(40,41).

Consent is required from Jehovah’s Witnesses for
transfusion in elective situations but may not be needed in
emergencies, unless the patients refuse this therapy.

RESUSCITATION
Evolution of Hospital Resuscitation Policies
Cardiopulmonary resuscitation (CPR) is a potentially life-
saving medical intervention. It must be applied rapidly to
be effective, so physicians and other health professionals
who perform CPR have little time to consider the conse-
quences of their actions. In addition, patients who require
CPR often have not thought out their preferences for or
against their therapy. For these and other reasons, CPR
was applied universally after its introduction in the 1960s.
Subsequently most hospitals adopted policies that advo-
cated CPR in all circumstances, and most practitioners felt
obligated to administer CPR to everyone.

Eventually, however, physicians appreciated that not all
patients, especially those with terminal illness, want to be
resuscitated. Cardiopulmonary resuscitation also was shown
to be ineffective in many critically ill inpatients (42). As a
result, hospital CPR policies became discretionary rather
than universal. Physicians today are advised to ensure the
ethical principle of autonomy by obtaining informed consent
from patients or surrogates regarding CPR. In situations
where patients (or surrogates acting on the patient’s
wishes) do not want CPR performed, valid Do Not Attempt

Resuscitation (DNAR) orders should be written in the
medical record.

Although obtaining consent is appropriate, it may be
difficult to do after trauma and during critical illness. Some
patients are hospitalized in these circumstances because
they already have been resuscitated, with or without their
permission, and their caregivers are hesitant not to use CPR
again. Physicians also may be reluctant to raise the issue of
resuscitation because of concern that patients might feel aban-
doned if the possibility of not being resuscitated is brought
up. In fact, because they associate the ED, the OR, and the
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SICU with maximum support, many physicians consider it
illogical, if not unethical, to ever follow or write DNAR
orders in these settings.

Do-Not-Attempt-Resuscitation Orders in the Emergency
Department, the Operating Room, and the Surgical
Intensive Care Unit
Despite these sentiments, and despite the fact that DNAR
orders frequently are overruled in other areas of the hospital
(43), they generally should be respected and may even be
initiated in the ED, the OR, and the SICU. Regarding the
first location, increasing numbers of patients in community
facilities such as nursing homes now have DNAR orders,
and emergency medical services in many states have devel-
oped policies enabling their personnel to accept DNAR
orders for patients transported by ambulance (44). Most
EDs have similar policies that limit resuscitation if patients
or surrogates so request. At the same time, although the
ED is not an ideal place to discuss DNAR orders with
patients and families, DNAR orders are written in some
EDs when the patient’s condition warrants withholding of
CPR to honor their wishes (45).

The OR is a difficult environment for implementation
of DNAR orders, in part because of the intimate relationship
between the practice of anesthesia and resuscitation itself.
Because of this relationship, some (46) have argued that
when a patient’s DNAR order does not preclude surgery
and there is a reasonable chance of achieving the patient’s
treatment objectives, a preexisting DNAR order should be
suspended perioperatively. Others (47) have stated that the
patient’s right to refuse treatment outweighs physicians’
concern about the possibility of perioperative mortality.
Procedure-specific DNAR order forms that allow for
surgery but not for prolonged intubation thereafter have
been developed. These forms have facilitated the institution
of certain beneficial procedures within limits they find
acceptable. Such forms avoid an all-or-none approach and
allow individualization of patients’ values and goals (48).

Procedure-specific DNAR orders also are appropriate
in the SICU, where they are used with increased frequency
(49). Patients who require the SICU for monitoring or thera-
peutic purposes but are unlikely to benefit from CPR are
potential candidates for such DNAR orders. An example
here might be a person who needs intensive nursing care
but who should not be resuscitated in the event of a cardio-
pulmonary arrest because they have an underlying irrecov-
erable malignancy. Another situation in which DNAR
orders are called for in the SICU involves patients, including
those with multiple organ system failure, in whom further
care is considered non-beneficial. In such patients, DNAR
orders frequently represent a philosophic turning point in
attitude on the parts of physicians and families from restora-
tive to palliative care (50). Procedure-specific DNAR
orders are useful in many hospital environments, including
the ED, the OR, and the SICU.

Must Resuscitation Always Be Attempted?
Even if DNAR orders are appropriate in the ED, the OR, and
the SICU, it is not clear whether or at what point patients and
their surrogates should be offered CPR. Some physicians
believe that CPR always should be offered and would do
so at the earliest opportunity if the issue has not been
raised outside the hospital. Others (51) have argued that
CPR, like renal dialysis and other technologies, may be
potentially more burdensome than beneficial and is not a

required option if a patient’s condition becomes so grave
that CPR would be futile. “Slow codes,” during which phys-
icians pretend to perform CPR but do not attempt aggres-
sively to bring patients back to life have been pursued as a
means of limiting resuscitation without actually obtaining
DNAR orders (52). Most hospital policies do not allow
this; rather, efforts must be made to identify the patient’s
wishes (or surrogate’s decision) beforehand to avoid CPR
in futile or unwanted circumstances.

Unilateral DNAR orders written by physicians rep-
resent another way of withholding treatment they consider
futile in some circumstances. Although physicians are not
obligated to provide treatment they believe to be futile, uni-
lateral orders, in conflict with the patient’s wishes (or those
of the surrogate) violate the principle of autonomy. Phys-
icians should transfer care of the patient to another doctor,
rather than unilaterally make decisions in conflict with the
patient or their surrogate. Actions may be called futile
when they are incapable of achieving a desired goal.

If CPR cannot possibly restore life in a given
patient, the procedure may be considered physiologically
futile and may be foregone unilaterally by physicians (53).
However, if CPR may succeed in restoring the patient’s life
but physicians consider the patient’s life not worth living,
the procedure itself is not physiologically futile and,
therefore, should not be foregone without the patient’s or
surrogate’s consent. The concept of futility invoked in the
latter case is vague and value-ridden, and it fails to
provide an ethically coherent rationale for limiting life-
sustaining treatment (49). Like the “slow code” approach,
DNAR orders written unilaterally by physicians violate the
principle of autonomy. They also preclude important
discussions between practitioners, patients, and surrogates,
undermining the practice of informed consent that is
essential to the fiduciary relationship.

WITHHOLDING ANDWITHDRAWAL OF LIFE SUPPORT
History and Present Practice
The DNAR order is a specific example of withholding treat-
ment. The withholding and withdrawal (WH/WD) of life
support are processes by which various medical interven-
tions either are not given to or are removed from patients
with the expectation that they probably will die from their
underlying disease, or from an acute intercurrent process,
thus avoiding an anticipated slow, painful, and sometimes
undignified death.

These processes were uncommon in American
hospitals until approximately 20 years ago, largely because
physicians and health-care institutions felt obligated to
preserve life whenever possible, regardless of the human
and economic costs. In recent years, however, this obligation
has been challenged, just as hospital expenses have been
scrutinized. Clinical research (54,55) has revealed that
many patients do not survive critical illness or do so only
after prolonged pain and suffering. Patients and providers
alike have questioned the advisability of supporting life in
all circumstances. Legal cases have promoted patient and
surrogate autonomy in decision-making, and the advent of
medical cost-consciousness has restrained the application
of therapies that merely prolong death with little hope of
long-term cure or recovery (56). As a result of these and
other factors, physicians (especially intensivists), with the
implicit or explicit support of the hospitals in which they
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practice, have become increasingly involved in managing
death in the ICU (57).

The first major observational study (58) of how criti-
cally ill patients die was conducted in 1987–1988 in two
medical SICUs at hospital affiliated with the University of
California, San Francisco. During this one-year period, 13%
of the patients admitted to the ICUs died. Of the patients
who died, 51% did so after a decision had been made to
limit treatment, and DNAR orders were written for almost
all of them. A study (59) performed five years later in the
same two ICUs revealed that, of the 13% of patients who
died over a one-year period, a decision was made to WH/
WD of life support from 90%, compared with 51% in the
first study. Again, DNAR orders were written for almost
all of the patients.

Following these studies, a national survey (60) of end-
of-life care was conducted in 131 ICUs from 110 institutions
in 38 states. Of all the patients admitted to these ICUs over a
six-month period, 9% died. Of the patients who died, only
20% did so despite full support including attempted CPR.
On the other hand, 24% did so after receiving full support
but not CPR; 14% had life support withheld; 36% had life
support withdrawn; and 6% were declared brain-dead.
Thus, of the patients who died in the ICU and were not
brain-dead, 74% received less than full support. Their per-
centage probably would have been higher if the study
included patients who died shortly after being transferred
out of the ICU with no provision for readmission.

One striking finding of the national survey was the
wide variation in end-of-life care practices: the range of
proportions of death preceded by failed CPR was 4% to
79%; for DNAR status the range was 0% to 83%; and for
WH/WD of life support the range was 0% to 67% and 0%
to 79%, respectively. This considerable variation could not
be explained by the types of ICUs, the kinds of hospitals,
or their geographic regions. However, a pattern was
observed in the two states with strict legal standards for
care limitation by surrogates: ICUs in New York and
Missouri had lower proportions of deaths preceded by with-
drawal of support than did the mid-Atlantic and Midwest
regions, in which these states are located.

Although the national survey did not demonstrate
changes in ICU deaths over time, as the studies from the
University of California, San Francisco did, it suggested
that limits to life support have become so commonplace in
the United States as to represent a de facto standard of
end-of-life care for critically ill patients. Nevertheless, the
extreme variation in the categories of ICU death underscores
the absence of a true consensual approach to end-of-life
care attitudes and practices. Hopefully, consensus can be
reached by the development of guidelines on limiting treat-
ment when appropriate. Such guidelines are contained
within recent position papers by professional societies
(61,62) which have emphasized the need for improving
the quality of end-of-life care in the ICU (see Volume 2,
Chapter 69).

Most patients who die in ICUs in the United States
do so during the WH/WD of life support.

Justification of the Withholding andWithdrawal of Life
Support and the Administration of Palliative Care
In the United States, the WH/WD of life support is legally
justified by the theories of informed consent and refusal
discussed earlier. To reiterate, a series of court cases,
including Bartling (5) and Bouvia (6) in California, have

established that competent patients may refuse life-sustain-
ing treatment, a position upheld by the U.S. Supreme
Court in Cruzan (10). The use of surrogates to exercise the
right of refusal for incompetent patients was facilitated in
New Jersey under Quinlan (8) and has been adopted by
most state. Exceptions are Missouri and New York, which
require clear and convincing evidence of patients’ wishes
before they become incompetent.

Although state courts generally have allowed surro-
gates to request that life-sustaining treatment be foregone
on behalf of incompetent patients, the patients themselves
usually have been severely compromised in that they are
both critically and terminally ill. The recent case of Wendland
v. Wendland (15) suggests that surrogates may not be allowed
to forego treatment for patients who are less severely
compromised. In this case, the California Supreme Court
reasoned that a conservator could not discontinue tube
feeding from a patient who, although unable to feed
himself, control his bowels or bladder, or communicate
consistently, nevertheless was conscious and able to follow
commands. Furthermore, although the patient had expressed
some sentiments before he became incapacitated that he
would not want to be supported indefinitely, the court
felt that those statements were not clear and convincing,
and because the comments did not address his current con-
dition they were not necessarily intended to direct his
medical care.

The ruling in Wendland need suggest no more than that
American courts are willing to apply a clear and convincing
evidence standard in cases involving patients who are not
terminally ill. Nevertheless, some physicians may fear that
the same standard will be more broadly applied to
critically ill patients and consider it legally prudent to
continue life-sustaining interventions regardless of the
patients’ circumstances. Continuing interventions violates
the fiduciary relationship, however, if the burdens imposed
by these interventions outweigh their benefits (63). In this
regard, Wendland is best interpreted as a reminder that, in
considering WH/WD of life support, the courts are most
interested in what patients or their surrogates desire.

Underscoring this idea is the fact that courts have
almost uniformly ordered treatment when asked to
resolve disputes between families who favor treatment
and physicians who oppose it on the grounds of futility.
Judges seem unwilling to cause the death of a patient, as
was seen in the case of Baby K (64), where the court
refused to approve an advance physician decision to with-
hold life support over an anencephalic child’s mother’s
negation. However, judges and juries seem equally reluc-
tant to punish physicians who act carefully and within pro-
fessional standards in refusing to provide treatment that
they consider inappropriate. In this regard, the only clear
legal rule on medically futile treatment is the traditional
malpractice test, which measures a physician’s treatment
decisions against the relevant standard of medical care
and then requires that any substandard care causes the
patient injury.

The issue of malpractice was raised in Gilgunn
v. Massachusetts General Hospital (65), in which a Massachu-
setts jury imposed no liability on a hospital or the physicians
who issued a DNAR order and removed the ventilator from
a critically ill patient over the objections of her daughter.
Gilgunn conforms to a trend in futility cases in which phys-
icians are likely to get better results when they refuse to
provide nonbeneficial treatment and then defend their
actions in court as being consistent with professional
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standards rather than seeking advance permission from a
court to withhold care.

Despite the outcome of Gilgunn and studies showing
that physicians frequently limit treatment they consider
futile, unilateral actions based on futility generally are
undesirable. Such actions certainly may be ethical in that
they are supported by the principles of beneficence and
nonmaleficence. Nevertheless, autonomy remains the first
ethical principle for removing life-sustaining treatment,
even though most critically ill patients must exercise their
autonomy through surrogates. Ethics here reflect law,
because informed consent and refusal are the primary
legal theories that underlie this practice. Unilateral action
also can be risky: disagreements between families and
physicians can increase the potential for lawsuits.

In addition to ruling on the issue of surrogate refusal
in Cruzan, the U.S. Supreme Court recently provided guide-
lines for administering palliative care. This provision comes
for the Glucksberg (66) and Vacco (67) cases, in which the
Court drew distinctions between physician-assisted suicide
and WH/WD of life support. In Vacco, the court wrote
“Everyone, regardless of physical condition, is entitled, if
competent, to refuse life-saving medical treatment; no
one is permitted to assist a suicide.” “When a patient
refuses life-sustaining medical treatment, he dies from an
underlying disease or pathology; but if a patient ingests
lethal medication prescribed by a physician, he is killed by
that medication.”

Administering Sedatives and Analgesics for Palliative Care
Although the Supreme Court condemned the administration
of sedatives and analgesic to achieve physicians-suicide in
Glucksberg and Vacco, it sanctioned palliative care for
critically ill patients, even to the point of terminal sedation,
if informed consent is obtained and the care does not contra-
dict the rule of double effect. This rule, which derives from
medieval Catholic theology, distinguishes between intended
and foreseen consequences. Under it, acts such as giving
drugs that lead to morally good effects, such as the relief
of pain, are permissible even if they produce morally bad
effects, such as the hastening of death, provided that only
the good effect is intended. The bad effect may also not be
a means to the good effect, and the good effect must
outweigh the bad one.

The rule of double effect is limited in that it comes
from a single religious tradition. More important, the rule
overlooks the complexity of human intention and does not
recognize that the patient’s consent to an action that causes
death may be more important than a physician’s intent
(68). The complexity of human intent was demonstrated
in a study by Wilson et al. (69) from the University
of California, San Francisco in which some physicians
ordered and nurses administered benzodiazepines and
opioids primarily to prevent pain and dyspnea (but
occasionally to also treat family members anxiety or even
to hasten death) during the WH/WD of life support from
SICU patients. A subsequent survey by Asch (70) revealed
that 16% of a sample of critical care nurses felt they had
engaged in assisted suicide or euthanasia when trying to
relieve suffering, often without physicians’ knowledge.

Just as some physicians and nurses have mixed
motives in caring for dying patients, so do some family
members want to ease pain and hasten death simultaneously
when their loved ones are suffering. That such motivation is
widespread presumably accounts for the fact that few

healthcare professionals who are suspected of participating
in assisted suicide or euthanasia have been punished
through the criminal justice system (71).

Although the Supreme Court found no constitutional
right to physician-assisted suicide in Glucksberg and Vacco,
it nevertheless allowed states to authorize this practice.
Experience in the state of Oregon, which permits physicians
to prescribe lethal doses of controlled substances to termin-
ally ill patents, suggests that physician-assisted suicide is
not widespread and this practice rarely occurs in SICUs. In
Oregon, most patients who request prescriptions for poten-
tially lethal medications do so, because of concern about
loss of autonomy and not because of uncontrollable pain
(72). The WH/WD of life support and the provision of pal-
liative care have both been sanctioned by the U.S. Supreme
Court.

Satisfying Ethical and Legal Requirements
The foregoing of life-sustaining therapy is only legally justi-
fied if such therapy is unwanted by the patient or surrogate,
or deemed futile by the treating physicians. Accordingly,
therapy should only be withheld or withdrawn with the
consent of patients or their surrogates. When futility is the
reason for withholding or withdrawal of treatment,
this should not occur without patients’ or surrogates’
knowledge, or over their objections. Indeed, even if they
practice in hospitals that have developed futility policies,
physicians should recognize that such policies serve primar-
ily as vehicles for reinforcing joint decision-making between
health professionals and patients and their surrogates, not as
devices for enforcing decisions made by physicians unilater-
ally (73). Where surrogates are lacking, or patients cannot
make decisions, physician practice should be guided by
their best understanding of what the patients would have
wanted, or in the absence of such understanding, on what
they believe to be in the patient’s best interest.

Because the goal of palliative care is to provide comfort,
measures that do not relieve suffering but merely hasten death
should be avoided. Although most patients die within 24
hours after life support is withheld or withdrawn, the dying
process may last for several days. Whatever time is required
for death to occur, the palliative measures undertaken and
their tempo should be dictated by objective manifestations of
patient distress whenever possible. For example, physicians
should order sedatives and analgesics for patients who can
benefit from these agents, and initial doses should be substan-
tial (as many of these patients may be tolerant of these drugs).
However, dosages should not so large as to suggest they are
given primarily to cause death (when dose is reviewed in the
context of the patient’s history and current clinical condition).
Instead, the drug dosages should be titrated upward or down-
ward in response to physiological manifestations of pain and
discomfort, such as grimacing or hypertension, and ideally
according to written protocols (see Volume 2, Chapter 69).

Neuromuscular blocking (NMB) drugs that could
prevent spontaneous breathing should never be adminis-
tered during the withholding or withdrawal of ventilatory
support. Otherwise, the caring physician and nurses
will not be able to ensure that the patient died peacefully
with a minimum of pain or anxiety. In patients already
receiving these agents, restoration of neuromuscular func-
tion should be documented in all situations prior to with-
drawing mechanical ventilation. Some have advocated
allowing NMB drugs during withdrawal of ventilatory
support, claiming that waiting for the drugs to wear off
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would unduly burden the patient (74). However, examples
of why this would be burdensome were not provided by
authors, and most clinicians do not adhere to this practice.
Increasingly, processed electroencephalograph monitoring
devices such as bispectral index monitors are being
employed to supplement clinical assessment for maximizing
the likelihood that the patient does not suffer during the
withdrawal of futile life support (75). Injections of potassium
chloride have no place during the WH/WD of life support,
because they do not contribute to patient comfort and
suggest a primary intention of hastening death.

Because mechanical ventilation is one of the therapies
most frequently withdrawn from patients, and because its
withdrawal may cause discomfort, physicians should pay
particular attention to how the ventilator is withdrawn.
Some practitioners prefer rapid extubation, whereas others
use “terminal weaning” in which supplemental oxygen
and positive end expiratory pressure are discontinued
before the ventilator is withdrawn, and the patient usually
remains intubated throughout the procedure. Either
approach is ethically or legally justified even if death is unin-
tentionally hastened, provided that informed consent has
been obtained, and the patient receives sedation and/or
analgesia titrated to minimize suffering.

Finally, because intent can be conveyed in words as
well as through actions, the goal of palliative care and the
means of achieving that goal should be spelled out in the
medical record. In their notes, physicians should document
how decisions were made to forego life-sustaining treat-
ment, how consent was obtained from the patient or surro-
gate, and how the process of achieving patient comfort
was conducted. In their notes, nurses should describe what
steps they took to achieve the goals of palliative care, includ-
ing an indication for all sedatives and analgesics they have
administered. The ethical and legal requirements for the
withholding or withdrawal of therapy are summarized in
Table 4.

When life support is withheld or withdrawn, pallia-
tive care should be provided so that patient suffering is

avoided and ethical and legal requirements are satisfied.

BRAIN DEATH AND ORGAN TRANSPLANTATION
Definition of Death
Death once was defined as the cessation of cardiopulmonary
functions, in keeping with the concept that life is made poss-

ible by the flow of vital fluids (also see Volume 2, Chapters 16
and 68). However, the advent of CPR and postresuscitation
life support in survivors of “sudden death” rendered this
traditional definition obsolete, and brought about the realiz-
ation that the brain is the only organ whose function cannot
be replaced by medical intervention. At the same time, the
development of organ transplantation required that death
be legally redefined, so that physicians who remove organs
from patients whose cardiopulmonary function is being sup-
ported following irreversible brain damage are not accused
of murder. Here again, as in other areas of critical care medi-
cine, technological advances outpaced existing philosophical
paradigms and prompted ethical and legal change (3).

At present, in the United States, death is defined as the
total and irreversible loss either of cardiopulmonary func-
tion or the function of the entire brain and brain stem (76).
Death by neurologic criteria, which also is known as brain
death, must be distinguished from other conditions in
which patients merely appear to be dead. These conditions
include transient coma, in which cerebral hemispheric func-
tion may be lost only temporarily; the persistent vegetative
state, in which cerebral hemispheric function is lost for at
least a month but brainstem function remains intact; and
the locked-in state, in which cerebral hemispheric function
is preserved but patients cannot move (77). Other conditions
such as the Guillain Barre syndrome and encephalitis may
also mimic brain death, but the loss of brain stem reflexes
and the ability to breathe do not result from irreversible
structural brain damage and are recoverable.

Determination of Whole Brain Death
The determination of death by whole-brain and brainstem
criteria is thoroughly reviewed in Volume 2, Chapter 16.
The following summary briefly highlights the key principles.
The initial requirements for the determination of brain and
brainstem death includes the demonstration of coma,
which is characterized by lack of alertness and awareness
and signifies the loss of cerebral hemispheric function; and
the documentation of absent corneal, oculovestibular, oro-
pharyngeal, and ventilatory reflexes, indicating loss of func-
tion of the brain stem (Table 5).

The patient must be in an unresponsive coma and
apneic on a ventilator. A diagnosis compatible with irrevers-
ible structural brain damage leading specifically to death of
the brain stem must have been made. All drugs that can
cause reduced consciousness including alcohol, analgesics,
and sedatives must have been excluded as a potential
cause of coma. In addition, electrolyte abnormalities, meta-
bolic derangements, and hypothermia must have been
excluded as a cause of coma. Furthermore, drugs that
compromise the ability to breathe such as muscle relaxants
must have been reversed or allowed to wear off.

The final step in the determination of brain death fre-
quently is apnea testing (fully described in Volume 2,
Chapter 16). In brief, such testing involves giving intubated

Table 5 Determination of Brain Death

Lack of potential reversible causes of coma, for example,

hypothermia, drugs, metabolic derangements, etc.

Lack of alertness and awareness

Lack of corneal, oculovestibular, oropharyngeal, and ventilatory

reflexes

Lack of ventilatory efforts during apnea testing

Table 4 Satisfying Ethical and Legal Requirements During the

Withholding and Withdrawal of Life Support

Withhold or withdraw life support only with the consent of patients

or surrogates

Involve patients or surrogates in decisions regarding how life

support is withheld or withdrawn

Administer sedatives and analgesics to relieve suffering, not to

hasten death, in whatever dosages are necessary

Do not use neuromuscular blocking drugs when the ventilator is

withdrawn

Do not give potassium chloride or other agents that do not

contribute to patient comfort

Document decisions and actions in the medical record

Eliminate unnecessary treatments which increase suffering or

burden
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patients insuflated oxygen through the endotracheal tube
and observing them for respiratory efforts while they are
not mechanically ventilated and while allowing the arterial
carbon dioxide tension to rise from a normal level to at
least 60 mmHg. Brain death is confirmed if patients do not
make ventilatory efforts during apnea testing.

If the patient’s surrogates have been prepared for this
confirmation, accept the fact that the patient is dead, and
agree with discontinuation of support, mechanical venti-
lation need not be reinstated unless organ transplantation
is planned. In this case, cardiopulmonary function will be
maintained temporarily, prior to organ procurement.
Although it is useful in certain circumstances, laboratory
confirmation of brain death by cerebral blood flow studies
in adults is not generally required (78).

Surrogate approval is not required before brain death
is determined in either group because such determination is
a medical issue. Nevertheless, approval should be sought
before such determinations, because apnea testing is not
riskfree and subsequent decision-making regarding organ
procurement also should be known. Furthermore, although
there are good reasons to honor patients’ previously
expressed desires to donate organs despite surrogates’
wishes to the contrary, most physicians find it difficult to
do so and guidelines from Regional Organ Procurement
Agencies require surrogate consent.

Finally, it is important to note that brain death need
not be determined before the withholding or withdrawal
of life support, which represents the forgoing of unwanted
treatment in living patients. Indeed, most patients from
whom life support is withheld or withdrawn are not brain-
dead.

Brain Stem Death: The British Alternative to Brain Death
Some countries accept the determination of irreversible loss
of brain stem function only as an alternative cause of death
rather than requiring death of the entire brain and brain-
stem. England is an example and has a strict Code of Practice
that describes how and when the diagnosis can be made. The
diagnosis is made in two stages by two senior doctors. First,
the same set of preconditions must be met, as required in the
United States. Brain death should not be declared in patients
whose central nervous systems are depressed by hypother-
mia, metabolic abnormalities, or drugs. Only if these precon-
ditions are fully met may the doctors proceed to the second
stage and perform the tests. The tests are designed to
demonstrate the absence of cranial nerve (II–X) reflexes
bilaterally and to confirm apnea in the presence of a
PaCO2 of 50 mmHg (or an increase of 20 mmHg). If after
meeting the preconditions and performing the tests, the
diagnosis of brain stem death is made, the entire process is
repeated. Although the second set of tests is required to
confirm the diagnosis, legally death is deemed to have
occurred at the time the first set of tests was completed.

The British Code of Practice is based on the belief that
the brain stem is the part of the brain that is vital for inte-
grated functioning. Not only is the brain stem essential for
the transmission of afferent information and the responses
to this information but also it contains nuclei that control
cardiovascular, respiratory, and thermoregulatory functions.

Promoting OrganTransplantation
The major limitation to more widespread transplantation in
most countries is physician reluctance to discuss this issue
with the surrogates of patients such as trauma victims

who, by virtue of their young age and lack of chronic
disease, are ideal organ donors (see Volume 2, Chapter 16).
Although this reluctance is understandable with families
whose religious or cultural values prohibit organ donation
(e.g., gypsies and some Asians) (see Volume 2, Chapter 68),
many people are consoled by the knowledge that their
loved ones are helping to keep others alive through the gift
of their organs. With this in mind, many states have
adopted legislation that requires discussion of transplan-
tation with the surrogates of patients who are likely to be
brain-dead. Physicians, who hold such discussions are not
subject to legal liability in the United States (79).

ALLOCATINGMEDICAL RESOURCES
Physicians as Patient Advocates
A historical view, which can be traced to Hippocrates, holds
that physicians own a duty only to their patients (80). This
concept of duty is supported by the ethical principles of
beneficence, nonmaleficence, and autonomy. It also is
reflected in the fiduciary relationship through which
physicians are expected to maintain their patients’ medical
interests in trust. According to one author (81), “. . .
physicians are required to do everything that they believe
may benefit each patient without regard to costs or other
social considerations. In caring for an individual patient,
the doctor must act surely as that patient’s advocate,
against the apparent interests of society as a whole, if
necessary.”

A corollary to this concept of duty is the idea that phys-
icians cannot be providers and rationers of healthcare service
simultaneously. Although they may advise society about
certain issues, including the allocation of scarce or costly
medical resources, physicians must not bring such issues to
the bedside. In one author’s (81) words, “. . . it may be diffi-
cult for doctors to separate their roles as citizens and expert
advisors from their role in the practice of medicine as
unyielding advocates for the health needs of individual
patients.” When practicing medicine, doctors cannot serve
two masters. It is to the advantage both of society and of
the individuals it comprises that physicians retain their
historic single-mindedness. However, physicians can and
should help save money and resources by knowing the
approximate costs of various therapies and diagnostic tests,
and choosing the ones which are the most cost-effective.

The single master view of medicine has prevailed over
time for several reasons. One is that the fiduciary relation-
ship traditionally has allowed physicians’ broad discretion
in determining what their patients’ interests are. At the
same time, while operating under the principles of benefi-
cence, nonmaleficence, and autonomy, physicians have
encouraged patients to expect, if not demand, that every-
thing possible be done on their behalf. Of course, under
fee-for-service reimbursement, physicians have benefited
financially from the tests they have ordered for patients
and the procedures they have performed on them. As a
result, physicians who have advocated for the health needs
of individual patients have also acted, whether they know
it or not, as advocates for themselves.

Another reason for the prevalence of the single master
view of medicine is that it and the ethical principles support-
ing it have not conflicted until recently with the principle of
distributive justice, under which medical resources are to be
allocated fairly, according to need, and to patients most
likely to benefit from them. Until the last half of the 20th
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century, physicians had relatively few diagnostic and thera-
peutic services to offer patients, and hospitals were viewed
primarily as places to die. However, healthcare has become
more promising with new developments, such as trauma
services, new operative techniques, and critical care facili-
ties. It also has become more expensive and, arguably, less
available to the uninsured.

That over 40 million Americans lack health insurance
makes the single master view of medicine seem somewhat
incomplete. Indeed, the principle of distributive justice
demands that physicians not only serve individual patients
but also strive to improve access for all. It also requires
that the interests and needs of all patients be balanced. To
meet this requirement, physicians cannot hoard critical
care resources solely for their own patients. They also
cannot waste resources that are of limited benefit or benefit
only a few patients. The responsibility for conserving
medical resources is shared both by ICU directors and by
the physicians who care for patients in the ICU.

Rationing Resources and Managed Care
Ideally, the judicious allocation of critical care resources will
prevent their rationing either at the bedside or as a result of
social policies. The United States has no acknowledged
policy on rationing medical services; instead, the govern-
ment and private insurance companies simply refuse to
pay for them. One current manifestation of this “policy” is
managed care, which is widely identified as a tool for
increasing corporate profits by denying medical services.
Managed care organizations commonly pay physicians
through capitation rather than fee-for-service, and they
have induced them to do less for patients through the use
of incentive plans that reward physicians for using fewer
and less costly services. In the process, managed care has
made patients suspicious of the physicians and the health-
care institutions they once relied on (82).

Fortunately, the interference of managed care organiz-
ations into the physician–patient relationship has lessened
in recent years, largely in response to protests from both
physicians and patients. Physicians also have learned how
to act as fiduciaries under capitation, just as they have
learned how to provide cost-conscious care without overt
rationing. Whether such rationing ever becomes common-
place remains to be determined. One reason it might
become commonplace is the perception that healthcare
costs can be reduced by limiting intensive care at the end
of life.

Can Health Care Costs Be Reduced by Limiting
Intensive Care at the End of Life?
Because the terminally ill are often hospitalized and may be
candidates for intensive care and because the ICU is particu-
larly resource-intensive, reducing the use of the ICU among
such patients appears to present unique opportunities for
cost reduction. The quality of these patients’ end-of-life
care also may be improved if those who would benefit
more from palliation than from heroic restorative efforts
were identified early, and the patients received this treat-
ment in places other than the ICU.

The major reason that cost reduction might be possible
in the ICU is that critical care is so expensive (see Volume 2,
Chapter 68). Of the $989 billion spent on health care in the
United States in 1995, hospitals costs were around $350
billion. Assuming that ICU costs were 20% of hospital
costs, they amounted to $70 billion or 1% of the Gross

Domestic Product. The costs of ICU care are higher today
not only because total hospital costs are higher but also
because ICU costs represent a larger fraction of hospital
costs, inasmuch as a greater percentage of hospitalized
patients are cared for in the ICU (83).

In addition to its high cost, sufficient geographic
variation exists in the use of intensive care to suggest
that this treatment is overutilized in some institutions.
On average, patients who die in the ICU are more expens-
ive (unless they die quickly, e.g., head injury) than those
who live, and sustaining their lives may not be cost-effec-
tive. Furthermore, cost-reduction strategies are possible in
the ICU. In support of this idea, investigators (84) retro-
spectively identified ICU patients who either died
during admission or within three months of discharge
and were in the upper 25% of all critically ill patients
in terms of resource use. Were such recipients of “poten-
tially ineffective care” identified and their ICU stays
restricted to five days, the investigators estimated,
charges at the study hospital could have been decreased
by $1.8 to $5 million a year.

Although limiting potentially ineffective care is
appealing, shortening stays in the ICU may not reduce
costs unless beds are taken out of circulation, personnel
are relocated, and other fixed costs are decreased. Although
patients who die in the ICU generally are more expensive
than those who survive on an individual basis, the most
expensive patients are those with indeterminate outcomes,
who defy prognostication. The most cost-ineffective care
actually is provided to a small number of patients;
whereas the majority of patients benefit from ICU care.
Furthermore, although the study of potentially ineffective
care suggested that considerable savings could be realized
if such patients were identified and their ICU stays
reduced, a follow-up study (85) suggested that efforts to
decrease access to the ICU might actually increase overall
mortality. Finally, even if terminal care were provided in
hospice rather than the ICU, the savings would be minimal
over the patients’ last year of life (86).

Clearly, ICU costs can be saved by not opening beds in
the first place, as is the approach taken in countries with
limited healthcare resources (87). Yet the price of such ration-
ing would be to dash the expectations of patients and surro-
gates and sacrifice lives that could be saved or at least
prolonged through ICU admission. This idea of not provid-
ing critical care services has proven to be politically unten-
able in the United States, and has led to growing
dissatisfaction in other countries (88).

In the final analysis, healthcare costs cannot be
reduced appreciably by limiting intensive care at the
end of life. That said, providing timely and intensive pal-
liative care is desirable in its own right, independent of
economic implications. In countries with adequate
medical resources such as the United States, all critically
ill patients should receive a trial of intensive care unless
they or their surrogates specify otherwise, or if, in the
absence of available information in the patients’ wishes,
such care can be deemed to not to be in their best inter-
ests. When restorative efforts fail, they should give away
to a palliative approach if patients or surrogates agree,
not because the approach will save money, but because
palliation will be of the greatest benefit to the patient in
achieving the goal of a comfortable and dignified death,
regardless of its impact on healthcare costs. Improving
care, rather than reducing costs, is the most appropriate
reason to provide palliative treatment.

Chapter 67: Ethical and Legal Issues in Trauma and Critical Care 1211



EYE TO THE FUTURE

The basic principles of biomedical ethics presumably will
remain the same in the foreseeable future, but they will be
increasingly adopted throughout the world in developing
nations. For example, the principle of autonomy is becoming
more and more accepted outside the United States and
Canada. For example, in Western Europe, where physicians
traditionally (paternalistically) made most decisions regard-
ing the WH/WD of life support, patients and families
increasingly are involved in decision-making (89). In other
countries predominated by religious or tribal traditions,
paternalism will likely persist in the near future.

The principle of distributive justice is receiving more
attention in the United States and elsewhere, and it will
receive even more as biomedical ethics continue to evolve.
A growing burden of acute traumatic illnesses and of
chronic conditions, such as obesity and diabetes, in
developed countries, coupled with the advancing age of
the populations of these nations, should increase the
demand for medical services within them. At the same
time, poor economic conditions should create difficulties in
meeting the demand, especially as technological innovations
occur. The problem of equitable distribution of limited
resources is common in underdeveloped nations, where
morbidity and mortality from infectious diseases and
illness caused by poverty is all but overwhelming. Increas-
ingly, distribution schemes—in a word, rationing—may
need to be followed in more affluent countries if distributive
justice is to be realized.

Clarification of patient outcomes and what constitutes
futility are important considerations that impact ethical
decision-making in the SICU (90). Increasing emphasis on
outcomes research should continue to clarify disease pro-
cesses that are treatable versus those that are irrecoverable
(with current technology) for which further therapy is futile.

SUMMARY

Traumatized and critically ill patients present many ethical
issues to physicians and other health professionals. These
patients should be encouraged to define their own interests
whenever possible. Unfortunately, many patients cannot
make decisions about clinical care or research participation
for themselves, so surrogates must do so for them. Patient
autonomy is contained in the concept of informed consent,
and may be considered to be implied for clinical purposes
in situations where a true emergency exists. Consent
cannot necessarily be considered to be implied in patients
with known (but unusual) beliefs, such as Jehovah’s
Witnesses, unless the patients have clearly stipulated
beforehand. Procedure-specific DNAR orders are useful
in the ED, the OR, and the SICU. Brain death demonstrated
by the absence of cerebral and brainstem function or, in
some countries (i.e., U.K.), brain stem death, are vital
diagnoses made in critical care areas because they (i) are
essential to the concept of a dignified death and (ii)
contribute to the salvage of life brought about by organ
transplantation.

Most patients who die in ICUs do so during the WH/
WD of life support. The WH/WD of life support and the
provision of palliative care have both been sanctioned by
the U.S. Supreme Court. While the administration of
sedatives at the time of WH/WD of life support is ethically

quite different than prescribing lethal drugs for the sole
goal of assisting suicide, a recent (Jan 17, 2006) six to three
decision by the U.S. Supreme court to upheld the 1997
Oregon Death With Dignity Act has an effect on the former
(91). The significance of this ruling in terms of the WH/
WD of life support is (i) the courts affirmed the patients
right to self determination, (ii) physicians are empowered
to prescribe drugs at the end of life according to their judg-
ment as regulated by states (rather than federal) oversight,
and (iii) had the decision not been upheld, it would have
likely had a chilling effect on the compassionate adminis-
tration of sedatives and analgesics to dying patients during
the WH/WD of therapy. In the words of Quill and Meier
(92), who raised concerns if the Court ruled the other way:
“physicians may become hesitant to prescribe the best avail-
able medications to manage the pain, agitation, and short-
ness of breath that sometimes accompany the end stages of
illness. As a result, they may, in essence, abandon patients
and their families in their moment of greatest need.”

Life support should be WH/WD and palliative care
should be provided at the request of patients or their
responsible surrogates when treatment is physiologically
futile. The ethical and legal requirements are summarized
Table 4. Improving care, rather than reducing costs, is the
most appropriate reason to provide palliative care.

KEY POINTS

Important ethical issues in trauma and critical care
include medical decision-making, informed consent,
resuscitation, brain death, organ transplantation, the
withholding and withdrawal of life support, and the
allocation of medical resources.
In keeping with the principle of autonomy when
capable of rational informed decision-making patients
should always be allowed to define their own interests.
The most ideal surrogates are those who have been desig-
nated by patients before or during their critical illness to
make medical decisions in the event of incapacity.
Physicians may make decisions they consider in a
patient’s best interests in an emergency, unless the
patient has stipulated otherwise.
lf a true emergency exists, then consent may be
considered to be implied.
Consent is required from Jehovah’s Witnesses for trans-
fusion in elective situations but may not be needed in
emergencies, unless the patients refuse this therapy.
In situations where patients (or surrogates acting on the
patient’s wishes) do not want CPR performed, valid Do
Not Attempt Resuscitation (DNAR) orders should be
written in the medical record.
Procedure-specific DNAR orders are useful in many
hospital environments, including the ED, the OR, and
the SICU.
Most patients who die in intensive care units in the
United States do so during the WH/WD of life support.
The WH/WD of life support and the provision of pallia-
tive care have both been sanctioned by the U.S.
Supreme Court.
Neuromuscular blocking (NMB) drugs that could
prevent spontaneous breathing should never be admi-
nistered during the withholding or withdrawal of ven-
tilatory support.
When life support is withheld or withdrawn, palliative
care should be provided so that patient suffering is
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avoided and ethical and legal requirements are satis-
fied.
Improving care, rather than reducing costs, is the most
appropriate reason to provide palliative treatment.
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INTRODUCTION

Before mass emigration and global travel were the norm, it
was common for members of the caring professions to share
the same background and belief systems as their patients.
Today, however, most countries contain populations from
numerous ethnicities, cultures, and religions, with varying
legal experiences and degrees of trust of the medical
professions (Table 1).

Religious and cultural influences permeate all seg-
ments of society, including medical decision-making. Phys-
icians, whether consciously or unconsciously, conform to
values and behaviors reflecting family and society, as well
as professional standards. Personal influences often affect
one’s interactions with patients and general approach to
practice, yet these tendencies are not necessarily apparent
to the practitioner.

Most clinicians are cognizant that patients possess their
own belief systems; however, the need to respect these differ-
ences and incorporate them into patient decision-making still
requires emphasis from time to time. Religious and cultural
backgrounds tend to be the most significant influences under-
lying patient and family belief systems in terms of life, death,
brain death, medical futility, organ donation, and trust in
doctors. Accordingly, understanding these considerations
can aid the traumatologist/intensivist in avoiding or rectify-
ing ethical dilemmas due to these factors that complicate
end of life decision-making and care.

This chapter addresses these considerations and provides
cultural and religious guideposts for readers who may, or may
not, be familiar with the general principles and ethical beliefs
underlying most of the world’s organized religions. In addition,
other cultural influences that relate to specific geographic
regions or are unique to certain ethnic groups are reviewed.

Medical goals in end of life care must be responsive to
the needs and preferences of individuals within their socio-
cultural, religious, and family contexts.

FACTORS INFLUENCING END OF LIFE DECISIONMAKING
Culture and Custom
Culture can be defined as the ideas, customs, and art of a
society. The term is also used to describe a particular
society at a particular point in time. Customs tend to be

activities that are long established. Although cultures
change over time, current thinking within a given culture
is often influenced by customs established in an earlier
era and passed down over generations. Cultures tend
to embrace specific beliefs, perceptions, and values.

These cultural norms and values strongly influence how
individuals and groups think about death, dying, and end
of life issues.

Cultural development has historically been slow
to evolve, and was deeply enmeshed in the context of
community, family, and religious values. However, with
the global society, cultural transformations occur far more
quickly and are more readily influenced by changing
societal, legal, and ethical norms. For example, in the
Western world, medical behavior has been altered by
pressure from patient advocates and bioethicists. These
forces have altered Western culture from a custom of
medical paternalism to an ethic of patient autonomy (the
principle that underlies the ethical concepts of informed
consent, and use of advanced directives). The ethnicity,
culture, and religion of patients and families strongly influ-
ence bioethical differences regarding end of life issues.
Likewise, the ethical and legal climate within countries influ-
ences physician practices and medical decision-making

surrounding end of life care.
Decision-making by individuals is not a feature of all

cultures even in the Western world. For example, in
Italy, paternalism is still an accepted method of practice in
some provinces. Hispanic cultures also place important
emphasis on patriarchal decision-making within the family.
In some North American native populations such as the
Inuit, Cree, Navajo, and Dene, decision-making is often
situational, and always dependent on the values of the indi-
vidual within the context of family and community (1).

In Eastern cultures, including members of the Hindu,
Muslim, and Sikh religions, decision-making involves not
only the individual but also the family. In Japan, the
culture of medical paternalism existed until very recently
and is only just beginning to change (2). Japanese
attitudes regarding disclosure, decision-making roles, and
end of life choices reflect a shifting emphasis toward auton-
omy, much as has occurred in the United States in recent
generations.
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Religion
Religion can be described as a specific part of culture and
custom. Religion is the worship of or belief in a supernatural
power or powers. “Life” after death is a key feature of most
organized religions. This often involves beliefs about the
soul or spirit of a person that survives even though the
biological body has died. Interestingly, the soul/spirit
is often thought to embody the individual’s personality,
intellect, will, and emotions, features that scientists attribute
to the brain (see philosophical discussion in Volume 2,
Chapter 16). Some theologians view spirituality as a global
concept which encompasses the transcendent values that
promote human fulfillment and connectedness with others
as well as with a transcendent being or higher power.

The relationship between the soul and the body of the
deceased varies across different religions and cultures
(Table 2). For Christians, Jews, and Muslims, the soul is
thought to leave the body to be reunited with their God in
the afterlife. For Hindus, Sikhs, and Buddhists, the soul is

Table 1 Factors Influencing Decision Making Related to

Death, Dying, End of Life Care, and Organ Donation

Factor Description

Culture Values, beliefs, ideas, customs, and art of

a society

Religion Worship or belief in a supernatural

power(s) or divine transcendent

being(s)

Law Rules regulating members of a society or

community typically within political

borders of authority

Trust in the medical

profession

Varies according to cultural and religious

customs and among groups within

society, depending on their personal or

aggregate recent experience

Table 2 Religious Views on Organ Donation

Religion

Donation allowed

(yes/no)

Explanations and comments

(regarding the official position of the religion)

AME Zion Yes Supported as an act of love and charity.

Amish Yes Supported when organs are likely to benefit recipient. Reluctant if outcome

is questionable.

Assembly of God Yes No official position—decision up to the individual.

Baptist Yes Individual decision, but considered charitable.

Brethren Yes Considered a charitable act as long as donor death is not hastened, and tissue

not from an unborn child.

Buddhist Yes Individual decision, but considered honorable.

Roman Catholic Yes Support and encourage donations as an act of charity.

Christian Churcha Yes Support and encourage organ donation.

Church of Christ Yes No prohibitions—decision up to the individual.

Christian Science Yes No official position—decision up to the individual.

Episcopal Yes Supported and viewed as part of their ministry.

Greek Orthodox Yes Not opposed as long as organs used to better human life (i.e., for transplantation or research).

Gypsies No Not a formal religion, rather a grouping of ethnicities, with common folk beliefs

against organ donation.

Hindu Yes No prohibitions—decision up to the individual.

IC Evangelical Yes No official position—decision up to the individual.

Islam Yes Most Islamic scholars believe transplantation is noble.

Jehovah’s Witness Yes Individual decision—all blood must be removed from organs and tissues

before transplantation.

Judaism Yes All four branches (orthodox, conservative, reform, and reconstructionist)

support donation.

Lutheran Yes Support and encourage organ donation.

Mennonite Yes No official position—decision up to the individual.

Mormon Yes No opposition—decision up to the individual.

Pentecostal Yes No official position—decision up to the individual.

Presbyterian Yes Supports and encourages organ donation.

Shinto No Injuring a corpse is a serious crime in Shinto folk beliefs. Thus, families may be

reluctant to donate.

Quakers Yes No official position—decision up to the individual.

Unitarian Yes Supported and viewed as an act of love.

United Church of Christ Yes Support and encourage organ donation.

United Methodist Yes Encourages members to become card carrying organ and tissue donors.

aDisciples of Christ.

Abbreviations: AME, African Methodist Episcopal; IC Evangelical, Independent Conservative Evangelical.

Source: From Refs. 2, 7–15, 19–24.
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seen as reincarnated as a new life in another body. Gypsies
believe that the spirit of the person remains on earth for a
year after biological death, and requires its earthly body to
wander freely. Many Japanese believe that the dead body
must be in perfect condition or the soul will be unhappy in
the next world. They also believe, as do others, that the
dead person’s spirit can communicate with the living and
that the sadness of the dead person’s soul can affect family
members. Historically, members of those religions and
cultures that believe that the body is needed even after
death have been less likely to accept organ donation than

those who believe the soul leaves the physical body follow-
ing death and no longer needs it.

Law
Laws are rules regulating what may or may not be done by
members of a society or community. Usually, laws reflect
the cultural and religious beliefs of the majority of individ-
uals in the community to which they apply. As such, laws
tend to change over time in line with changing societal
beliefs and moral values. Consequently, a law that is right
for one generation or century may not be right for the next.
Similarly, various countries, or locales within countries,
change their beliefs at differing paces, so laws that work
well in a cosmopolitan European capital, may not function
well in Saudi Arabia, or in a small village in the Amazon
rain forest.

Trust in the Medical Profession
Trust implies confidence in the truthfulness, honesty, and
reliability of a person. Specifically, the relationship between
physicians and their patients is based on trust. The patient’s
trust in his or her doctor places an obligation on the phys-
ician to care for the patient based on the highest medical
and ethical standards. Death is the final diagnosis.
Patients, their relatives, and their religious and societal

mentors honor doctors by trusting them to accurately
declare when biological life has ended. Trust is expected
as a moral imperative, despite the fact that physicians, scien-
tists, clergy, and bioethicists continue to struggle with the
precise definition of death in the context of medical advances
(as discussed subsequently).

DIAGNOSIS OF DEATH

The diagnosis of biological death is made when clinical
examination and appropriate tests have been performed

(see Volume 2, Chapter 16 for specific clinical determinants
and confirmatory studies). These may include tests to ident-
ify irreversible cessation of heart beat, irreversible cessation
of breathing, or irreversible cessation of brain (and/or brain
stem) function. The tests are chosen to demonstrate that
certain criteria have been fulfilled. It is argued, however, that
criteria for death cannot be definitively determined until
death is better defined, the definition which itself relies on
resolving philosophical and biological concepts of death (3).

Concept of Human Death
Biologically, death marks the transition of the human body
from the living to the nonliving state. An alternative
concept of human death is loss of personhood. Inevitably,
personhood means different things to different people, but
usually loss of consciousness is a key element. Philosophers
have stipulated that sentient death occurs when self-
awareness is permanently lost, that social death occurs
when a person has lost his or her role in society and lastly,
sociological death where a person is cut off from his commu-
nity (4). Examples include people exiled because they have
betrayed their country, or people who are legally declared
dead in the absence of a body because they have been
missing for many years. Ultimately, medical goals in
end of life care must be responsive to the needs and prefer-
ences of individuals within their sociocultural, religious,
and family contexts.

Definition of Death
Defining death is both complex and controversial. This is
because a single definition cannot include all the concepts
of death described earlier. From a religious or cultural per-
spective, the definition of death as the end of a particular bio-
logical life is acceptable but incomplete, because it ignores
other important events that occur when a person dies
(Table 3).

The nascent idea of brain death emerged as physicians
and families grappled with the reality that medical technol-
ogy had advanced beyond the philosophical constructs
available. In particular, a definition of brain death was
needed to account for the fact that brain necrosis could
occur despite continued tissue perfusion, due to artificial
support of heart and lungs. From a medical perspective,
defining death of an individual as the biological event that
marks the transition from being alive to being dead is hard
to argue against, but is incomplete because it does not
provide any actual criteria for being dead.

Table 3 Religious and Cultural Events After Biological Death

Event Religion or culture Comments

The soul is reunited

with a deity

Christians, Jews,

and Muslims

Body no longer relevant.

Soul is reincarnated in

a new body

Hindus, Sikhs,

and Buddhists

Body is no longer relevant. The soul lives on in numerous bodies until nirvana is

achieved. Quality of the soul’s next biological life is influenced by deeds in

the previous life.

Soul exists on earth after

biological death

Gypsies and Japanese A whole body is needed if the soul is to wander freely and be happy.

Spirit exists on earth after

biological death

Aboriginal groups Spirit beings need a whole body. They often play a role in the decision-making

of the living.

Immortality Various As illustrated by beliefs about the soul but also biological/conceptual for

example, living on in our children.
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Thus, some suggest that death be defined as “perma-
nent cessation of the critical functions of the organism as
whole” (3). In this definition, critical functions are divided
into three groups. These groups are the vital functions of
spontaneous breathing, autonomic cardiovascular control,
and integrative functions such as neuroendocrine feedback
loops and consciousness that allow the organism to
respond to essential needs such as hydration and nutrition.
Inevitably this definition, and others similar to it, facilitate
acceptance of the brain death concept.

Criteria for Pronouncing a Patient Dead
When a definition of death is agreed upon, criteria can be
listed to show that the definition has been fulfilled. In the
medical context, criteria have been described for cardiore-
spiratory death, brain death, brain stem death, and neo-
cortical death (5). Currently, cardiorespiratory and brain
death are diagnosed widely and brain (and brain stem)

death are accepted in most modern societies.
In ancient times the criteria for death, such as lack of

breathing associated with a cold body, were common to all
cultures and religions. More recently, cessation of heartbeat
has been an additional criterion. Acceptance of cardiac
arrest as a new criterion was facilitated because irreversible
cardiac and respiratory arrest are normally so closely linked
that in both practical and philosophical terms, the moment
of death is unchanged. Consequently, religious teaching
and traditional beliefs remained valid, according to the
accepted criteria.

Tests Confirming the Criteria for Death
In past times, it was relatively easy to sense breathing and
skin temperature. Nevertheless, there is evidence that the
ancient Greeks and Romans delayed burial for several
days, perhaps because they needed to be certain that death
had occurred. The advent of cardiac arrest as a criterion
began the process whereby the recognition of death was
removed from the population as a whole, and became the
province of doctors and nurses. However, advances in resus-
citation and the advent of the diagnosis of brain death have
meant that physicians are now the only ones formally able to
diagnose death. Furthermore, the brain dead person no
longer “looks dead” according to traditional criteria. Conse-
quently, although all religious and cultural groups still
discuss the concept and definition of death, they rely on
physicians—not only to decide what exams and tests are
necessary to diagnose biological death, but also to perform
those tests. It is freely acknowledged that events such as
the soul leaving or entering a new relationship with the
body is not amenable to naturalistic tests.

Tests currently used to establish that death has
occurred do not pinpoint the actual moment of death. Only
when irreversible cardiac or respiratory arrest is witnessed
is the time of death known. Even then, a period of
delay can occur, all owing for resuscitation attempts before
death is diagnosed formally. Current criteria and tests diag-
nose the state of being dead, not the moment of death. In cri-
tically ill and patients, death may proceed more as a process
than an event (6). Death of the person often proceeds as a
process is in accordance with current definitions, which
describe the sequential loss of several vital organ systems.

In the United Kingdom death is defined as death of
the brain stem (see Volume 2, Chapter 16). The U.S. defi-
nition is based on “whole brain” death. The diagnosis of
brain death has clinical criteria (sufficient in the majority of

cases) and confirmatory tests (occasionally required to expe-
dite diagnoses), both of which are completely reviewed in
Volume 2, Chapter 16. However, both the brain stem and
the cortex undergo a dying process. After the function of
certain critical cells is lost, breathing and cardiovascular
control becomes erratic, brain stem reflexes are lost one by
one, and, finally, control of body temperature is lost. The
dying process is even more complex for the whole brain,
as additional cells and pathways are involved.

Until scientists and doctors define more precisely
which critical functions determine death, death will always
be a process and not an event. This is one reason why it
has been so difficult for religious leaders to incorporate con-
cepts of brain death into their teachings. Perhaps more pre-
cision in the use of words is needed and acknowledgment
that diagnosis in its current form specifies the condition of
being dead, not the actual moment of death itself.

RELIGIOUS CONTROVERSIES
Written and Oral Tradition
Most religions rely on texts that record the thoughts of
prophets who lived in an era when absence of breathing
was the main criterion for death. Modern medicine has

developed to the point where it has become very difficult
for religious leaders to interpret ancient religious texts in a
manner meaningful to contemporary society. A review
of the extensive literature illustrates that how difficult
it is for religious groups to reach a consensus view on
the definition of death, and explains why although most
major religious groups support organ transplantation pro-
grams and tacitly accept the diagnosis of brain death there
is still debate about the meaning and definition of death.
Written texts provide a common basis for discussion but
are open to a variety of interpretations. Furthermore, societal
changes and attitudes toward death continue to evolve,
along with changes in the practice of medicine.

Aboriginal tribes throughout the world rely on oral
tradition. Oral history changes as it passes down the gener-
ations, and ethics are best understood as a process rather
than correct interpretation or a unified code (1). Spirit
Beings participate in decision-making. We can only specu-
late about whether this very different ethical approach
makes the task of decision-making, in relation to brain
death and organ donation, easier or more difficult. Given
the intense and intricate discussions still ongoing in many
religious and cultural groups, the following sections are an
interim but honest attempt to summarize the issues they
face. For a greater understanding of the ethical views held
by the major organized religions, the reader is referred to
a recent series on end of life issues for various religions
published in Lancet (7–13).

Life as a Valuable Gift
Although all religions celebrate life, attitudes regarding

both life and death and how it occurs vary. Most religions
teach that life is sacred and that killing is wrong. Most also
believe that life is a gift which must be valued. Suicide and
euthanasia are therefore, generally forbidden. Buddhist
belief is complex. Experience is divided into five skandhas.
In Buddhism, the teaching of nonself (anatman) asserts
that in the five skandhas, no independent self or soul can
be found. Thus, Buddhists are encouraged to be compassio-
nate, to meet death mindfully, to look beyond their own
needs, and to serve the needs of everyone in society. Thus,
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although a dignified death is an acceptable personal goal,
suicide in the interests of others is not only accepted but
also considered laudable, if the person’s motives are pure
and in accordance with Buddhist teaching (14). Judaism
also forbids killing. Some Jewish leaders argue that accept-
ing donated organs would make the recipient an accessory
to murder of the donor. Others, however, teach that the
organ would have been removed anyway, and so as long
as there is more than one potential recipient, a Jew may
accept an organ if it is offered (15). Most Jewish scholars
now believe that organ donation is acceptable, providing the
donation does not hasten the death of the donor, or in any
other way cause pain or suffering. Other groups, such as the
Jehovah’s Witnesses (JWs), forbid the transfusion of blood
products. They believe that death from profound anemia or
lack of clotting factors is Jehovah’s will. Clinicians from other
cultural or religious traditions find this attitude hard to
accept and some might interpret this particular religious teach-
ing as tantamount to suicide (see Volume 2, Chapter 67 for
ethical issues involved in the care of JW patients).

Within the medical community, there are those who
believe that brain death is not death (16). Others argue that
the diagnosis of brain death is a strategy that is used solely
to facilitate transplantation programs (17). They suggest
that the diagnosis should be abandoned, and those patients
with devastating brain damage, or who are nearing death for
other reasons, should be allowed to donate organs before
they die from irreversible cardiorespiratory arrest. This is
likely to be interpreted as killing or suicide by some religious
groups and would be unacceptable to them.

Religion and Organ Donation
Almost all religious groups have leaders who encourage

the altruistic donation of organs for the benefit of others and
tacitly accept the diagnosis of brain death. These rec-
ommendations have not been achieved easily. It is clear
that within many religious groups, guidance has been pro-
vided in an inconsistent and piecemeal way. For example,
Muslims follow the teachings of Islam but are divided into
Shi’a and Sunni branches. Jurists from the Shi’a branch
have ruled that organ donation by brain dead patients is
acceptable, but their rulings were made at different times
in Iran, Egypt, Saudi Arabia, Singapore, and the United
Kingdom. The Sunni branch has made similar rulings but
generally later than the Shi’a branch (18). For Hindus, con-
scious death at home is the ideal. An unknown Hindu
author has written “under no circumstances should organs
be removed for use by others” (19). In contrast, a leading
Hindu neurosurgeon has advocated acceptance of brain
death and organ donation (20). The Sikh religion teaches
that a person’s soul is their real essence, and encourages
followers to serve god by helping others. Because the body
is of minor importance compared to the soul, organ donation
is encouraged (21). Senior Rabbis from the Jewish commu-
nity disagree about the definition of death according to reli-
gious texts. There is debate about whether breathing alone or
heartbeat and breathing must have stopped. Another
requirement is that the person must be “comparable to a
dead man who does not move his limbs.” Spastic movement,
which is not normal, is acceptable to some. Yet others argue
that even if the limbs do not move, a beating heart’s move-
ments are not spastic and therefore death can only be
declared when there is no rhythmic heart beat (15). Conse-
quently, the majority of Rabbis support organ donation,
though a few do not.

In all these religious groups, acceptance of brain death
and organ donation appears to have been achieved more
quickly in some countries than others. This suggests that cul-
tural and religious factors have a significant influence. In
Japan, for example, the diagnosis of brain death and organ
donation are very recent developments. Cultural rather
than religious beliefs seem to have been the major barrier
to acceptance (2). In particular, medical paternalism has
led to mistrust of doctors by patients.

IMPLICATIONS OF RELIGIOUS AND CULTURAL DIVERSITY

Bioethical attitudes are influenced by religion and culture.
Ethical behavior accepted as the norm in Western

countries may not be appropriate for minority groups
within in these countries or in Eastern countries where the

majority religion and culture is fundamentally different.
Reference to attitudes among the Japanese and North Amer-
ican native populations have already been made and are
good examples. Whatever their ethnic origin, most individ-
uals conceptualize death in a complex manner that is both
personal and within cultural and spiritual contexts. In
addition to biological and religious concepts of death,
other ill-defined concepts exist. An illustration is the fear
of elderly Westerners that their body will not be found for
several days after death that suggests that life in their
abstract thought somehow extends beyond biological life
(4). Another example is the pressures on Western women
to bear children, which may be linked to the concept of
“living on in our children.” Although biological transfer
of genes is real, whether this really represents continuation
of our personhood in our dependants is debatable.

All cultures and religions have rules, customs, and
beliefs that require individuals to lead a “good” life. Most
also describe a “good” death and require that the dead
and dying are treated with dignity and respect for their
values and beliefs. As medical practitioners, we can
facilitate a “good” death by recognizing that our patients’
beliefs may differ from our own, and by attempting to eluci-
date what patients (or their families) believe is right for

them, without imposing our own ethical values. Recent
correspondence in the British Medical Journal serves as a
timely reminder that even within the medical profession,
the definition of a “good” death varies enormously (22). Dis-
cussions with families about death and organ donation
should occur in the context of their beliefs rather than
ours. Many intensive care units have access to support
from a variety of religious communities, as well as social
and spiritual care services and ethics committees whose
assistance can be extremely helpful in facilitating appropri-

ate end of life discussions (see Volume 2, Chapter 69).
In regard to organ donation, all the major religions

allow, and most support, organ donation after death
(Table 2). Often, however, these teachings do not filter
down to the church membership (18). Educational material
provided by transplant organizations (which includes
religion-based recommendations) needs to be specifically
targeted to relevant groups to enhance understanding.

The media can also have a profound effect on societal
attitudes. Some years ago in Britain, a sensational television
program purporting to show patients living normal lives
after brain stem death had been mistakenly diagnosed led
to an almost total cessation of the U.K. kidney transplan-
tation program. Although the claims were later retracted,
the accompanying publicity was minimal and it took many
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months for public confidence to return. Conversely, publicity
about individual children nearing death because a suitable
donor cannot be found usually leads to a flood of offers of
organs.

Varying interpretations of a “good” death have
already been described. Many religions encourage believers
to aspire to a dignified death and teach respect for the body
after death. To most, a dignified death implies that futile
medical intervention should not proceed for long periods,
and that patients should not suffer, justifying the use of seda-
tion and analgesia at the time of withholding or withdraw-
ing of nonbeneficial medical therapy. Additionally, it is
incumbent on the medical profession therefore to ensure
that suffering is not prolonged and the diagnosis of death
is made promptly.

Not all brain dead patients become organ donors.
However, ventilation and other life support should be dis-
continued as soon as brain death is declared if the patient
is not an organ donor. The exception to this rule occurs
when a patient dies so quickly that family has not had the
opportunity to pay last respects. In this setting, a modest
prolongation of mechanical ventilation of the deceased is
acceptable. When patients have irrecoverable injuries or
medical conditions, but are not brain dead, critical care prac-
titioners may withhold or withdraw treatment reflecting
ethical principles of autonomy (patient, family, or surrogate),
beneficence, and nonmaleficence, as well as legal directives.
Because the decision to withhold or withdraw treatment is
based on medical opinion, some families may not agree,
may believe it is unacceptable, or may cling to the hope
that the patient will recover. Discontinuing ventilation
in the presence of brain death is different than withdrawing
ventilation, because the decision to discontinue is based on a
diagnosis made by applying strict criteria rather than on the
physicians’ opinion of futility. However, families may still
challenge the diagnosis and request that the diagnosis be
confirmed by an independent physician.

In the truly brain dead patient, the heart usually stops
after a couple days. In some patients, however, the heartbeat
may continue for more than a few days, albeit at a slow rate,
as other organs begin to fail and die cell by cell. Doctors
who practiced in the era when discontinuation of futile treat-
ment was not ethically or legally acceptable still remember the
smell of putrefaction that surrounded these patients (due to
generalized tissue necrosis and liquefaction). Such deaths
were neither dignified nor “good.” If brain death is aban-
doned as a definition of death, it is probable that some patients
will be denied a dignified death. Thus, it is imperative that the
apparently incontrovertible link between the diagnosis of
brain death and organ transplantation is severed. This sugges-
tion has been made before (23) (see Volume 2, Chapter 16).

EYE TO THE FUTURE

Advances in trauma care have already reduced the pool of
potential organ donors and have triggered the development
of alternative donation techniques. There is increasing
interest in obtaining organs for transplantation from living
relatives or nonheart beating donors. As techniques
develop, the need for brain dead donors may diminish.
Gene therapy will revolutionize many aspects of treatment
for an enormous variety of diseases. This too may reduce
the need for organ donors. Gene therapy and cell transplants
may also alter outcomes from brain injury and irreversible
brain injury may eventually become reversible.

As medicine advances, and more and more parts

of the biological organism (including the brain) become
treatable or replaceable, the need for a precise definition
of biological death becomes increasingly important.
Although this is the remit of scientists and doctors, we
should learn the lessons of the past. The adoption of brain
death as a medical diagnosis and its effects on cultural and
religious communities serve as a good example. As we
strive to define biological death more precisely, we must
facilitate a concurrent dialogue with philosophers, theolo-
gians, and cultural leaders so that society as a whole partici-
pates in the debate. Although the diagnosis of biological
death is a task allocated to physicians, we must recognize
that the diagnosis has implications that extend far outside
of our realm of expertise (24).

It is clear from the available literature that the knowl-
edge and wisdom of numerous senior individuals through-
out the world have contributed to the debate about brain
death and organ donation. Consensus opinion has evolved
within various groups, but international consensus has not
yet been achieved. It is equally clear that within the
medical profession, the procedures for diagnosing brain
(and brainstem) death have been agreed by committee.
A relatively limited number of individuals have contributed
in the literature to the discussion about the definition of
death. For such an important subject, perhaps we are right
to rely on experts. However, physicians are called on to diag-
nose death, and for our patients, this is the final and most
significant involvement we will ever have in their care.
More individuals from diverse backgrounds will need to
contribute to the debate to achieve a broader consensus on
the biological definition of death.

SUMMARY

Culture creates unique patterns of beliefs and perceptions,
and cultural norms and values profoundly influence how
individuals and groups think about death, dying, and
issues surrounding the end of life. Religious traditions, as
well as one’s individual spirituality, also significantly influ-
ence attitudes and beliefs about death and the existence of
an afterlife. Furthermore, societal changes and attitudes
toward death continue to evolve, along with changes in
the practice of medicine.

These ideas are inextricably linked to the meaning of
death and what defines a “good death.” Although definitions
vary among philosophers, theologians, and some clinicians,
it is clear that a dignified death is a goal sought by all. Physi-
cians, by virtue of their role, are entrusted to make what is a
final diagnosis—the diagnosis of a patient’s death, based on
clinical and legal standards, in accordance with moral/
ethical principles. Currently, cardiorespiratory and brain
death are diagnosed widely, and brain (and brain stem)
death are accepted in most modern societies. The diag-
nosis of brain- and brain-stem death is vital diagnoses made
in critical care areas, which are essential to the concept of a
dignified death, and contribute to the salvage of life
brought about by altruistic organ donation for the benefit
of others in society.

As medical practitioners, the most important contri-
bution we can make in facilitating a “good” death is by recog-
nizing that the values and beliefs of our patients may differ
from our own, and by attempting to elucidate what patients
(or their families) believe is right for them, without imposing
our own biases and belief systems. Ultimately, medical goals
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in end of life care must be responsive to the needs and prefer-
ences of individuals within their sociocultural, religious, and
family contexts.

KEY POINTS

Medical goals in end of life care must be responsive to
the needs and preferences of individuals within their
sociocultural, religious, and family contexts.
Cultures tend to embrace specific beliefs, perceptions,
and values. These cultural norms and values strongly
influence how individuals and groups think about
death, dying, and end of life issues.
The ethnicity, culture, and religion of patients and
families strongly influence bioethical differences
regarding end of life issues. Likewise, the ethical and
legal climate within countries influences physician
practices and medical decision-making surrounding
end of life care.
Historically, members of those religions and cultures
that believe that the body is needed even after death
have been less likely to accept organ donation than
those who believe the soul leaves the physical body
following death and no longer needs it.
Death is the final diagnosis. Patients, their relatives, and
their religious and societal mentors honor doctors by
trusting them to accurately declare when biological
life has ended.
Ultimately, medical goals in end of life care must be
responsive to the needs and preferences of individuals
within their sociocultural, religious, and family contexts.
Currently, cardiorespiratory and brain death are diag-
nosed widely and brain (and brainstem) death are
accepted in most modern societies.
Tests currently used to establish that death has
occurred, do not pinpoint the actual moment of death.
Only when irreversible cardiac or respiratory arrest is
witnessed is the time of death known.
Modern medicine has developed to the point where it
has become very difficult for religious leaders to inter-
pret ancient religious texts in a manner meaningful to
contemporary society.
Although all religions celebrate life, attitudes regarding
both life and death and how it occurs vary.
Almost all religious groups have leaders who encou-
rage the altruistic donation of organs for the benefit of
others and tacitly accept the diagnosis of brain death.
Ethical behavior accepted as the norm in Western
countries may not be appropriate for minority groups
within in these countries or in Eastern countries
where the majority religion and culture is fundamen-
tally different.
As medical practitioners, we can facilitate a “good”
death by recognizing that our patients’ beliefs may
differ from our own, and by attempting to elucidate
what patients (or their families) believe is right for
them, without imposing our own ethical values.
Many ICUs have access to support from a variety of
religious communities, as well as social and spiritual
care services and ethics committees whose assistance

can be extremely helpful in facilitating appropriate
end of life discussions (see Volume 2, Chapter 69).
As medicine advances, and more and more parts of the
biological organism (including the brain) become trea-
table or replaceable, the need for a precise definition
of biological death becomes increasingly important.
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INTRODUCTION

The withholding (WH) and withdrawal (WD) of life support
(LS) are processes by which various medical interventions
either are not given to patients or are removed from them
with the expectation that the patients will die from their
underlying disease, or from an acute intercurrent process.
Life-sustaining treatment includes, among other therapies,
mechanical ventilation, vasoactive drugs, chemotherapy,
antibiotics, renal dialysis, artificial nutrition, and hydration.

Consistent with the principle of autonomy, it is medically
ethical to WH/WD-LS whenever it is unwanted, or no longer
desired, by the patient or his/her surrogate.

The WH/WD-LS is also appropriate when further
treatment is deemed futile (1). A therapy is defined as
futile when it has no realistic chance of providing benefits
that the patient has the capacity to appreciate. This definition
encompasses treatment that merely preserves permanent
unconsciousness, or cannot end permanent dependence on
medical care only available in an intensive care unit (ICU)
(2). It is important to recognize that treatments which are
futile in terms of overall outcome can, and often do,
produce measurable improvements in individual physio-
logical parameters. The key aspect of these improvements
is that when they are futile, their sole function is that of
delaying the dying process. Futile treatments do not contrib-
ute to cure or palliation of the underlying disease processes.

The concept of futile treatment is not new (1,2).
However, significant controversy surrounds this topic
when one tries to quantify futility (3–7). One recent study
retrospectively evaluated Acute Physiologic and Chronic
Health Evaluation (APACHE) scores and found a good cor-
relation with outcomes; however, no specific futility
threshold was identified (8). Recent thinking emphasizes
the notion that futility occurs when the burden of treatment
far exceeds any anticipated benefit to the patient. The
concept of futility is important when balancing the ethical
principles of beneficence (the obligation of physicians and
nurses to endeavor to benefit the patient) and nonmalefi-
cence (the obligation of caregivers to “not cause harm”).
Medical futility occurs when a medical treatment has an
inordinately greater burden (harm) than good.

Palliative care has been defined by the World Health
Organization (WHO) in 1990 as “the active total care of

patients whose disease is not responsive to curative treat-
ment” (9). In the critical care unit, the administration of seda-
tives and analgesics represent one of the pillars of palliative
care, aimed at mitigating unnecessary pain and suffering. In
addition, meticulously maintaining the patient’s cleanliness
and appearance, among other aspects of comfort care, are
essential to respecting the patient. Providing this level of
attention to the patient also fulfills the need of the family
to see that their loved one is cared for at the highest level,
even at the time of death. Palliative care is multidisciplinary
and is provided from the moment WH/WD-LS has been
decided until the end of life (EOL), and is also extended to
families in bereavement.

The WH/WD-LS and the implementation of palliative
care in critical care settings have evolved over the past several
decades. When initial recommendations for discontinuing
ventilator support were made in the early 1980s, the pro-
vision of sedatives, analgesics, and other elements of
palliative care were variable and not well studied.

Currently, one in five Americans (.500,000 people) die
in an ICU every year, and of this group the majority die fol-
lowing decisions to limit or forego life-sustaining therapy
(10–12). Initiatives addressing palliative care in the critical
care setting have expanded recently in the wake of numerous
studies and several major consensus publications focused on
efforts to improve EOL care in the ICU (12–16).

Although many ICU clinicians deal with EOL con-
siderations in an optimal fashion, the landmark
SUPPORT study, among others, demonstrated that many
critically ill patients at the EOL receive care that is incon-
gruent with their wishes, and that some still die suffering
needlessly prolonged and painful deaths (17–19). To
address these issues, the Society of Critical Care Medicine
(SCCM), published “Recommendations for End-of Life
Care in the Intensive Care Unit” in 2001. This report ident-
ified the humanistic competencies, technical knowledge,
and clinical skills required to ensure patient comfort
during the WH/WD-LS (15). Recently, the Robert Wood
Johnson Foundation (RWJF) “ICU Peer Workgroup Pro-
moting Excellence in End of Life Care Project” proposed
a set of essential EOL care domains as a national agenda
for practice, education, and research to improve care of
patients dying in ICUs (Table 1) (16). Additional infor-
mation can be found regarding the “Promoting Excellence”

1223



project at the following web address: www.promotingex-
cellence.org.

This chapter reviews the legal and ethical justification
for the provision of sedatives and analgesics during WH/
WD-LS, as well as the indications and decision-making
process. The techniques utilized are variable, and are
ethically acceptable only if the primary goals of maximizing
patient comfort, avoiding suffering, and promoting patient
dignity and respect are observed. Some guidelines in this
regard are offered. In addition, various techniques for
optimizing the management of symptoms, as well as for
promoting a caring environment are emphasized.

LEGAL AND ETHICAL JUSTIFICATION
Legal Principles of Informed Consent and Right to
Refuse MedicalTreatment
In health care decision-making, a fully informed, capable, and
freely consenting adult has the legal right to decide whether to

accept (consent to) or refuse any and all medical treatments,
including those where death is a consequence. The legal and
ethical justifications for the WH/WD-LS rest on the principles
of informed consent and autonomy. In terms of consent to
treatment, or the WH/WD-LS, patients must be fully informed
of the expected benefits and burdens of treatment. Accord-
ingly, when further provision of life-sustaining therapy is unli-
kely to benefit the patient, physicians are ethically required to
inform the family or surrogate(s) of the patient’s prognosis
and initiate palliative care discussions (when appropriate).
The legal foundations of informed consent are further dis-
cussed in Volume 2, Chapter 67.

Ethics
Autonomy (Right to Self-Determination)
The principle of autonomy from the Greek, auto ¼ self and
nomy ¼ govern, respects the freedom and right of self-
determination in decisions affecting the individual. Regard
for autonomy honors the patient’s right to choose to limit

Table 1 Quality Indicators for Palliative Care in the Intensive Care Unit

Quality indicator Examples/comments

Patient and family

centered decision-

making

Decision-making should be in accordance with the patient’s wishes.

Surrogates must not interject their own philosophical beliefs, may need guidance in reaching decisions, and

should not be made to feel responsible for the patient’s death, if/when they decide to WH/WD-LS.

It is appropriate for physicians to recommend WH/WD-LS when further treatment is considered futile.a

Methods of WH/WD-LS vary according to patient’s condition and family wishes, but usually involves

removal of mechanical ventilation (i.e., terminal weaning vs. extubation).

Physicians should address conflict issues early, directly, and compassionately.

Communication with

patients, family, and

multidisciplinary team

members

Goals of care should be clear, and the WH/WD-LS plan coordinated with the multidisciplinary team.

The medical record should explicitly document the rational and plan for WH/WD-LS.

The family should be prepared for what to expect.

Continuity of care across

clinicians and settings

Consider nontransfer status of patient to maintain continuity of care in ICU.

Maintain plan of care with new clinicians if transfer required or requested by family.

Request palliative care, ethics consultations, and support service referrals (e.g., social services, pastoral

care) as indicated.

Symptom management

during WH/WD-LS

Analgesia and sedation should be provided to maximize comfort, and avoid distress (e.g., pain, dyspnea,

anxiety, agitation) during preparation for and during the process of WH/WD-LS.

Opioids and benzodiazepenes (or propofol) provide analgesia and sedation.

NMBAs should be strictly avoided in order best avoid masking patient discomfort.

Clear guidelines must be stipulated for PRN indications and dosage titration of opioids and sedatives for

nursing staff.

Interventions that cause patient discomfort should be discontinued/avoided.

Emotional and practical

support for families

Comfort care and patient dignity should be maintained during WH/WD-LS.

Privacy and unrestricted family visitation are important aspects.

Environmental stressors of ICU should be reduced: avoid unnecessary monitoring, alarms, and imposing

equipment.

Ensure practical support needs for the family are met.

Meticulously attend to patient’s physical comfort, hygiene, and appearance.

Facilitate cultural and spiritual EOL rituals.

Institutional support

systems

Consider use of standardized order sets for WH/WD-LS and “comfort care” orders.

Develop ICU policies/protocols for WH/WD-LS and interdisciplinary accountability according to best

practices.

Establish mechanisms for ongoing support and education of novice and seasoned clinicians regarding

palliative ICU care.

aFutility is defined within the chapter.

Abbreviations: EOL, end-of-life; ICU, intensive care unit; NMBAs, neuromuscular blockade agents; PRN, pro re nada as needed; WH/WD-LS, withholding or

withdrawal of life support.

Source: From Ref. 16.
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or forgo life-sustaining therapy. The majority of patients
dying in ICUs must exercise their autonomy through
surrogate decision makers (20,21), since less than 5% have
adequate decision-making capacity and an estimated 10%–
15% (even less in trauma patients) have existing advanced
directives (see Volume 2, Chapter 67)

In the Case of Futility: Balancing Beneficence
with Nonmaleficence

When futile conditions are recognized by the care team,
physicians are obligated to convey this information to the
family to ensure full disclosure of medical information, a
necessary prerequisite to shared decision-making.

When there is little hope of meaningful recovery the
WH/WD-LS is consistent with the ethical principles of ben-
eficence and nonmaleficence. The principle of beneficence
requires physicians to “do good” and take actions that
benefit or contribute to the welfare of the patient. The prin-
ciple of nonmaleficence is based on the dictum primum
non-nocere “above all do no harm.” This principle obliges
physicians to inform patients/families and act with diligence
in avoiding therapy known to cause suffering or harm in
cases where treatment has no realistic chance of providing
benefit that the patient has the capacity to appreciate, that
is, futile therapy. Under these circumstances, physicians
should also suggest that the emphasis of treatment be
shifted from an intent to cure to a focus of comfort.

Although no consensus has been achieved on the defi-
nition of what constitutes medical futility, futile conditions
do occur regularly in critically ill-trauma and postsurgical
patients, and most intensivists incorporate some form of
this concept into their decision-making regarding the aggres-
siveness of therapy and during deliberations regarding the
WH/WD-LS. Accurate prognostication of individual
patient outcomes is both difficult and controversial, and
the probability of survival is only one of several factors
(i.e., clinical judgment and experience) used in determining
the appropriateness of treatment (22–24).

Use of Sedatives and Analgesics: Ethical Principle
of Double Effect

The ethical principle of “double effect” when used to
justify comfort care conveys that analgesics and sedatives

can have the dual effect of relieving suffering as well as has-
tening death, and that the administration of these drugs is
ethically appropriate if the primary goal is to provide
symptom control (e.g., relief of pain and suffering), even if
death, a secondary, unintended effect is hastened in the

process (25–27). The fundamental difference between
symptom management during the WH/WD-LS and eutha-
nasia is based on what is intended (palliation) versus what
is foreseen, but not the primary intent (death).

Ethical Equivalence of Withholding and Withdrawal
Distinctions between the WH and the WD of treatment have
been made by some physicians who have felt justified in not
initiating treatment, but not comfortable with the dis-
continuation of life-sustaining therapy. From an ethical
perspective there is no difference between the WH and the
WD of treatment that only prolongs life without a realistic
chance of cure, and such distinctions are morally
irrelevant. Accordingly, when treatment is not wanted
by the patients (or surrogates), is contrary to the patient’s

values, and/or is unwarranted due to medical futility, it is
ethically and legally permissible to WH or WD treatment.
The moral equivalence of WH and WD also permits the
initiation of life saving interventions and time-limited trials
of therapy, with subsequent discontinuation of treatment, if
later determined to be futile.

It is important to recognize that it is never an emer-
gency to WH/WD-LS. Although discussions may be
urgent and intense, particularly when families and/or the
care team are in disagreement, it is nearly always best to con-
tinue supportive care until consensus can be reached. An
additional reason to briefly continue supportive care arises
when families are en route to the hospital from out of
town and wish to be with the patient as he/she expires. In
this instance, it is best to maintain life support for the
patient until the family is present and prepared to discon-
tinue LS.

SHARED DECISIONMAKING BETWEEN PHYSICIANS
AND SURROGATES

Most clinicians and family members advocate a shared
decision-making model of mutual negotiation between the
physician(s), patient, surrogates, and the medical team
caring for the patient as the best approach for deciding
when to limit or forgo life-sustaining therapy. When the
patient’s previous wishes are unknown, the goal is to act
in accordance with the best-known evidence.

Family members acting as surrogates should not make
decisions according to their own values, but rather acting as
the patient’s advocate, in accordance with the wishes of the
patient they represent.

As families look to physicians for guidance, it is
entirely appropriate to make recommendations to surro-
gates, and it should be considered a disservice to the
patient and family not to do so. This advice is first focused
on the best judgment in terms of likely outcomes with con-
tinued treatment in terms of meaningful recovery and final
rehabilitation potential.

With regard to the order of events during the WH/
WD-LS, limiting options to the most relevant approaches
is most appropriate during initial discussions. Confusing
families with a diffuse array of unguided options is often
more likely to overwhelm them during the stressful
deliberations. However, when families express preferences
of how the WH/WD-LS should proceed, these wishes
should be incorporated into the plan of care whenever
possible.

In addition, it is critical for physicians to impart to
family members that making the decision to WH/WD-LS
when indicated is not analogous to active euthanasia or
causing death, but rather that the decision allows the
patient to die naturally without further prolonging
unnecessary, and potentially painful, treatment through the
institution or continuation of life support.

Finally, once the decision has been made to pursue
palliative care goals, discussions regarding the WH/
WD-LS should conclude with affirmation of the active inter-
ventions that will be provided to ensure the patient’s
comfort and meet the family’s needs. Before leaving from
these discussions, family members should be invited to
ask any final questions and/or to make any other requests
known.
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Preparing Family and Loved Ones
The emotional burdens and uncertainty family members
experience over decisions to withdraw life-sustaining treat-
ment are well known. Research exploring the process has
shown that as families come to terms with the patient’s prog-
nosis, consideration is given to what the patient would have
wanted, and eventually hopes are redirected from cure to a
comfortable and dignified death for their loved one.
Family preparation needs to center on support and gui-
dance, affirmation of the appropriateness of their decisions,
and reassurance that the patient’s suffering will be mini-
mized (28–33).

Family members should not be left to feel alone

with the burden or guilt that their decisions are responsible
for ending a loved one’s life. Clinicians can effectively guide
families through the process of reorienting goals from
therapeutic to comfort care through honest, timely, and
compassionate communication (28).

To diffuse the burden of guilt, as much as possible, it
is important for loved ones to feel that the patient is
making the decision. Accordingly, it is important to
emphasize that the WH/WD-LS never means the withdra-
wal of care. Assurance that quality care will continue to be
provided, focusing on the patient’s comfort and dignity is
imperative. Families also need to be assured that WH/
WD-LS is legally permissible and ethically humane, and
that the administration of sedatives and analgesics is not

analogous to euthanasia. When the decision-making
process is handled sensitively by clinicians, the family is
usually able to develop a sense of satisfaction from doing
what they perceive as right and noble (e.g., carrying out
the patient’s wishes and limiting unnecessary suffering)
(31,34–36).

Developing Consensus and Conflict Resolution
Emphasizing that it is the patient’s preferences which
are paramount is often helpful in gaining consensus
from all those involved in decisions to forgo further
treatment. This requires explicit discussion and effective
communication, often over the course of several days.
Multidisciplinary family conferences, led by the attending
physician, are extremely valuable to consensual decision-
making and the prevention of conflict between clinicians
and surrogates. When the decision to pursue comfort
care is made, a consensus regarding the plan for how life
support will be withdrawn is essential.

When conflicts arise, specific issues of misunderstand-
ing (e.g., values conflicts, inadequate knowledge) should be
elicited and dealt with accordingly to reduce discordant
expectations. Skillful negotiation resolves most conflicts
including futility disputes. In situations where conflict
with families is ongoing or anticipated, early ethics consul-
tation is often helpful. When there is dissention within the
family, which is often due to prior unresolved issues,
emotional support from the social worker or spiritual care
services, if appropriate, can be invaluable. When conflicts
exist among interdisciplinary team members, it is important
to clarify goals of care before the family becomes involved in
the discussions so that efforts are coordinated, and family
members are not burdened by divergent medical views.
One member of the medical team should serve as the main
spokesperson with the family; this is traditionally the attend-
ing physician or his/her designate, and should not be left to
house staff or junior clinicians.

PROCESS OF WITHHOLDING ORWITHDRAWAL
Transition from Life-Sustaining Care to Comfort Care
Management goals in the transition from life-sustaining
treatment to comfort care should focus on ensuring that
the patient and family are prepared, patient suffering is
avoided, and that death occurs in the best manner possible
within the ICU, thus preserving the patient’s dignity,
respect, and comfort. As such, only interventions aimed at
achieving the goals of comfort care should be pursued; all
previous therapies or procedures that do not specifically
contribute to the patient’s comfort should be avoided or
discontinued.

Documentation of DNaR andWithdrawal of Life Support Orders
Do not attempt resuscitation (DNaR) orders are one form of
withholding life support intervention. Often in the critical
care setting, the determination of DNaR precedes the
decision to withdraw other life support measures (e.g.,
mechanical ventilation, vasopressors, etc.). As such, DNaR
orders alone carry no implications regarding other EOL
treatment plans, and therefore must be specified separately.
DNaR order protocols require the stipulation of whether all
resuscitative efforts are to be withheld, or attempted with
limitations (e.g., medication or defibrillation only).

With the decision to WH/WD-LS, all orders should
be rewritten to reflect that the intent of treatment has shifted
to providing comfort care to the patient, without regard to
physiologic stability. Documentation should be explicit
regarding the patient’s condition, the agreed on goals of
care, and the procedure for WH/WD-LS, including the
plan for the assessment and management of symptoms.
ICU nurses should be given latitude in pharmacologic
dosing with clear guidelines for PRN indications and
dosage adjustment (e.g., pain, dyspnea, anxiety, and
agitation). Several authors have recommended the use of
standardized order sets (37), though this practice is not
currently in widespread use. If needed, palliative care or
pain management consultation can be sought. This is
done proactively in some institutions. Appropriate multi-
disciplinary consultation for support services for example,
social work and pastoral care should also coincide with
orders for WH/WD-LS.

Confirming Patient Preparation
Before any active WH/WD-LS, the patient needs to be

started on sedatives and analgesics and made comfortable
as assessed by the bedside nurse and/or attending
physician. If neuromuscular blockade agents (NMBAs)
were used to this point, they must be stopped. Suggestions
for sedatives and analgesics to achieve this goal are detailed
subsequently.

Although the vast majority of patients have already
lost consciousness, by the time WH/WD-LS is considered,
any conscious patient should be prepared for what they
will experience.

Ensuring Family Preparation
The patient’s family and loved ones require particular prep-
aration and ongoing support during the transition process.
Anticipatory guidance in relation to the dying process, for
example, how the patient will look, and in general terms,
the patient’s expected length of survival (though rarely pre-
dictable), can help prepare family members for what to
expect. Specific needs and wishes regarding the moment of
death should be clarified; though most family members
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wish to be present, this is neither universal nor always
possible. Postponing withdrawal to await the arrival of geo-
graphically distant loved ones when requested is another
important consideration since WH/WD-LS is never an emer-
gency. Adherence to the planned time of WD is essential, as
families should not be burdened with the emotional uphea-
val of waiting due to competing clinician time demands.

Cultural and religious traditions have a significant influ-
ence on the experience of death. Traditional rituals or
practices should be respected and allowed to occur when-
ever possible, as their observance in preparation for death

is frequently a source of comfort for the patient/family.
Cultural and spiritual values and beliefs may differ mark-
edly from those of clinicians, emphasizing the importance
of elucidating patient/family goals and preferences before
the process of WH/WD-LS (see Volume 2, Chapter 68).

Clinician presence and time spent with the family to
learn about the patient as an individual is invaluable.

Encouraging reminiscence of positive life experiences
and important relationships in the patient’s life often helps

to facilitate the family’s grieving process at the EOL.
Before withdrawal of therapy it is also important to

discuss with families what will happen after the patient’s
death. Consideration should be given to issues such as
death notification procedures, autopsies, handling of the
body, and resources for funeral arrangements.

Technical Details of Withdrawing Therapy
The withdrawal of life support is a clinical procedure and
deserves the same level of physician preparation and involve-
ment as any other medical intervention. Physicians need to
decide which life support measures will be WH/WD,
in what sequence, and by whom. This decision-making
should be in accordance with family preference. However,
since families are seldom experienced in this regard, clini-
cians should facilitate the process by supplying options
that are most suitable to a peaceful death.

Discussions with families regarding the WH/WDLS
should not be left to novice clinicians. This is the time
when experienced senior clinicians are required. However,
most families are agreeable for novice clinicians to sit in on
discussions for the purposes of training, especially if the
novice is known to them or has already participated in the
patient’s care. The family should be reassured that clini-
cians will remain available and that their loved one will be

kept comfortable and free of pain, suffering, or any distress
throughout the entire process.

Considerations forTherapy Withdrawal
When determining which therapies to withdraw, physicians
should be guided by the goals of care, that is, mitigation of
patient suffering and needs of the family, rather than a pre-
scribed pattern. In general, once the decision to WH/WD-
LS has been made, all focus should be on maintaining the
patient’s comfort. Owing to their lack of impact on the
dying process, it generally is best to WH/WD all drugs
and therapy except for the administration of sedatives and
analgesics, unless other agents are needed for symptom
palliation (e.g., antiemetics, seizure prophylaxis).

Occasionally, the family will ask that certain therapies,
for example, enteral nutrition and hydration, continue to be
administered, and that treatments be WH/WD in a stepwise
fashion. When this approach is used, the ordering sequence
should be prioritized such that any treatment that is

potentially uncomfortable be WH/WD first. The only
therapy that should be considered for a staged WH/WD is
ventilator support, because absence of nearly any other
therapy is not associated with pain or discomfort (38).
Indeed, the gradual WH/WD of other therapies risks exposure
of the patient to additional suffering, and is not legally necess-
ary or ethically appropriate. There is no ethical reason for
gradual withdrawal, and a valid ethical case against gradual
withdrawal can be made on the grounds that partial treatment
strategies or stepwise withdrawal when death is inevitable
may expose the patient to further suffering, and prolong the
family’s grief as well (38).

Abrupt Ventilator Withdrawal vs.Terminal Weaning
Several methods of withdrawal from mechanical ventilation
can be used depending on the patient’s clinical condition and
physician experience. In terminal weaning, the endotracheal
tube is left in place following stepwise reductions in venti-
latory support, which can take place gradually or rapidly.
In some cases, extubation follows the wean. Terminal extuba-
tion entails a rapid cessation of mechanical ventilation and
artificial airway removal. Arguments in favor of extubation
following rapid weaning focus on the removal of unnecess-
ary equipment, maximization of comfort, and reducing the
prolongation of dying as well as the family’s anguish.
Those who favor of terminal weaning reason that it mini-
mizes dyspnea, and prevents airway obstruction (19,39).
Limited data are available to justify one method over the
other for any particular set of clinical circumstances. Accord-
ingly, practice patterns vary widely in terms of approach at
WH/WD-LS, with most studies demonstrating that terminal
weaning is currently more common, although this is chan-
ging. However, terminal weaning lasting for many hours
should be avoided as it only prolongs the dying process.
Regardless of the method employed, patient comfort and
support of the attendant family are the primary concerns.
Dyspnea and anxiety should always be anticipated, and
patients should be appropriately medicated with sedatives
or analgesics before the initiation of WH/WD-LS (14,15,40).

Recommended Approaches
The optimal approach to WH/WDLS will vary between
institutions, physicians, patients, and clinical circumstances.
However, several key principles (Table 2) should be
observed regardless of the specific details. These consider-
ations have been articulated in other sections of this
chapter. Above all else, providing a humane environment
for the patient and family and ensuring that the patient is
allowed to die with respect, dignity, and with the least
discomfort possible represents the optimal approach.

The optimal approach also requires that the family is
involved in the decision-making process to WH/WD-LS.
Once the plan has been decided, it should be clearly articu-
lated to the nursing staff, documented in the patient record,
and corresponding orders should be written. Patients on
NMBAs should have these discontinued, and those not
receiving sedatives or analgesics should have these started,
with orders to select and titrate dosing as required to
prevent symptoms of dyspnea, pain, or anxiety.

The environment should be made conducive to the
WH/WD-LS, with particular attention to comfort and
esthetic elements. A private room, soft lighting, and
reduced noise are often comforting, as are presence of photo-
graphs and other meaningful mementos of the patient’s life.
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For some patients and families, playing calming music can
also help transform the environment and keep the emphasis
on pleasant, loving memories. Visitation policies should be
liberalized, allowing loved ones who wish to be present to
remain with the patient during the WH/WD-LS.

Throughout the entire WH/WD-LS the patient

should be as clean and meticulously cared for as
possible. This helps the family and loved ones remember
the dying patient in a more positive way and to ensure that
the patient’s dignity at the time of WH/WD-LS. Moreover,
this also communicates to the family that the medical and
nursing staff care for, respect, and share their concerns for
the patient.

Once all the arrangements previously described are
complete, the patient should optimally have all tubes
removed, except for the infusion line for sedatives or analge-
sics, and drainage tubes that may result in obstructive symp-
toms and pain without their presence. Alarms on all
ventilator devices, infusion pumps, and monitors should
be disabled. The monitor screen at the bedside should also
be turned off, although an ECG or pulse oximetry signal
transmitted to the central nursing station can give helpful

clues about the speed of the patient’s decline. In addition,
pacemakers and automatic internal cardiac defibrillators
should be deactivated.

It is important for the bedside nurse to keep a watchful
eye over the patient to check for signs of inadequate sedation
and analgesia as well as monitoring for the cessation of ven-
tilatory efforts, and cardiac function. The nurse’s presence at
the bedside during this time can be an invaluable source of
information and emotional support for family and loved
ones.

Last, the ventilation should be discontinued and, when
sedation and analgesics are optimally titrated, the ETT should
also be removed providing that removal is not expected to
lead to stridor or immediate partial/complete airway obstruc-
tion. Often, careful positioning of the patient in the “recovery
position” can reduce symptoms of airway obstruction. The
benefit of removal of the ETT is that the patient will appear
more natural and like themselves. In the case of patients
with expected stridor or obstruction following extubation
despite adequate positioning, the ETT should remain in
place, with the patient removed from the ventilator circuit
and placed on humidified room air.

Table 2 Key Considerations During the Withholding or Withdrawal of Life Support in the Intensive Care Unit

Key consideration Examples/comments

Ensure family agreement

and preparation

Ascertain consensus and acceptance of transition to palliative care goals. Explicitly address and attempt to

resolve any conflicts before WH/WD-LS.

Once the decision has been made to WH/WD-LS, family preparation centers on support and guidance

during the process.

Reassurance that the patient’s comfort and dignity will be maintained is critical to the family’s well-being.

Specific needs and preferences regarding the time of death (e.g., wish to be present) should be elicited and

accommodated whenever possible.

Document orders are

written for WH/WD-LS

Distinguish DNaR orders from WH/WD-LS orders; DNaR orders alone carry no implications regarding

other EOL treatment plans, and must be specified distinctly.

Documentation should be explicit regarding the patient’s condition, the agreed on goals of care, and the

procedure for WH/WD-LS.

Confirm patient prep-

aration (including ade-

quate analgesia/
sedation)

Initial IV bolus dosing and continuous IV infusion of analgesics and sedatives should be started before the

active WH/WD-LS, and PRN bolusing to treat any symptoms of distress is optimal.

Provision of adequate dosages of opioids and benzodiazepenes will provide effective analgesia and sedation

in virtually all patients.

Physical care and comfort

of the patient

Remove invasive lines and discontinue interventions that may cause discomfort to the patient.

Disable audible monitors and alarms (except at central station).

Disable pacemakers and automatic internal (or external) cardiac defibrillators.

Allow family to participate in care of patient as desired; encourage physical touch/contact.

Respond to family member’s concerns regarding patient comfort as often they are able to accurately

interpret patient behaviors indicative of distress.

Appropriate setting,

quality, and continuity

of care

Transfers out of the ICU should be the exception, rather than the norm; ICU care ensures lower nurse:

patient ratios, close surveillance, and availability of multiple resources for aggressive symptom

management.

If transfer is required or requested, assure family members that continuity in the plan of care will be

maintained. New clinicians should be introduced to the family, and transfer protocols clearly specified.

Privacy and environ-

mental modifications

Ensure privacy of family for personal expressions of words, emotions and cultural/spiritual rituals.

Modify environment to reduce noise, soften lighting, and make as comfortable as possible. Remove

unnecessary machines/technology.

Multidisciplinary support Maintain clinician access and close presence to inform and support family members during the dying

process.

Offer support services (pastoral care, ethics consultation, bereavement specialists) as appropriate.

Abbreviations: DNaR, do not attempt resuscitation; EOL, end-of-life; ICU, intensive care unit; IV, intravenous; PRN, pro re nata as needed; WH/WD-LS,

withholding or withdrawal of life support.
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SYMPTOM MANAGEMENT
Administration of Sedatives and Analgesics
There is no sound rationale for withholding analgesia or
sedation when the goal is comfort and symptom relief.
During the WH/WD-LS, conventional administration rules
do not apply and optimal dosing is determined by the
control of symptoms (e.g., pain, agitation, and dyspnea),
without concern for cardiopulmonary side effects of the
drugs, regardless of the dosage required. When adminis-
tered in adequate dosages, opioids and benzodiazepines (or
propofol) provide adequate analgesia and sedation in vir-
tually all patients during the WH/WD-LS. Anticipatory
dosing should also occur whenever the patient has any pre-
sumptive reason for distress. Medical orders should clearly
specify the intended use for analgesia and sedation,
guided by the principle of double effect.

Opioids provide the foundation of pharmacologic man-
agement during the WH/WD-LS by providing analgesia,
some sedation, and blunting of respiratory and cough
responses. In most cases morphine is the ideal opioid
because it is easily titratable with rapid onset of action and
few adverse effects; fentanyl and hydromorphone are
equally effective. Fentanyl is less likely to cause histamine-
related effects and is useful in patients allergic to morphine,
although it produces less sedation. Meperidine should be
avoided because its active metabolite normeperidine can
theoretically produce seizures. Age, organ system function,
and prior use of opioids (opioid naive vs. tolerant) also
necessitate dose adjustment. Occasionally nonopioids are
used adjuvantly to manage concomitant inflammatory or
neuropathic pain.

Benzodiazepenes are indicated for sedation and anxio-
lysis, are synergistic with opioids, and have useful antero-
grade amnesic effects and anticonvulsant properties.
Benzodiazepines are generally preferable to antipsychotics
(e.g., haloperidol). However, propofol can be used as well.
As with opioids, benzodiazepenes or propofol are optimally
administered by continuous IV infusion with bolus dosing as
needed for symptom control and drug level maintenance.
Haloperidol is generally not required at this juncture in
patient care.

Neuromuscular blockade agents should be avoided or
discontinued before the WH/WD-LS as there is no thera-
peutic purpose for paralytic use during ventilator withdra-
wal. NMBAs mask assessment of patient distress, making
it impossible to determine the efficacy of analgesics and
sedatives in achieving comfort, and may cause suffering
without adequate analgesia (12,14,15,38,41).

Physiologic assessment tools, sedation scales, and so on
are useful (though not always reliable in unconscious patients)
to quantify evaluation of pain or other distress (see Volume 2,
Chapter 5). In addition, family members are often able to accu-
rately interpret patient behaviors associated with pain or
anxiety and should be encouraged to share opinions and con-
cerns regarding symptom management with the nursing staff.

Nonpharmacologic Management of Pain and Suffering
Palliative care in the ICU involves more than analgesia and
sedation. Nonpharmacologic management of suffering

involves discontinuation of “routine” interventions in the
ICU that cause unnecessary discomfort to the patient.
Any treatment that is not essential to achieving comfort
should be stopped; this includes blood draws, diagnostic
exams, painful wound care, and repeated vital sign
monitoring.

Aggressive pulmonary hygiene including endotra-
cheal suctioning should be avoided unless it aids in
comfort, although this is rare. In contrast, gentle suction of
secretions from the mouth of a recently extubated patient
can reduce the noise of breathing. Noisy breathing is distres-
sing for families and loved ones who often refer to it as “the
death rattle” which is historically associated with a pro-
longed and painful death.

Invasive lines, for example, Swan Ganz catheters,
arterial lines, ICP monitoring devices, and so on, can be
removed and monitor alarms disabled. Environmental stres-
sors such as excessive noise, light, and activity should be
minimized. Removal of restraints, equipment, and lowering
of bedrails allows loved ones more intimate contact with
the patient (12,15,35,41).

Even though family members may be fully cognizant
of the withdrawal process, they are often reluctant to touch
the patient. This is probably a consequence of their previous
experience when active care was still in progress and they
may have been fearful of dislodging vital monitoring
devices or equipment. During the WH/WD-LS process,
family members should be explicitly informed that it is
entirely permissible, and usually beneficial, to touch and
hug the patient, if this is their wish.

Physical Care and Comfort of the Patient
Attentiveness to the physical care of the patient is important
from a patient comfort perspective, as well to assure family
and loved ones that the patient is receiving excellent care
from clinicians. Meticulous attention to the patient’s phys-
ical comfort, hygiene, and appearance conveys caregiver
respect and protects dignity. To meet both, patient and
family needs, ICU staffing patterns should reflect require-
ments for higher, not lower, intensity and acuity in the
nursing care needs of dying patients.

PROVIDING A CARING ENVIRONMENT
Appropriate Settings, Quality, and Continuity of Care
When death is imminent in critically ill-ventilator dependent
patients, it is recommended that the patient remain in the
ICU for comfort care; transfers should be the exception,
rather than the norm. This ensures continuity of caregivers,
higher nurse: patient ratios, and availability of multiple
resources needed when aggressive symptom management
or close surveillance is required (e.g., ventilator or vasopres-
sor withdrawal). Efforts should be made to adapt the ICU
environment to provide a comfortable, private, and less tech-
nology dominant setting.

If the family requests transfer, or when needs may be
more effectively met in another setting, the patient can be
transferred out of the ICU, especially if not ventilator
dependent. When the patient is transferred to a new
location, it is imperative that the transition to floor care
(or although rare for critically ill patients, to a hospice
environment), be as seamless as possible. In circumstances
where a new set of clinicians must be involved, introduc-
tions should be made to family members, and transfer pro-
tocols should include a detailed report of the patient’s status
to ensure the plan of care will not be disrupted. The receiv-
ing clinicians must be made specifically aware of the ration-
ale for WH/WD-LS as well as the agreed on plans for
implementation so that continuity of care is maintained.
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Ensuring Patient and Family Preferences for Privacy
Family members should be allowed to spend as much as
they wish with the dying patient with unrestricted visiting
hours. Although preferences for the level of involvement
in care vary, family members can be allowed to participate
in care at a level which they feel most comfortable. Private
time spent together as a loved one is dying is, for many
families, a time of reflection and reconciliation.

Providing Emotional and Physical Comfort to Family
and Loved Ones
The support and presence of clinicians, especially the ICU
nurse, is vital to the family’s emotional well-being during
this vulnerable time. Distress is reduced when the family
is kept informed of the withdrawal process, and expressed
concerns are assiduously addressed (28,42,43). Private
space for families away from the general visitors waiting
room to eat, rest, make phone calls, and so on, is important
to provide respite and accommodate practical support
needs (see Volume 2, Chapter 64).

Multidisciplinary Support
The combined efforts of a multidisciplinary team includ-

ing nurses, physicians, social workers, and spiritual care
providers are essential to providing comprehensive pallia-

tive care in the SICU. No one discipline can address the
multidimensional needs of patients and families, and each
offers expertise in achieving the goals of care. Ideally, clini-
cians involved in the patient’s care should be available at
the time of death to support bereaved family and loved ones.

Emotional Support for the Clinical Staff
The death of any patient is often difficult for medical staff to
reconcile, particularly if that patient has already been subject
to intensive efforts directed at saving life. Other factors that
tend to make it more difficult than usual for caregivers is
when the dying patient is young, was talking or active for
some portions of the critical care management, and when
the patient has an unforeseen sudden catastrophic event,
such as a massive pulmonary embolus.

Although one’s professional responsibility is con-
cerned primarily with the care of the patient and family,
the emotional needs of colleagues, particularly those who
are inexperienced, should also be considered. Senior clini-
cians should ensure that there is a mechanism for dealing
with the impact of the death of a patient on those staff
members who have been involved in the patient’s care.

EYE TO THE FUTURE

Although WH/WD-LS is common practice for general inten-
sive care patients, its application and benefits are less well
studied in trauma populations (44). The unexpected, often
tragic nature of life-threatening injury and the fact that
trauma patients tend to be young and previously healthy
complicate the traditional notions of palliative care and
create enormous levels of stress and uncertainty in both
family members and clinicians. Although increasing atten-
tion is being given to palliative care, current models do not
always fit the clinical realities of a trauma/surgical ICU. At
present there is a dearth of studies specifically addressing
EOL issues in trauma populations, and hopefully more
will come in the future.

Much remains to be learned regarding best methods of
WH/WD-LS and optimizing comfort of the dying patient, as
well as the most effective intervention strategies to support
grief-stricken family members through the process of
decision-making and the transition to EOL care following
trauma. Because death is inevitable the culture of the
trauma service necessitates an expansion of the mission
and focus from one solely aimed at saving lives to one
which also addresses the physical and emotional EOL
issues for those patients who will not survive their injuries.

Palliative care must not be considered as a sequel to
“failed” intensive care but rather an integrative component
of caring for critically ill and injured patients (45). Further
research is needed to explore trauma-specific intervention
strategies regarding WH/WD-LS, and to identify the most
effective quality measures for improving palliative care in
trauma populations.

Although this is changing, trauma care providers have
had little formal education in the principles and skills of
palliative care. Numerous efforts are underway such as
those by the SCCM, RWJF, and the AMA Education for Phys-
icians on End-of-Life Care (EPEC) Project. California has led
the way by enacting law AB487, which requires all MDs to
take 12 hours of continuing medical education in pain man-
agement and palliative care by Dec 31, 2006.

Furthermore, in the clinical setting, experienced criti-
cal care practitioners have many opportunities which
enable them to serve as role models and mentors to junior
clinicians, in teaching and demonstrating the knowledge
and skill sets required to provide excellent palliative care
in the ICU.

SUMMARY

As most patients who die in an ICU do so following WH/
WD-LS, compassionate clinical management of death is an
important goal. As providers of EOL care, trauma surgeons
and critical care clinicians must be knowledgeable and
skilled in both the humanistic competencies of shared
decision-making surrounding EOL issues and the technical
competencies required to provide quality palliative care to
patients and their families during this stressful time.

Legal and ethical justification for WH/WD-LS rests on
the principles of informed consent and patient autonomy. In
ICU patients, this right is most often exercised through sur-
rogates (usually a family member or other loved one) acting
on behalf of and in accordance with the patient’s values and
beliefs.

When medical futility is evident, it is incumbent on
physicians to inform and advise surrogates of the limitations
of medical treatment and technology. In preparing families
for EOL decision-making, clinicians must recognize the
emotional toll involved and be prepared to guide them
through the difficult process, avoiding undue guilt or
burden. A shared model of decision-making is the optimal
approach.

When hope for recovery is ended, and the decision to
WH/WD-LS has been made by families and the medical
staff, the focus of patient care changes from curative
interventions to comfort care, where the primary goal is
the provision of nonpainful supportive measures and the
elimination of needless suffering and distress. Adequate
analgesia and sedation is achievable in virtually all patients
during the WH/WD-LS, and based on the principle of

1230 Wilson et al.



double effect, no maximum dose of analgesics or sedatives
exists when the intent is to relieve pain or suffering.

Families and loved ones of dying patients require the
utmost support and compassionate care from clinicians.
Care provided to the patient which emphasizes comfort,
dignity, and respect is vital to achieving this end. Individual
preferences and spiritual and cultural values and traditions
should be honored. All families should also be offered sup-
portive services from multidisciplinary experts in pastoral
care, ethics, and social services during this vulnerable
time, as well as being provided with information on referral
sources for bereavement support (see Volume 2, Chapter 64).

KEY POINTS

Consistent with the principle of autonomy, it is medi-
cally ethical to WH/WD-LS treatment whenever it is
unwanted, or no longer desired by the patient or
his/her surrogate.
Recent thinking emphasizes the notion that futility
occurs when the burden of treatment far exceeds any
anticipated benefit to the patient.
When futile conditions are recognized by the care team,
physicians are obligated to convey this information to
the family to ensure full disclosure of medical infor-
mation, a necessary prerequisite to shared decision-
making.
The ethical principle of “double effect” when used to
justify comfort care conveys that analgesics and seda-
tives can have the dual effect of relieving suffering as
well as hastening death, and that the administration
of these drugs is appropriate if the primary goal is to
provide symptom control (e.g., relief of pain, and suf-
fering), even if death is hastened in the process (25–27).
From an ethical perspective there is no difference
between the WH and the WD of treatment which only
prolongs life without a realistic chance of cure, and
such distinctions are morally irrelevant.
It is important to recognize that it is never an emer-
gency to WH/WD-LS.
Family members should not be left to feel alone with
the burden or guilt that their decisions are responsible
for ending a loved one’s life. Clinicians can effectively
guide families through the process of reorienting
goals from therapeutic to comfort care through
honest, timely, and compassionate communication (28).
Families also need to be assured that withdrawal is
legally permissible and ethically humane, and that the
administration of sedatives and analgesics is not analo-
gous to euthanasia.
With the decision to WH/WD-LS, all orders should be
re-written to reflect that the intent of treatment has
shifted to providing comfort care to the patient,
without regard to physiologic stability.
Before any active WH/WD-LS, the patient needs to be
started on sedatives and analgesics and made comforta-
ble as assessed by the bedside nurse and/or attending
physician.
Traditional rituals or practices should be respected and
allowed whenever possible, as their observance is in
preparation for death is frequently a source of
comfort for the patient/family.
Encouraging reminiscence of positive life experiences
and important relationships in the patient’s life often

helps to facilitate the family’s grieving process at
the EOL.
Before withdrawal of therapy it is also important to
discuss with families, what will happen after the
patient’s death.
Discussions with families regarding the WH/WDLS
should not be left to novice clinicians.
The family should be reassured that clinicians will
remain available and that their loved one will be kept
comfortable and free of pain, suffering, or any distress
throughout the entire process.
Throughout the entire WH/WD-LS the patient should
be as clean and meticulously cared for as possible.
When administered in adequate dosages, opioids and
benzodiazepines (or propofol) provide adequate
analgesia and sedation in virtually all patients during
the WH/WD-LS.
Nonpharmacologic management of suffering involves
discontinuation of “routine” interventions in the ICU
that cause unnecessary discomfort to the patient.
During the WH/WD-LS process, family members
should be explicitly informed that it is entirely permiss-
ible, and usually beneficial, to touch and hug the
patient, if this is their wish.
The combined efforts of a multidisciplinary team
including nurses, physicians, social workers, and spiri-
tual care providers is essential in providing comprehen-
sive palliative care in the SICU.
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INTRODUCTION

The training of medical students, interns, and residents in
busy trauma and critical care services are generally
focused on the basic science principles and clinical treatment
guidelines required to manage severely injured patients.
Often missing in the curriculum is expert guidance regard-
ing the most efficient methods of data collection, patient
presentation on rounds, and clear note writing. This
chapter provides guidance in these areas, and also suggests
techniques for obtaining appropriate assistance and input
from consultant specialists.

PREROUNDING

Some of the most tedious and at times stressful portions of a
young physician’s life on a trauma and critical care service
are spent chasing down information and evaluating patient
conditions in preparation for the subsequent presentation of
this data on attending rounds. Some of this stress is natural
and unavoidable due to the numerous tasks that need to be
accomplished during the typically short time window.
However, the guidance summarized in this chapter provides
some structure to these activities and, if followed, should
help to facilitate the process. In general, the resident
should collect and organize the information in the same

way that he/she plans to present the data on rounds.
Much of the information can be collected (and

arranged) prior to the morning “preround scramble.” For
example, the night before, the resident can compile lists of
information to be presented (listed subsequently) on a card
or piece of paper, organized in the same order as it will be
used for presentation in the morning. All the information
that is known to have occurred since the last attending
rounds and not expected to change can be included in
these lists, leaving blank spots for the new data (which can
be obtained in the morning).

Data that can often be chronicled in the evening prior
to rounds include: (i) radiographic and other imaging
results, including computed tomography (CT), magnetic res-
onance imaging (MRI), and ultrasound (U/S); (ii) laboratory

studies ordered and completed that day, such as gram stain
and culture data; (iii) progress made during spontaneous
breathing trials of weaning patients, along with weaning
parameters; (iv) tolerance of enteral nutrition, and so on.
These precollected data points only need brief verification
in the morning. Items that are expected to change and
need to be evaluated in the morning include: (i) the physical
examination, with particular focus on the neurological, and
cardiopulmonary status; (ii) fluid balance; (iii) laboratory
results from the morning blood draws; (iv) morning radio-
graphs, and so on. Asking the bedside nurse about the
important events that transpired through the evening and
speaking directly to the various consulting teams will also
help fill in the blanks.

New computerized patient information systems
allow automatic incorporation of vital signs, laboratory,
and even radiographic reports into templates that can be
used for prerounding. Often rounds can be expedited
by printing these templates first thing in the morning, and
transcribing (or appending) the precollected data from the
prior day to the prerounding template. In order to make
these written notes useful for rounds and subsequent note
writing, they must be organized according to a logical
scheme, generally in the same order as it will be used for
the presentation itself.

PRESENTATION ON ROUNDS

Because of the limited time available for rounds, typically
one and half hours to review up to 20 critically ill patients,
no longer than five minutes should be routinely spent pre-
senting the data and summarizing your assessment and
plans for any one particular patient. Accomplishment of
this goal requires that data be transmitted to the team in
an accurate, timely, and concise yet comprehensive
manner. This requires a high level of sophistication of the
resident, as well as hard work. More extensive discussion
on specific patients can occur at case conferences, during
patient management tasks. On any given day expect that
some percentage of patients will require more in-depth
discussion, further evaluation, and management discussion
time during attending rounds.
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Many different models are available for presentation
of critically ill patients, which can vary in sequence but
are similar in content (1,2). The six elements that should
be present in surgical intensive care unit (SICU) patient
presentation, corresponding with the six steps of the presen-
tation, are summarized in Table 1.

Step 1çIdentification of the Patient
All presentations in the SICU should begin with identifi-
cation of the patient. The most up-to-date diagnoses and pro-
blems should be presented up front, just as if one is reading
the headline of a newspaper. Identification of the patient
should explain to all the team members exactly what is
wrong with the patient (i.e., why the patient is here) and
where the team is in the work up of, or therapy for, the
patient’s pathological conditions.

An example of a good identification (for a new trauma
admission) is as follows: Mr. “X” is a 70-year-old man with
steroid dependent chronic obstructive pulmonary disease
(COPD) who was a restrained passenger in a motor vehicle
collision yesterday. He is now postoperative day #1, status
post exploratory laparotomy and splenectomy.

Step 2çHistory of Present Illness (Includes the
Trauma Workup)
Following the identification for a new patient, a focused but
complete history of present illness (HPI) is provided that
includes only the pertinent data (positive and negative
studies). In the case of a trauma patient, pertinent prehospital
details as well as the radiographic and laboratory results of
the primary (see Volume 1, Chapter 8) and secondary (see
Volume 1, Chapter 14) surveys of the trauma evaluation are

presented on the first day. In addition, operative and nono-
perative interventions are described and any pertinent
changes in neurological or cardio-pulmonary stability that
occurred during the procedures are noted; the operative esti-
mated blood loss (EBL) and resuscitation fluids are also pre-
sented when significant.

Pertinent trauma evaluation data includes mental
status in the trauma bay (head CT if altered), results of
chest X-ray (CXR), pelvic, and cervical spine (C-spine) radio-
graphs or CT results and the methods used to objectively
evaluate the abdomen [focused abdominal sonography for
trauma (FAST) versus CT versus diagnostic peritoneal
lavage (DPL)] (Table 1). Trauma patients will require a
detailed and accurate list of all injuries enumerated at this
time. An abbreviated version is presented on subsequent
days. This subsequent day list should be a short summary
of all known injuries presented either with the most signifi-
cant injuries first, or a listing of injuries in a head to toe
fashion.

Step 3çPast Medical^Surgical History
Often large portions of data from the past Medical–Surgical
history (PMHx) are missing in the obtunded trauma patient
upon initial presentation. Young healthy patients usually
have an insignificant PMHx and in this population the
missing information is often of little consequence.
However, with the increasing number of elderly patients
presenting with trauma, the PMHx can be particularly perti-
nent. Accordingly, efforts should be made to call family or
primary physicians to obtain such data in these individuals.

In one or two sentences, the presenter should list
the known medical problems as well as prior surgeries,

Table 1 Elements for Presentations in the SICU

Topic Relevant data Details required

Identification Identify patient

Reason for admission

Days in the SICU

Detailed

Past medical problems Conditions medications Detailed first day and then abbreviated

Specificity of presentation

(trauma patient)

Mechanism of injury

Full admission trauma evaluation listing the GCS

and VS in TRS, as well as ABG, Hct

Full list of imaging studies involving head, C-spine,

chest, abdomen, pelvis, and extremities

Detailed first day—only refer to pertinent

studies as appropriate subsequently

(note this is the tertiary survey

of the trauma patient)

Specificity of presentation

(other surgical Hx)

Chief complaint

History of present illness

Work up

Detailed first day only abbreviated

subsequently

Past medical problems Conditions

Medications

Detailed first day and then abbreviated

Systematic review Significant events since last rounds

System by system review to include physical exam

and relevant medications

Detailed

Current medications

and prophylaxis

Discussion of medications not discussed in

systems review

Discussion of need for deep venous thrombosis and

gastrointestinal bleeding

Detailed

Assessment Identification of problems Detailed

Plans Recommendations of management of problems Detailed

Abbreviations: ABG, arterial blood gas; C-spine, cervical spine; GCS, Glasgow Coma Scale; Hct, hematocrit; SICU, surgical intensive care unit; TRS, trauma

resuscitation suite; VS, vital signs.
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trauma, and often pre-existing conditions (e.g., missing
kidney, prior stroke, etc.). An abbreviated version of this
step (including a list of all significant ongoing medical or
surgical problems) should be presented daily. This practice,
in concert with listing all known injuries as mentioned in
step 2, serves to remind members of the team of: (i) the orig-
inal injuries or pathology; (ii) the current status of treatment;
along with (iii) the possible confounding issues that help put
the patient’s response to therapy into proper context. Any
new information obtained about the patients PMHx should
also be presented at this time, and on subsequent days.

Step 4çCurrent Review of Systems
The next phase in the critical care presentation of trauma
patients involves a stepwise update of the patient’s current
physiological status in terms of each major organ system.
The presenter should provide a clear picture of the current
condition, along with any important perturbations that
have occurred since the last rounds. The systematic

review of the patient’s various organ systems should

proceed methodically, but with only the detail required to

provide the listeners with a clear understanding of the
patient’s status.

The systems review is usually best accomplished
using a format that covers each organ beginning with
the most important, the brain (Table 2). The review then
proceeds with the other systems: cardiovascular, pulmonary,
and so on, providing a head to toe review.

Medications relevant to each organ system are typi-
cally listed during that portion of the presentation. For
example, during the neurological presentation, sedative,
analgesics, neuromuscular blockade, seizure prophylaxis,
mannitol, and so on, are mentioned; during the cardio-
vascular report, inotropes, vasodilators, and pressors are
discussed; during the hematological discussion anticoagula-
tion drugs employed therapeutically [or for deep venous
thrombosis (DVT) prophylaxis] are usually mentioned.
Any new findings on the physical exam, as well as labora-
tory or imaging data, is also reported when the relevant
organ system is discussed.

Table 2 Systems Review of Patients in the Surgical Intensive Care Unit

System Physical examinations Monitoring/lab values Medications/therapy

Neurologic GCS

Ox3

Pupils

RASS

Motor and sensory

CN I–XII

ICP measuring devices

Pain and anxiety level

Analgesic

Anxiolysis

Paralytics

Osmotic agents

Antiseizure

Cardiovascular Auscultation

Murmurs

Skin perfusion

Pulse character

Mean arterial pressure

ECG

Pulmonary pressure monitoring

Troponin

Pressors

Inotropes

Vasodilators

Pulmonary Breath sounds

Secretions

Ventilatory pattern

Level of support

(ventilation mask, FIO2, VT, PEEP)

PIP, ABG results

GI Inspection (distension)

Auscultation

Palpation

Nasogastric tube output

Bowel movements

(constipation or diarrhea)

Laboratory (amylase, lipase, LFT’s, etc.)

Motility agent

Nutrition

(enteral or parenteral

laxatives)

Antidiarrheals

GU Is & Os Electrolytes to include

BUN and creatinine

Diuretics

IV fluilds

ID TMAX

Line (peripheral and central)

WBC

Culture results

Sputum

Lines

Blood

CSF

Urine

Wounds

Antibiotics

GMþ coverage

GM 2 coverage

Anerobe coverage

Antifungal/antiviral

Total days therapy

Hematology Blood

Hematomas

Telangiectasias

Hematocrit

Coagulation profile

Heparin, FFP

SCDs

Endocrine Goiter, etc. Glucose, TFTs Insulin, synthroid

Abbreviations: ABG, arterial blood gas; BUN, blood urea nitrogen; CN, cranial nerves; CSF, cerebral spinal fluid; ECG, electrocardiogram; FFP, fresh frozen

plasma; FIO2, forced inspiratory oxygen; GCS, Glasgow Coma Scale; GM2, gram-negative; GMþ, gram-positive; GU, genitourinary; ICP, intracranial

pressure; ID, infectious diseases; LFT, liver function tests; Is & Os, Inputs and Outputs; Ox3, oriented x person, place, time; PEEP, positive end expiratory

pressure; PIP, peak inspiratory pressures; RASS, Richmond agitation sedation scale; SCDs, sequential compression devices; TFTs, thyroid function tests;

TMAX, maximum temperature; VT, tidal volume; WBC, white blood cell count.
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Neurological
In terms of neurological examination, the highest level of
functioning is reported, along with any alteration or new
deficits discovered since admission or the last rounds.
Patients who are awake are described in terms of alertness
and orientation. Those who are comatose are assigned a
Glasgow Coma Score (GCS). Those with intracranial
pressure (ICP) monitoring devices, and/or ventriculostomy
outputs should have those values reported at this time,
along with the cerebral perfusion pressure (CPP) when rel-
evant. A pupillary exam is also reported along with the infu-
sion doses of sedatives, analgesics, and neuromuscular
blockade drugs (if used), as these will affect both the neuro-
logical exam and CPP indices.

Patients who are sedated but not comatose are reported
in terms of their pain score and a sedation agitation score such
as the Richmond Agitation Sedation Scale (RASS) further
described in Volume 2, Chapter 5. Patients with subarachnoid
hemorrhage may require nimodapine and triple H (hyper-
volumia, hemodilution, and hypertensive) therapy. Those
patients receiving seizure prophylaxis medication should
have dosing and blood levels reported, along with mention
of any recognized seizure-like activity since admission, or
the last rounds. Patients with spinal cord injury are described
in terms of motor and sensory level per the American Spinal
Injury Association (ASIA) guidelines (also see Volume 1,
Chapters 16 and 26, and Volume 2, Chapter 13).

Cardiovascular
The presenter should declare the type of electrocardiogram
rhythm (sinus or otherwise) manifested by the patient’s
heart. This along with the heart rate (HR) and blood pressure
(BP) constitutes the minimal cardiovascular (C/V) data that
must be presented for each patient. Those with peripheral
vascular disease or limb injuries should have mention of
the pulse presence and character, capillary refill, and
color/warmth of the skin on the extremities. Patients who
are hemodynamically unstable and/or with invasive moni-
toring of filling pressures and hemodynamics should have
that data reported in a logical and coherent fashion.

In the case of invasive monitoring, it is often useful to
report pressures in sequence from the right side to the left
side of the heart, followed by the cardiac output (Q̇) and
derived variables [e.g., central venous pressure (CVP), pul-
monary artery (PA) pressure, wedge, Q̇, systemic vascular
resistance (SVR), pulmonary vascular resistance (PVR),
etc.]. The type and quantities of vasopressors and inotropes,
should also be provided during the cardiovascular report so
that the hemodynamic data can be interpreted within the
proper context. Patients who have had U/S evaluations, tro-
ponin values, or other C/V data performed should have
those results reported at this time. For patients who are
hemodynamically stable and off inotropes, the preceding
statement alone can in many times suffice, allowing the
presenter to proceed to the next system which may be
more relevant for that patient.

Pulmonary
If the patient is oxygenating and ventilating adequately on
room air (RA), little more needs to be said, other than the
RR and pulse oximetry saturation level on RA. Patients
receiving mechanical ventilatory support but still oxygen-
ating adequately should have a brief mention of the mode
of ventilation, forced inspiratory oxygen (FIO2), RR, tidal
volume (VT), level of positive end expiratory pressure

(PEEP), as well as a report of the pH, PaO2, and PaCO2

achieved on those settings, for evaluation of the ventilation
settings. Whenever patients are oxygenating and ventilating
without significant support, (i.e., PaO2 . 60 mmHg, on
FIO2 , 40 and PEEP � 5) then progress in weaning status
should be reported. Minimal data regarding suitability for
weaning involves the RR/VT achieved during any spon-
taneous breathing trials that were tolerated (Volume 2,
Chapter 28).

In contrast, the patient with severe acute respiratory
distress syndrome (ARDS) will require a detailed review of
ventilatory settings beyond the FIO2, RR, VT, and PEEP,
including peak inspiratory pressures (PIP), lung compliance,
I:E ratio, V̇E, and so on. The associated arterial blood gas
(ABG) is more carefully scrutinized in this condition, as is
the CXR, and discussions of confounding oxygenation
issues are appropriate at this time. Any relevant broncho-
scopy, pulmonary secretion or chest tube data should also
be offered at this time.

Gastrointestinal/Splanchnic
The gastrointestinal (GI) system is typically reviewed here
(Table 2). Pertinent positives include tolerance of enteral
nutrition and naso-gastric tube (NG) outputs (if NPO and/
or receiving parenteral nutrition). Prealbumin values should
be reported every couple days until in the normal range is
achieved, then evaluated and reported weekly thereafter
(also see Volume 2, Chapter 31). Other considerations regard-
ing the patient’s nutritional status can be mentioned as well
[e.g., results of metabolic cart, respiratory quotient (RQ), etc.].

GI stress ulcer prophylaxis can be mentioned here
or later (when institutional protocols are reviewed). Liver
function tests—amalysase and lipase when pertinent—are
mentioned in the GI presentation only when pertinent
[e.g., following liver transplant (LFTs), pancreatitis
(amylase)]. Patients with hepatic encephalopathy may have
their dosing of lactulose and neomycin (or rifaxamine) men-
tioned in the neuro section, or here in the GI review. Plans for
paracentesis are usually mentioned here or below with the
fluid management presentation.

Genitourinary-Fluid Status, Electrolytes,
Blood Urea Nitrogen/Cr
The fluid, electrolytes, and genito-urinary data is generally
presented next. Most important of which includes the 248
inputs and outputs (Is and Os) from various sites, of which
the amounts and type of fluids infused are important, and
the outputs from urinary catheters, naso-gastric (N-G) or
oro-gastric (O-G) tubes, chest tubes, and other drains as
well as stool are all important.

The daily assessment of blood urea nitrogen (BUN),
creatinine, electrolytes, and glucose are monitored closely
in critically ill patients. Abnormalities should be reported
and corrective measures suggested. Some individuals may
prefer to discuss glucose levels and insulin administration
later in the review of endocrine considerations. Patients
with oliguria (see Volume 2, Chapter 40) may have fractional
excretion of sodium (FeNa) reported, and dialytic therapies
are mentioned at this juncture.

Infectious Disease
The infectious disease (ID) considerations are reviewed daily
in all patients following trauma, surgery, or critical illness.
The presenter should start by reporting the maximum temp-
erature (TMAX) and the white blood cell (WBC) count along
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with a differential (if known). This is followed by a report of
gram stain and culture data from likely or known sources of
infection including sputum, blood, invasive lines, and
wounds. Urine is also reported and although commonly
colonized, the urinary tract is an infrequent source of infec-
tion and fever in SICU patients, whereas the most common
sources of infection in trauma and critical care followed by
wound infections are lungs and invasive lines.

After presenting the culture data, the current antibiotics
should be reported. A useful organization for presentation of
antibiotics is to discuss them in terms of gram positive, gram
negative, and anaerobic coverage. Patients receiving antifun-
gal therapy will have this discussed after the bacterial con-
siderations are dealt with. Rarely atypical organisms, viral,
and/or parasite coverage is pertinent in trauma or postsurgical
patients, but if so, these values are also mentioned. Each anti-
biotic being used should be reported in terms of the organ-
ism(s) it is covering and the number of days it has been used
thus far, as well as the total number of days of therapy planned.

Hematological
The hematological data presentation begins with a report of
the current hematocrit (Hct), platelet counts, and coagu-
lation values—for example, protime (PT), partial thrombo-
plastin time (PTT), and the international normalization
ratio (INR). The number of transfusions of blood, platelets,
fresh frozen plasma (FFP), or other components that were
infused since the last rounds is also summarized. Any
ongoing sources of blood loss is also mentioned (e.g.,
Jackson-Pratt drains, wound vac outputs, concerns about
nonoperative spleen or liver injury, GI bleed, etc.). Because
all trauma and critically ill patients are at risk for throm-
boembolic complications, the current method of DVT and/
or pulmonary embolis (PE) prophylaxis is often mentioned
here or later in a catch-all category.

Endocrinological
The need for insulin therapy should be addressed in patients
with elevated serum glucose levels. Most SICUs are now fol-
lowing aggressive insulin infusion protocols with targeted
glucose levels between 80 and 120 mg/dL (see Volume 2,

Chapter 60). A review of other pertinent endocrinological
issues is also provided at this time, if not already mentioned.
For example, patients with steroid requirements, thyroid, or
other endocrine issues may have those discussed here.

The suggested data in Table 2 does not fully represent
the minimal data on a simple patient, or the maximal data on
a complicated patient, but rather the commonly evaluated
parameters that must be known to the presenter on a daily
basis. The amount of data that should be provided on
rounds depends upon myriad pertinent factors for that
patient. The residents will need to learn what is relevant,
and the considerations will vary over time.

Step 5çReview of Missed Drug or Therapeutic Measures
A review of all medications and therapies not previously
discussed should be quickly carried out next. Drug discus-
sions should include the name of the medication, route of
administration, dose, indication, and therapeutic endpoint.
The participation of a pharmacist during this phase of the
patient presentation can greatly enhance the management
of SICU patients (3).

Most attending will take some time to review and
ensure that various institution-specific protocols of care
are being adhered to. Others will prefer that each protocol
based treatment is mentioned during the review of systems. In
either case a discussion of DVT prophylaxis should determine
whether or not it is indicated and possible therapies such as
heparin, coumadin, sequential compression devices (SCDs),
and inferior vena caval (IVC) filters.

In those patients receiving stress ulcer prophylaxis, the
route of the medication and dose should be reviewed. All
patients in the ICU should have the head of the bed elevated,
unless clinically contraindicated, in an attempt to decrease
aspiration pneumonia (4). A recently proposed mnemonic
to cover these areas utilizes the acronym FAST HUGS
(Feeding, Analgesia, Sedation, Thromboembolic prophy-
laxis, Head-of-bed elevation, stress Ulcer prevention, and
Glucose control—Table 3) to review the commonly accepted
beneficial therapies used in the SICU (Fig. 1) (4).

Other considerations such as extremity management
of casts, traction, or fitting for orthotics or braces should be
discussed. The results of occupational therapy, physical

Table 3 The Seven Components of the Fast Hug Approach

Componenta Consideration for SICU/trauma team

Feeding Can the patient be fed orally? If not, begin enteral nutrition. If not tolerated or contraindicated, consider starting

parenteral nutrition, and (unless contraindicated) trophic tube feeds.

Analgesia All trauma and critically ill patients should receive adequate analgesia.

Sedation Patients who require sedation should receive it, but excessive sedation should be avoided; “calm, comfortable,

collaborative” is typically the best level.

Thromboembolic

prevention

All should receive SCDs and LMWH unless unable (e.g., 4 extremity casts) or contraindicated (e.g., DVT),

those at high risk contraindications should also receive LMWH. Those with contraindications and prolonged

high risk should be considered for IVC filter placement.

Head of the bed elevated Optimally, 308 to 458, unless contraindications (e.g., threatened cerebral perfusion pressure) untreated spine

injury.

Stress Ulcer prophylaxis H2RA, PPIs, gastric feedings, control of anxiety

Glucose control Within limits defined in each ICU

aOther components to consider include surveillance for causes of fever, mechanical ventilation in patients with ARDS using lung protective strategies (VT

6–7 cc/kg, PEEP as required to keep lungs open), review of decubitus ulcers, aggressive PT/OT, use of splints and orthotics in patients with chronic neuro-

logic ailments to prevent tendon contractures. Daily spontaneous breathing trials for patients on mechanical ventilation, and so on.

Abbreviations: DVT, deep venous thrombosis; H2RAs, histamine 2 receptor antagonists; ICU, intensive care unit; IVC, inferior vena cava; LMWH, low

molecular weight heparins; PPIs, proton pump inhibitors; SCDs, sequential compression devices; SICU, surgical intensive care unit; VT, tidal volume.

Source: Adapted from Ref. 4.
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therapy, or the need to order these or other rehabilitation-
related treatments or devices should be considered, along
with plans for discharge and/or placement.

Step 6çAssessment and Plans
At this point, an overall assessment of the patient (brief sen-
tence) followed by a summary of each significant problem
suffered by the patient should be enumerated, and recom-
mendations should be made to address each significant
problem. This provides for an organized systems approach
to the presentation, yet a problem-oriented assessment and
management review at the end.

The critical care resident should also be aware of the
assessment and plans being made by the other consulting
services (e.g., neurosurgery plans to remove a ventriculo-
stomy, renal wants to stop continuous veno-veno hemo-
dialysis (CVVHD), critical trauma team wants to wean to a
trach collar, ID wants different antibiotics, etc.). However,
it is the presenting resident’s assessment and plans that are
most important to the critical care attending. When these
are contrary to the assessment and plans of another team,
particular energy must be put forth to diplomatically
arrive at a cooperative management plan that addresses all

concerns. The final plans should be clear, and the rationale
should be provided.

Finally, the presenter should note that very few patients
will require long descriptions of data for each organ system.

The skillful presenter will separate the important/essen-
tial information from the mass of normal, or insignificant

data generated daily. Only the relevant information
should be presented, and all of this should occur in less
than five minutes, including the brief assessment and
specific recommendations for each of the patient’s active
problems. The plans or recommendations for therapy are
the most important aspect of the presentation and becomes
easier if the preceding information is collected and presented
in a logical and organized way. The time spent by the resi-
dent organizing and reprioritizing patient care issues as con-
ditions change will improve presentation quality as well as
patient care.

CRITICAL CARE NOTES

Notes are required for the documentation of events (for later
review), and are also important for communication between
teams. If notes are too extensive they tend not to be
read; if they are too short, they tend not to contain enough
data to convince team members of the logic underlying

the plans. In the current era of computerized records,
increasing amounts of redundant information is often
included.

The authors believe that information which is already
a part of the pertinent medical record (e.g., SICU flow charts
of parameters) does not bear significant repetition. Rather,
the notes should highlight pertinent positives, include all rel-
evant data that would otherwise be missing from the auto-
mated record, and should also emphasize the assessment
and plans for the patient. The notes should be placed in
the record in a timely manner (immediately after important
procedures, surgeries, or events), should always include the
date, time, and signature, and also should be most clear as to
both recommendations and rationale.

SICU notes should clearly identify the service and
level of training (e.g., medical student, intern, resident,
attending, etc.) of the individual writing the note, and
include the following seven elements (as summarized in
Table 4): (i) identification, (ii) title (e.g., Post op day #2, S/P
exploratory laporatomy and spleenectomy), (iii) mention of
significant events, (iv) systems approach patient status
(abbreviated from the amount delivered on rounds). In hos-
pitals where only one team is caring for critically ill patient,
and there is no automated information in the chart, then all

Table 4 Critical Care Note Format

Element Topic Examples/comments

I Identification R-4 resident critical care note

II Title Post-op day #2 S/P exploratory laparotomy and splenectomy

Post-op day #1 S/P take back for bleeding

III Significant events Patient has been hemodynamically unstable requiring large quantities of

blood products due to mesenteric bleeding

IV Systems review Neuro, C/V, pulmonary, GI, GU, ID, heme, endo, extremity, and skin

V Assessment Initially unstable due to missed mesenteric bleeding vessel, now repaired and stable

VI Plans As appropriate for each system problem

VII Documentation and authentication Time, date, and signature

Figure 1 Attending rounds at UCSD Medical Center. Dr. W. C.

Wilson (top left), and Dr. R. Coimbra (top right) demonstrate to

residents and fellow that the Fast Hug concepts (Feeding, Analge-

sia, Sedation, Thromboembolic prophylaxis, Head-of-bed

elevation, stress Ulcer prevention, and Glucose control), are being

employed in a 38 year old male admitted to the intensive care unit

three days prior following a traumatic brain injury, left pulmonary

contusion, and spleenectomy.
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of the information provided in the above presentation sec-
tions will need to be included in the note. However, in situ-
ations where much data is automatically placed in the chart
via computerized systems (including vital signs, trends, and
laboratory information), this information should not be
duplicated in the note. Instead, the usual SICU note should
only chronicle the important data points along with the
two following elements: (v) assessment; and (vi) plans.
Finally, documentation with time, date, and authentication
with signature are required components.

In some settings items 4, 5, and 6 may be coupled
together for brevity and to minimize repetition of infor-
mation already in the chart. Whenever significant events
occur, the additional elaboration of items 4, 5, and 6 is
required. Finally, all notes must be dated, timed, and
signed by the author. The author should also provide a
stamp or printing of their name and contact information
(pager number), so that questions can subsequently be
asked in case of confusion.

ASSISTANCE FROM CONSULTANTS

When consultants are needed to assist the critically ill
patients with the care of trauma, a clear focused question
should be asked of them. Rather than asking for a
blanket cardiology evaluation, ask the cardiology consult
team the specific question you need assistance with. For
example, the best method to convert the atrial fibrillation,
or does this patient require U/S evaluation of pump func-
tion, and so on. Whenever possible, direct communication
between the SICU team member and the consultant should
be carried out. Optimally, the SICU team member will be
present during the consultant’s exam and chart review as
well, to both provide and receive information. This person-
to-person conversation will help prevent miscommunication
and lead to better patient care. Whenever, the SICU team
member cannot be at the bedside during the consultant’s
evaluation, a clear note should be left in the chart citing
the key questions for which the consultant’s help is
requested.

CONFLICT RESOLUTION

Conflicts between the teams occur in all aspects of medicine
from time to time. These disputes should not be played out
in the medical chart or on teaching rounds, and especially
not at the patient’s bedside. When one team disagrees with
another, a calm and civil discussion needs to occur regarding
the interpretation of the patient status and goals of therapy
envisioned by one team and compared to that of the other
team. The critical care team is often charged with helping
the other various consulting teams sort out their differences.
In the case of the trauma patient, the trauma service will
usually have the final say on the management of
their patient, but they often need help from the others;
thus, relations need to be unstrained and dialogue needs to
be collegial and open.

OPEN VS. CLOSED INTENSIVE CARE UNITS

Recent studies have reviewed the advantages and disadvan-
tages of closed versus open ICUs (5–7). In closed units
patients are managed by the critical care team who serve

as the patient’s primary physicians. The data suggests that
closed ICUs may improve patient outcome and decrease
time spent on the ventilator. This type of approach is
gaining popularity and tends to decrease the amount of con-
sults obtained in the ICU. However, for trauma and the usual
post surgical patient, important information and expertise
belongs to the primary surgical team who admitted the
patient. Hence, a comanagement model with the critical
care team closely managing sedation, analgesia, fluids,
acute hemodynamic, and ventilator considerations as well
as other critical care-related support supervision such as
enteral nutrition, and so on, is probably the best model.
Thus open units will continue to be used in most trauma
and SICUs in the near future.

EYE TOTHE FUTURE

The challenges for physicians taking care of critically ill
patients have become increasingly complex. The accumu-
lation of large volumes of data from each patient can, from
time to time, overwhelm the practitioner. As we continue
to learn about the pathophysiology of critical illness, compu-
terized filtering systems will likely be used to help filter
out noise, target early treatment goals, and help minimize
complications.

Handheld computer technology that allows real time
updating is now widely used (8). These systems can be
connected by wireless network to the SICU patient data
systems and, if properly formatted, to portable digital assist-
ants (PDAs), which can decrease the amount of prerounds
time spent acquiring data, and with the proper software,
can also help to organize it. This computer technology may
be able to prompt the practitioner when an opportunity
arises to follow best practices clinical guidelines and also
decrease the time of order entry (9).

The use of picture archiving communication system
(PACS) is now widely available and this has decreased the
time needed to look for hardcopy films (10). The next step
will be to have this information available in a handheld
format, using high resolution data compression files.

Physician extenders such as nurse practitioners and
physician assistants will play a greater role in the manage-
ment of patients in the ICU (11). The health care providers
will help bridge the gap left behind in academic medical
centers with the 80 hour work week for residents. This con-
tribution to patient care will likely provide improved conti-
nuity of care, better dissemination of information to family
members, and improved compliance with best practice
guidelines.

SUMMARY

The accurate distribution and presentation of information
between the SICU team members is both an art and
science. This is a skill that takes time to acquire. Although,
the acceptable format can vary between attendings and insti-
tutions, the basic elements should remain. These include
identification of the patient, a systematic review of the
patient, assessment, and a plan for management.

Understanding the scientific foundations underlying
the pathophysiology of various problems in trauma and
critical care helps the presenter organize the data into a
cogent format. Being cognizant of the needs to be complete
while at the same time succinct helps motivate the presenter
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to carefully organize the contents. Presenting with a spirit of
enthusiasm and sincere interest in the patient also helps
other team members to focus and pay attention.

Consultants should be asked to participate in a
patient’s care when appropriate and to answer specific man-
agement questions. The daily note should avoid redundancy
but provide enough information to serve as a guide to other
consultants and team members as to the patient’s condition
and management strategy.

KEY POINTS

In general, the resident should collect and organize the
information in the same way that he/she plans to
present the data on rounds.
New computerized patient information systems allow
automatic incorporation of vital signs, laboratory, and
even radiographic reports into templates that can be
used for prerounding.
Identification of the patient should explain to all the
team members exactly what is wrong with the
patient (why the patient is here) and where the
team is in the workup of, or therapy for, the patient’s
pathological conditions.
The systematic review of the patient’s various organ
systems should proceed methodically, but with only
the detail required to provide the listeners with a
clear understanding of the patient’s status.
Most attending will take some time to review and
ensure that various institution-specific protocols of
care are being adhered to.
The skillful presenter will separate the important/
essential information from the mass of normal, or insig-
nificant data generated daily.
If notes are too extensive they tend not to be read; if
they are too short, they tend not to contain enough
data to convince team members of the logic underlying
the plans.

When consultants are needed to assist with the care of
trauma and critically ill patients, a clear focused ques-
tion should be asked of them.
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INTRODUCTION

The United States operates a health care system that is
unique among nations. It is the most expensive of systems,
outstripping by over half the health care expenditures
of any other country (1). U.S. Health care expenditures
continue to rise. The growth in national health care spending
is principally due to new technologies and medications, the
aging of the population, and the increasing number of unin-
sured and under-insured. Globally, health care costs are also
on the rise. However, most countries around the world are
able to deliver health care to their citizens for a fraction of
what is spent in the U.S. (2).

A large portion of U.S. health care funding pays for the
care of critically ill and injured patients. Even though

intensive care unit (ICU) beds account for about 10% of
all inpatient hospital beds, critical care expenditures
account for 15–20% of inpatient costs (3), and near 1% of
the gross domestic product (GDP).

Trauma care is also extremely resource-intensive.
Severely injured patients consume one-third of all hospital
days utilized for trauma care, almost 70% of all days in
the ICU, and they account for 45% of the total charges
generated (4).

Health care financing impacts the delivery of critical
and trauma care. As critical and trauma care consume
increasing portions of the national health care resources,
factors that maximize health and societal benefits, such
as resource allocation, economic impact, and costs, have
become more relevant (5).

This chapter provides the reader with an overview of
health care economics and the costs and funding of trauma
and critical care. It also introduces some of the economic
tools used for assessing the value of medical practices,
including cost-effectiveness analyses.

HEALTH CARE ECONOMICS

The costs of health care in the U.S. have been rising
sharply over the past four decades and currently consume

approximately 15% of the GDP. In 1960, the national
health care bill totaled a mere $26.9 billion. Between 1966,
(when the Medicare and Medicaid programs began), and
1993, health care expenditures increases averaged 11.7%
annually, inflating the national health care bill to $895.1
billion by 1993. Over the period of 1993–1997, the rate
of growth in health-care spending was unusually slow, aver-
aging only five percent per annum as a result of low general

and medical-specific inflation, the growth and impact of
managed care, and the capacity of health care plans to nego-
tiate “discounts” from provider systems (6). Despite the
downward trend in the rate of growth of health care spend-
ing, U.S. health care costs surpassed $1 trillion by 1996. It is
estimated that the costs of health care will double to an
astronomical $2.2 trillion by 2008 (6,7).

The proportion of the GDP consumed by health care
has been rising almost linearly since 1960, when the U.S.
spent 5.1% of its GDP on health expenditures. By 1993, the
percentage of the GDP spent had already exceeded 13%
and by 2002, it was 14.9% (6). Projections indicate that the
share of GDP spent on health care will rise to 16.2% by
2008 (7).

By comparison, in 1998, when the U.S. spent 14% of its
GDP on health care, other industrialized countries such as
Germany, France, the United Kingdom, Canada, and Japan
spent a substantially less (i.e., 7–10%) of their GDP on
health care (Fig. 1). In Taiwan, which has a national health-
care system, individuals pay an average of $20.00 per
month for full coverage (including maternity care, dental,
vision, and all medical visits) (2). This is approximately
1/20 of the cost to U.S. individuals for the same coverage
(2). The $400 to $500 per month that is paid by the average
U.S. citizens for their health care insurances is “out-of-
pocket,” or, is paid by their employer. These huge healthcare
expenditures paid by employers are the principle reason
many U.S. jobs have moved overseas to countries like
India, China, Russia, and Mexico (2).

Aging of the U.S. population, new technologies, a
growing number of uninsured and “under-insured,” and
the expectation (and perception) by the U.S. citizens and
foreign nationals living in the U.S. that they receive the
highest level of health care constitute the most important
demographic, cultural or psychological factors that are
continually driving up costs.

Ageing is important because of the comorbid disease
“burden,” such that when these patients become ill, the
severity of the illnesses increase, and resource consumption
also increases (see Volume 1, Chapter 37). The introduction
of new medical technologies (drugs, devices, procedures)
always seem to come at a high price. Most experts attribute
the continued rise in health care expenditures as a percent of
GDP in the U.S. to the impact of technological changes. The
uninsured and under-insured also contribute to rising health
care costs because they seldom seek preventative care, and
instead wait for interventions involving acute high resource-
consuming care episodes (6).

For the past three decades, the U.S. government
has attempted (ineffectively) to reduce the growth of
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health-care expenditures. The extraordinary increases in
health care costs that financially threaten the purchasers
of health care services (individuals and businesses) led in
the mid 1980s to the implementation of several measures
aimed at restraining the rising health costs such as price
control and the prospective payment system.

Since these initial measures failed to control the rising
costs of health care, the federal government then chose to
control health expenditures with a number of mechanisms
loosely referred as “managed care,” including a wide-
range of government subsidies and programmes made avail-
able to assist the development of these entities. Managed
care organizations (MCOs) were originally successful in
controling health care costs by reducing fees paid to provi-
ders, and by participating in the decision-making process
of health care [i.e., denying services to enrollees that did
not meet (arbitrary) benchmark criteria, and delaying ser-
vices to those that did qualify, i.e., “queuing”]. More recently,
premiums are increasing and MCOs no longer seem capable
of controlling the rise in health care expenditures. This is
partly due to the consumer revolt regarding denied and
delayed services, as well as other factors such as realization
of an increasing proportion of funds devoted to administra-
tive overhead, salaries and bonuses paid to executives, and
distribution of profits to publicly listed MCOs.

The Role of Government
Health care expenditure funding is not distributed evenly.
The government finances the Medicare and Medicaid pro-
grammes as well as the Veteran’s Administration Hospital
system, the Department of Defense military care system,
the Public Health Service, and the Indian Health Service
(8). In 1997, public funding financed nearly 47% of the
health care bill. Other funding sources include private
health insurance and out-of-pocket consumers. In 1997,
private health insurance and out-of-pocket consumers
funded 32% and 17% of health care spending, respectively
(9). Though the total funds spent have increased, these
percentages have remained fairly stable over the last
decade (Fig. 2).

Medicare
The Medicare program is by far the largest and most

influential health insurance program. The original
congressional act provided health care insurance for the
elderly who were eligible for social security. Before the estab-
lishment of Medicare, only about half of those who were 65
years of age or older had health insurance. By 1970, 97% of

older Americans were enrolled in the program. Today, the
Medicare program covers nearly 40 million people, includ-
ing persons over the age of 65 years, many disabled
persons of all ages, and persons with chronic renal failure
(CRF). Currently, Medicare insures one of every seven Amer-
icans. By 2030, the program is projected to cover 77 million
people (i.e., more than one of every five Americans) and
will consume 4.4% of the GDP (9,10).

Medicare consists of two related insurance programs.
The Medicare Hospital Insurance Fund, also known as “Part
A,” covers inpatient services, skilled nursing care, and home
health care, and is funded by compulsory federal payroll
taxes on employers and employees. Payroll taxes raised $115
billion in 1997 (88% of the Trust Fund). Medicare “Part B,”
the Supplemental Medical Insurance Program, covers phys-
ician fees, outpatient hospital services (emergency room
visits, and ambulatory surgery, as well as laboratory and
other diagnostic tests) and durable medical equipment.
Medicare pays 80% of the approved amount of “Part B” ser-
vices in excess of an annual deductible. Medicare “Part B” is
funded by general federal tax revenues that are appropriated
by Congress, and by premiums paid by the beneficiary.

Since the late 1970s, slowing the growth of Medicare
spending has been a sustained priority for legislators. In
the 1980s, Medicare shifted from a cost-based system to
one in which payments were predetermined (9). These and
other cost-containment efforts slowed the growth rate of
expenditures for some time, yet costs have continued to rise.

In another cost-containment effort, Medicare benefici-
aries have been allowed to enroll in private health mainten-
ance organizations (HMOs) and private fee-for-service plans
(e.g. “Medicare Plus,” or “Medi-Gap” Choice plans) instead
of remaining exposed to traditional fee-for-service pay-
ments. In 1997, the program expanded the types of plans
that could participate in Medicare and to further reform
the payment system.

Medicare’s benefit package has been termed
“inadequate” because it leaves beneficiaries liable for
nearly half the cost of their acute care and also grossly
underpays doctors for their care. Beneficiaries have to rely
on supplemental policies, because Medicare is an inefficient
method of care delivery. Currently, over 85% of the benefici-
aries have supplemental insurance. Medicaid, (possessed by
15% of Medicare beneficiaries) and employer-sponsored
retirement benefits (used by one-third of beneficiaries) fill
in part of the “gap” in coverage. Private supplemental
plans (e.g. Medi-Gap), which serve about one-fourth of ben-
eficiaries, are increasingly perceived as unaffordable for
those with an average income (9).

Health Care Expenditures
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When the Medicare program became operational in
1966, its primary orientation was the treatment of acute,
episodic illness. Medicare maintained this orientation for
40 years despite the trend of people living longer with
chronic diseases. The Medicare Prescription Drug Improve-
ment and Modernization Act of 2003 took the first step at
re-orienting Medicare toward the care of chronic conditions
(11). It provides seniors, and those with disabilities a
prescription drug benefit, but has also added costs to the
program (11). The initial three diseases to be covered
(beyond CRF) are diabetes (DM), chronic obstructive pul-
monary disease (COPD), and congestive heart failure (CHF).

The modernization program will be implemented in
two phases. Phase one utilizes a pilot study (certain states
and regions were selected on December 8, 2004) that will be
responsible for providing services to all Medicare benefici-
aries who have DM, CHF, or COPD in those locales.
Payments in Phase 1 are dependent on improvements in
“quality of care,” “satisfaction” of beneficiaries and provi-
ders, and a success in lowering costs. Phase 2 (scheduled
to begin in 2007), is expected to expand nationally, if Phase
1 is successful (11).

Although the Medicare Modernization Act is the first
step toward reform and the cost-effective treatment of bene-
ficiaries with multiple chronic conditions, additional
changes in financing will be required. In 2001, out-of-
pocket spending by Medicare beneficiaries increased by an
average of nearly $400 for each additional chronic condition
(Fig. 3) (11). To cover these costs for the chronically ill, some
have suggested restructuring the cost-sharing arrangements
in fee-for-service Medicare by “shifting” costs to the less ill.
Alternatively, lowering other fixed costs may be more pala-
table (and resource preserving), such as developing a
national electronic medical record to the secure data
repository that can be accessed when trauma patients or
other emergency patients enter the hospital and are unable
to provide their past medical history. These and other
technology-driven strategies purported to be “cost-savers”
constitute the only currently identified techniques that
will both improve medical care and reduce costs in the
near term.

Medicaid
Medicaid provides supplemental federal funding to states
operating approved medical-assistance plans. Medicaid is
a federal-state funded health insurance program for certain
low income citizens, as well as other individuals in need.
Unlike Medicare, eligibility for Medicaid is “means-tested”

(i.e., there are financial criteria for enrollment); like
Medicare, however, Medicaid is an individual legal enti-
tlement. Medicaid is the single largest source of financial
support for community health services to low income
patients. It coves over 45% of inpatients in public hospi-
tals, and more than one-third of patients who obtain care at
federally-funded community health centers.

There are two basic criteria for eligibility: financial
need and a federally recognized eligibility category. Both
criteria should be met for enrollment. Each state indepen-
dently establishes eligibility criteria within those general
federal guidelines; sets the type, amount, and duration of
services; sets the rate of reimbursement; and administers
its program. Medicaid policies of eligibility, services and
payments are complex and vary considerably among states.

In 1998, obstructive pulmonary covered over 40
million people, one of every 10 people under the age of 65
years, including nearly 30 million pregnant women,
parents under the age of 65 years, and children, as well as
more than 11 million persons with disabilities and elderly
persons who had low incomes or who were impoverished
because of medical expenses.

By 2004, Medicaid was helping to finance long-term
health care for more than 55 million low-income children
and parents, people with severe disabilities, and elderly at
an annual cost of $300 billion to the federal and state govern-
ments (12). The program now provides health coverage for
one in four U.S. children, as well as coverage for illegal
aliens. Although children and their parents account for the
majority of enrollees, elderly and those with disabilities
account for 70% of the expenditures (Fig. 4).

The program’s impact on certain sectors of the health
care system is enormous: in 1998, Medicaid paid the costs
of one-third of all births in the United States, nearly half of
all nursing home care, and health care for 25% of children
under the age of five years. The Medicaid program actually
pays for much of the care for elderly and disabled Medicare
beneficiaries, who also qualify for Medicaid on the basis of
poverty.

Federal financing of state Medicaid plans is open-
ended. Each participating state is entitled to payments up
to a federally-approved percentage of state expenditures,
and there is no limit on total payments to any state.
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Payments are calculated based on a federal formula linked to
state revenue, and ranged from 50% to 80% of approved
state medical expenditures. In 2000, Medicaid accounted
for 50% of total state health care costs.

Between 2000 and 2005, individual states began to
more aggressively restrain Medicaid spending by limiting
prescription drug coverage, provider payments, and eligi-
bility. Several states have restructured their programs.
Utah created a new primary care benefit package that does
not include hospital or specialty care. Tennessee and Mis-
souri are contemplating plans that would drop 200,000 and
90,000 adults, respectively (12). Connecticut and Minnesota
are petitioning the federal government for permission to
extend the period of time that must elapse before Medicaid
begins to cover nursing home fees. California, Georgia,
Kentucky, and New Hampshire are all preparing to reduce
spending on acute care by adding new premiums, raising
cost-sharing premiums, and by limiting coverage for
prescription drugs (12).

Centers for Medicare and Medicaid Services (CMS)
In 1965, the Social Security Act established both Medicare
and Medicaid. Medicare was a responsibility of the Social
Security Administration (SSA) while federal assistance to
the State Medicaid Programs was administered by the
Social and Rehabilitation Service (SRS). SSA and SRS were
agencies in the Department of Health, Education, and
Welfare (HEW). In 1977, the Health Care Financing Admin-
istration (HCFA) was created under HEW to effectively coor-
dinate Medicare and Medicaid. In 1980, HEW was divided
into the Department of Education and the Department of
Health and Human Resources (HHS). In 2001, the Health
Care Financing Administration (HCFA) became known as
the CMS (10,13).

CMS was established as a federal agency
that administers several programs including Medicare,
Medicaid, State Children’s Health Insurance Program
(SCHIP), Clinical Laboratory Improvement Amendments of

1988 (CLIA) and Health Insurance Portability and
Accountability Act of 1996 (HIPAA). CMS oversees
the reimbursement of health care providers and hospitals
under Medicare and Medicaid, including promulgating the
regulation for physician documentation, and charging sub-
mission and payment. Most insurers adopt CMS/HCFA’s
standards and regulations for physician reimbursement.
A thorough knowledge of these standards and regula-
tions is therefore mandatory for successfully billing (and
receiving payments from) Medicare, as well as most other
insurers (10).

Employer-Sponsored Health Insurance Plans
Collectively, private employers and employees are the most
important purchasers of health care through the insurance
premiums they pay together for coverage (1). The premiums
that finance coverage are paid in “Part B” by the employee.
Much of the private insurance bill (usually 80% or more),
however, is paid for by employers through their employee
benefits packages. Approximately 70% of the non-elderly
U.S. population is covered by some form of private
medical insurance.

As medical costs go up, health insurance costs also rise
and businesses owners must either pass on higher premium
and co-payment costs to their employees, raise their prices
(potentially impairing their competitive position in the

marketplace), or reduce their profit margin (unpopular
with stockholders). Like the government, businesses can
also negotiate lower prices with health care providers and/
or health insurance plans.

“Managed care” is a generic term that embraces a
wide spectrum of health insurance systems that integrate
the financing and delivering of health care. Managed
care organizations contract with doctors and hospitals to
provide comprehensive care to enrolled members for a
fixed, prospectively set premium. These MCOs also shop
their services to various employers. Employer-sponsored
health insurance plans include traditional indemnity
plans, health maintenance organizations (HMOs), pre-
ferred-provider organizations (PPOs), and point-of-service
plans (14,15).

In the traditional indemnity plan, patients would
choose their physicians from among all those in the commu-
nity. After receiving treatment, a bill was then submitted to
the insurer. Insurers would in turn pay “usual and custom-
ary” fees set by the local physicians in each community.

In the early 1980s, insurers were permitted to contract
with selected providers. With this new option, insurers were
able to exclude providers that did not accept their rules and
fee schedules. Insurers began to build physician networks
such as PPOs to care for their enrollees. As managed care
and the demand for expanded services grew, insurers broad-
ened the network of preferred providers to include some
coverage from providers who were not part of the
network, leading to the development of “point-of-service
plans.”

More recently, insurers have begun to offer “multi-
tiered” plans which give patients three different options:
full coverage in an HMO with a limited number of provi-
ders; access to a PPO, with slightly higher co-payments;
and use of out-of-network providers, with the highest
co-payments (i.e., traditional indemnity) (14).

The Uninsured and Underinsured
As previously discussed, the U.S. health care system is a
mixed system of public and private insurance. Most
working-age persons receive insurance through their
employers. Medicare provides health care to all persons
over 65 years of age as well as to persons with disabilities
or end-stage renal disease, and Medicaid covers low-
income individuals

Apart from those covered by private or public plans
lays a substantial population without any health insurance
(16). Data from the U.S. Census Bureau indicate that 45
million people had no health insurance of any kind during
a typical month in 2003, representing 15.6% of the U.S. popu-
lation (17). The great majority of uninsured individuals
either work for small employers who do not offer health
insurance benefits or, more commonly, cannot afford the pre-
miums of the plan(s) that are offered (18). About 80% of the
underinsured are either workers or live in families with
workers. They typically have low-wage jobs or work in
small businesses in which the employer does not offer
health insurance, or, if it is offered, they decide not to
purchase it (often due to high cost, and competing needs
for their wages) (16).

Underinsurance has a significant impact on the
“working poor” by presenting them with the burden of
paying out a substantial proportion of their family’s
income for health insurance premiums and out-of-pocket
medical costs (deductibles, co-payments, and uninsured
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care) (18). The underinsured are much more likely to delay
or forgo needed treatment, have their conditions diagnosed
at a later stage, and to be admitted to the hospital for
avoidable conditions (16).

Some states have experimented with expanded
coverage through their Medicaid programs to help the unin-
sured poor (such as the Oregon Medicaid program). For the
foreseeable future, however, it does not appear that the
federal government is inclined to comprehensively address
this problem (18).

THE ECONOMICS OF CRITICAL CARE

Over the past four decades, intensive care medical advances
have markedly improved our ability to treat the critically ill
and the injured (18). During this time, the demand for ICU
services has grown dramatically. However, the care of
critically ill patients has consumed a disproportionately
large fraction of the health care resources (7). Even though
ICUs contain only 5–10% of total hospital beds, they
account for 15–20% of total hospital costs, which in turn
comprise about 38–40% of all U.S. health care expenditures
(19). Thus, in the U.S., critical care costs alone comprise over
one percent of the GDP.

The resources used to care for ICU patients includes
the physical plant, equipment, supplies, professional staff,
and all of its support services and personnel. Modern
ICUs provide three major types of services: (i) active treat-
ment, which includes life-supporting therapies or tech-
niques; (ii) ICU monitoring and nursing and technological
services that are observational rather than therapeutic;
and (iii) standard floor care services that are not unique or
limited to ICUs (20).

Critical care costs are mainly generated by human

resources, expensive drugs, and newer technologies, all
promising to prolong the lives of critically ill and severely
injured patients. The largest fraction of ICU costs goes
to personnel-related expenditures. Human resources
account for approximately 64% of total ICU cost per stay.
The largest personnel component in terms of number and
costs is critical care nursing. There is an enormous salary
expenditure due to the high nurse:patient ratio. Nursing
salary expenditures approximate 65% of the typical critical
care human resource budget (8). Accordingly, efforts to
control ICU costs necessitate consideration of organizational
costs, supplies, and most importantly, staffing.

Technologies such as mechanical ventilation, hemo-
dynamic monitoring and hemodialysis require costly equip-
ment in conjunction with specialized personnel. Other
technology-intensive “capital resources” include diagnostic
imaging and laboratory testing equipment (3). Similarly,
critically ill patients receive a wide variety of medications,
and an ever-increasing number of particularly costly innova-
tive treatments. Pharmaceuticals comprise some 7.4% of
ICU budgets (8). Today, critical care is caught between an
increasing demand for services and constrained global
resources. Until recently, much of ICU care was excluded
from economic scrutiny. Times are changing. There is a
strong perception that ICU care can become a financial
burden to the institution. ICU costs are high and the majority
of such health care resources are consumed by a remarkably
small segment of the population. Furthermore, the true
impact and efficiency of the delivery of such services
has yet to be defined. Lastly, ICU care is perceived as a

way for “prolonging the inevitable” in many patients, and
thus representing a “waste of resources” to some commenta-
tors (21).

Budgeting and Revenues for the ICU
Financial resources directed to the ICU are usually allocated
through the hospital or organizational budgetary process.
The ICU budget may be entirely related to known, esti-
mated, or pre-negotiated input costs (human and capital
resources), and the ICU may operate as a budget or cost
center. In other words, the budgeted revenue is the estimated
amount required to pay for the services the hospital
wishes to deliver. In other circumstances, the ICU budget
may be allocated as a profit center, in which all correspond-
ing revenues and expenditures are accounted for and
the ICU is expected to achieve a designated financial
performance (8).

The “DRG System” attempts to predict resource con-
sumption in a defined patient population, using variables
such as diagnoses, operative procedures, complications, co-
morbidities, and discharge status (8). Reimbursement for a
patient’s hospital stay is fixed through diagnosis-related
groups (DRGs). DRG weights (or relative values) do not
directly include ICU utilization. One DRG using more ICU
days than another is meant to be reflected in the relative
values attributed to the entire stay; the ICU component is
not separated out. However, substantial data support
inequities in the DRG system for reimbursement of patient
care in the ICU. For certain patient types (and corresponding
DRGs), the ICU generates large losses, especially in
elderly patients and those with prolonged ventilatory
management (8).

Economic Analysis Models Used for Critical Care
Traditionally, decision-making in critical care has focused on
“patient outcomes” (such as treatment effectiveness, mor-
bidity, and mortality). Because of increasing pressure to
reduce the growth of health care expenditures, considering
only “patient outcomes” as a decision-making tool is no
longer acceptable to health care financing entities. To
achieve the most effective care, physicians must now
regard outcomes not only from a clinical perspective, but
also with integrated consideration of resource allocation,
length of stay, patient satisfaction, and economic impact
and costs, among other factors (5).

Delivering “cost-effective care” is becoming a qualifier
to compete. As critical care consumes an increasing pro-
portion of health care resources, economic analyses must
be incorporated into clinical decision-making to help make
resource allocation decisions (22,23). Physicians now need
to become educated on how to accurately analyze these
situations.

The purpose of economic analysis is to demonstrate a
more beneficial use of critical care resources (22,23). Tra-
ditional cost analysis (i.e., comparing which option is
cheaper) did not take patient outcomes into account. More
recently, methodologies measuring both outcomes and
costs have been developed. These methodologies
attempt to measure and compare different interventions by
counting and combining costs with real data from patient
outcomes (5).

Four different types of economic evaluations are
quoted: cost-effectiveness, cost-utility, cost-benefit, and cost
minimization analyses. Even though these analyses all
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have costs in the numerator, the denominator is different
(Table 1) (25).

Cost-Effectiveness Analysis
In general, cost-effectiveness is defined as cost divided by net
benefits. The numerator (cost) is expressed in a reference cur-
rency (such as dollars), and the denominator (net benefits) is
expressed as beneficial outcomes minus adverse outcomes.
Although the primary goal of cost-effectiveness is to
maximize benefits in relation to available resources, cost-
effectiveness is also a reflection of health care quality (24).

Cost-effectiveness analysis (CEA) is the most common
type of economic assessment, probably because the outcome
data (effectiveness) in such analyses are relatively simple to
calculate, and often comprise clinical measures of health that
are routinely collected in clinical trials (e.g., percentage
deduction in blood pressure, reduced incidence of hip
fracture). To improve comparability between studies,
generic measures of outcome are sometimes used, such as
life-years saved or disability-days avoided (21).

CEA attempts to link the economic consumption and
clinical utility in one “summary” measure. In CEA, the
added costs and health outcomes of multiple interventions
are used to calculate a cost-effectiveness ratio (9). Essentially,
CEA estimates the incremental cost required to improve the
clinical outcome by 1 unit. Lower ratios imply improved cost
effectiveness, as fewer resources are expended to procure the
desired level of benefit (21).

Cost-Utility Analysis
Cost-utility analysis (CUA) is identical to CEA, except that
the outcomes are measures in terms of a single composite
index that combines length of life with quality of life
[quality-adjusted life-year (QALY)] and this measure is
preference based (14). This is very useful, as many patients
discharged from ICU may require extensive intervention
and their quality of life may be very low (such as ongoing
dialysis, home ventilation, or full nursing support in a
specialist facility) (25).

Cost-Benefit Analysis
CEA and CUA aid in decision-making and are generally
used to compare treatment alternatives (25). Cost-benefit
analysis (CBA) has a broader scope than both CEA and
CUA, and differs mainly in that its outcome measures are
defined in monetary terms (14). There are two ways to
assign economic values to health consequences. “Willing-
ness-to-pay” (WTP) is the most popular way of expressing

cost-benefit in a healthcare environment and can be inferred
from decisions that people make about trade-offs between
health and money. Alternatively, quantifying human
capital attaches a value to health such as those people
working in an economy versus those consuming health
care resources through chronic disability.

The CBA determines the net social benefit of a
program and then determines the overall costs of the
program. The incremental effects of a program is calculated
as the benefits minus the costs, with both expressed in
monitary terms (5).

Cost-Minimization Analysis
If there are equivalent outcomes for two different interven-
tions, costs are compared in cost-minimization analysis
(CMA), a type of CEA. The fundamental assumption of
CMA is that outcomes as measured by clinical benefit or
use are equivalent (5). CMA looks only at resources used
and assumes that the clinical benefit is self-evident (21).

As hospital budgets tighten, economic analyses will
help hospitals and ICU managers maximize health benefits
while minimizing waste for any given resource (21).
Implementation of cost-effective strategies will ensure the
best outcomes by providing evidence-based care and
by reducing costs through controlling variability and
implementing cost-effective interventions (5).

Cost-Containment in Critical Care
Critical care resources are finite, and therefore limited. A
significant limiting factor in the availability of critical care
services is related to their extraordinary costs. Much of the
pressure for rationing is brought about because of the cost.
Demonstration of effective containment of these costs
would do much to allay the perceived needs for rationing
of this form of care.

Cost containment can be defined as either (i) prevent-
ing further increases in cost, (ii) slowing the rate of rise, or
(iii) actually decreasing the costs. Cost containment can be
achieved by limiting the use of critical care, by improving
the efficiency with which it is delivered (changes in
process), or by limiting other inputs. Conceptually, there
are four major ways to control medical spending: (i)
control prices, (ii) control volume of care provided, (iii)
control the total budget available to pay for care, and
(iv) shift costs to another payer (18).

Two of the most important price control initiatives
in medicine have been the Medicare Hospital Prospective

Payment System and the Medicare Fee Schedule for

Table 1 Comparison of Various Economic Evaluation Models

Economic analysis

model Numerator Denominator (net benefits) Example

Cost-effectiveness Costs (dollars) Specific measure of effectiveness

(years of life saved)

Thrombolysis for acute myocardial

infarction

Cost-utility Costs (dollars) A common utility metric (QALYs) Prophylaxis against recurrence of PUD

Cost-benefit Costs (dollars) Costs (dollars) Use of aminoglycoside dose-monitoring

program for burn patients with gram-

negative sepsis

Cost-minimization Costs (dollars) None Antibiotic therapy for ICU patients with

low risk of nosocomial pneumonia

Abbreviations: QALY, quality-adjusted life year; PUD, peptic ulcer disease; ICU, intensive care unit.
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physicians. In 1983, Medicare replaced its retrospective
cost-based hospital reimbursement system with a prospec-
tive payment system noted above, the DRG system. The
DRG system was designed to promote efficiency and cost-
containment in hospital-based care. While it has helped to
control Medicare costs, it has not reduced overall U.S.
health care costs, possibly because of substantial cost-shift-
ing by hospitals to the private insurance sector (18). Under
DRGs, hospitals have been severely under-reimbursed for
all types of patients requiring ICU care. Additionally, under
DRGs, critically ill patients who are transported to tertiary
care centers place the accepting institutions at financial risk
because allotted reimbursements to the accepting institution
are substantially below the costs that are generated (26).

Recognizing the importance that physicians play in
health care expenditure (i.e., physicians have control over
patient care–procedures, length of stay, hospital admission),
a physician payment system based on the use of a “resource-
based relative value scale” (RBRVS) was introduced in 1992.
The Medicare Fee Schedule has three components: (i) a
measure of the total work (incorporating both time and com-
plexity) involved in each physician service, and standardized
across all specialties, (ii) a practice expense to cover the cost
of running an office, and (iii) an amount to cover malpractice
insurance costs. The Medicare Fee Schedule classifies all
physician services using the American Medical Association’s
Current Procedural Terminology (CPT) codes. Each CPTcode
has an associated “relative value units” (RVUs) weight. The
RVU weights are multiplied by a national conversion factor
to generate the actual physician fee associated with a particu-
lar service. Even though efforts at price controls seem
attractive for effective cost-containment because they are
less expensive, they generally do not achieve control of
costs because of compensatory responses by providers (e.g.,
cost-shifting to other sectors) (18).

Volume controls include programs to limit utilization
rates, for example, the widespread use of expensive technol-
ogies or extra hospital beds. Limits can be operationalized
using either a regulatory approach [such as certificate of need
(CON) programs] or a budgetary approach. Utilization review
protocols attempt to discern which expensive care items, and
how many days of ICU care are medically necessary (18).

Budgetary controls are simpler to employ than
either price- or volume-control approaches. In Canada,
for example, hospitals have global annual budgets. How the
money is spent is decided by each hospital. If the budget
is exceeded, there are no guarantees that the shortfall will
be covered (18); in many cases certain types of care are no
longer delivered during the remainder of that fiscal period.

Finally, payers can control their costs by “cost-
shifting” to other willing (or unwitting) payers. For example,
as health insurance premiums rise, employers can choose to
shift a greater proportion of these costs to employees. Hospi-
tals and doctors who earn less money caring for Medicare
patients can try to make up short falls in some instances by
charging more to private insurance patients. Alternatively,
insurance companies can choose to offer limited or no
coverage for certain pharmaceuticals, shifting the full cost of
expensive new medicines directly to patients (8).

THE ECONOMICS OF TRAUMA CARE

Trauma care is resource-intensive. The 2001 National
Trauma Data Bank (NTDB) Report found that severely
injured patients consumed one-third of all hospital days

utilized for trauma care. They also consumed almost 70%
of all days in the ICU, and accounted for 45% of the total
charges generated. Even patients with less severe injuries,
(although requiring only 21% of all ICU days), utilized
more than half of all hospital days, and accumulated
charges almost equal to those of the more severely injured
(4). Hospital charges varied widely from stab wounds not
requiring ICU care (average per case $6373) to major burns
requiring ICU care (average per case $49,600). The total esti-
mate hospital charges for the entire group of trauma patients
was more than $3 billion (4).

Trauma Systems
Trauma systems are designed to provide an organized and
coordinated response to injury (22). Their goal is to deliver
prompt, high-quality, and cost-effective care for seriously
injured patients. Fully operational trauma systems ensure a
continuum of care involving public access to the system,
out-of-hospital emergency medical services, and timely
triage and transport to definitive acute care and rehabilita-
tion (27). When a trauma care system is established, severely
injured patients in the region are triaged and transported to
the regional trauma center, a designated hospital offering the
expertise of trauma care professionals available 24 hr per
day. Trauma centers require other support elements includ-
ing emergency operative capabilities, intensive care, and
rehabilitation (28,29).

In 1976 the American College of Surgeons Committee
on Trauma (ACS/COT) published criteria for categorizing
hospitals according to the resources required to provide
various levels of trauma care. Yet, uniform implementation
of regional trauma systems in the U.S. has been somewhat
limited because of financial considerations. A 1987 report
found that less than 25% of the U.S. geographical area was
served by a trauma system (19). Those areas not served
were primarily in the Midwest, the Rocky Mountain
region, and other rural areas (29).

A 2002 national inventory of hospital trauma centers
found that the number of trauma centers has more than
doubled since 1991. In 2002, there were 1154 trauma
centers in the U.S., including 190 level I centres and 263
level II centres (27). The number of level I and II centers
per million population ranged from 0.19 to 7.8 by state,
and all but one state (Arkansas) have at least one level I or
II trauma center (27).

The number of states that formally designate or certify
trauma centers has also increased. In 2002, a total of 35 states
and the District of Columbia had developed formal designa-
tions or certified trauma centers. Fifteen states were yet to
establish their own trauma systems (27,30). Poor access to
trauma systems is particularly pronounced in the more
rural areas of the country (27). Despite the growth in
trauma systems there is still a wide disparity in trauma
center distribution and variation in both the availability
and configuration of trauma resources (27,30).

Financial considerations have factored in on the slow
development of trauma systems in some (especially the
geographically isolated) regions. Increasing numbers of
uninsured, declining reimbursement for both physicians
and hospitals, soaring malpractice premiums, and new
limits on resident-physician hours have contributed to a
tenuous environment for trauma centers (27).

Unlike other medical centers, trauma centers care for
a disproportionately high number of patients unable to
pay for their care. Young adults and the poor make up a
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high proportion of these critically ill, injured patients. These
patients are less likely to have insurance coverage or be
eligible for public assistance programs. Trauma centers
care for the sickest and most expensive injured patients
(28). However, said this, geographic location and demo-
graphics of the local trauma (i.e., MVC vs. “knife and gun”
vs. “work-related” trauma) generally determines the
profitability. In certain locations, trauma centers are the
most profitable service within a given hospital system.

Regional variations in the implementation of trauma
centers has also been due, in part, to the lack of strong
evidence of trauma center effectiveness coupled with high
costs associated with verification of trauma center capabili-
ties. Hospitals have difficulty justifying the expense of
maintaining trauma centers without strong evidence of
their effectiveness. The National Study on the Costs and
Outcomes of Trauma (NSCOT) was designed to address
these limitations and determine differences in outcomes
and costs associated with treatment at level I trauma
centers and non-trauma center hospitals.

In their first report, MacKenzie et al. (50) examined the
differences in mortality in 18 level I trauma centers and 51
non-trauma center hospitals located in 12 states. The
results of the NSCOT study showed that the overall risk of
dying is significantly lower in trauma centers versus non-

trauma centers and argues for continued efforts at regiona-
lization. The risk of dying within one year after injury
was significantly lower in trauma centers (10.4%) versus
non-trauma centers (13.8%) (relative risk ¼ 0.75; 95% confi-
dence interval: 0.60–0.95). The effects of trauma centers
on mortality were seen primarily for patients with AIS
scores of four or higher. The study has also highlighted
the difficulty in improving mortality outcomes for elderly
trauma patients. Trauma center effects were larger for
younger patients, less than 55 compared to those 55 and
older, although differences in relative risks by age were not
statistically significant except for mortality at 365 days (50).
An important limitation to the study was the smaller
number of older patients with severe injuries.

Financing Trauma Care
“Regionalization” is the economic foundation for trauma
systems. Regional trauma systems control the number of
trauma centers serving a geographic area. Regionalization
is intended to limit the duplication of services while achiev-
ing both high quality and cost-effective care; major savings
can be achieved if the number of hospitals providing
trauma care is limited and coordinated. Furthermore, the
expertise of trauma care professionals is concentrated in
fewer hospitals (28,29), resulting in optimization of facilities,
practitioners, and patients.

Trauma care is also frequently financed by “non-
traditional” funds. These funds include publicly sponsored
programs for the elderly, disabled, and underprivileged, as
well as an extensive array of health insurers and managed
care plans, workers compensation programs, automobile
insurance systems, additional taxes, and cost-shifting
measures, such as public lotteries, tobacco, or motor
vehicle registration surcharges.

Public funds secure full and unimpeded access for the
uninsured. Some states support trauma care for all indigent
patients with special funding, such as Medicaid payments.
Other states and counties provide specific funding to
trauma centers to offset the burden posed by uninsured,
underinsured, or indigent patients (28).

An intervention aimed to support regional trauma
systems is the functional monopoly of the market granted
by state governments. Trauma systems with an optimum
number of designated trauma centers and with enforced
triage systems are examples of a publicly granted
monopoly (28).

Motor vehicle accidents account for a large proportion
of the trauma population. Auto insurance plays an import-
ant role in financing trauma care. Each year, U.S. automobile
insurance pays approximately $14 billion for the care of
trauma victims. The amount of these funds reaching
trauma centers varies considerably depending on the given
state’s automobile insurance system. Furthermore, since
auto insurance has defined coverage limits, a “first-come,
first-paid” system develops whereby transport services
and the transferring hospital will be paid before the
trauma center and physicians caring for such patients (28).
To some extent this is also a function of effectiveness and
timeliness of the business unit responsible for submitting
the bills for payment—whoever submits their changes first
will be more likely to be paid.

The NTDB (31) published an updated analysis of
430,557 records from 130 trauma centres in the United
States for the period of 1994–2001. Self-pay was the largest
source of payment for hospital charges (20.81%), followed
by Medicare (17.43%), commercial insurance (14.52%),
managed care (13.34%), and Medicaid (10.81%). Automobile
insurance was the source of payment for less than 5% of
cases (Fig. 5) (31).

Cost-Containment and Managed Care
Cost-containment, through careful utilization monitoring
and cost control, is an important goal for MCOs. Unlike
other illnesses where the costs of health care fall within
predictable limits, trauma has a wide spectrum of
severity and associated costs. Trauma occurs suddenly and
unpredictably, eliminating the planning review and
approval process that are important components for cost
containment (32).

An element of cost containment is lost when MCO

patients are injured and transported to non-participating
institutions (33). Trauma victims meeting specific injury
criteria are triaged to regional trauma centers directly from
the scene or are transferred from local hospitals after
stabilization. Managed care organizations have no power
in determining the patient’s destination, so treatment is
often provided at out-of-network facilities. This out-of-
network status for MCO injured patients enables trauma
centers the possibility for extensive cost-shifting. Cost-
shifting, or charging insured patients more for the uncom-
pensated costs of treating uninsured and under-reimbursed
patients, has become a fundamental trauma center financing
mechanism (33,34). Trauma centers often increase charges to
the out-of-network providers to push pricing and revenue
well beyond the level required to meet costs. Cost shifting
is particularly prevalent in regions where uncompensated
care is high.

A measure to bring costs under better control is
repatriation. Repatriation is the act of transferring an
acute care patient from a non-participating institution to
an institution with MCO contract to reduce the cost of
out-of-system care (32). In most cases, the repatriation
process results in transfer from a designated trauma
center to a non-trauma center, potentially resulting in
the delivery of substandard trauma care. The value of
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repatriation as a cost-effective measure has been ques-
tioned. Repatriation may actually increase costs, presum-
ably because of unnecessary or repeated studies done by
the receiving institution (32). Moreover, besides the possi-
bility of delayed and/or substandard care, such practices
place the medical professionals caring for these patients
in an awkward position. This repatriation doctrine can
also raise the specter of quasi-criminal activities by
MCOs by unduly influencing emergency medical decisions,
in effect “practicing medicine without a license.”

A major concern for MCOs is that the costs for trauma
care cannot be controlled and are often excessive. Specific
concerns range from patients with minor injuries being
transported by air, over-triaging, excessive utilization of
ancillary tests and ICUs, and high costs for treating patients
with minor injuries. MCO responses include payment denial
and reduction in payment schedules, immediate or early
repatriation, and initiatives to limit triage of patients into
trauma systems (28,32).

Although regionalized trauma care systems have been
shown to improve outcome, such systems have been devel-
oped at high expense. The financial burden imposed to
trauma centers not only originates from uncompensated care.
Causes of underfunding include (i) more self-pay patients
compared with other hospitalized patients (possibly as an
inter-relationship to “trauma prone” behavior of such individ-
uals), (ii) a reduced bill-collection ratio for patients covered by
Medicare and Medicaid, (iii) the inability to shift cost to other
payers, and (iv) inappropriate assignment and poor definition
of DRGs for Medicare prospective payment (35,36).

Costs and Cost-Effectiveness of Trauma Care
Trauma systems can reduce trauma deaths (37–41). Ten
years following initial trauma system implementation,
mortality due to traffic crashes began to decline; about 15
years following trauma system implementation, mortality
was reduced by 8% (42). Similarly, preventable death rates
declined significantly after implementation of a regional
trauma system (37,43).

Although several studies have reported the costs of
trauma (44–46), the cost-effectiveness of trauma systems
has not been properly evaluated. In 1988, the costs for the
care of 597 injured patients ranged from $5446 to $24,107

(44). Within each body region, both length of stay and hospi-
tal charges increased as a function of injury severity (44,47).
The direct and indirect costs of trauma were estimated in
$11 billion per year (45). Similarly, a study of 12 trauma
centers and 43,219 patients in the state of New York, where
trauma patients were categorized according to DRGs for
comorbidities and complications, it was reported that the
trauma cases cost 27.5 million dollars more than non-
trauma patients in the same DRG designations (46). The
implication is that the care of the injured is inherently
more costly.

However, these studies did not provide any measure-
ment of the “value of health” that resulted from the econ-
omic expenditures. None of these studies conformed to
standard economic models for the evaluation of medical
technologies (47). The use of quality-adjusted life years
(QALYs) is now considered an integral component of all
economic models of health care evaluation (47). Conse-
quently, any economic evaluation of trauma care that does
not incorporate an estimate of QALYs is less useful (47).

Séguin et al. (47) demonstrated the potential benefits
of using both costs and QALYs in performing economic
evaluations of trauma care. Cost-effectiveness was deter-
mined by estimating the incremental cost/QALY attributable
to treatment at a trauma center. Their results suggested that
tertiary trauma care is cost-effective and less costly than
treatment programs for other diseases when the QALY
gained is included in the evaluation.

Future economic evaluations of trauma care must
include both measurement of costs as well as estimates
of QALYs gained to truly determine whether trauma care

is cost-effective. Only by capturing the “health state
achieved” through estimation of QALYs gained from a
given health-care technology, can a meaningful denominator
be derived for the economic cost of trauma care (the numer-
ator) (47).

EYE TOTHE FUTURE

Over the next decade, it is anticipated that the growth in
health care spending will continue to increase. The govern-
ment can not sustain these costs indefinitely. Indeed,
between 1980 and 1998 national health expenditures in
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the U.S. were skyrocketing both in terms of dollars spent and
as a percentage of the GDP (Fig. 6). Since 1998, the expendi-
tures have continued to increase, but at a less rapid rate.
Immense pressures are now being exerted on all governmen-
tal agencies to limit these expenditures; similar forces are
being felt by corporations, in the private sector, and by the
consumers. Thus, there will be significant impetus placed
upon providing care at lower costs.

Key developments in the health care sector that will
likely affect the (rate of) growth in health spending
include (i) the impact of managed care, (ii) the role of
the private health insurance, (iii) the effect of a rising
uninsured population, (iv) the impact of the Balanced
Budget Act (BBA) of 1997 on Medicare and Medicaid
spending, (v) the growth or contraction in real capita
income, (vi) the economy-wide inflation, and (vii) demo-
graphics such as the aging and overall growth of the
U.S. population (7).

Changes in the various health care financing systems
must occur. A medical financing system that meets the
basic needs of the entire U.S. population will require the
efficient use of health care expenditures, while at the same
time ameliorating medical care inflation and encouraging
innovation, productive competition, and progress toward
quality cost-effective health care (48). Neither the current
market-driven system nor Medicare and Medicaid programs
meet these requirements (48).

Cost-effective analyses will play an increasingly
important role in the evaluation of medical care. A new
cost-effective health care system is needed to balance
quality, choice, and access to care. As with other health-
care services, trauma and critical care will have to be
measured by new standards of cost-effectiveness. Economic
evaluations will be crucial when evaluating the efficacy of
existing and future changes in trauma and critical care
management, as well as to provide necessary information
for policy decisions about ongoing resource allocation in
these areas (47).

A specific focus on critical care medicine is crucial
because of the disproportional spending in that arena (49).
Similarly, mechanisms for accurate cost-allocation and cost-
accounting will need to be implemented. These mechanisms
will maximize health benefits and minimize waste for any

given resource. Finally, the health care industry will need
to implement cost-effective strategies that ensure the best
outcome by providing evidence-based care, while reducing
costs and controlling variability (5).

SUMMARY

The health care system in the U.S. remains a “paradox of
excess and deprivation.” The U.S. spends more on medical
services than any other nation in the world (24). A large
percentage is spent on under-insured and uninsured
patients, another large percentage is spent on research and
development of new medical technologies.

Unlike other developed nations that rely on centra-
lized planning for provision of health care, the U.S.
depends on a mixed health care system of public and
private insurance (26). Most working-age Americans effec-
tively purchase health care through their employers (at
group discount rates). Medicare provides health insurance
to individuals over 65 years of age and to persons with
disabilities or end-stage renal disease, whereas Medicaid
covers low-income individuals (24). On the other hand,
a growing number of individuals in the U.S. either
lack health insurance or possess minimal, often substan-
dard, coverage. It has been broadly reported that
over 40 million persons in the U.S. are uninsured or
underinsured (24).

U.S. health care is being reshaped. Over the last
decade, U.S. health care has undergone major changes in
modes of delivery and payment (7). In the private sector,
managed care has been somewhat successful in containing
costs, at least in the short term. On the other hand, public
health spending growth has exceeded private health
spending growth by a substantial margin (7).

Health care spending will continue to impact
the delivery of critical and trauma care. As critical and
trauma care consume increasing portions of the national
health-care expenditures, practitioners, patients, and
families must consider not only outcomes but resource
allocation, economic impact, and costs. Appropriate use of
evidence-based care and economic analyses will provide
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high-quality care and will ensure the best outcomes by
reducing costs and implementing cost-effective interven-
tions (5).

Finally, little will likely change without an acceptance or
realization by large segments of the U.S. population that certain
patients (e.g. illegal aliens, the elderly, and the chronically ill)
consume a grossly disproportionate share of the resources
with respect to their contributions to the financing system.

KEY POINTS

Even though ICU beds account for about 10% of all
in-patient hospital beds, critical care expenditures
account for 15 to 20% of inpatient costs (3), and near
1% of the GDP.
The costs of health care in the US have been rising
sharply over the past four decades and currently
consume approximately 15% of the GDP.
For the past three decades, the U.S. government has
attempted (ineffectively) to reduce the growth of
health-care expenditures.
The Medicare program is by far the largest and most
influential health insurance program.
Medicaid is the single largest source of financial support
for community health services to low income patients.
CMS was established as a federal agency that adminis-
ters several programs including: Medicare, Medicaid,
State Children’s Health Insurance Program (SCHIP),
Clinical Laboratory Improvement Amendments of
1988 (CLIA) and Health Insurance Portability and
Accountability Act of 1996 (HIPAA).
Critical care costs are mainly generated by human
resources, expensive drugs, and newer technologies,
all promising to prolong the lives of critically ill and
severely injured patients.
Two of the most important price control initiatives in
medicine have been the Medicare Hospital Prospective
Payment System and the Medicare Fee Schedule for
physicians.
Budgetary controls are simpler to employ than either
price- or volume-control approaches.
The results of the NSCOT study showed that the overall
risk of dying is significantly lower in trauma centers
versus non-trauma centers and argues for continued
efforts at regionalization.
An element of cost containment is lost when MCO
patients are injured and transported to non-participat-
ing institutions (33).
Future economic evaluations of trauma care must
include both measurement of costs as well as estimates
of QALYs gained to truly determine whether trauma
care is cost-effective.
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INTRODUCTION

In 1966, a report was published by the National Research
Council, entitled “Accidental Death and Disability—The
Neglected Disease of Modern Society” (1). This publication
led to the passage of the 1966 Highway Safety Act, and sub-
sequently to the establishment of the Emergency Medical
Services (EMS) program by the Department of Transpor-
tation. In 1976, the American College of Surgeons (ACS)
Committee on Trauma (COT) recommended guidelines for
designing and implementing trauma centers be adopted
(2). Since then, trauma centers have been established in
numerous communities. A recent meta-analysis of level I
trauma centers have shown a 15% improvement in patient
outcomes since the implementation of these facilities (3).
Numerous reasons are responsible for the improved out-
comes, including the requirement to have an attending
trauma surgeon present within 15 min of a seriously
injured patient’s arrival to the Emergency Department
(ED) (4,5). Similarly, a high-intensity model of critical care
staffed by intensivists has been shown to decrease morbidity
and mortality, and length of stay in both in the SICU and in
the hospital overall (6–10).

The regionalization of trauma care has improved
overall outcome, but not solved the significant problem of
providing high-level trauma and critical care services to
remote locations, where organized trauma systems do not
exist. To further complicate the problem, an estimated
third of the U.S. population reside in rural areas (11). This
population shares more than 50% of the deaths from motor
vehicle collisions (MVCs), and a rural trauma patient is
twice as likely to die as an urban victim wounded by a
similar mechanism of injury (12). Delays in therapy have
been proven to worsen outcomes in trauma patients
(especially in cases of injuries to the spinal cord, brain, and
internal organs).

The flow of injured patients is of even greater com-
plexity in military trauma. Currently, approximately 77%
of all deaths occur on the battlefield before an injured
soldier reaches a medical treatment facility (MTF), while
only 23% who expire die of wounds after reaching a MTF
(13). These data demonstrate improvements in management
and coordination of patient care in the current conflicts
compared to past wars. However, more needs to be done,
and telemedicine can play an increasing role in the future.

Even modern, adequately staffed triage systems can
be inadequate in disaster situations where patient
numbers can overload existing resources. Current estab-
lished level I trauma centers can have as many as half of
their admissions resulting from transfers from other insti-
tutions (14). In the case of critical care, as many as 90% of
adults in intensive care units (ICUs) do not have a high-inten-
sity physician staffing model with trained intensivists (15,16),
and this is more of a problem, but not exclusive, to smaller
communities.

A potential solution to delivering trauma and criti-

cal care to remote locations and to address shortages
of subspecialty-trained physicians is the use of teleme-
dicine. Telemedicine holds the significant advantage of
resolving the issue of delivering care to these distant
locations, while at the same time maintaining the current
structure and organizations of advanced trauma centers
and ICUs. Telemedicine brings expert physicians (whether
trauma surgeon or intensivists) to the site of the emergency
via advanced telecommunication systems and can allow
them to evaluate patient data and direct care more
effectively than would occur with nontrained personnel
that might respond to the trauma scene. The goal of any
trauma and intensive care delivery system is not only a
reduction in mortality and morbidity associated with the
injury or critical illness, but also to prevent further injuries
due to treatment errors. The use of telemedicine can accom-
plish these goals by permitting better triage and prioritiza-
tion of care, avoiding delay of care in those patients in
remote areas that need it the most, and optimizing the avail-
able resources.

In 1997, the telemedicine report to the U.S. Congress
established that “Telemedicine can mean access to health
care where little had been available before. In emergency
cases, this access can mean the difference between life and
death. In particular, in those cases where fast medical
response time and specialty care are needed, telemedicine
availability can be critical” (17).

The topics that will be examined in this chapter
include the historical uses of telemedicine through 2006,
the definition and technical aspects of telemedicine, as well
as the current applications of telemedicine in trauma and
critical care, with particular attention focused on telemedi-
cine considerations for remote and austere locations. Finan-
cial and legal issues have slowed the forward progress of
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telemedical advancements; accordingly, these considerations
are also explored.

Military research has helped develop many
aspects of telemedicine, and the direct applications to
both military and civilian care are enormous.

This chapter discusses how advanced technology has
been used in military planning and the execution of battle-
field maneuvers. However, many currently available teleme-
dical applications have yet to be fully deployed in trauma
care in the combat zone, or at level II military treatment
facilities (MTFs).

Historically, medical care improves after the initiation
of each major military campaign, but further development
tends to regress with contraction of responsibilities.
Current U.S. and coalition military medical leaders are com-
mitted not only to revising this trend but also to expediting
the application of currently available telemedicine technol-
ogies, increasing future development, and improving main-
tenance of institutional memory about the needs of the
injured soldier during war. Indeed the application of teleme-
dical technologies has improved significantly in both Afgha-
nistan and Iraq over the last year. One of us (JRR) has been to
Iraq twice in the last two years and witnessed significant
improvements in the intelligent use of these technologies,
as will be described herein.

HISTORY

Since 1920, when S.G. Brown was able to demonstrate the
first “electrical stethoscope and telephone relay” in London
at a distance of over 50 miles (17), numerous examples of
telemedicine techniques have been employed. In 1950, the
first application capable of transferring radiograms across
standard telephone lines was created. In 1959 the University
of Nebraska College of Medicine was able to use, for the first
time, video communications for a telemedical consultation
(18). During the 1960s an escalation of telemedicine tech-
niques occurred. One such example includes a project
carried out by NASA and Lockheed Corporation, called
STARPAHC (Space Technology Applied to Rural Papago
Advanced Heath Care), in which remote health care was
provided to the Papago Indian reservation in Arizona by
two Native American paramedics employing radiographic
and electrocardiographic (ECG) peripherals transmitted via
microwave system to a Public Health Service facility
(19,20). This study was designated to pilot equipment
planned for use to provide medical services to astronauts
while on their missions. In 1968 medical data [such as
ECGs, blood pressure (BP) readings, stethoscope sounds,
and blood smear images] were transmitted between first-
aid stations at Boston’s Logan Airport and physicians at
the Massachusetts General Hospital (MGH) (21).

In the late 1970s, Canada was already testing a satellite
transmission system for telemedical use in remote provinces.
At the same time, in the U.S., several states began establish-
ing large statewide networks to connect large centers of
knowledge with government and rural communities, thus
creating an information highway that serves multiple pur-
poses and includes large medical centers.

In the late 1980s the Picture Archival and Communi-
cation Systems (PACS), a system that could transmit
radiographic images over telephone lines, became very
popular among radiology departments. Also by then, the
U.S. Navy was testing a system for the support of personnel
onboard ships and at remote locations. However, PACS was

first clinically available in the United States and United
Kingdom in the early 1990s. It has taken until now for
PACS technology to become widely available worldwide.

In 1982, Grundy et al. (22) reported a direct association
between reduced mortality and a higher proportion of rec-
ommendations enacted by using a real-time, interactive
video consultation between the University Hospital of
Cleveland and the ICU at Forest City Hospital of Cleveland.
Other examples of the use of telemedicine techniques for
trauma care included the 1988 Spacebridge Project. Estab-
lished by NASA, it provided real-time connectivity
between physicians in the U.S. and Armenian surgeons
after an earthquake that caused more than 150,000 casualties.

More recently, in 1998, a research project carried out by
NASA and Yale University allowed monitoring the medical
conditions and vital signs of climbers on Mount Everest
using radio transmitters and audio and video data via a
satellite link (23).

Computer-assisted surgical robotics is a techno-
logical area whose immense potential will likely facilitate

telemedicine applications for trauma in the near future.
Computer-assisted surgical robotics began to be utilized
clinically in 1999, the year the da Vinciw Surgical System
(Intuitive Surgical, Inc., Sunnyvale, CA) was introduced.
The original, prototype for the da Vinci System was devel-
oped in the late 1980s at a former Stanford Research Institute
under contract to the U.S. Army. Today, Intuitive Surgical is
the global leader in the rapidly emerging field of robotic-
assisted minimally invasive surgery (MIS) (clinical appli-
cations are discussed further below). As of April 2006,
nearly 300 da Vinci Systems have been installed in hospitals
worldwide.

DEFINITIONS ANDTECHNIQUES

The American Telemedicine Association defines telemedi-
cine, telehealth or e-health as “the use of medical infor-
mation exchanged from one site to another via electronic
communication for health and education of the patient or
health care provider and for the purpose of improving
patient care.” Telemedicine connects two physically sep-
arated locations (which can be positioned anywhere on the
globe), and facilitates the sharing of clinical information
between health care providers (or between patient and pro-

vider) for the diagnosis and/or management of medical and
surgical conditions.

There are two major categories of telemedicine inter-
actions: Pre-recorded (“store-and-forward”), also known as
asynchronous telemedicine, and “real time” or synchronous
telemedicine. In the asynchronous mode, static images or
audio-video clips can be sent either physically or via elec-
tronic means to a remote storage device. Once at the
storage site (file cabinet, or on-line server with remote down-
load capabilities), the information can be subsequently sent
over numerous modes of delivery or stored for analysis
when convenient. The second form of telemedicine data
transfer involves “real-time” interactions, also known as
interactive or synchronous. Both types are utilized, and will
be discussed below.

Telemedicine can be used in a variety of situations
from consultative care, triage, and direct patient care, to
image transfer and continuing medical education. The
routine use of telemedicine techniques has been around for
quite some time. The everyday use of phone communication
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and the use of facsimiles have been part of the routine way of
communication between health providers for many years.

The high-speed development of personal computers
and the increasing capabilities of mainframe supercompu-
ters have fostered capabilities not previously available.
The development of communication tools [e.g., e-mail,
and internet protocols (IPs) that allow streaming voice
and data] have permitted and improved the methodology
for the transmission of both text and images in most
medical environments (from small offices to state-of-the-
art medical facilities). Also, real-time interactive, multi-
point videoconferencing with application sharing has
become commonplace and technically easier to use.
Furthermore, the development of wireless technologies
(from cellular phones to satellite-based technologies) have
permitted the transmission of all this information from
remote locations that would otherwise lack the standard
hardwire technology that would allow routine
communication.

TECHNICAL ASPECTS/PHYSICAL CHARACTERISTICS
Central Consultation Unit (Command Module)
The central consultation station can be physically located
anywhere on the globe. It should be ergonomically arranged
with a user-friendly interface, which should include video
and voice communication, as well as text messaging capa-
bilities. Computer-based patient data evaluation tools
should also be employed (e.g., assisted diagnosis, linkage
to databases, etc.). Generally this receiver station consists
of a dedicated workstation which can be used by the
medical expert to handle and record all the data, and
should be able to transmit back all of the information
needed. Security and confidentiality are also critical issues
in the design of these units, which require encryption
coding.

The specific computer-based elements needed for
each telemedicine application varies, but when dealing with
trauma or critically ill patients, the system requires capa-
bility to handle real-time, synchronous interactive videocon-

ference. In contrast, routine care for less acute patient
care situations may only need data sent to the clinician via
a store-and-forward technology.

The software used in this workstation should be able
to work in a stand-alone fashion, capture, display, and trans-
mit data to multiple sites using asynchronous protocols
(two-way communication in which a time delay between
transmission and reception is allowed). These systems also
need to support all required hardware devices and have a
simple interface.

Ideally these software applications should be capable
of real-time screening and interpretation of certain types of
data that it handles. For example, ECG recordings or
rhythm strips should yield an instantaneous diagnosis to
both the remote site and at the command module. Discus-
sion on management can then proceed while a simul-
taneous text message of ACLSw protocol recommendations
are displayed on a running header display on the
video monitor. In addition, the drug recommendations
and the detection of any errors are important and
necessary tools.

Another type of peripheral device that could be useful
in this setting includes telemanipulators that enhance
the ability of the physician to perform tissue manipulation
on the patient (surgical procedures) from a distance, via

multisensory input that recreates remote tactile and visual
environments. These devices are similar to some of the oper-
ating room robotic devices presently in use today (as will be
discussed in greater detail below) (24).

Data Transmission Media
The main characteristic that defines the quantity of data

that can be transmitted over a line or other medium is band-
width. Bandwidth is defined as the information-carrying
capacity of the information transport medium, and is nor-
mally expressed in bits per second (bps). The bandwidth
requirements increases with the complexity of the task; a
telephone/fax transmission takes only approximately 100
kbps or (0.1 Mb)/sec whereas virtual presence or telepre-
sence (the highest end in telemedicine) takes 100,000 kbps
or (100 Mb)/sec.

Two important basic concepts in telecommunications
that limit bandwidth in various systems are that (i) the
slowest part of the connection determines the real through-
put rate, and (ii) once approximately 20% of the available
bandwidth is consumed by usage, degradation in perform-
ance is observed. In addition, the link ideally should have
a minimal delay factor or latency, which in some cases,
such as satellite communications, could be as long as 1 to
2 seconds.

Transmission over conventional telephone lines and
utilizing standard modems are the simplest way to send
information. These systems are referred to as plain old tele-
phone service (POTS). They provide data transmission at a
maximum rate of 64 kbps. Although their major advantages
include low cost, near ubiquitous availability, and high
levels of international standardization, the major disadvan-
tage is their low bandwidth. This becomes especially proble-
matic when trying to transmit data-dense applications such
as real-time data.

More modern telephone lines include digital networks
and asymmetric digital submission lines. The digital net-
works include Integrated Services Digital Networks
(ISDNs) which are protocols permitting the delivery of
high bandwidth data to homes and offices by standardizing
high-speed digital transmission, allowing integrated trans-
mission of video, data, and voice. Normally it requires instal-
lation of special input and output devices. Digital subscriber
lines (DSL) or T1 lines (24 channel, high-capacity circuit for
data, voice, and video transmission) provide a rate of trans-
mission of from 1.5 to 2.0 megabytes (Mb)/sec and offer
some increase in bandwidth.

The highest end bandwidths occur through fiber optic
networks (i.e., OC3 fiber optic cable connection, a 243-
channel, high capacity circuit—up to 155 Mb/sec—for
data, voice, and video transmission), and satellite [i.e., Low
Earth Orbiting Satellites (LEOS), Advanced Communi-
cations Technology Satellite (ACTS)] that can deliver up to
1 billion bits/sec. The major disadvantage of these networks
is their cost, limited range, and lack of international stan-
dardization. In addition, in the case of satellites, bandwidth
may not always be immediately available. However, there is
an increasing array of satellites in orbit, with increasing
opportunities; these can be tracked by anyone with a compu-
ter by logging in to the NASA website (http://science.nasa.
gov/temp/StationLoc.html).

A common solution to the use of large and expensive
bandwidths is the compression of the data before trans-
mission. Two basic algorithms are available: lossy and
lossless (25). The difference between the two algorithms is
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based in whether or not data are lost during transmission.
The higher the quality of data (i.e., lossless), the more
expensive is the compression technology.

New compression technologies and greater band-
width opportunities are being made available; projects like
Internet Two and Next Generation Internet (NGI) may fill
holes left by the current technology. The National Library
of Medicine has ongoing research projects in the specific
applications and uses of NGI in medical applications,
including trauma. Another alternative is the asynchronous
transfer modes (ATM), one the newest high-speed ways of
telecommunication. Its advantage is that offers high-
quality and low-decay conditions ideal for high-speed
communications.

Remote Unit and Systems
The remote system consists principally of telemedicine per-
ipheral devices. These devices are used to acquire patient
data (e.g., vitals, image, video). They need to be portable,
lightweight and easy to use with sufficient power autonomy.
They also require a user-friendly interface. The system must
allow bi-directional audio and visual communication (trans-
mission of critical biosignals, images of the patient, and other
vital data, including radiographs).

Typical examples of telemedicine peripherals are
analog-based audio stethoscopes, digital BP meters, video
otoscopes, etc. More advance technology includes devices
like the FDA, approved remote “Life Support for Trauma
and Transportw” (LSTATw) (Fig. 1). This device is a self-con-
tained stretcher platform designed for in the field stabiliz-
ation and transport of severely injured patients. This
LSTATw incorporates a series of monitors which allows a
remote team to follow respiratory and hemodynamic data,
blood chemistry, mechanical ventilator settings, inhaled
and exhaled O2 and CO2 values, infusion pumps for drugs
and intravenous fluids, etc. The LSTATw also incorporates
an automated external defibrillator. The LSTATw can be
linked to a prepared medical facility while the patient is
transported, allowing for both remote monitoring as well
as remote manipulation of care (including all of the above
mentioned support systems).

TRAUMA APPLICATIONS
Currently Employed Remote Trauma Applications
It is not unusual that most current emergency department
Trauma Resuscitation Suites (TRSs) are connected via
simple models of telemedicine with prehospital providers
to assist in trauma care and to initiate triage long before
the trauma or patient arrives to those facilities. Emergency
telemedicine has been evolving during the past few years
and has become a common interactive video application
used in telemedicine.

In most rural or remote facilities teleradiology utiliz-
ing PACS technology is a common standard procedure.
Also in this setting, teleconferencing both for consultation
or education are common techniques used to take care of
patients. For example, the St. Francis Hospital in Tulsa has,
besides the teleradiology services, developed a system by
which emergency medicine physicians are available for con-
sultation with other practitioners located in small surround-
ing rural hospitals (26). This system has been shown to
improve specific areas of patient care, especially the triage
of critically ill patients, decreasing the transfer rate of
patients who did not actually require a higher level of care

and thus resulting in better utilization of the available emer-
gency services.

This sort of model has also been used in the United
Kingdom (27,28) where Armstrong and colleagues have
reported a successful initial experience with a system that
linked the emergency department of a large tertiary care
hospital with a small rural facility in Scotland, via a land
integrated digital network and also a satellite link, to diag-
nose and manage mild to moderately injured patients. In
another study, low cost ISDN videoconferencing units
were successfully installed in England, in what is called
minor injuries units (MIUs). In that study, the researchers
found no difference in diagnosis or management in over 45
patients seen during a period of six months (mostly with
fractures, soft-tissue injury, and suspected fractures), but
there was a significant reduction in patients transferred to
higher level of care centers (29).

A preliminary follow up study of this experience per-
formed by Tachakra et al. (30) showed that it is clinically safe
and effective. This successful system of telemedicine applied
to minor injuries prompted the opening of over 20 MIUs
around the U.K. There are several case reports of describing
the successful diagnosis of patients with severe undetected
injuries admitted to remote/rural facilities that were prop-
erly diagnosed by an experienced specialist via telemedicine
(i.e., spinal cord compression) (31).

Figure 1 Life Support for Trauma and Transport (LSTATw).

The patented LSTAT system is an individualized, portable,

networked ICU and surgical table in a patient-care platform.

Integrated within the LSTAT system are a state-of-the-art defi-

brillator, ventilator, suction, three-channel fluid and drug infusion

pump, point-of-care blood chemistry analyzer, and patient moni-

toring subsystems. The platform, which is only 5 inches thick, also

incorporates on-board power and oxygen subsystems. The medical

subsystems are further integrated into an on-board computer that

captures, stores, and transmits continuous, real-time, multi-device,

multi-parameter, time-synchronized patient data. Patient data is

also available at bedside on a handheld secondary display (with

optional wireless capability) and over numerous patient data

information systems, including over the Internet through secure

web sites that protect patient privacy. Information about the plat-

form itself (battery status, oxygen supply, device health, etc.) is

also available to a distant monitoring center. Source: Photo cour-

tesy of Integrated Medical Systems, Inc., Signal Hill, California,

U.S.A.
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Multiple evaluations have been done to validate
the different telemedicine technologies when used in a
trauma setting. The great majority of these studies showed
that clinical data in trauma patients can be successfully
obtained by standard video and audio telemedicine technol-
ogies (32–35).

The current concept of advance trauma care is based
on a team approach, and the role of the team leader (an
ATLSw trained physician) is considered crucial for the
success of this model. Several studies have investigated the
effect of physically removing the team leader from the TRS
and evaluated whether this role could be assumed by a
remote ATLSw trained physician via telemedicine (36). In
London a resuscitation room in a community hospital was
linked via a teleconferencing system using three ISDN
lines linking three cameras working at 384 kbps to a
trauma center (36). Fifteen scenarios from the ATLS
Course Manual were analyzed. The researchers found no
statistical differences when they compared primary survey,
resuscitation, and secondary survey performed via telemedi-
cine or standard care. The role of trauma leader can be
safely provided by a traumatologist not physically present
in TRS settings where the trauma training of the other
team members is insufficient but telecommunication under-
standing is adequate (36).

Subsequently, the same group studied this model
using real patients (37). In this study, two separate rooms
were linked using a telemedicine videoconferencing
system in a London ED. Two hundred patients with minor
to moderate injuries admitted to the ED were evaluated by
the remote attending physician. The study evaluated a
series of physical parameters associated with the clinical
exam and found that the quality of treatment offered
compared well with face-to-face consultation. Similar
results were found in a pilot study in Houston (Ben Taub
General Hospital) where researchers found .90% accuracy
between remote clinical data (using video technology) and
that assessed via standard techniques in almost half of the
ATLSw clinical variables evaluated; however, it was ,70%
accurate in another 15 variables in the assessment of acute
trauma resuscitations (32). The ATLSw clinical variables
included in this study were demographics, primary and sec-
ondary survey, initial and subsequent vital signs, physical
exam (including advanced diagnostic tools like diagnostic
peritoneal lavage), data (radiographs, MRI, CT, ECG), and
diagnosis and disposition (32). Authors concluded that the
remote supervision of trauma care by the trauma leader
can provide accurate and safe evaluation and stabilization
of injured patients.

Following these findings, the same team studied
seventeen trauma victims who were randomly selected to
have their assessment done via telemedicine (38), using a
closed circuit analog television system linking several
trauma rooms to a centralized trauma command center.
The majority of victims had sustained blunt injuries
(mostly MVCs). Immediately after arrival to the ED, an
attending trauma surgeon located in the remote centralized
trauma coordinator’s office was called and was in direct
communication with the third-year surgical resident via a
wall-mounted video camera (which provided a full room
view), microphone, and a hands-free telephone worn by
the resident (via a dedicated telephone line).

The study evaluated 44 specific ATLS variables, with
concurrent assessment by the attending surgeon as they
occurred. Then, an independent party compared the
assessment done remotely with that recorded in the clinical

chart, and discrepancies were noted. All patients survived
their injury and were subsequently discharge alive. On
two occasions, two simultaneous resuscitations were per-
formed. On average, the remote evaluations included 28 of
the 44 variables. The variables that showed the highest
degree of concordance were demographics (92%), primary
survey (76%), initial vital signs (70%), and secondary phys-
ical exam and diagnosis (76%). Technical difficulties with
the communication link happened in only one instance.
This study confirms the feasibility of remote evaluation of
trauma patients under controlled circumstances.

Another example of the use of telemedicine for real-
time video consultation for remote trauma care was reported
by Rogers et al. (39). They described the use of a videoconfer-
encing system via a dedicated ISDN line that linked four
community hospitals in rural Vermont and New York with
trauma surgeons located at their homes. Over a period of
eight months, 26 telemedicine consults were completed. In
general, the patients included in the telemedicine project
were more severely injured and had higher mortality than
the general trauma population. The types of trauma in
this study included MVCs (50%), followed by all-terrain
vehicle (ATV) accidents and pedestrians struck by vehicles.
In two cases, the telemedicine intervention was considered
lifesaving. In approximately 50% of the patients the rec-
ommendation made by the trauma surgeon was to transfer
the patient to the trauma center (secondary to the lack of
neurosurgeon or orthopedic surgeon in the referring facil-
ity) and in another 25% of the cases the recommendation
was to keep the patient in the referring facility. Other inter-
ventions included recommending placement of chest tube,
CT scan, diagnostic peritoneal lavage (DPL), and transfu-
sion.

Telemedicine has also been studied for the provision of
emergency orthopedic care. In a study done over two years
in North Dakota (40), orthopedic surgeons performed over
ninety teleconsultations, mostly evaluation and treatment
of fractures, swollen joints and infections. In this study, a
level II trauma center was connected to three rural facilities
staffed with primary care providers via a network with a
two-way videoconferencing system and computer software
that enabled the physicians located at both locations to
send and receive graphics, slides, radiographs, patient infor-
mation, and other data. The orthopedic teleconsultations
were done by board-certified orthopedic surgeons and
divided into emergent (23%), urgent (39%), and scheduled
consults.

No adverse outcomes were detected and there were no
major discrepancies in diagnosis between radiographs read
during teleconsultation and after the fact. Of all the consults,
68% of the patients remained in the rural facility and one
procedure was performed via teleconsultation (removal of
a pin by the primary care physician). The orthopedic sur-
geons rated the technology utilized as satisfactory or excel-
lent. In another study by the same group (41), a series of
100 patients were included in consecutive teleconsults
between a Level II Trauma Center and three rural sites
staffed by primary care providers via a video teleconferen-
cing system and a T1 communications network. The majority
of patients included in this study (60%) were considered
urgent. Half of the consults were done with orthopedists
but emergency medicine physicians and neurosurgeons
were also consulted.

The most common reason for trauma teleconsults in
this study was diagnosis and treatment of extremity and
pelvic trauma. Radiological images were sent (via PACS)
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for interpretation and the hardcopies were reviewed a
posteriori by a radiologist to confirm diagnosis. No significant
discrepancies were found between the two modes of
interpretation. Almost 70 patients in the study stayed in
their local community for further care. Since these studies
were published, the Dakota Telemedicine System (DTS)
has extended specialty telecare to several rural hospitals,
and performs on average 25 teleconsults every month (42).

A prospective controled trial completed in New Jersey
by Brennan et al. (43) studied management at two EDs [one
defined as low volume (rural), and the other as high volume
(suburban)] where the physicians and nurses were trained in
telemedicine techniques. Fifteen patient scenarios were
studied in 104 patients, who were randomized to either a
control group (“high-volume”—suburban on site physician)
or an experimental group (“low-volume”—rural with
remote physician access via telemedicine system).

The experimental group consisted of patients who had
arrived to the “high-volume” ED. Once the patient was
managed via telemedicine, he or she was re-evaluated by
the “in-situ” physician. The outcomes measured included
diagnosis, treatment and return visits, need for additional
care, as well as patient, physician, and nurse satisfaction.
Although a range of medical and trauma conditions were
evaluated, the most common diagnosis seen was extremity
injuries (62% of patients). None of the variables studied
showed any significant difference between the control or
experimental groups and the level of patient and physician’s
satisfaction was rated as very satisfying.

More recently, the Southern Arizona Teletrauma and
Telepresence (SATT) Program was launched by the Section
of Trauma and Critical Care at the University of Arizona
Medical Center (UAMC), the only Level 1 Trauma Center
in Southern Arizona (44). The SATT program was developed
to assist trauma patients in rural communities. Using
advances in technology, SATT provides a live consultation
link including videoconferencing, telemetry, digital radio-
graphs, and ultrasound (via PACS) between the trauma
team at UAMC and rural emergency departments in the
southern section of the state. The SAAT program has been
found to save both lives and resources, and is being
expanded (44).

Burn assessment is an area of trauma management
where frequent discrepancies can contribute to both
delayed appropriate transport to a burn center as well as
overuse of air transport resources (45). The ability to evalu-
ate burn patients by telemedicine has the potential to assist
decisions regarding transfer, avoid errors in initial care,
and reduce costs. Saffle et al. are currently developing and
testing such a system (45).

Evolving Applications in Trauma Care
Another potential remote management application for
trauma care involves expansion of the Telemedicine Emer-
gency Neurosurgical Network (TENNS) project, which was
created to facilitate decision-making by neurosurgeons
before the patient was transported to tertiary facilities (46).
The TENNS project could be expanded to facilitate the
placement of burr holes in craniotomy patients whose
outcomes would be improved by emergent decompression
and stabilization prior to transfer to a level I facility. This
system might save lives when transport times exceed some
threshold time limit (e.g., 1–2 hours) as set by the super-
vising neurosurgical team.

A similar project that could have trauma applicability
is the use of wireless technology in ambulances to see what
impact telemedicine has on stroke mortality. The pilot
project has been conducted with the intention of diminishing
the time between onset of ischemic stroke and initiation of
therapy. This project, funded by the National Library of
Medicine and carried out by the University of Maryland
Hospital and BDM Federal, Inc., enables video images,
audio, vitals signs, and ECG rhythm to be transmitted
from a moving ambulance through an off-the-shelf digital
wireless telephone system using a commercial telephone
service. The data is reviewed in real time by a tertiary care
center (neurologists) via workstations. The intention of the
research team is to conduct a pilot study to investigate
whether early treatment via telemedicine significantly
reduces morbidity and mortality of strokes. Results of this
project are still pending.

The camera-phone has recently been studied as a tool
for remote evaluation regarding the replantation potential
of completely amputated fingers. The pilot study demon-
strated that the camera-phone (Fig. 2) is both feasible and
valuable for remote evaluation of replantation potential of
completely amputated fingers and holds significant promise
for future clinical application with the advent of further-
evolving technology (47). The technology holds promise in
avoiding both missed opportunities to replant digits, and
unnecessary patient transfer by providing useful information.

Figure 2 Camera phone image of severed fingertip. The camera-

phone has been utilized as a tool for remote evaluation regarding

injuries from remote locations. In this case, the replantation

potential of amputated digits is evaluated. Source: From Hsieh

C-H, Jeng S-F, Chen C-Y, et al.: Teleconsultation with Mobile

Camera-Phone in Remote Evaluation of Replantation Potential.

J Trauma 2005; 58(6):1208–1212.
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Telepresence trauma surgery is the ultimate manage-
ment modality tested to date in the field of telemedicine.
Telepresence surgery has been used in the past and there
are numerous instances (48–54) in which this technique
has been successfully used since Dr. Mouret performed the
first video-assisted laparoscopy in France in 1987, which
has since revolutionized MIS.

The application of telepresence in trauma surgery
has evolved to include use of the Da Vinciw computer-
assisted robotics system. This device utilizes a telemani-
pulator (Fig. 3A) permitting the remotely located trauma
surgeon a stereoscopic (three dimensional) video display
of the remote operative field (Fig. 3B) where the computer-
assisted robotic device employs surgical instrumention
with far greater dexterity and degrees of freedom than stan-
dard MIS surgical techniques. The remote telemanipulator
workstation site is typically linked to the robotic device by
coaxial cable, though fiber optic cables or computer
uplinks could also provide the needed bandwidth.

During initial experimentation using an early proto-
type of the Da Vinciw system, surgeons repaired vascular
anastomoses and other procedures following multiple
trauma in animals (55). Anesthetized swine were operated
upon, and surgeons performed two-layer closure gastro-
tomies, cholecystectomies, and hemorrhage control from
liver lacerations (55). Although the Da Vinciw system was
used to perform all of these surgeries, it increased the time
for completion of surgical maneuvers (like tying knots)
and procedures by up to 3 times. This prototype

demonstrated that robotic manipulations of surgical instru-
ments could be precisely carried out, and that complete sur-
gical procedures could be accomplished without
complications. Several subsequent studies demonstrated
that general surgical procedures can be performed success-
fully using telemanipulators (56–58).

More recently the Academic Robotics Group prospec-
tively studied 211 robotically assisted operations in patients
to assess the safety and utility of the FDA-approved da
Vinciw robotic system (59). A variety of procedures were
undertaken, including 69 antireflux operations, 36 cholecys-
tectomies, and 26 Heller myotomies (59). Of direct interest to
trauma surgery (although these were performed electively)
included a variety of relevant procedures: 17 bowel resec-
tions, 15 donor nephrectomies, 14 left internal mammary
artery mobilizations, seven splenectomies, six adrenalec-
tomies, and three exploratory laparoscopies. There were
eight (4%) technical complications, none of which caused
harm to the patient, and only two of which required conver-
sion to standard laparoscopy (none required open laparot-
omy). The robotic-assisted surgery was demonstrated to be
safe and effective with expectation that the technology will
rapidly expand into other realms (including urgent and
remote assistance in surgery) (59).

The current version of the da Vinciw system allows
seven degrees of freedom, and has improved stereoscopic
(three dimension) visualization of the operative field.
Although there is an initial steep learning curve (60,61),
the development of the da Vinciw device, along with tools
for laparoscopic splenectomy that isolate and seal the large
blood vessels surrounding the spleen, have reduced intra-
operative bleeding and minimized conversions to open sple-
nectomy (62). Improvements in optics and instrumentation,
as well as robotic technology, will further facilitate the accep-
tance of laparoscopic splenectomy (62) and increase the like-
lihood that these devices will someday be utilized in remote
locations, and ultimately even in austere battlefield
situations.

The theoretical goal of minimally invasive compu-

ter-assisted robotic techniques in trauma is that they will be
applied in resuscitative (including damage-control) surgery
as a potential method to stabilizing selected patients.
The drawback at the present time is that this technology is
too slow for acute hemorrhage, and massive bleeding will
likely eliminate visualization. In addition, the current tech-
nology requires high bandwidth in order to provide instan-
taneous throughput and to display real-time operative field
visualizations. More safety and efficacy studies need to be
conducted before these procedures can be initially used in
trauma patients.

Telemedicine was recently utilized during the care of
victims in the Indian Ocean Tsunami (Dec. 26, 2004), and
was reported in a case involving a young tsunami victim
who subsequently developed a brain abscess (63). A
clinical-response team at the MGH was formed to work
with Project HOPE (Health Opportunities for People
Everywhere) volunteers along with the U.S. Navy Ship
(U.S.N.S.) Mercy T-AH19 in Operation Unified Assistance,
off the coast of Banda Aceh, Sumatra, Indonesia. The
ability to transmit high-level digital images from the Navy
ship to the conference of faculty in Boston, and for the
clinicians in the Indian Ocean to engage in a real-time con-
sultative conference with their Boston counterparts, helped
make a diagnosis and formulate a plan of therapy (63).

Telemedicine can also be used for the follow-up of
trauma patients. In a study done by Boulanger et al. in

Figure 3 Da Vinciw surgical system. This device utilizes

a telemanipulator workstation (A), and a remote computer

assisted robotic device (B). Source: Photos courtesy of Intuitive

Surgical, Inc., Sunnyvale, California, U.S.A.
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Kentucky (64), 22 trauma patients (average ISS on admission
of 18) were followed after discharge from a trauma center at a
Teletrauma Clinic run by a registered nurse at a remote
location via a T1 line and a videoconferencing system with
multiple peripheral devices (cameras with macro lenses,
electronic stethoscope, ENT scopes). Both surgeons and
patients showed high degrees of satisfaction with this
method of follow-up care, and there was a significant
reduction of traveled miles by the patients for follow-up care.

CRITICAL CARE APPLICATIONS

As mentioned previously, the first example of telemedicine
applied to critical care was published in Critical Care Medi-
cine in 1982 (22). In that article, Dr. Grundy at Case Western
Reserve University published an article reporting provision
of daily consultations between university-based intensivists
and a smaller inner city hospital without intensivists on staff
via telemedicine. Rounds started at the nurse’s station where
the nurse reported directly to the intensivist. After reviewing
each case, and if possible after interacting with the patient,
recommendations were made. The outcomes measured
were mortality and estimated patient disability at discharge.
Considering the technology used in 1982, the results were
quite good, with the system being functional 85% of the
time. The system allowed the intensivist at Case Western
to gather enough information to provide consultation,
including physical findings (such as ventilatory chest pat-
terns and mental status). In approximately 78% of the
cases recommendations were made, although recommen-
dations were carried out in only 30% of the cases. The inves-
tigators were able to demonstrate a correlation between
increased survival rate and fewer disabilities in those cases
in which the recommendations were carried out.

Data regarding telemedical applications in the ICU
that are used continuously and interactively have recently
entered the literature (65–68). Real-time bi-directional data
and video conferencing using personal computers and a tele-
phone access system allowed a group of University-affiliated
intensivists, located at home, to monitor and manage from a
distance a community-based teaching hospital 10-bed Surgi-
cal Intensive Care Unit. At the remote location, a roll-about
videoconferencing unit was available and allowed the
follow-up and management of patients by using video con-
ferencing and computer-based data transmission. The study
compared a 16-week period of study with seasonally
matched adult patients from the previous year. The
primary outcome measured was ICU and hospital mortality,
and the secondary outcome was length of stay and costs.
Every day an intensivist was responsible for the
management of the ICU patients. Each day after reviewing
all the data available, the intensivist formulated a plan and
discussed this with the surgical team. Approximately
every two hours after the initial assessment and plan, the
intensivist reviewed all the available data for each patient
and, if needed, changes were made by discussing the data
with the available team. The study showed a statistically sig-
nificant 68% reduction in APACHE III-adjusted ICU mor-
tality and in-hospital mortality (34%), with a reduced
number of ICU complications (44%) and a decreased
length of stay in the ICU (30%) in the experimental group.
Additionally, this study showed a 33% reduction in total
ICU costs. The most likely cause of reduced mortality is
attributed to the decreased number of adverse effects associ-
ated to medical errors.

One of the earliest efforts to apply the concepts of tele-
medicine to critically ill patients was developed by Breslow
and Rosenfeld in 1998 with the founding of a venture-backed
company, VISICU, Inc. (Baltimore, MD). A recent study from
Sentara Health System in Virginia utilizing a telemedicine
system provided by VISICU provides insight into the
future of critical care (67). The study included more than
600 patients discharged from 16 ICU beds during a six-
month period. These units included a general ICU (10
beds) and a vascular ICU (six beds), which were wired
into a remote VISICU monitoring site (eICU). This system
permitted the remote intensivist not only to detect devi-
ations from normal or early pathology at the beginning of
a disease process, but also to make interventions that other-
wise would have to wait for the physical presence of a phys-
ician in the ICU (i.e., weaning mechanical ventilation during
the night or making adjustment in medications).

The study compared patients discharged from the
same units before the implementation of this new system
to the cohort cared for with the new system. The study
showed a 30% reduction in the mortality rate in the ICU,
which represents approximately 60 lives saved per year or
one person per week. The study also showed a 17%
average reduction in length of stay for both the ICU and sub-
sequent recovery on a regular floor. The added benefit of the
system implemented is that, despite the initial expense, it
produced an annualized net financial benefit of approxi-
mately three million U.S. dollars. These savings included
an increased patient turnover rate (20%) secondary to the
reduction of ICU days and increased number of patients
admitted to the ICU.

In a more recent study by Breslow et al. a total of 2140
patients receiving eICU care for 19 hr/day were evaluated
with similar positive results (69). The remote care program
used intensivists and physician extenders to provide sup-
plemental monitoring and management of ICU patients for
19 hr/day (noon to 7 am) from a centralized, off-site facility
(eICU). The addition of supplemental, telemedicine-
based, remote intensivist programs has been associated

with both improved clinical outcomes and hospital financial
performance. The magnitude of the improvements was
similar to those reported in studies examining the impact
of implementing on-site dedicated intensivist staffing
models.

FINANCIAL AND LEGAL CONSIDERATIONS
Centers for Medicare and Medicaid Services
(Previously HCFA) Requirements
As of 1999, the Health Care Financing Administration (HCFA
and now CMS) started reimbursing physicians for telemedi-
cal care for Medicare patients, though the acceptable reimbur-
sable conditions are restricted to only a few specific
conditions. These include: that the patient must be located
in a rural area, that the referring physician must be present,
and that part of the reimbursement that the consultant phys-
ician receives needs to be remitted to the referring physician.
The type of technology used is limited only to real-time inter-
actions and excludes store-and-forward technology.
However, effective as of October 2001, Medicare has
expanded its coverage of telemedicine services to include
broader geographical areas and physician services (70).

On the other hand, some health insurance providers
have seen the benefits of the use of telemedicine and have
started reimbursing for some telemedicine services, and in
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some states laws have been passed that require reimburse-
ment of telemedicine services. Effective as of October
2001, Medicare has expanded its coverage of telemedicine
services to include broader geographical areas and
physician services (70).

Medical Guidelines and Technical Standards
Guidelines help physicians by being tools that help in
decision-making in improving patient’s outcomes. The
establishment of telemedicine guidelines has the additional
benefit of being a framework that offers better quality and
improves these systems during their early development
(operational and technical guidelines), facilitates the estab-
lishment of clinical research, and reduces risk of litigation.
At present, there are very few clinical telemedicine guide-
lines applicable to trauma care. These include limited guide-
lines for the handling of emergencies that the British
Association for Accident and Emergency Medicine has
established (71). These guidelines cover teleconsultation pro-
tocols, drugs use, radiographic evaluation, and management
protocols, and applies to all minor injury units linked to their
nearest Accident and Emergency facility.

Establishing technical standards has also become very
important. The available standards for telemedicine tech-
niques are based on the definition of the International Tele-
communication Union (ITU) for videoconferencing,
including the H.320 standard using ISDN and the more
recent H.323 standard using IP networks (72). Another set
of standards are included in the DICOM standard (Digital
Imaging and Communications in Medicine) widely recog-
nized for medical imaging communication (transmission of
X-ray images and other medical image types). DICOM
defines a standard network interface and data model allow-
ing interoperability between equipment from different man-
ufacturers. Interoperability using standards will facilitate
telemedicine growth, whereas proprietary systems serve as
short term solutions, but limit growth over the long term.

Legal Aspects
Most of the legal aspects of telemedicine include licensure of
physicians, hospital credentialing, clinical privileges, patient
confidentiality, and liability. This is not different when
applied to trauma and intensive care.

Universal clinical privileges do not exist in the U.S. In
some cases, some state licensure statutes have provisions
that allow a licensed physician to request consult from an
out-of-state physician. Unfortunately most licensure boards
do not allow practicing out-of-state physicians to provide
telemedicine services unless they hold a valid license for
that state. Moreover, this is not a problem exclusive to phys-
icians but also to nurses, physician assistants, and nurse
practitioners. There have been several attempts to address
this problem but they have been unsuccessful to date.

The Joint Commission on Accreditation of Hospitals

(JCAHO) has recently dictated a requirement of credential-
ing in hospitals, which are establishing telemedicine care.

The physician that practices in that institution, via
telemedicine or not, needs to go through the process of
credentialing approved for the institution.

Patient confidentially must also be addressed and
maintained. The regulation of transmission of information
and establishing protocols that keep information safe and
confidential, especially the information sent over e-mail
and through internet access, is crucial to maintain the
success of this technology.

Liability is also another issue that has affected the
development of telemedicine technology in the areas of
trauma and critical care. This is especially true in the area
where more patient-physician interactions have been par-
ticularly significant, and for high risk conditions where
prompt and accurate diagnoses are most critical. Interest-
ingly, new technologies (e.g., real-time interactive videocon-
ference) could conceivably decrease liability if full consensus
is gathered from the group, even if it later turns out not be
the best choice.

MILITARYCONSIDERATIONS
Initial Trauma Medevac and Resuscitation
The ongoing wars in both Afghanistan and Iraq have once
again placed the U.S. military at the forefront of the teleme-
dicine revolution. Ranging from the conveyance of patient
information between far-forward positions and more sophis-
ticated levels of medical care to the tactical decision making
regarding site location for forward surgical teams, etc., the
Department of Defense (DoD) has put into place a series of
telemedicine systems.

Much more can and must be done to utilize current
technological capabilities to improve medical communi-

cation between levels of care. These capabilities can
assist providers with both the transfer of information as
well assisting those providers with the expertise of medical
experts in the initial management of complex wartime
casualties.

Currently the bulk of initial care provided to U.S. and
Coalition forces is done at Level I and II Medical Treatment
Facilities (MTFs) which are often located in very isolated and
austere environments (see Volume 1, Chapter 5). Rapid tele-
communication systems are in place that allow providers at
these locations to request and obtain the assistance of more
experienced and seasoned personnel for the initial triage
and treatment of these casualties. This is mostly in the
form of secure satellite communication systems, but can
also include technology as simple as cellular phones (when
discussed information is not necessarily privileged).
Although the technology now exists, the use of video confer-
encing between the level II [Army Forward Surgical Team
(FST) or Marine Forward Resuscitative Surgery System
(FRSS)] MTFs, and the higher level III Combat Support
Hospital (CSH) is not yet available in most austere environ-
ments. Accordingly providers in these locations have had to
adapt and change as the battle space evolved.

Communications Between Levels of Care for
Patient Transport
Logistics communications between MTFs at various levels of
care is of the highest quality, thus casualty evacuation
(casevac) and patient transport is highly coordinated. The
reader can review current methodologies involving casevac
to a FST or FRSS (level II MTF) or to a CSH (Level III MTF)
and the use of U.S. Air Force Critical Care Air Transport
Teams (CCATTs) in Volume 1, Chapter 7. However, trans-
mission of patient management information from the
initial level II field surgery facility to the next level of care,
often a level IV facility, can still improve, though improve-
ments have occurred during the campaigns in Iraq and
Afghanistan.

As recently as one to two years ago, the mechanism for
sending injured soldier medical information between the
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FST or FRSS and higher levels of care was provided by
writing brief descriptions of operative findings on transfer
papers, and by writing directly on the patient’s skin or ban-
dages (as shown in Volume 1, Chapter 7). Although this
practice is helpful, and continues, the development of the
Combat Trauma Record (a simple two page document) has
significantly improved the transfer of information. In
addition, several new-technology-based techniques have
been employed by industrious military physicians and
core men to obtain and package digital information to be
transported with the patient. For example, digital photos
of wounds and operative findings, are now routinely
placed on transportable digital media and transferred with
the wounded soldier to the next level of care.

Because the digital media can become lost or
destroyed during transport, an additional improvement in
care would occur if the digital data were transmitted digi-
tally in real time to high capacity servers for storage, along
with real-time relay of information to the expected destina-
tion. Dedicating portions of the satellite bandwidth for
real-time video and voice conferencing and transmission of
radiographs via PACS, etc. is another important idea that
could improve care.

As patients are subsequently moved through the eva-
cuation chain, more sophisticated means of telemedicine are
now being utilized. Weekly patient care conferences as well
as weekly morbidity and mortality conferences are held via
real-time video teleconferencing between Iraq, Germany,
and military medical facilities within the continental
United States. These real-time, interactive events have
greatly enhanced patient care and facilitated feedback to
providers in the field who in the past never had feedback
on the patients they initially helped stabilize, treat, and
operate upon.

As discussed above, these sophisticated telemedicine
devices come at a price, and that is the bandwidth required
to achieve them. This is of particular concern in the military
as medical providers are often at odds with the war-fighters
over access to limited bandwidth. With improved technol-
ogy and communication systems there will hopefully come
a time where both the medical community and the oper-
ational forces will have unlimited access to real-time band-
width which will allow the simultaneous care of patients
as well as the ability to execute the military campaign.

EYE TO THE FUTURE

The greatest technical problem inhibiting the growth of tele-
medicine today is the lack of cost-effective, dependable tech-
nology with enough bandwidth to transmit the amount of
information needed for acute care in real-time. Wider avail-
ability of high-speed fiber optic lines and even satellite com-
munications will facilitate not only the diffusion and use of
existing technologies but the development and application
of advanced technological telemedicine modalities, like the
use of telepresence technology. The development of new
networks systems like Second Generation Internet (SGI)
may solve some of these problems. Current technologies
such as global position satellites (GPS) can help locate EMS
personnel and transport devices, facilitating more efficient
deployment. The application of artificial intelligence to
supplement technological advances will likely lead to the
next breakthrough in medical applications (74).

Another area where advancement will occur is in the
realm of distant anesthetic management of trauma and

critically ill patients. Indeed a recent report from Virginia
Commonwealth University (VCU) shared anesthetic man-
agement decision-making between the home institution
and Ecuador (75). Airway management, dysrhythmias, and
oxygen saturation-related decision-making was made from
the distant location over a 64 kbps satellite linked data line.

Public and health care perception must also improve,
especially for the application of remote care systems in
emergency situations such as trauma and critical care.
Additional studies are needed. These studies should
include standard outcomes as well as patient, family, and
provider satisfaction data.

Regulations will continue to limit advancement of this
field. Federal and private reimbursement issues will need to
be continually addressed. In order to promote that change in
mentality, more research needs to be done to study the cost-
effectiveness of the application of telemedicine techniques
when compared to conventional trauma and critical care.

The gaps between bench discovery and bedside appli-
cation must continue. Those who focus on implementing the
enormous capabilities of digital technologies in the realm of
trauma and critical care will close an important technology
gap. It must be recognized that initial systems will require
significant capital outlay, but will return a priceless dividend
of lives and limbs saved.

SUMMARY

Optimal care to trauma and critically ill patients requires an
organized approach with dedicated resources delivered by
specialty-trained professionals. Telemedicine applications
in trauma and critical care are being developed and
studied. At present, limited research exists to support a
wholesale adoption of this technology. Based on presently
available data, telemedicine has incredible untapped poten-
tial for augmenting care in emergency circumstances,
especially in the areas of trauma in critical care and in the
follow-up of that care. Regionalization of care and appli-
cation of these technologies is beginning to demonstrate sig-
nificant advantages to remote locations and those that are
otherwise understaffed with specialized health care provi-
ders. It is quite encouraging that the presently limited avail-
able data from application of these technologies into the ICU
has been able to demonstrate improvement in the quality of
care while reducing costs and resource utilization. These
improvements have been realized despite the usual steep
learning curve and, in many circumstances, limited
resources.

Telemedicine has been used in many instances for
education, image transfer, second opinions, consultative
care, and direct acute care. In these domains there is
growing evidence that these systems are effective at improv-
ing care to patients located in remote areas. Clearly, more
work needs to be done to improve not only the technological
aspects of telemedicine but also the human aspects of deli-
vering this type of care, at the practitioner, organizational,
and governmental levels.

Some have likened the use of outside physicians for
night-time coverage (e.g., NightHawk radiological over-
sight) of patients as a form of outsourcing (73). Yet, in
many cases the doctors serving in foreign countries are
U.S. trained, or possess a similar level of certification.
American radiology departments will likely rely in increas-
ing numbers on NightHawk services from foreign
countries, because as one hemisphere of the globe sleeps
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the other is awake; hence, a natural reciprocation of
responsibilities avails itself. The next critical element in
wider utilization of these services rests in the realm of cer-
tification and credentialing. Providing levels of training
and oversight (quality control) are similar within insti-
tutions; distant radiologists or other physicians should be
capable of providing the same level of care. A system of
reciprocity is being developed to confirm that levels of
expertise are at a high level for those making diagnosis
from distant shores.

The establishment of accepted standards including
medico-legal and regulatory issues need to be accomplished
in order to have a working and efficient system. The future of
these systems seems to grow in potential importance given
the shortage of specialty-trained physicians like intensivists
and the present trend for fewer surgical trainees to enter
specialty training tracks. Given the lack of availability of
specialty-trained physician groups in remote areas, health
care decision makers should be strongly embracing teleme-
dical approaches to better leverage care by such highly
skilled and trained individuals.

KEY POINTS

The regionalization of trauma care has improved
overall outcome, but not solved the significant
problem of providing high-level trauma and critical
care services to remote locations where organized
trauma systems do not exist.
A potential solution to delivering trauma and critical
care to remote locations and to address shortages of
subspecialty-trained physicians is the use of telemedi-
cine.
Military research has helped develop many aspects of
telemedicine, and the direct applications to both mili-
tary and civilian care are enormous.
Computer-assisted surgical robotics is a technological
area whose immense potential will likely facilitate tele-
medicine applications for trauma in the near future.
Telemedicine connects two physically separated
locations (which can be positioned anywhere on the
globe), and facilitates the sharing of clinical information
between health care providers (or between patient and
provider) for the diagnosis and or management of
medical and surgical conditions.
Telemedicine can be used in a variety of situations from
consultative care, triage, and direct patient care, to
image transfer and continuing medical education.
The specific computer-based elements needed for each
telemedicine application varies, but when dealing with
trauma or critically ill patients, the system requires
capability to handle real-time, synchronous interactive
videoconference.
The main characteristic that defines the quantity of data
that can be transmitted over a line or other medium is
bandwidth.
The role of trauma leader can be safely provided by a
traumatologist not physically present in the TRS in
locations where the trauma training of individuals is
insufficient, but telecommunication understanding is
adequate (36).
The application of telepresence in trauma surgery has
evolved to include use of the Da Vinciw system compu-
ter-assisted robotics.

The theoretical goal of minimally invasive computer-
assisted robotic techniques in trauma is that they will
be applied in resuscitative (including damage-control)
surgery as a potential method to stabilizing selected
patients.
The addition of supplemental, telemedicine-based,
remote intensivist programs has been associated with
both improved clinical outcomes and hospital financial
performance.
Effective as of October 2001, Medicare has expanded its
coverage of telemedicine services to include broader
geographical areas and physician services (70).
The Joint Commission on Accreditation of Hospitals
(JCAHO) has recently dictated a requirement of creden-
tialing in hospitals, which are establishing telemedicine
care.
Much more can and must be done to utilize current
technological capabilities to improve medical com-
munication between levels of care.

REFERENCES

1. National Research Council. Accidental death and disability:
The neglected disease of modern society. Washington, D.C.:
National Academy of Sciences, 1966.

2. Committee on Trauma, American College of Surgeons. Optimal
hospital resources for care of the seriously injured. Bull Am
College Surgeons 1976; 61(9):15–22.

3. Celso B, Tepas J, Langland-Orban B, et al. A systematic review
and meta-analysis comparing outcome of severely injured
patients treated in trauma centers following the establishment
of trauma systems. J Trauma 2006; 60(2):371–378.

4. Rogers FB, Simons R, Hoyt DB, et al. In-house board-certified
surgeons improve outcome for severely injured patients: a
comparison of two university centers. Trauma 1993;
34(6):871–875.

5. Mullins RJ, Veum-Stone J, Hedges JR, et al. Influence of a state-
wide trauma system on location of hospitalization and outcome
of injured patients. Trauma 1996; 40:536–546.

6. Vincent JL. Need for intensivists in intensive-care units. Lancet
2000; 356:695–696.

7. Blunt MC, Burchett KR. Out-of-hours consultant cover and
case-mix-adjusted mortality in intensive care. Lancet 2000;
2000(356):735–736.

8. Pronovost PJ, Jenckes MW, Dorman T, Garrett E, Breslow MJ,
Rosenfeld BA, et al. Organizational characteristics of intensive
care units related to outcomes of abdominal aortic surgery.
JAMA 1999; 291:1310–1317.

9. Pronovost PJ, Waters J, Dorman T. Impact of critical care phys-
ician workforce for intensive care unit physician staffing. Curr
Opin Crit Care 2001; 7(6):456–459.

10. Pronovost PJ, Angus DC, Dorman T, Robinson KA, Dremsizov
TT, Young TL. Physician staffing patterns and clinical outcomes
in critically ill patients: a systematic review. JAMA 2000;
288(17):2151–2162.

11. U.S. Congress Office of Technology Assessment. Rural Emer-
gency Medical Services: Special Report. OTA-H-445. 1989.

12. Rogers FB, Shackford SR, Osler TM, Vane DW, Davis JH. Rural
trauma: the challenge for the next decade. Trauma 1999;
47(4):802–821.

13. Holcomb JB, Stansbury LG, Champion HR, et al. Understand-
ing combat casualty care statistics. J Trauma 2006; 60(2):397–
401.

14. Ovadia P, Szewczyk D, Walker K, Abdullah F, Schmidt-Gille-
spie S, Rabinovici R. Admission patterns of an urban level I
trauma center. Am J Med Qual 2000; 15:9–15.

15. Groeger JS, Strosberg MA, Halpern NA, et al. Descriptive
analysis of critical care units in the United States. Crit Care
Med 1992; 20:846–863.

Chapter 72: Remote Management of Trauma and Critical Care 1263



16. Angus DC, Kelley MA, Schmitz RJ, et al. Current and projected
workforce requirements for care of the critically ill and patients
with pulmonary disease. JAMA 2000; 284:2762–2770.

17. Abbruscato CR. A brief history of the telestethoscope. Teleme-
dicine 1997; 6(5):16.

18. Crump WJ, Pfeil T. A telemedicine primer: an introduction to
the technology and an overview of the literature. Arch
Family Med 1995; 4(9):796–803.

19. Allely EB. Synchronous and asynchronous telemedicine. J Med
Syst 1995; 19:20.

20. Ausseresses AD. Telecommunications requirements for teleme-
dicine. J Med Syst 1995; 19:143.

21. Goldberg MA. Teleradiology and telemedicine. Radiol Clin
North Am 1996; 34(3):647–665.

22. Grundy BL, Jones PK, Lovitt A. Telemedicine in critical care:
problems in design, implementation, and assessment. Crit
Care Med 1982; 10:471–475.

23. Angood PB. Telemedicine, the Internet, and world wide web:
overview, current status and relevance to surgeons. World J
Surg 2001; 25:1449–1457.

24. Cleary K, Nguyen C. State of the art in surgical robotics: clinical
applications and technology challenges. Computer Aided
Surgeon 2001; 6(6):312–328.

25. Makris L, Kopsacheillis EV, Strintzis MG. Hippocrates: an inte-
grated platform for telemedicine applications. Med Inform
1998; 23:265.

26. Swart D. The Saint Francis emergency room telemedicine
system: marriage of technology and business models. Telemed
Today 1997; 5:28–29.

27. Armstrong IJ, Haston WS. Medical decision support for remote
general practitioner using telemedicine. J Telemed Telecare
1997; 1:27–34.

28. Tachakra S, Sivakumar A, Everand R, Mullett S, Freij R. Remote
trauma management setting up a system. J Telemed Telecare
1996; 2:65–68.

29. Beach M, Goodall J, Miller P. Evaluating telemedicine for minor
injuries units. J Telemed Telecare 2000; 6(1):90–92.

30. Tachakra S, Loane M, Uche CU. A follow-up study of
remote trauma teleconsultations. J Telemed Telecare 2000;
6(330): 334.

31. Patterson VH, Craig JJ, Wootoon R. Effective diagnosis of spinal
cord compression using telemedicine. Br J Neurosurg 2000;
14:552–554.

32. Aucar JA, Villavicencio RT, Wall MJ, Liscum KR, Granchi TS,
Mattox KL. Evaluation of clinical data by remote observation
in trauma. Proc AMIA Ann Fall Symp 1997; S68:408–412.

33. Aucar, et al. Evaluation of clinical data by remote observation
in trauma. AMIA 1999; 25:617–623.

34. Brebner JA, Ruddick-Brakken H, et al. Evaluation of a pilot tele-
medicine network for accident and emergency work. J Telemed
Telecare 2002; 8:5–6.

35. Xiao Y, MacKenzie C, Orasanu J, Spencer R, Rahman A,
Gunawardane V. Information acquisition from audio-video-
data sources: an experimental study on remote diagnosis. Tele-
medicine 1999; 2:139–155.

36. Tachakra S, Jaye P, Bak J, Hayes J, Sivakumar A. Supervising
trauma life support by telemedicine. J Audiovisual Medica
Medicine 2000; 6(S1):7–11.

37. Tachakra S, Lynch M, Stinson A, et al. A pilot study of the tech-
nical quality of telemedical consultations for remote trauma
management. J Audiovisual Media Medicine 2001; 24:16–20.

38. Aucar JA, Eastlack R, Wall MJ, et al. Remote clinical assessment
for acute trauma: an initial experience. Proc AMIA Symp 1998;
550:396–400.

39. Rogers FB, Ricci M, Caputo MSS, et al. The use of telemedicine
for real-time video consultation between trauma center and
community hospital in a rural setting improves early trauma
care: preliminary results. Trauma 2001; 51:1037–1041.

40. Lambrecht CJ, Canham WD, Gattey PH, McKenzie GM. Tele-
medicine and orthopaedic care. Clin Orthopaedics Related
Research 1998; 348:228–232.

41. Lambrecht CJ. Telemedicine in trauma care: description of 100
trauma teleconsults. Telemedicine 1997; 3:265–268.

42. Lambrecht CJ. Telemedicine in trauma care. Telemedicine
Today 1998; 6(1):25.

43. Brennan JA, Kealy JA, Gerardi LH, Shih R, Allegra J, Sannipoli
L, et al. Telemedicine in the emergency department: a random-
ized controlled trial. Telemedicine Today 1999; 5:18–22.

44. Latifi R, Peck K, Porter JM, et al. Telepresence and telemedicine
in trauma and emergency care management. Stud Health
Technol Inrom 2004; 104:193–199.

45. Saffle JR, Edelman L, Morris SE: Regional air transport of
burn patients: a case for telemedicine? J Trauma 2004; 57(1):
57–64.

46. Kirkpatrick AW, Brenneman FD, McCallum A, et al. Prospec-
tive evaluation of the potential role of teleradiology in acute
interhospital trauma referrals. Trauma 1999; 46:1017.

47. Hsieh C-H, Jeng S-F, Chen C-Y, et al. Teleconsultation with
mobile camera-phone in remote evaluation of replantation
potential. J Trauma 2005; 58(6):1208–1212.

48. Link RE, Schulam PG, Kavoussi LR. Remote monitoring and
assistance during laparoscopy. Urol Clin North Am 2001;
28:177–178.

49. Cadeddu JA, Stoianovici D, Kavoussi LR. Robotic surgery in
urology. Urol Clin North Am 1998; 25:75–85.

50. Rassweiler J, Binder J, Frede T. Robotic and telesurgery:
will they change our future? Curr Opin Urol 2001; 11(3):
309–320.

51. Schlag PM, Moesta KT, Rakovsky S, Graschew G. Telemedicine:
the new must for surgery. Arch Surg 1999; 134:1216–1221.

52. Cadiere GB, Himpens J, Vertruyen M, Favretti F. The world’s
first obesity surgery performed by a surgeon at a distance.
Obes Surg 1999; 9:206–209.

53. Cubano M, Poulose BK, Talamini MA, et al. Long distance
telementoring: a novel tool for laparoscopy aboard the USS
Abraham Lincoln. Surg Endosc 1999; 13(7):673–678.

54. Endean ED, Mallon LI, Kwolek CJ, Schwartz TH. Telemedi-
cine in vascular surgery: Does it work? Am Surg 2001; 67:
334–341.

55. Bowersox JC, Cordts PR, LaPorta AJ. Use of an intuitive telema-
nipulator system for remote trauma surgery: an experimental
study. Am Coll Surg 1998; 186:615–621.

56. Bowersox JC, Shah A, Jensen J, Hill J, et al. Vascular appli-
cations of telepresence surgery: initial feasibility studies in
swine. Vasc Surg 1996; 23:281–287.

57. Shennib H, Bastawisy A, McLoughlin J, Moll F. Robotic compu-
ter assisted telemanipulation enhances coronary artery bypass.
Thorc Cardiovasc Surg 1999; 117:310–313.

58. Talamini MA, Campbell K, Stanfield C. Robotic gastrointestinal
surgery: early experience and system description. Laparoen-
dosc Adv Surg Tech A 2002; 12(4):225–223.

59. Talamini MA, Chapman S, Horgan S, Melvin WS. The Aca-
demic Robotics Group. A prospective analysis of 211 robotic-
assisted surgical procedures. Surg Endosc 2003; 17(10):1521–
1524.

60. Hernandez JD, Bann SD, Munz Y, et al. The learning curve of a
simulated surgical task using the Da Vinci telemanipulator
system. Br J Surg 2002; 89:17–18.

61. Hernandez JD, Bann SD, Munz Y, et al. Qualitative and
quantitative analysis of the learning curve of a simulated
surgical task on the Da Vinci system. Surg Endosc 2004;
18:372–378.

62. Bellows CF, Sweeney JF. Laparoscopic splenectomy: present
status and future perspective. Expert Rev Med Dev 2006; 3(1):
95–104.

63. Kao AY, Munandar R, Ferrara SL, et al. Case 19-2005—A 17-
year-old girl with respiratory distress and hemiparesis after
surviving a tsunami. N Engl J Med 2005; 352:2628–2636.

64. Boulanger B, Kearney P, Ochoa J, et al. Telemedicine: a solution
to the follow-up of rural trauma patients? J AM Coll Surg 2001;
192:447–452.

65. Dorman T. Remote access to critical care. Curr Opin Crit Care
2000; 6(4):304–307.

66. Rosenfeld BA, Dorman T, Breslow MJ, et al. Intensive care unit
telemedicine: alternate paradigm for providing continuous
intensivist care. Crit Care Med 2000; 28(12): 3925–3931.

1264 Rodrı́guez-Paz et al.



67. Becker C. Remote Control. Specialists are running intensive-
care units from remote sites via computers, and at least one
health system with the eICU is reaping financial rewards—
and saving lives. Mod Health 2002; 32(8):40–42.

68. Celi LA, Hassan E, Marquardt C, Breslow M, Rosenfeld B. The
eICU: it’s not just telemedicine. Crit Care Med 2001; 8:N183–
N189.

69. Breslow MJ, Rosenfeld BA, Doerfler M, et al. Effect of a
multiple-site intensive care unit telemedicine program on clini-
cal and economic outcomes: an alternate paradigm for intensi-
vist staffing. Crit Care Med 2004; 32:31–38.

70. http://cms.hhs.gov/state/telelist.asp
71. http://www.baem.org.uk/tele.htm
72. http://www.itu.int/itudoc/itu-t/rec/h/h320.html
73. Wachter RM: The “Dis-location” of U.S. Medicine—The

implications of medical outsourcing. N Engl J Med 2006;
354:661–665.

74. Hanson WC, Marshall BE: Artificial intelligence applications in
the intensive care unit. Crit Care Med 2001; 29(2):427–435.

75. Cone SW, Gehr L, Hummel R, et al. Case report of remote anes-
thetic monitoring using telemedicine. Anesth Analg 2004;
98:386–388.

Chapter 72: Remote Management of Trauma and Critical Care 1265





73

Hyperbaric Oxygen Therapy in Trauma and Critical Care

Enrico M. Camporesi
Department of Anesthesiology and Critical Care, University of South Florida College of Medicine, Tampa, Florida, U.S.A.

Irving “Jake” Jacoby
Hyperbaric Medicine Center, Department of Emergency Medicine, UC San Diego Medical Center, San Diego, California, U.S.A.

INTRODUCTION

Hyperbaric oxygen (HBO2) therapy is a growing specialty in
medicine that overlaps many other specialties due to the
ever-increasing understanding of the numerous physiologic
effects of O2 under pressure. The increasing elucidation of
HBO2 mechanisms of action has increased the therapeutic
application of this treatment by specially trained physicians
around the globe. This chapter provides an overview of
HBO2 therapy, including the basic science, physiology, and
the clinical indications relevant to the fields of trauma and
critical care.

Hyperbaric medicine is a relatively new field of
medicine that has been recently reviewed from a historical
perspective (1). However, a couple landmark developments
deserve special note. Its beginnings were in non-
scientifically-based air compression chambers, starting in
the 17th century. Initial treatments for Caisson’s Disease
during the construction of underwater tunnels in
New York City and in Europe were with compressed air.
Several unusual large chambers were built in the early
20th century, including the 6-story high “Steel Ball Hospi-
tal,” built by Cunningham in Cleveland (1,2). This edifice
did not survive, however, due to lack of scientific grounding
in indications and procedures at that time.

Modern HBO2 therapy had its beginnings in 1955 with
the work of Churchill–Davidson, who attempted to use
HBO2 to potentiate radiation therapy in cancer patients (3),
and with Boerema, at the University of Amsterdam, who
during that same year proposed using HBO2 in cardiac
surgery to prolong tolerance of circulatory arrest by patients
(4). It was a logical step for Brummelkamp at the University
of Amsterdam to consider the possibility of inhibiting
anaerobic infections with O2 under pressure, and the first
published report of use of HBO2 for gas gangrene was
reported in 1961 (5). Treatment of carbon monoxide (CO)
poisoning was also first reported in 1961 (6).

Since that time, hyperbaric medicine has developed
into a full-fledged medical discipline, with specialty
journals, fellowships, and board certification for physicians
within the last decade. The Hyperbaric Therapy Committee
of the Undersea and Hyperbaric Medical Society (UHMS)
meets and reviews all submitted indications for HBO2

therapy, and that list is updated approximately every three
years (7). There are currently 13 UHMS-approved indi-
cations for HBO2 therapy (Table 1).

GENERAL PRINCIPLES

HBO2 therapy is defined as the therapeutic adminis-
tration of O2 at pressures greater than one atmosphere at
sea level. One atmosphere of pressure, expressed in milli-
meters of mercury (mmHg), corresponds to 760 mmHg, and
in units of atm abs, “atmospheres absolute,” units commonly
used in HBO2 therapy, is 1 atm abs. The concentration of
O2 in air is approximately 21%, therefore, the partial
pressure of dry O2 (PO2) is 160 mmHg at 1 atm abs (0.21 �
760 mmHg ¼ 160 mmHg). The remaining component (79%
of air) is mainly Nitrogen (N2) and other trace inert gases.
Together, they exert a partial pressure of approximately
600 mmHg at 1 atm abs (0.79 � 760 mmHg ¼ 600 mmHg).
The partial pressure of water vapor (PH2O) in air is variable
and depends on both temperature and humidity. At 378C
and 100% humidity, conditions commonly found in the
lung, PH2O is 47 mmHg. This value is unchanged at 2 and
at 3 atm.

The PO2 in dry air is increased to approximately
479 mmHg when the pressure is raised to 3 atm abs
(3 � 760 mmHg � 0.21 ¼ 479 mmHg). If the concentration
of O2 is then increased to 100%, PO2 at 3 atm abs increases
approximately to 2280 mmHg (3 � 760 mmHg � 1.00 ¼
2280 mmHg).

In the alveoli, carbon dioxide (CO2) as well as H2O
vapor is added to inspired gases, reducing the initial partial
pressure of any inspired gas to the alveolar level. The
typical alveolar partial pressure of CO2 (PACO2

) is 40 mmHg
and is usually closely regulated by subjects and patients
around this value, despite changing the ambient pressure.
The alveolar PH2O, as mentioned above, is unchanged at
47 mmHg. By using the “alveolar gas equation” one can
calculate approximate alveolar partial pressures of O2

(PAO2
), at various chamber pressures:

PAO2
¼ (PB � PH2O) FIO2

� PACO2
,

where PB ¼ ambient pressure or chamber pressure, FIO2
¼

fractional concentration of inspired O2 and the approximation
is represented by the assumption that the respiratory quotient
is equal to 1. PAO2

is usually 110 mmHg while breathing air
at 1 atm abs [PAO2

¼ (760 2 47)0.21 2 40 ¼ 110] and increases
to 2193 mmHg while breathing 100% O2 at 3 atm abs
[PAO2

¼ (2280 2 47)1.00 2 40 ¼ 2193].
While the PAO2

increases in proportion to the increase in
ambient pressure, the arterial PO2 (PaO2

) will vary according
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to the degree of pulmonary dysfunction present. The [a/A] O2

ratio has been utilized and verified in healthy subjects and in
patients with varying pulmonary problems as a predictor of
arterial oxygenation at increased inspired oxygen concen-
trations up to 2.8 atm abs (8). When arterial O2 tension
(PaO2) approaches 1200 mmHg, about 4% vol of O2 are
dissolved in plasma and can provide for the total metabolic
requirements of the tissues. The oxygen dissolved in plasma
diffuses first from the capillaries, and constitutes the majority
of the (a–v) difference required by tissue consumption.

Treatment with HBO2 is empirically limited to a

maximum tolerated inspired PO2 and the total time of
exposure. Normally 100% O2 is administered at press-
ures no greater than 3 atm abs (PO2 ¼ 2280) and only for
intervals no longer than 20–25 min. “Air breaks,” intermit-
tent periods of air breathing, of 5 to 10 min, are administered
between intervals if therapy is required to exceed these
times. Air breaks reduce periodically the inspired PO2,
thereby minimizing the acute onset of central nervous
system O2 toxicity and delaying the development of pul-
monary O2 toxicity. Some typical values commonly found
in a hyperbaric environment are summarized in Table 2.

MULTIPLACE VS. MONOPLACE HYPERBARIC CHAMBERS

The traditional method of administering HBO2 therapy is
with a multiplace chamber that accommodates two or
more individuals. Size may vary from small, often portable
two-man chambers used for transporting patients in the
field, to several feet in diameter, in which up to a dozen or
more patients may be comfortably admitted, in addition to
tenders, nurses, and physicians. This type of multiplace
chamber is usually compressed with air, while the patient
breathes oxygen either with a head tent, facemask, or
through a tracheal tube. Because of the immediate

access to the patient by accompanying personnel,
monitoring is commonly simplified with multiplace HBO2

chambers. Intravenous lines can be inserted at any
time during treatment and airway control can be provided.
Surgery has even been performed inside multiplace
hyperbaric chambers. On the other hand, setting up and

maintaining these chambers is complex. They have a large
space requirement for installation and are costly.

The other type of chamber is the monoplace. This type
of chamber is large enough to accommodate only one
patient. The chamber wall in several types is manufactured
of clear plastic, facilitating close observation of the patient.
The chamber is compressed with 100% O2. The advantage
of monoplace chambers is their relatively low cost and
ease of installation. The chamber may be put into use by con-
necting the oxygen inlet to the hospital supply, with modifi-
cation to accommodate large flow rates. Operation of the
chamber is relatively simple. The disadvantage is the
lower flexibility and the treatment pressure range, which
most often cannot exceed 3 atm abs. Inside a monoplace
chamber monitoring is more remote, and emergency care
of the airway cannot be provided. Development of a
tension pneumothorax, although rare, could be fatal in a
monoplace chamber because of the impossibility of insert-

ing a chest tube prior to decompression. Nevertheless,
monoplace technology now permits intravenous fluid
administration from the outside of the chamber, invasive
intravascular monitoring, and mechanical ventilation.
Most chambers are now equipped with a mask system
(called BIBS or “built in breathing system”) from which the
patient may breath air and receive air breaks. Critically ill
patients can routinely be treated in monoplace chambers if
the experience of the personnel warrants it.

TRAUMA AND HBO2

HBO2 can be utilized in the treatment of several clinical situ-
ations associated with acute trauma. Therapy with HBO2 is
effective by elevating total pressure in body compartments
in gas embolic disease and increasing oxygen tensions in
blood and tissues. Of particular note is the possibility of pul-
monary venous emboli that can occur following both pene-
trating and severe blunt thoracic trauma. The institution of
HBO2 therapy in this patient population is complicated
due to the other common competing problems. However,
in the case of severe pulmonary venous air entry and
subsequent systemic arterial embolization to important
structures (e.g., brain, heart, and other viscera), HBO2

therapy can be life saving.
In addition, HBO2 exposure has been associated with

intense vasoconstriction, resulting in reduction or resolution
of edema in compartment syndrome, while nutrient blood
flow is preserved (7). Several post-traumatic infectious
syndromes appear to benefit from HBO2, as elevated O2

tension is bactericidal toward a variety of micro-organisms (5).

Table 1 Undersea and Hyperbaric Medical Society Approved

Indications for Hyperbaric Oxygen Therapy

Decompression sickness

Air or gas embolism

Carbon monoxide poisoning alone or complicated by cyanide

poisoning

Clostridial myositis and myonecrosis (gas gangrene)

Crush injury, compartment syndrome and other acute traumatic

ischemias

Enhancement of healing in selected problem wounds

Exceptional anemia

Intracranial abscess

Nonclostridial necrotizing soft tissue infections

Chronic refractory osteomyelitis

Delayed effects of radiation (soft tissue- and osteo-radionecrosis)

Threatened skin grafts and flaps

Thermal burns

Source: From Refs. 7 and 61.

Table 2 Approximate Values of Alveolar Oxygen Pressure,

After Correction for Water Vapor Pressure and CO2 Pressure,

Assuming a Respiratory Quotient of 0.8

Environmental

pressure

(atm abs)

Alveolar PO2

(mmHg) breathing

air (21% O2)

Alveolar PO2

(mmHg) breathing

100% O2

1 102 673

2 262 1433

3 422 2193
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AIR AND GAS EMBOLISM

Air or gas can gain entry into the intravascular spaces more
often than is currently recognized. Embolism can occur as
a complication during a medical diagnostic or therapeutic
procedure (9) or during accidental rapid decompression
(10). The latter has been traditionally associated with
scuba divers, but it can also occur in aviators, typically
pilots of high performance military aircraft (11). During
scuba dives, and usually in an inexperienced diver, embo-
lism can happen with a rapid ascent from a dive, while
breathing compressed gas and while breath-holding
during ascent.

Pulmonary barotrauma can then occur, forcing gas
into pulmonary capillaries, producing an arterial gas
embolus (AGE). An iatrogenic embolism can occur
during almost any invasive medical procedure penetrating
tissue and bone and can produce either an AGE and/or a
venous gas embolus (VGE). Included in such procedures
are head, neck, or thoracic surgery; cardiopulmonary
bypass (12); penetrating chest injury; needle or catheter
placement for monitoring (13), diagnostic (14–16), or
therapeutic purposes (17–21); renal dialysis (22); obstetric
or gynecologic manipulation (23); and urologic procedures
(24). In recent years several reports of forced air embolism
have been published following use of rapid infusers, and
steps have been taken to better detect the potentially
lethal air bubbles in an effort to decrease the embolic
risk (25).

Venous gas embolism occurs when the partial pressure
of the intravascular offending gas exceeds the ambient
pressure. As little as 5 cmH2O pressure difference between
the atmosphere and the intravascular space is enough to
entrain large volumes of air (26). Many of these bubbles
are clinically “silent” as they cause no symptoms to the
patient. These are however detectable by Doppler ultra-
sound (27). The technology has been applied clinically to
study decompression sickness and monitor cardiopulmon-
ary bypass and intracranial surgery.

However, the ability of the pulmonary vasculature to
eliminate venous air emboli is limited (28). Transpulmonary
passage of venous air emboli seems to be related to air infu-
sion rates; if they are kept below a threshold value, the lungs
can clear gaseous emboli. It also appears that vascular press-
ures have an important role in the passage of gas emboli
through the pulmonary circulation. An infusion rate of
0.30 ml/kg/min in dogs is a threshold above which the
lung capillaries can no longer clear the air embolus to the
alveoli (29).

Intravascular gas can produce injury by two mech-
anisms. Intravascular bubbles cause a mechanical obstruc-
tion to blood flow and induce intravascular thrombosis
through platelet aggregation and activation of other hemo-
static mechanisms, mainly fibrin deposition. Manifes-
tations of gas emboli are varied and depend on their
size and location, the volume of gas entrained, speed of
the event, position of the patient, and whether the main
location is intra-arterial or intra-venous. These undesirable
occlusive processes inevitably result in organ or tissue
ischemia (30). AGE commonly produce clinical symptoms
in the cerebral and spinal cord circulations as well as in
the coronary circulation. Usual CNS symptoms include
sudden dizziness, nausea, sensory or motor deficits,
visual disturbances, confusion, coma, and seizures.
Cardiac symptoms include ischemic chest pain and

electrocardiographic changes associated with ischemia.
VGE may produce pulmonary symptoms such as chest
pain, coughing, dyspnea, and hemodynamic instability,
including hypotension, tachypnea, pulmonary edema, or
cardiac arrest. Elevation of CPK enzyme levels is report-
edly a very frequent accompaniment to air emboli (31).

Mortality and morbidity can be significant. The
diagnosis of air or gas embolism may be difficult, unless
air entry is actually witnessed, or gas is found on aspira-
tion from a central line, or the bubbles are visualized via
ultrasonic imaging. Rarely is the diagnosis made by aus-
cultation alone through the classic “millwheel murmur.”
New Doppler and neuroimaging modalities, particularly
magnetic resonance imaging (MRI), have greatly added
to the diagnostic armamentarium; however, both
have limitations. The Doppler devices can alert that
air emboli are occurring, but in general are more qualitat-
ive than quantitative. In addition, these devices do not
determine the precise target tissue, or the severity of
ischemia affecting that tissue. MRI is the most sensitive

in detecting focal cerebral ischemia due to air embolism.
A study by Warren et al. has determined that MRI is more
sensitive than computed tomography scanning in this
situation (27).

HBO2 therapy has the ability to increase both tissue
perfusion and tissue O2 tensions and is therefore the treat-
ment of choice for air or gas embolism. Rapidly increasing
the ambient pressure decreases bubble volume immediately
via the reduction in actual bubble volume, improving blood
flow to the affected area. Increasing pressure by only
760 mmHg or to 2 atm abs decreases bubble volume by
50%; increasing pressure to 3 atm abs decreases bubble
volume to 33% of the original volume. As the patient is
also ventilated with 100% O2, the largest gradient is
created for inert gases present in the bubble (N2 if the
embolus is air) to be reabsorbed. In cases involving emboli
to the cerebral and spinal cord circulations, hyperoxic vaso-
constriction may decrease edema and improve the survival
of marginally viable or ischemic tissue. Various treatment
protocols have been used. These include the use of O2 at
2.8 atm abs or compressed air or Nitrox (50% O2 and 50%
N2) at 6 atm abs utilizing U.S. Navy Table 6 or 6A, repeating
the treatment until no further improvement can be
demonstrated (32).

DECOMPRESSION SICKNESS

Decompression sickness (DCS), also known as caisson
disease, or the bends, is the clinical syndrome occurring
during decompression. Bubbles of N2 form intra-
vascularly and in tissues. The details on formation and
growth of these bubbles are still unknown. However,
bubbles form when the speed of decompression exceeds
the rate at which perfusion can carry the dissolved gas to
the lungs for exchange. Bubbles may form in any part of
the body, producing a variety of signs and symptoms.
Table 3 identifies the “no decompression” time limits for
divers breathing compressed air and provides a frame for
decompression-free limits in human diving at sea level.

The clinical presentation of DCS can vary widely from
patient to patient; therefore a high index of suspicion and a
history of decompression are essential to making a diagnosis.
Correct diagnosis is vital; without treatment, permanent
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neurological deficits can ensue in previously healthy
patients. So-called Type I DCS or the “bends” occurs in
over 90% of cases and includes joint pain and cutaneous
rashes. Typically this syndrome is characterized by deep,
dull pain occurring in any joint. Type II DCS occurs in
over 25% of cases and is characterized by primarily CNS
effects with a predominance of spinal cord involvement.
Dizziness, nausea, behavioral changes, visual disturbances,
seizures, and coma are common presentations. Motor
and/or sensory deficits, paraplegia, bowel or bladder
incontinence, and loss of sexual function usually indicate
spinal cord involvement.

A more careful neurological exam and a more atten-
tive physician can often elicit significant subtle symptoms
early in the disease.

In approximately 22% of all the sport divers present-
ing with DCS, peripheral nervous system symptoms are
present. These may include low back pain, paresthesias,
weakness, or proprioceptive deficits. Rarely do labyrinthine
effects such as nystagmus, vertigo, nausea, and vomiting
occur. When they do, treatment should be initiated as soon
as possible to prevent permanent damage. More serious
cardiorespiratory symptoms, pulmonary edema, shock,
and death depict a wide spectrum of problems (33).

Various factors predispose to decompression sickness.
Included are: cramped position during or after decompres-
sion, a recent strain or sprain of a muscle or a joint, hard
exercise during or after decompression, hyperthermia,
postalcoholic state, age over 40, and hypercarbia. One
study found that in 23 divers with serious decompression
sickness the incidence of a patent foramen ovale was 40%
as compared to 5% in 176 normal volunteers. It has been
hypothesized that the presence of a patent foramen ovale
allowed otherwise innocuous venous gas bubbles to enter
the arterial circulation and produce symptoms (33).

The definitive treatment for DCS is recompression
in a HBO2 chamber, and is the standard of care for patients
suffering from decompression sickness and arterial gas
embolism. Often there is a need to transport a patient a
long distance to the nearest hyperbaric chamber. The
ambient pressure during transport should be maintained
as high as possible by utilizing pressurized or low-flying
aircraft (best at less than 1000 feet). In the meantime 100%
O2 should be administered via a tight-fitting face mask or
endotracheal tube to hasten the elimination of N2. Fluid
resuscitation with intravenous crystalloid or colloid sol-
utions are used also to aid in the elimination of N2 as well
as to maintain tissue perfusion. Hypotonic fluids should be
avoided in cases of pulmonary involvement because they
will add to any pulmonary edema present.

Whenever cerebral or spinal cord edema is suspected,
the use of steroids should be considered, even if it may take
several hours to be effective. Though steroids have been

shown in animal studies to increase the risk of oxygen
toxicity this has not been proven to be clinically significant
in human studies. Also, hyperglycemia has been shown
to augment neurologic injury due to ischemia (34). There-
fore, glucose-containing fluids should not be used for
resuscitation.

The clinical severity of the illness, clinical response to
treatment, and residual symptoms after HBO2 treatments
will dictate the choice of treatment tables and the number
of such treatments required. U.S. Navy Table 6 is most
often used to treat severe DCS symptoms (with compression
to 2.8 atm abs), whereas, U.S. Navy Table 5 is utilized for less
severe symptoms (32).

Multiple treatments may be given until there is no
further clinical improvement. Best results occur when the
patient is treated as soon as possible. This is especially true
when treating labyrinthine DCS. However, even after a
delay of several days, treatment can still be effective.
Finally, treatments are continued until no further improve-
ment is seen in the patient. Altitude DCS is similar to
diving DCS in pathophysiology and clinical presentation.
Return to sea level and oxygen breathing are usually
sufficient to treat mild cases. Compression in a hyperbaric
chamber may be required with more serious presentations.

HBO2 treatment of decompression sickness and arterial

gas embolism is very cost-effective in today’s medical
climate of cost control given the alternative of permanent
spinal cord, brain or peripheral nerve damage, or death.

CARBONMONOXIDE TOXICITY

Toxicity due to CO occurs commonly during traumatic
events when patients are exposed to fire, explosions, or the
emission of gases from combustion engines. The presen-
tation is often nonspecific, as a variety of symptoms can
manifest. Exposure is most often accidental, occurring in
the absence of other trauma, during cold weather. Sources
of CO toxicity include motor vehicle exhaust, space-
heaters, industrial furnaces, and house fires. Increasing
recognition of CO poisoning is occurring following disasters,
particularly in the recovery phase after floods (35,36) and
hurricanes (37–39), generally due to powered pressure
washers and generators used indoors or in proximity to
open doors or windows.

Classic presentation includes headache, nausea,
vomiting, hypotension, syncope, vasomotor collapse, beha-
vioral abnormalities, seizures, and coma. In acute exposures
carboxyhemoglobin (Hb-CO) levels of 10% to 20% are often
asymptomatic, while levels of 50% to 60% are found
frequently in comatose victims. In chronic exposure, as
measured in hours, Hb-CO levels that are normally surviva-
ble can become lethal, and the initial values do not correlate
well with clinical findings or outcome. This is because
blood levels do not accurately reflect the amount of intra-
cellularly bound CO. This was observed in a study by
Norkool and Kirkpatric, who found, in patients admitted
to care after a prolonged exposure, that the mean Hb-CO
levels in those who survived (29.3%) did not differ signifi-
cantly from those who died (30.8%) (40). Neuropsychiatric
abnormalities are often present, but may be subtle and may
require psychometric testing for detection (41). In
judging the severity of CO intoxication it is important to
account for the duration of exposure, the activity of the

victim during exposure, and the time from exposure to

Table 3 No-Decompression Limits for

Sport Divers Breathing Compressed Air

Depth

No decompression

limit

40 feet 200 min

50 feet 100 min

90 feet 30 min

100 feet 25 min

130 feet 10 min
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assessment. Recently it has been shown that intracellular
binding of carbon monoxide to cytochrome oxidase in
mitochondria may occur in vivo (42). This may contribute
to tissue hypoxia by causing a persistent disruption of intra-
cellular respiration.

Oxygen therapy either via hyperbaric or via face
mask/endotracheal route is the therapy of choice in CO
intoxication. It improves tissue oxygenation by decreasing
the half-life of Hb-CO, by increasing the amount of oxygen
physically dissolved in solution, and by hastening the liber-
ation of CO from cytochromes. The half-life of Hb-CO is
inversely related to the inspired oxygen partial pressure.
Thus HBO2 causes carboxyhemoglobin dissociation faster
than normobaric oxygen (43). Prior to instituting HBO2,
patients should receive 100% O2 via a tight-fitting face
mask or an endotracheal tube. Transfer to a hyperbaric
chamber should be accomplished as soon as possible. In
patients with the history of exposure, with Hb-CO levels
greater than 25%, therapy should be guided by the presence
of neurologic symptoms, circulatory or respiratory collapse,
and ischemic changes on the electrocardiogram. The
recommended therapy is at 2.5 to 3.0 atm abs for up to
90 min. Treatment is guided by the severity of symptoms
and response to therapy. Follow-up treatments may be
administered 12 to 24 hrs later in those who presented
with severe manifestations or in those with persistent symp-
toms. This treatment paradigm is supported by an excellent
randomized clinical study (44).

The use of HBO2 for CO intoxication during
pregnancy has been described. Recent literature presented
a case of maternal CO intoxication leading to signs of fetal
distress, reviewed the pertinent literature, and concluded
that short hyperoxic exposures during therapy can be well
tolerated by the fetus in all stages of development. Therefore,
HBO2 may reduce the risk of death to the mother and
deformity or death to the fetus. HBO2 therapy is not
only safe to use during pregnancy but is very beneficial,
when used for standard indications (45).

ACUTE INFECTIONS
Clostridial Myonecrosis
Clostridial myonecrosis, commonly known as gas gangrene,
is a dramatic necrotizing infection characterized by rapidly
spreading muscle necrosis (46). Diabetic or debilitated
patients with traumatic, contaminated, or ischemic wounds
are particularly at risk. Compound fractures and the pre-
sence of foreign bodies in the wound also increase risk.
The most common organism implicated in causing clostri-
dial myonecrosis is Clostridium perfingens. Clostridium novii,
C. septicum, C. histolyticum, C. fallax, C. sordellii, and
C. bifermentans have also been cultured from involved
wounds. C. perfingens is an anaerobic, spore-forming, gram
positive rod found abundantly in the soil and in the
normal flora of the gastrointestinal tract. Despite being an
anaerobic organism it can grow freely in O2 tensions up to
30 mmHg (similar to body tissue oxygen tensions) and
under certain conditions up to 70 mmHg. By providing an
area of low O2 tension, the clostridial spores can develop
into a major infectious threat.

The pathophysiology of clostridial myonecrosis is
related to the production of exotoxins of which 20 types
have now been identified. Nine of these are seen in
clinical clostridial myonecrosis and myositis (47). It also
causes serious side effects via cytolysins and promotes

direct vascular injury at the site of infection. Usually in
the area immediately surrounding the infected wound
the patient complains of extreme pain, and exaggerated
swelling, brownish skin discoloration, gas production,
and a brownish sweet-smelling drainage are present.
Some systemic effects of alpha-toxin include septic shock,
hemolysis-causing anemia, renal failure, disseminated
intravascular coagulation, cardiotoxicity, and neurologic
abnormalities. The clinical course is characterized by rapid
deterioration if early treatment is not initiated.

The rationale for HBO2 in this type of infection is
based on the fact that anaerobic organisms lack antioxidant
enzymes (superoxide-degrading enzyme, dismutase; and
hydrogen peroxide-degrading enzyme, catalase). This
enables oxygen to be lethal for anaerobic organisms (48).
HBO2 at 2 to 3 atm abs by increasing tissue oxygen tensions
above 30 mmHg has been demonstrated to stop spore germi-
nation and to inhibit bacterial growth in a bacteriostatic
fashion. In an inoculum of tissues from rats exposed to
3 atm abs for one and one-half hours it was found that the
production of alpha-toxin could be inhibited but the toxin
already produced was still stable in this environment (49).
HBO2 also induces hyperoxic-vasoconstriction that has also
been demonstrated to decrease edema and improve per-
fusion to swollen ischemic tissue. HBO2 is recommended
as adjuvant therapy in addition to surgical debridement
and broad spectrum antibiotics. Mortality rates with gas
gangrene have ranged as high as 30% to 50% prior to the
addition of HBO2. However, since the addition of HBO2,
both mortality and morbidity have decreased significantly.
In 1983 a study covering 20 years of experience found the
overall mortality rate to be 20% (50). Mortality directly attrib-
uted to gas gangrene was reported to be 10.6%. Therapy with
HBO2 produced the best results when begun within 24 hrs
of diagnosis. HBO2 decreased the amputation rate when
surgery was the primary therapy from 50% to 24% when
used in addition to surgery. Similar findings have been
supported in other studies.

Other Necrotizing Infections
Although clostridial myonecrosis is the most common and
lethal of the necrotizing infections, other anaerobic and
aerobic gas-forming organisms are capable of causing clini-
cal syndromes similar to gas gangrene. Most often these
infections occur in debilitated patients with either traumatic
or surgical wounds. These conditions favor local tissue
hypoxia and encourage bacterial growth. Prognosis with
these infections is closely related to any coexisting disease
present. Crepitant anaerobic cellulitis is a gas-producing
infection involving the soft tissues without muscle involve-
ment. This disease is neither a cellulitis produced by anae-
robes nor a Clostridial toxin-induced disease. The onset of
infection after a traumatic injury, usual to the lower extremi-
ties, is gradual. Systemic involvement is low. Mortality
is lower than in other disease entities in this group at 10%
to 15%. Bacteroides, Peptostreptococcus, Enterobacteriaceae,
and Clostridium species are frequently isolated from the
wounds. Progressive bacterial gangrene begins as an indu-
rated site slowly progressing to painful ulcerating lesions
involving the skin and subcutaneous tissues of the abdomi-
nal and thoracic walls. Usually it takes about two weeks
to develop after a traumatic injury or surgery. Mortality
ranges between 10% and 25%.

The synergistic action of anaerobic streptococci with
Staphylococcus aureus or Enterobacteriaceae is the cause of
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this syndrome. Necrotizing fasciitis was first described by
Meleny in 1924. It was called hemolytic Streptococcal
gangrene. It is a common clinical entity involving deep infec-
tion of subcutaneous tissues (51). It has a high mortality,
averaging 40%. Necrotizing fasciitis is characterized by
extensive necrosis of the superficial and deep fascia, and in
the pure form does not involve muscle. However, it is not
uncommon to have spread to ischemic muscles (myonecrosis)
in numerous clinical settings.

The necrotizing fasciitis infection spreads through
tissue planes. The sine qua non of necrotizing fasciitis is
the rapid spread of the disease along fascial planes with
ensuing necrosis of the superficial skin above. Fournier’s
Gangrene is a necrotizing fasciitis involving the perineum
or scrotal areas. Systemic toxicity is marked. Anaerobic
organisms (Bacteroides, Peptostreptococcus, and Fuso-
bacterium species) as well as aerobic organisms (S. aureus,
Streptococcus pyogenes, and Enterobacteriaceae) have been
isolated from these infections.

HBO2 is recommended as adjuvant therapy follow-

ing emergency surgical debridement and antibiotics for
most necrotizing infections. HBO2 is effective because of
the direct lethal effect of O2 on anaerobic and microphilic
aerobic organisms. Also, the neutrophil myeloperoxidase-
hydrogen peroxide-halide system that is postulated to aid in
bacterial cell wall destruction may be another important
oxygen dependent system contributing to the success of
HBO2. Prophylactic antibiotics in addition to HBO2 produced
an additive effect in the reduction of infectious necrosis (52).
The recommended therapy involves twice daily treatments at
2.0 to 2.5 atm abs for 90 to 120 min until the patient’s condition
stabilizes. After that, treatments can be reduced to once a day.

ACUTE ISCHEMIC PROCESSES

Acute ischemic processes that are amenable to HBO2

include crush injury and compartment syndrome.
Crush injury is defined as a severe diffuse trauma involving
two or more different tissues. Various degrees of tissue and
microvascular damage occurs producing edema and swel-
ling. The result is ischemia from poor perfusion to the
involved area. Compartment syndrome occurs commonly
in the anterior compartment of the leg and volar aspect of
the forearm. Ischemia is produced by a similar mechanism
in that edema and swelling, confined by fascia compartments
leads to decreased perfusion. Vasodilation from local tissue
hypoxia leads to further swelling and decreased perfusion.

Muscle necrosis can occur ultimately causing fibrous
tissue deposition and contractures. HBO2 promotes
hyperoxic-vasoconstriction which reduces swelling and
edema and improves local blood flow and oxygenation. It
also increases tissue oxygen tensions and improves the survi-
val of marginally viable tissue. At the time of surgical debri-
dement, prior treatment with HBO2 aids in the demarcation
of nonviable tissue. Best results, again, are obtained when
therapy is begun early. Twice daily treatments at 2.0 to 2.5
atm abs for 90 to 120 min are recommended for five to
seven days with frequent examinations of the affected area.

MASSIVE BLOOD LOSS

Only when blood transfusion is unavailable (usually due to a
major blood typing incompatibility) or has been refused (due

to religious reasons as with a Jehovah’s Witness) should
HBO2 be use to treat exceptional anemia. The rationale for
using HBO2 is based on the fact that life can be supported
solely by O2 physically dissolved in plasma when 100%
O2 at 3 atm abs is administered. HBO2 used in this rare
circumstance can only sustain a patient temporarily until
compatible blood is available or until there is sufficient
time for erythropoiesis. A summary of several treatments
spanning several years of practice has been published by
Hart et al. (53).

THERMAL BURNS

HBO2 therapy in the treatment of burns in the absence of

CO intoxication is controversial. The rationale is that
burn wounds are often characterized by edema, increased
vascular permeability, stasis of circulation, and intravascular
coagulation. Thus tissue surrounding a burn is prone to
hypoxia, infection, poor wound healing, and scar formation.
HBO2, by several mechanisms described above, can decrease
tissue hypoxia surrounding a burn, correcting many of these
shortcomings directly. HBO2 therapy can maintain micro-
vascular integrity, minimize edema and provide the vital
oxygen needed for tissues to heal and become viable once
again (54). HBO2 therapy minimized white blood cell adher-
ence to endothelial cell walls, preventing the cascade causing
vascular damage (55). Thus HBO2 has a beneficial effect on
the microcirculation. Also, burns are often complicated by
smoke inhalation, CO intoxication, and cyanide toxicity.
These complications should be suspected in all unconscious
patients rescued from fires.

EYE TOTHE FUTURE

Many effects of HBO2 therapy remain to be elucidated. As
time goes on, it is expected that additional studies will
clarify the effects of HBO2 therapy for additional clinical
situations.

In the field of diving medicine, newer areas of interest
include exploration of whether the addition of adjunctive
drugs might enhance the response of Type II decompression
sickness to HBO2. Drugs currently under investigation for
this application include lidocaine and steroids (56,57).

The use of HBO2 for chronic refractory osteomyelitis
raises the question of whether there are other roles for
HBO2 in bone healing. Hyperbaric oxygen affects the activity
levels of both osteoblasts and osteoclasts, and there might be
a role for HBO2 in accelerating bone healing, particularly for
nonunions. One particular area that is intriguing is in the
setting of open fractures of the tibia, which have a predilec-
tion for developing osteomyelitis. Could there be a role for
HBO2, for instance, in prophylaxis to prevent osteomyelitis
and mal-union in the setting of trauma?

The addition of brain abscess as an approved
indication in the last UHMS hyperbaric therapy committee
report also suggests the issue of whether enough data can
be acquired to demonstrate effectiveness in other infectious
diseases, such as mucormycosis (58), actinomycosis, anaero-
bic liver abscesses, and other infections. Although several
case reports of activity in some of these clinical scenarios
exist, true randomized controlled studies to demonstrate
effectiveness are still lacking, but are sorely needed. A case
registry for cases of mucormycosis is currently attempting
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to track cases of mucormycosis for further outcome study. A
recent evidence-based report on the benefits and risks of
HBO2 therapy for brain injury, cerebral palsy, and stroke
has been issued (59), also demonstrating the need for
further studies.

Although hyperbarics has a demonstrated beneficial
effect on many nonhealing diabetic and other hypoxic
wounds, current Medicare coverage limits reimbursement
to Wagner 3 or greater wounds in diabetics, thus limiting
the physician’s ability to get appropriate treatment for
their patients with recalcitrant wounds. Better, more
definitive studies, especially cost-effectiveness studies, are
still needed in this arena to justify appropriate medical
treatment in this particular patient population. Progress is
being made at the cellular level in understanding the mech-
anisms affecting white blood cell adhesion (60).

Hyperbaric medicine remains a fertile ground for
augmenting medical care in many specialties, and opportu-
nities for significant contributions in basic and clinical
studies abound. Future demonstration of additional
physiologic effects of clinical importance is likely.

SUMMARY

This chapter reviews basic physical and physiological
principles of HBO2 therapy. Specifically reviewed are trau-
matic syndromes that are amenable to therapy with HBO2.
Included are: bubble-mediated diseases (air and gas
embolism, decompression syndrome), toxicosis (CO toxicity),
acute infections (clostridial myonecrosis and other necro-
tizing infections), acute ischemic processes (crush injury,
compartment syndrome), and syndromes requiring special
considerations (exceptional blood loss, thermal burns).
Basic physiological considerations and practical issues
of clinical treatment in the hyperbaric environment are
discussed.

KEY POINTS

HBO2 therapy is defined as the therapeutic adminis-
tration of O2 at pressures greater than atmospheric at
sea level.
Treatment with HBO2 is empirically limited to a
maximum tolerated inspired PO2 and the total time of
exposure.
Because of the immediate access to the patient by
accompanying personnel, monitoring is commonly
simplified with multiplace HBO2 chambers.
Development of a tension pneumothorax, although
rare, could be fatal in monoplace chamber because of
the impossibility of inserting a chest tube prior to
decompression.
MRI is the most sensitive in detecting focal cerebral
ischemia due to air embolism.
Decompression sickness (DCS), also known as caisson
disease, or the bends, is the clinical syndrome occurring
during decompression.
The definitive treatment for DCS is recompression in a
hyperbaric chamber, and is the standard of care for
patients suffering from decompression sickness and
arterial gas embolism.
HBO2 treatment of decompression sickness and arterial
gas embolism is very cost-effective in today’s medical

climate of cost control given the alternative of perma-
nent spinal cord, brain or peripheral nerve damage,
or death.
In judging the severity of CO intoxication it is import-
ant to account for the duration of exposure, the activity
of the victim during exposure, and the time from
exposure to assessment.
HBO2 therapy is not only safe to use during pregnancy but
is very beneficial, when used for standard indications (45).
HBO2 is recommended as adjuvant therapy following
emergency surgical debridement and antibiotics for
most necrotizing infections.
Acute ischemic processes that are amenable to HBO2

include crush injury and compartment syndrome.
HBO2 therapy in the treatment of burns in the absence
of CO intoxication is controversial.
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INTRODUCTION

The management of trauma and critical care consumes a sig-
nificant portion of the healthcare budget and has become
progressively more complex. Numerous conditions remain
associated with high mortalities despite intensive resource
allocation. Accordingly, traumatologists and intensivists
are increasingly challenged to measure and improve
outcomes. Governmental agencies, accrediting bodies, and
third-party payers increasingly evaluate performance for
quality outcomes as well as cost-effectiveness. Consumers
seeking quality healthcare have greater access than
before to hospital quality data and performance indicators
(mortality rates, lengths of stay, complication rates,
volumes etc.), which compare outcomes across institutions
and providers. Accordingly, clinicians and researchers
want to evaluate and improve the quality of care delivered
and identify “best practices” in the treatment of their
patients.

Two of the early pioneers of trauma and critical care
scoring research, Champion (1) and Knaus (2), were instru-
mental in forming many of the initial ideas. These early
investigators developed and tested scoring and mortality
prediction models that have proven valid in outcomes
studies and serve as the foundations for the tools that are
used currently. Subsequent contributions to their creative
visions have helped promote injury severity and critical
illness scoring models into increasingly refined and accurate
measurement devices.

This chapter begins by reviewing the purpose of
scoring systems in terms of their utility in clinical decision-
making, and for facilitating comparisons between various
treatment units and institutions. Trauma scoring systems
are only briefly surveyed, because the topic is extensively
reviewed in Volume 1, Chapter 4, of this textbook along
with trauma triage. Critical care scoring systems are
presented in greater detail with an effort to illuminate the
clinically relevant elements of the most commonly utilized
scoring instruments.

Because multiple organ dysfunction (MOD) syndrome
is responsible for a large fraction of the morbidity that occurs
in critically ill patients and also represents the most common
scenario for irrecoverable states (i.e., futile therapy) from
which medical therapy is withheld or withdrawn, organ
injury scoring is also reviewed.

A comparison between the various scoring systems
is provided as a mechanism to further amplify their
strengths and weaknesses. The Eye to the Future section
provides some provocative ideas about the future of
scoring systems and emphasizes the need for unification
of these schemes; the first steps of which have been
taken by the American College of Surgeons National
Trauma Databank (NTDB) (3), the Society of Critical Care
Medicine’s “Project Impact” (4), and the Intensive Care
Audit and Research Centre (INARC) in the United
Kingdom (5).

PURPOSE AND UTILITY OF SCORING SYSTEMS

Prior to the implementation of critical illness scoring
systems, it was difficult to determine if mortality outcome
variance across surgical intensive care units (SICUs) and
Trauma Units was related to treatment effects or a difference
in the patient case mix. Mortality rate (MR) and length
of stay (LOS) as single indices used to assess SICU per-
formance offered only a rudimentary analysis for com-
parison and demonstrated the need for case-adjusted
data for accurate quantitative risk assessment and outcome
comparisons (6).

Trauma scoring systems were developed for both
triage purposes and outcomes research (as fully described
in Volume 1, Chapter 4), whereas, SICU scoring systems
are designed to estimate the probability of in-hospital
death of patients admitted to an SICU, based on severity-
adjusted mortality measures.

All scoring systems represent quantitative classifi-
cation schemes and most use multiple logistic regression
methodology applied to prospectively collected data sets
of demographic, physiological, and clinical variables.

From this, standard mortality ratios (SMRs) can be calcu-
lated by dividing the observed mortality rate by the mor-
tality rate predicted using the specific patient-related
variables. The SMR can be used as a risk-adjusted measure
for probability estimates and for comparisons of SICU
performance over time, as well as for cross-comparative
analyses. These tools provide reasonably accurate
prediction in acutely ill patients of the severity, prognosis,
and expected course of disease, with mortality outcomes
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usually measured as death before discharge from hospital
after intensive care (7,8).

Although their primary purpose is to predict mor-
tality, scoring systems have been used on broader scales to
research and analyze other outcomes (e.g., LOS, readmission
rates etc.), address cost-benefit analyses, evaluate resource
utilization, and improve care through comparative evalu-
ation of treatment effectiveness and benchmarking for
continuous quality improvement. Predictions of mortality
or prolonged stay in the ICU are also of potential benefit
for triage, resource allocation, and patient-family counseling
as adjuncts (not substitutes) to clinical judgment. Severity
scores are frequently used in research trials to stratify
patients and establish group similarities (9).

While scoring systems are useful for research and
comparing SICU performance with respect to endpoints

such as mortality and LOS, their usefulness is less clear
in medical decision-making or prognostic estimations for
individual patients. Controversy exists about the utility
of mortality prediction models as decision support tools
due to differences in the accuracy in probability estimates
for group versus individual outcomes. Other limitations
of models which may result in under- or overestimations
of probability include: (i) degradation of reliability over
time due to changes in population characteristics and/or
advances in treatment, (ii) “goodness of fit” calibration and
discrimination issues affecting internal and external vali-
dation, (iii) errors in data collection (manual or electronic)
and/or misinterpretation of scoring rules (human factors),
(iv) lag time issues, (v) statistical problems related to
sample size, selection, weighting of variables and so on,
and (vi) individual patient-related confounds (e.g., presence
of outliers) (10,11).

Although mortality outcome predictions will never be
entirely accurate, ICU scoring systems, as with trauma
scoring systems, are nevertheless extremely useful tools to
classify and quantify severity of illness and to predict out-
comes for groups of patients. The use of common terminol-
ogy (e.g., SMR) enables comparisons between patient
groups, individual units, and among ICUs. Such outcome
comparisons are essential to research and in the evaluation
and improvement of ICU care and organization.

TRAUMA SCORING SYSTEMS

Numerous well-functioning trauma scoring systems and
prediction models based on anatomical injury and physio-
logical impairment (or combinations thereof) are in current
use (1,12–17). These tools are useful for: (i) triage and pre-
hospital treatment, (ii) injury severity description, (iii)
assessment and documentation using common terminology,
(iv) quality of care and patient outcome evaluation, (v)
trauma system evaluation and comparison, (vi) trauma epi-
demiology, and (vii) trauma research and funding. The most
commonly used trauma scoring tools are highlighted in this
section.

Trauma Score and Revised Trauma Score (TS, RTS)
The coefficient values assigned reflect each parameter’s
ability to affect outcome, with the highest assigned weight
given to the GCS, reflecting increased impact that head inju-
ries have on outcome compared to the initial SBP or RR. The
RTS values range from 0 to 7.8, with a higher value indicat-
ing increased probability of survival (Ps) (12).

The RTS is limited by exclusion of age and other
comorbidities that affect outcome (13). The TS and the RTS
are simple to use, accurate, and have been incorporated
into the trauma score-injury severity score (TRISS) method-
ology (described in Volume 1, Chapter 4).

Organ Injury Scale
The Organ Injury Scale (OIS) was developed by the
American Association for the Surgery of Trauma (AAST) in
1987 (14) as a tool to devise injury severity scores (ISSs) for
individual organs using common nomenclature to describe
injuries. The classification scheme provides detailed ana-
tomic descriptions, scaled from one to six [one representing
the least, and five the most severe that is salvageable; the
value of six denotes the organ is nonsalvageable (in the
case of a liver or cardiac trauma this also connotes lethality)]
(14). Injuries may also be divided by mechanism (blunt
versus penetrating) or by injury description (e.g., hematoma,
laceration, and contusion), and grades are advanced for
multiple injuries to the same organ.

The first OIS version covered liver, spleen, and kidney
injuries. Since 1987, several revisions have occurred and
other organs were added. There now exist OIS characteriz-
ations for lung, heart, chest wall, diaphragm, abdominal,
vascular, ureter, bladder, and urethra, as well as the original
three organs. These OIS schemes continue to be updated
periodically. These scales are provided throughout this text
in other chapters covering the affected organs. The OIS
differs from the AIS, which is also anatomically based, but
is designed to reflect the impact of a specific organ injury
on patient outcome.

Abbreviated Injury Scale
The abbreviated injury scale (AIS) is an anatomically based
global scoring system that classifies each injury in various
body regions, using a six-point ordinal scale to rank injury
severity (15). The AIS was initially developed in 1969 as a
uniform tool to categorize and quantify blunt injuries sus-
tained in motor vehicle collisions (MVCs) by a consortium
of automobile insurance firms along with the American
Medical Association (15). The AIS has since expanded con-
siderably and is revised and updated every five to ten years.

The AIS is the most frequently modified and com-
monly used anatomical scoring system, and continuously
expands to accommodate changing clinical demands.
The AIS is a component of the ISS described subsequently.
Limitations of AIS are mainly related to describing physio-
logically based injuries and in specifying wounds. It
cannot accurately describe all fractures and locations (e.g.,
anterior, posterior, bilateral), contusions commonly seen
together in the same region (e.g., rib fractures and pulmon-
ary contusions), near drowning, hypo- and hyperthermia,
or inhalation injuries. Despite their limitations, both the
AIS and the OIS provide reasonably accurate rankings of
injury severity in trauma patients.

Injury Severity Score
The Injury Severity Score (ISS) is an anatomical scoring
system introduced by Baker et al. in 1974 (16). It was devel-
oped as an extension of AIS as an ordinal summary severity
score for patients with multiple injuries. ISS correlates
with hospital stay, morbidity, mortality, and other measures
of trauma severity and is the most widely accepted severity

of injury index in use today.
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Each injury is assigned an AIS code and classified in
one of six body regions, as follows: (i) head/neck, (ii) face,
(iii) thorax, (iv) abdomen, (v) extremities (including pelvis),
and (vi) external (15). The highest scores from the three
most severely injured regions are squared, and then added
together to provide the ISS score (i.e., ISS ¼ a2

þ b2
þ c2)

(16). Any injury assigned the AIS score six is automatically
given the maximal ISS score of 75. ISS values range from
zero (no injuries) to 75 (incompatible with life). An example
ISS calculation and expected outcomes based upon the ISS
encountered are provided in Volume 1, Chapter 4 (Tables 4–6).

Limitations of the ISS include its one-dimensional rep-
resentation of wide varieties of injuries of the polytrauma
patient. Equal (correctly evaluated) AIS scores in different
body regions can give the identical ISS scores, but represent
a wide range of injuries with vastly different outcomes.
Furthermore, multiple injuries in the same body region are
(by convention) not taken into consideration, as ISS uses
only the highest, rather than the overall, score from the
body region (18). Any error in AIS scoring decreases the
subsequent ISS precision (19–21). Age and comorbidity are
not taken into account, and severe neurological trauma is
undervalued (22).

Despite these shortcomings, the ISS remains the most
widely accepted severity of injury index for multiple
trauma, and its value correlates with mortality. When the
ISS �15 there is less than 10% risk of mortality; ISS ¼ 17 is
critical with values greater than 17 denoting severe injury;
and mortality increases linearly with ISS .25 (Volume 1,
Chapter 4). Although ISS has not incorporated multiple
injuries in the same region, a modified version, the “new
ISS” (NISS), statistically outperforms the ISS, is easier to
use, and provides a more accurate prediction by calculating
the three highest AIS scores regardless of body regions
(17,23–25).

CRITICAL CARE SCORING SYSTEMS

The most commonly used mortality prediction models in
critical care include the acute physiology and chronic
health evaluation (APACHE) score, and the subsequent
upgrades, APACHE II�, APACHE III, and APACHE IV.
Other clinically useful scoring systems for critical care
include the simplified acute physiology score (SAPS),
SAPS II�, SAPS III, and the mortality probability model
(MPM) and MPM II�. The most commonly used versions
are signified by the affixed asterisk� (6,9).

The primary differences in scoring systems are based
on the number and types of patient characteristics selected
and the assignment of their relative weights as covariates,
as well as the inclusion/exclusion criteria and timing of
assessment. In general, these instruments use clinical and
physiological data collected on the first day of ICU admis-
sion to predict mortality risk. The APACHE II/III/IV,
SAPS II/III, and MPM II are considered “third generation”
scoring systems based on their use of multiple regression
statistical techniques (7,8).

Acute Physiology and Chronic Health Evaluation
The first widely used severity of illness classification system
for critical care was the APACHE score, published in 1981 by
Knaus and colleagues at the George Washington University
Medical Center (2). The APACHE score was developed
based on the evaluation of 805 patient admissions in two

U.S. ICUs, taking into account three patient factors:
disease, reserve, and severity, all of which were treatment
independent. The original APACHE consisted of two
parts: the acute physiology score (APS), which indicated
the degree of physiologic derangement, and a chronic
health evaluation (CHE), which was considered an indi-
cator of physiologic reserve before the acute illness onset.
Thirty-four physiological variables were selected (by
expert panel) and assigned relative weights, using the
worst value for each variable within the first 32 hours fol-
lowing ICU admission. The CHE component classified
patients into four categories (A for excellent health, to D
for severely failing health). Results from the initial study
population and others demonstrated high correlations
between APS scores and the probability of death;
however, with the CHE, only class D was found to be an
independent predictor of mortality. Despite its relatively
good correlation with mortality, criticisms of the APACHE
included the large number of variables (34) needed to
calculate scores, making it difficult to use clinically, as
well as the restrictive time frame of 32 hours allowed for
data collection. Use of APACHE is no longer recommended
because of its outdated database (26).

APACHE II was found to be easier to use than the
original APACHE and soon became the most widely utilized
and studied prediction tool worldwide. The current criti-
cisms of APACHE II are: (i) its risk predictions are based
on old data from 1979 to 1982, (ii) the system was not
designed to predict outcome for individual patients and par-
ticular diseases, (iii) variations in timing of ICU admission
(e.g., ED vs. floor transfer) cause errors in prediction, (iv)
the included diagnostic categories do not accurately account
for the diversity of conditions that lead to ICU admissions,
and most importantly, (v) the predictive database includes
relatively few surgical and trauma patients. Indeed there is
widespread agreement that APACHE II underestimates
mortality in surgical patients (27,28). APACHE II also lacks
a component to assess accurately the full extent of acute
trauma-related illness in formerly healthy individuals, as
opposed to patients with more chronic conditions.

APACHE III is more predictive than APACHE II due
to modifications (increased size and representativeness
of the database, and expansion of diagnosis to include
more complex injury characterizations). APACHE III
(Table 1) was released in 1991 to address many of the
above detailed shortcomings of its predecessor. APACHE
III has numerous additional advantages over APACHE II
scoring as it controls for selection and lead-time bias (differ-
ence between hospital/ICU admit dates) through the
inclusion of weights for ICU readmissions as well as
patient location and LOS prior to ICU admission. In
addition, APACHE III has a proprietary “clinical support
package” which includes the ability to derive ICU core
measure outcomes [e.g., deep venous thrombosis (DVT),
ventilator associated pneumonia (VAP), and stress ulcer
disease (SUD) prophylaxis], as well as software linkages
to the Society of Critical Care Medicine’s Project
Impact (Cerner Corporation, Kansas City, MO) (4). With the
release of the third version, Knaus and colleagues (develo-
pers of the various APACHE versions) recommended that
APACHE II, with its outdated reference data (based on
1979–1982) be abandoned, and that APACHE III (based on
1988–1990 reference data) be utilized instead (29).

Major drawbacks to APACHE III relate to its complex-
ity, user difficulty, and cost. APACHE III has not gained wide
acceptance because it is less freely available (licensing fees)
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than APACHE II (in public domain). It has, therefore, been
slow to receive validation studies (although this is beginning
to change). Several large population studies have shown
APACHE III to underestimate mortality (30). Like
APACHE I & II, version III lacks specificity with trauma
patients and has not been convincingly validated in
trauma populations (31). Another problem with APACHE
scoring is that 24-hour physiological data used to derive
APACHE II and APACHE III scores can be treatment-
dependent and therefore may reflect poor clinical manage-
ment rather than sicker patients (32).

APACHE IV was released in 2005 using data from

116,209 admissions to 104 ICUs at 45 hospitals during
2002 and 2003. While predictor variables are similar to
APACHE III, new variables have been added including
impact of sedation on the GCS, ventilator status, thromboly-
sis and so on. In addition, different statistical modeling
techniques are used (33).

Simplified Acute Physiology Score
In 1984, another predictive scoring system was created in
France, based on the evaluation of 679 consecutive patients

in eight French ICUs. Named the SAPS, it promoted a sim-
plified version of APACHE taking into account 14 biologic
and clinical variables (34).

SAPS II (Table 2) was updated in 1993 by Le Gall et al.
based on a large European/North American multicenter
study with a cohort of almost 13,000 patients from 137 hos-
pitals (110 in Europe; 27 in N.A.). SAPS II includes 17 vari-
ables: 12 physiologic (weighted according to their degree
of deviation from normal), as well as age, type of admission
(medical and scheduled/unscheduled surgery), and three
variables related to particular diseases (acquired immunode-
ficiency syndrome, metastatic cancer, and hematologic
malignancy). SAPS II scores range from 0 to 163 points (up
to 16 for physiology, up to 17 for age, and up to 30 for under-
lying diagnosis). As with APACHE II, summed scores are
converted to probability scores using logistic regression
to predict mortality. SAPS II is the most widely used
mortality prediction tool in European ICUs (35).

One major problem with this scoring system is that
sedated patients do not have their GCS calculated. While
many ventilated patients are sedated, the neurological
evaluation is not considered for the calculations (36). SAPS
II has also been shown to underestimate mortality in
trauma patients (37). A recently published paper has
described an expanded and updated version of SAPS II
(with updated statistics and inclusion of more routine data
variables), which has shown better calibration and discrimi-
nation in SMR calculations across populations (38).

The main advantage of the SAPS II score is the ease of
data collection. Furthermore, this scoring system is calcu-
lated directly from the logistic regression equation without
needing to add points or make other corrections (6).
Overall SAPS II has shown reasonable accuracy in stratifying
the risk of death in a wide range of disease states and clinical
settings and is predictive in nontrauma surgical patients
(39). In comparison studies with APACHE II, SAPS II
showed good overall linear correlation on aggregate data;
however, significant disparities exist with predicted mortal-
ities on individual patients (40).

A latest version (SAPS III) has been recently
released with 2002 data from 22,791 patients in 309 partici-
pating ICUs worldwide. SAPS III conceptually dis-
sociates evaluation of the individual patient from
evaluation of the ICU. For individual patient assessment,
the system separates the relative contributions of chronic
health status or previous therapy, circumstances related to
ICU admission, and degree of physiologic dysfunction.
Equations are also customized to four areas of the world
(North America, Europe, Australia, and South America)
for regional and/or global reference comparisons. No com-
parison between SAPS III and other scores are available to
date (41,42). As with the APACHE versions, trauma patients
are generally under scored.

Mortality Prediction Model
The first model developed using multiple regression
techniques was the Mortality Prediction Model (MPM),
published in 1985 by Stanley Lemeshow, Professor of Biostatis-
tics at the University of Massachusetts (Table 3) (43–45).

The MPM system, unlike the APACHE and the SAPS
systems, was designed to measure mortality risk at later
times after ICU admission (i.e., at 24, 48, and 72 hrs) (46).
Major advantages of the MPM system are that multiple
diagnoses can be included (rather than a single, most
severe condition) and adjustments can be made in conditions

Table 1 Acute Physiology and Chronic Health Evolution III

Variables and Definitions

Acute physiology score (0–252 points) Points

Mean blood pressure 0–23

Respiratory rate adjusted for mechanical ventilation 0–18

Temperatures 0–20

Pulse 0–17

Neurologic status 0–48

24-hrs urine output 0–15

Hematocrit 0–3

White blood cell count 0–19

Arterial pH adjusted for PCO2 0–12

Arterial PO2 or A-aDO2 if ventilated 0–15

Serum sodium 0–4

Serum albumin 0–11

Serum glucose 0–9

Serum creatinine 0–10

Blood urea nitrogen 0–12

Serum bilirubin 0–16

Age, in years (0–24 points)

�44 0

45–59 5

60–64 11

65–69 13

70–74 16

75–84 17

�85 24

Chronic health conditiona (0–23 points)

AIDS 23

Hepatic failure 16

Lymphoma 13

Metastatic cancer 11

Leukemia/multiple myeloma 10

Immunosuppression 10

Cirrhosis 4

aExcluded for elective surgery patients.

Source: From Ref. 29.
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considered and in weightings which can be altered from
admission to other time points, reflecting differing impacts
on mortality. As a result of timing intervals, however, treat-
ment-related factors can significantly influence mortality
predictions.

Therapeutic Intervention Scoring System
The Therapeutic Intervention Scoring System (TISS) was
developed in 1974 by Cullen et al. (47). It is based on the
fact that therapeutic interventions are more common and
extensive in patients with more advanced disease (48).
TISS was developed to quantify severity of illness among
intensive care patients based on the type and amount of
treatment received. The underlying philosophy is that the
sicker the patient, the greater the number and complexity
of treatments. By quantifying this, a (rough) measure of
illness severity can be obtained. Initially the system
scored 76 therapeutic interventions. However, due to its
complexity, the TISS-28 was proposed, reducing the vari-
ables from 76 to 28 (49). This score considers seven main
parameters: basic activities, ventilatory (e.g., mechanical
ventilation), cardiovascular (e.g., vasoactive drugs), renal
(e.g., dialysis), neurologic (e.g., ICP monitoring), and meta-
bolic support (e.g., parenteral nutrition), in addition to
specific interventions, with each of the variables divided
in subitems (Table 4). In a comparison between patients in
a surgical ICU, the simplified version (TISS-28) was
shown to be easier and more accurate than the TISS-76.

Table 2 Simplified Acute Physiology Score II Variables and Definitions

Variable Definition Points

Age Age (in years) at last birthday 0–18

Heart rate Use the worst value in 24 hrs, either low or high heart rate: if it varied from

cardiac arrest (11 points) to extreme tachycardic (7 points), assign 11 points

0–11

Systolic blood pressure Use the same method as for heart rate: e.g., if it varied from 60 mm Hg to

205 mm HG, assign 13 points

0–13

Body temperature Use the highest temperature 0–3

PaO2/FIO2 If ventilated or continuous pulmonary artery pressure, use the lowest value of the ratio 0–11

Urinary output If the patient is in the intensive care unit for ,24 hrs, make the calculation for

24 hrs: e.g., 1 L in 8 hrs ¼ 3 L in 24 hrs

0–11

Serum urea or serum

urea nitrogen level

Use the highest value in mmol/L for serum urea and in mg/dL for serum

urea nitrogen

0–10

WBC count Use the worst (high to low) WBC count 0–3

Serum potassium level Use the worst (high or low) value in mmol/L 0–3

Serum sodium level Use the worst (high or low) value in mmol/L 0–5

Serum bicarbonate level Use the lowest value in mEq/L 0–6

Bilirubin level Use the highest value in mmol/L or mg/dL 0–9

Glasgow Coma Scale If the patient is sedated, record the estimated Glasgow Coma Scale score

before sedation

0–26

Type of admission Unscheduled surgicala, scheduled surgicalb, or medicalc 8,0, or 6

AIDS Yes, if HIV-positive with clinical complications such as Pneumocytis carinii

pneumonia, Kaposi’s sarcoma, lymphoma, tuberculosis, or Toxoplasma infection

17

Hematologic malignancy Yes, if lymphoma, acute leukemia, or multiple myeloma 10

Metastatic cancer Yes, if proven metastatic by surgery, CT, or any other method 9

aPatients added to operating room schedule within 24 hrs of the operation.
bPatients whose surgery was scheduled at least 24 hrs in advance.
cPatients having no surgery within 1 week of admission to intensive care unit.

Abbreviations: AIDS, acquired immunodeficiency syndrome; CT, computed tomography; FIO2, fraction of inspired oxygen; HIV, human immunodeficiency

virus; SAPS, simplified acute physiology score; WBC, white blood cells.

Source: From Ref. 35.

Table 3 Mortality Probability Models Variables and Definitions

MPM II Model at

admission (MPM0)

MPM II Model at 24 (MPM24),

48 (MPM48),

and 72 (MPM72) hrs

Age Variables obtained

at admission

Coma or deep stupor Age

Heart rate Cirrhosis

Systolic blood pressure Intracranial mass effect

Chronic renal insufficiency Metastatic neoplasm

Cirrhosis Medical or unscheduled

surgery admission

Metastatic neoplasm Variables obtained in 24 hrs

Acute renal failure Coma or deep stupor

Cardiac dysrhythmia Creatinine . 2.0 mg/dL

Cerebrovascular incident Confirmed infection

Gastrointestinal bleeding Mechanical ventilation

Intracranial mass effect PaO2 , 60 mm Hg

Cardiopulmonary

resuscitation

Prothrombin time .3 secs

above standard

Mechanical ventilation Urine output ,150 mL in 8 hrs

Medical or unscheduled

surgery admission

Vasoactive drugs .1 hrs

intravenously

Source: From Ref. 44.
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TISS scores, though not widely used to quantify severity of
illness, have shown usefulness in identifying ICU acuity,
staffing needs, and cost (50).

ORGANDYSFUNCTION SCORING SYSTEMS

The idea of developing an organ-dysfunction score was first
reported by Baue in 1975 (51). Most organ dysfunction scores
include the evaluation of six organ systems: the central
nervous, cardiovascular, respiratory, hepatic, renal, and
hematological systems. The advantage of organ dysfunc-

tion scores is that they allow the analysis of the function of

different and specific organs, making possible comparisons
between patients with the same disease processes. In
addition, these scores can be used to assess response to treat-
ment and monitor recovery or deterioration of specific
organs during the evolution of the patient’s disease
process in ICU, with data collected on admission and
usually daily thereafter. The three most widely utilized
organ injury scoring systems are reviewed subsequently.

Sequential Organ Failure Assessment (SOFA) Score
The sepsis-related organ failure assessment (SOFA) was
developed by the European Society of Intensive Care Medi-
cine in 1994 (52). It was renamed to Sequential Organ Failure

Table 4 Therapeutic Intervention Scoring System Variables and Definitions

Points

Basic activities

Standard monitoring. Hourly vital signs, regular registration and calculation of fluid balance 5

Laboratory, biochemical, and microbiological investigations 1

Single medication. Intravenously, intramuscularly, subcutaneously, and/or orally (e.g., gastric tube) 2

Multiple intervention medication. More than one drug, single shots, or continuously 3

Routine dressing changes. Care and prevention of decubitus and daily dressing change 1

Frequent dressing changes. Frequent dressing change (at least one time per each nursing shift) and/or extensive

wound care

1

Care of drains. All (except gastric tube) 3

Ventilatory support

Mechanical ventilation. Any form of mechanical ventilation/assisted ventilation with or without positive

end-expiratory pressure, with or without muscle relaxants; spontaneous breathing with positive end-expiratory

pressure

5

Supplement ventilatory support. Breathing spontaneously through endotracheal tube without positive end-expiratory

pressure; supplementary oxygen by any method, except if mechanical ventilation parameters apply

2

Care of artificial airways. Endotracheal tube or tracheostomy 1

Treatment for improving lung function. Thorax physiotherapy, incentive spirometry, inhalation therapy, intratracheal

suctioning

1

Cardiovascular support

Single vasoactive medication. Any vasoactive drug 3

Multiple vasoactive medications. More than one vasoactive drug, disregard type and doses 4

Intravenous replacement of large fluid losses. Fluid administration .3L/m2/day, disregard type of fluid administered 4

Peripheral arterial catheter 5

Left atrium monitoring. Pulmonary artery flotation catheter with or without cardiac output measurement 8

Central venous line 2

Cardiopulmonary resuscitation after arrest; in the past 24 hrs (single precordial percussion not included) 3

Renal support

Hemofiltration techniques. Dialytic techniques 3

Quantitative urine output measurement (e.g., by urinary catheter à demeure) 2

Active diuresis (e.g., furosemide .0.5 mg/kg/day for overload 3

Neurologic support

Measurement of intracranial pressure 4

Metabolic support

Treatment of complicated metabolic acidosis/alkalosis 4

Intravenous hyperalimentation 3

Enteral feeding. Through gastric tube or other gastrointestinal route (e.g., jejunostomy) 2

Specific interventions

Single specific interventions in the intensive care unit. Naso or orotracheal intubation, introduction of pacemaker,

cardioversion, endoscopies, emergency surgery in the past 24 hrs, gastric lavage. Routine interventions without

direct consequences to the clinical condition of the patient, such as radiographs, echography, electrocardiogram,

dressings, or introduction of venous or arterial catheters, are not included

3

Multiple specific interventions in the intensive care unit. More than one, as described above 5

Specific interventions outside the intensive care unit. Surgery or diagnostic procedures 5

Source: From Ref. 49.
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Assessment (SOFA), which remains the current terminology
(Table 5), after the verification that it could be also used for
nonseptic patients. This scoring system includes six organ
systems (central nervous, cardiovascular, pulmonary,
hepatic, renal, and hematological system) and takes into
account the worst values on each day using a scoring
system that ranges from 0 (normal) to 4 (most abnormal).
The aggregate score [total maximum SOFA score (TMS)] is
calculated by summing the worst scores for each of the
organ systems during the ICU stay. TMS scores can be
used to quantify and evaluate the patient’s organ dysfunc-
tion over time. Janssens et al. demonstrated that the
SOFA score is a valid and reliable tool to access the
severity of organ dysfunction not only in septic patients,
but also in surgical, trauma, and medical cardiovascular
patients (53).

SOFA is a simple and effective instrument for use in the
evaluation of organ dysfunction/failure and the effects of
cumulative insult by assessing degree of dysfunction already
present on admission, as compared to maximum and delta
SOFA scores. Serial assessment of organ dysfunction during

the first few days of ICU admission may be a particularly
good indicator of prognosis (54).

Multiple Organ Dysfunction (MOD) Score
The MOD score is another system based on organ dysfunc-
tion that was published in 1995 by Marshall and colleagues
(Table 6) (55). This system evaluates the same six organ
systems as the SOFA score. Raw values for each of the com-
ponent variables are obtained daily. The range of the most
representative values for each organ system is graded from
0 (normal function) to 4 (markedly deranged function) on
a daily basis. Scores are calculated at the same point in
time each day (first morning values) to avoid capturing
momentary changes in physiologic variables. The overall
score varies from 0 to 24 points and correlates well with
ICU mortality. The major difference between the SOFA
and MOD scores lies in the variables used to define cardio-
vascular dysfunction.

The MOD and SOFA scores have been used to assess
and document specific organ function, taking into account

Table 5 Sepsis-Related Organs Variables and Definitions

Score

0 1 2 3 4

Respiration PaO2/FiO2 (Torr) .400 301–400 201–300 101–200 with

respiratory

support

�100 with

respiratory

support

Coagulation

Platelets (x103/mm3)

.150 101–150 51–100 21–50 �20

Liver

Bilirubin (mg/dL)

,1.2 1.2–1.9 2.0–5.9 6.0–11.9 �12.0

Cardiovascular

Hypotension

No MAP ,70 mmHg Dopamine�5

or dobutamine

(any dose)

Dopamine.5 and

� 15 or epi � 0.1 or

norepi �0.1

Dopamine .15 or

epi .0.1 or

norepi .0.1

Central nervous system

Glasgow Coma Scale Score

15 13–14 10–12 6–9 3–5

Renal

Creatinine (mg/dL) or

urinary output

,1.2 1.2–1.9 2.0–3.4 3.5–4.9 or

200–500 mL/day

�5.0 or

,200 mL/day

Source: From Ref. 53.

Table 6 Multiple Organ Dysfunction Variables and Definitions

Score

0 1 2 3 4

Respiration PaO2/FiO2 (Torr) .300 226–300 151–225 78–150 �77

Coagulation

Platelets (x103/mm3)

.120 81–120 51–80 21–50 �20

Liver

Bilirubin (mmol/L)

�20 21–60 61–120 121–240 .240

Cardiovascular

(Pressure adjusted rate)

�10 10.1–15.0 15.1–20.0 20.1–30.0 .30

Central nervous system

Glasgow Coma Scale Score

15 13–14 10–12 7–9 3–6

Renal

Creatinine (mmol/L)

�100 101–200 201–350 351–500 .500

Source: From Ref. 55.
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the time and course of a patient’s condition during an entire
ICU stay, and to correlate these to expected outcome. The
SOFA score incorporates both physiologic measures and
measures of therapeutic intervention (e.g., need for mechan-
ical ventilation, inotropic or vasopressin support), whereas
MOD scoring is independent of treatment. Most comparison
studies have shown little practical difference between
SOFA and MOD scores; however, in most studies the
SOFA cardiovascular score has shown better performance.

Logistic Organ Dysfunction (LOD) Score
The Logistic Organ Dysfunction (LOD) scoring system was
published in 1996 by LeGall and colleagues using method-
ology similar to that used with SAPS II. The LOD score
takes into account both the relative severity among organ
systems and the degree of severity within a system. The
LOD is a global score that can be calculated to summarize
the combined effect of dysfunction among several organs.
Logistic regression techniques are used to determine sever-
ity levels and relative weights (according to prognostic sig-
nificance) for the LOD score and its conversion to a
probability of mortality (56).

INTENSIVE CARE UNIT SCORING SYSTEM COMPARISONS

Third generation ICU scoring systems (APACHE II/III,
SAPS II, and MPM II use statistical modeling techniques to

select and weigh variables and generate prognostic infor-
mation. APACHE and SAPS collect data within
24 hours of admission and, with MPM II, data is collected
serially to 72 hours post admission. These tools are compar-
able and produce similar results with regard to discrimi-
nation (identifying survivors versus nonsurvivors). Wide
variations exist, however, in calibration (difference between
observed and predicted mortality).

Several large U.S. and European comparative studies
with third generation models have shown that each of the
models provide reasonable discrimination. Large discrepan-
cies were found across the models evidenced by significant
variations in SMR. Studies on sub-groups of patients
confirm these findings. Though these models clearly show
better performance than earlier generations, their discrimi-
native accuracy (sensitivity/specificity) remains inconsistent
across populations (31,57,58).

A study comparing APACHE II, MPM II, and SAPS II
demonstrated that MPM II and APACHE II models pre-
sented very similar mean predicted mortality and were
closer to the observed mortality than SAPS II (59). Another
comparison of four scores: APACHE II, SAPS II, MPM0
and MPM24 in 969 patients showed that prediction of
mortality was good in all four scoring systems, although it
was better with APACHE II and MPM0. When divided
into disease sub-groups, MPM0 and MPM24 overestimated
mortality in the nonoperative trauma group, whereas
SAPS II underestimated mortality in medical patients other
than those admitted for cardiovascular, respiratory, and
neurological problems (60).

Due to several scoring systems available, there is a
need to evaluate these scores to determine which is more
accurate to a specific ICU population. In the past 10 years,
the APACHE II was the system most commonly used and
evaluated (Fig. 1) (31).

In a comparison between five scores including
APACHE II, APACHE III, a U.K. version of APACHE II,
SAPS II, and MPM II at admission (MPM0) and at 24 hrs

(MPM24), data on 10,393 patients in 22 ICUs in Scotland
was analyzed (Table 7). It was concluded that SAPS II
demonstrated the best overall performance, but APACHE
II was the most appropriate model for comparisons of mor-
tality rates between ICUs. APACHE III underestimated the
mortality (Table 1) (31).

Each of the three organ scoring systems has generally
been shown to have reasonable discrimination and cali-
bration; in one study all three were also comparable to
APACHE III in predicting mortality (61–63). However, in a
recent large Canadian study by Zygun et al. comparing
SOFA with MODS, it was found that neither discriminated
or calibrated well with multisystem patients (12% were
trauma patients), questioning the ability to use these
scoring system predictively in patients with multisystem
organ dysfunction at their current level of development
(64). Differences between prognostic and organ dysfunction
scores are summarized in Table 8 (61).

EYE TOTHE FUTURE

Recent years have shown significant improvement in the
sophistication, accuracy of illness, injury scoring tools, and
mortality prediction models. However, given the rapid
changes in the treatment of critically ill and injured patients,
many challenges remain in the evaluation of outcomes
aimed at improving the quality and consistency of ICU
care. Innovations in managing the magnitude of data
necessary for predictive accuracy in risk adjustment (essen-
tial to the performance of prognostic models) will parallel a

continually increasing ability to automatically capture and
retrieve demographic and clinical data. Statistical tech-
niques utilizing “artificial intelligence” or neural networks
are proceeding to the next level of development, whereby
continuous updating of databases and “real time” recalibra-
tion of variables is possible. Multicenter linkages with
updated national databases (e.g., NTDB, “Project Impact,”
and INARC) and global data collaboration efforts are one
step in this direction whereby information from multiple
institutions can be analyzed centrally and strengthened
through data volumes and wider geographic inputs.
Recently, newer disease-specific and customized mortality
prediction models have been utilized which show better
“goodness of fit” than generic models when applied to
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Figure 1 Severity of illness scoring systems: frequency of use

and evaluation. Abbreviations: APACHE, acute physiology and

chronic health evolution; MPM, multiple organ dysfunction;

SAPS, simplified acute physiology score; SOFA, sepsis-related

organs; TISS, therapeutic intervention system.
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Table 7 Hosmer-Lemeshow Goodness-of-Fit Statistics for All Models

Predicted

deciles of

mortality (%)

Observed

survivors

Expected

survivors

Observed

deaths

Expected

deaths

GOF

statistic

and df

APACHE II 0 , 4 958 959.63 27 025.37

4 , 8 919 925.57 66 059.43

8 , 12 887 889.95 98 095.05

12 , 17 847 846.67 138 138.33

17 , 23 796 792.41 189 192.59

23 , 31 710 722.93 275 262.07

31 , 40 658 637.11 327 347.89

40 , 52 599 532.13 386 452.87

52 , 69 451 396.72 534 588.28 df ¼ 8

69 , 100 203 186.50 780 796.50 36.39a

APACHE III 0 , 2 1010 1023.32 23 009.68

2 , 3 986 1009.26 47 023.74

3 , 5 952 992.35 81 040.65

5 , 8 913 966.27 120 066.73

8 , 13 856 927.62 177 105.38

13 , 20 791 869.41 242 163.59

20 , 30 678 779.37 355 253.63

30 , 45 575 649.89 458 383.11

45 , 68 384 454.68 649 578.32 df ¼ 8

68 , 100 141 173.18 888 855.82 331.65a

UK APACHE II 0 , 8 952 933.29 33 51.71

8 , 13 938 875.75 47 109.25

13 , 18 880 829.17 105 155.83

18 , 24 839 777.24 146 207.76

24 , 31 813 714.64 172 270.36

31 , 39 720 645.39 265 339.61

39 , 48 670 565.16 315 419.84

48 , 59 574 466.89 411 518.11

59 , 73 424 343.37 561 641.63 df ¼ 8

73 , 100 218 163.55 765 819.45 307.51a

SAPS II 0 , 3 1011 1018.09 22 014.91

3 , 5 992 994.20 41 038.80

5 , 9 958 962.54 75 070.46

9 , 14 897 919.84 136 113.16

14 , 20 841 862.12 192 170.88

20 , 29 792 784.72 241 248.28

29 , 41 681 676.18 352 356.82

41 , 58 559 534.23 474 498.77

58 , 80 415 333.42 618 699.58 df ¼ 8

80 , 100 145 108.92 892 928.08 57.75a

MPM0 0 , 3 991 1013.51 48 025.49

3 , 6 950 991.01 89 047.99

6 , 9 923 960.37 116 078.63

9 , 14 856 920.19 183 118.81

14 , 20 819 863.52 220 175.48

20 , 26 761 803.75 278 235.25

26 , 37 695 718.79 344 320.21

37 , 53 636 570.85 403 468.15

53 , 75 457 377.37 582 661.63 df ¼ 8

75 , 100 250 131.27 792 910.73 307.47a

MPM24 0 , 4 715 714.19 19 019.81

4 , 7 675 694.97 59 039.03

7 , 11 662 670.26 72 063.74

11 , 16 590 636.51 144 097.49

16 , 22 568 596.65 166 137.35

22 , 30 500 545.46 234 188.54

30 , 40 495 479.72 239 254.28

40 , 53 397 395.13 337 338.87

53 , 71 310 278.27 424 455.73 df ¼ 8

71 , 100 179 119.80 558 617.20 101.87a

ap , 0.001.

Abbreviations: APACHE, acute physiology and chronic health evaluation; df, degrees of freedom; MPM, mortality probability model; SAPS, simplified acute

physiology score.

Source: From Ref. 31.
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subgroups of ICU patients. This trend of adapting models to
unique patient populations is likely to continue and improve
their value as benchmarks. While specificity and qualifica-
tion of variables improve accuracy, there remains a need
for uniform and compatible reporting methods and
languages for research, and broader comparison across
ICUs. The expanded utilization of multiple models and com-
binations, as well as integration with other disease-specific
classification measures and with ICD-10 codes, will
enhance predictive capabilities and help to identify the
most clinically relevant variables and endpoints.

Restricting parameters to measures of mortality and
LOS do not, for trauma and ICU survivors, address many
of the patient-centered outcomes of ICU performance such
as quality of life and functional status following illness or
injury. A greater focus on multidimensional outcomes is
emerging, and the evaluation methodologies to assess
these outcomes must be broad enough to capture these con-
structs without losing precision. In other words, our tools
need continual refinement in order to capture the complex
and meaningful variables associated with illness and
injury and their consequences.

Lastly, comparative information about ICU and
trauma outcomes is critical, but in and of itself insufficient,
if not matched by methods to determine the structures and
practice patterns that ultimately influence and contribute
to improving the quality of patient care (65).

SUMMARY

Characterization of injury and illness severity are essential to
the scientific study of trauma and critical care. A number of
severity scoring systems and prediction models have been
developed which are designed to quantify severity, progno-
sis, and course of disease. They also serve the purposes of
assessing therapies, comparing quality outcomes, and of
evaluating performance within and across centers and
patient populations.

Accuracy of injury scoring tools reflects their ability to
describe the patient’s anatomic and physiologic injury. With
the increasing sophistication of these measures they have
assumed a major role in trauma practice and outcomes
studies.

Critical care prognostic scoring systems are used
to characterize ICU patient populations and predict
(albeit imperfectly) mortality (9). Although increasingly
sophisticated, prognostic models exhibit a level of

uncertainty, and an understanding of their limitations is
essential for their appropriate selection and use in individual
ICUs. Clearly no single “gold standard” model exists
which can be applied to all populations and types of
ICUs. Currently these systems should not be used to
prognosticate individual patients or used solely in decisions
regarding futility of care.

Scoring models for organ dysfunction such as the
SOFA, MOD, and LOD systems are utilized to assess risk
in patients with severe illnesses (e.g., sepsis and ARDS)
and those with several impaired organ systems. Although
methodological differences exist between the various organ
dysfunction scales (Table 8), each of these has shown predict-
ability within its realm of evaluation. In addition, these are
easy to use, relying on objective and easily accessible clinical
data to evaluate patient outcomes. Yet, none of these organ
dysfunction scoring systems is specific for the trauma
patient.

Other scores can be utilized to assess the severity of
specific disease processes. Examples include the Hunt–
Hess classification of subarachnoid hemorrhage, the GCS
(also a component of other scores), the Murray lung injury
severity score for ARDS, NYHA classification, and Child’s
classification of chronic liver disease (66). These scores
have the advantage of focusing on a specific aspect of each
disease, and can be used to supplement the overall severity
score to evaluate that particular organ for a patient.

KEY POINTS

All scoring systems represent quantitative classification
schemes, most of which use multiple logistic regression
methodology applied to prospectively collected
data sets of demographic, physiological, and clinical
variables.
While scoring systems are useful for research and com-
paring SICU performance with respect to endpoints
such as mortality and LOS, their usefulness is less
clear in medical decision-making or prognostic esti-
mations for individual patients.
ISS correlates with hospital stay, morbidity, mortality,
and other measures of trauma severity, and is the most
widely accepted severity of injury index in use today.
The APACHE II/III/IV, SAPS II/III, and MPM II
are considered “third generation” scoring systems
based on their use of multiple regression statistical
techniques.

Table 8 Differences Between Prognostic and Organ Dysfunction Scores

Prognostic scales: severity

of illness scores

Outcome measures: organ

dysfunction scales

Uses Prognostication; risk stratification Outcome measurement; evaluation of

clinical course over time

Timing of ascertainment Early during ICU stay Following resuscitation; at any time during

Selection of variables Physiologic measures

Worst values

Measures of physiology or therapeutic

response stable, representative values

Selected to maximize

Predictive capability

Selected to reflect clinical construct

Calibration Maximize prediction Maximize description

Abbreviation: ICU, intensive care unit.

Source: From Ref. 6.
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APACHE III is more predictive than APACHE II due to
modifications (increased size and representativeness of
the database, and expansion of diagnoses to include
more complex injury characterizations).
APACHE IV was released in 2005 using data from
116,209 admissions to 104 ICUs at 45 hospitals during
2002–2003.
SAPS II is the most widely used mortality prediction
tool in European ICUs.
A latest version (SAPS III) has been recently released
with 2002 data from 22,791 patients in 309 participating
ICUs worldwide.
The advantage of organ dysfunction scores is that they
allow the analysis of the function of different and
specific organs, making possible comparisons between
patients with the same disease processes.
Third generation ICU scoring systems (APACHE II/III,
SAPS II, and MPM II use statistical modeling tech-
niques to select and weigh variables and generate prog-
nostic information.
Innovations in managing the magnitude of data necess-
ary for predictive accuracy in risk adjustment (essential
to the performance of prognostic models) will parallel a
continually increasing ability to automatically capture
and retrieve demographic and clinical data.
Clearly no single “gold standard” model exists which
can be applied to all populations and types of ICUs.
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Auditory evoked potentials

brainstem, 134
Auscultation method

blood pressure (BP) measurement, 159
Autohaler, 498
Autoimmune diseases, 915, 1105

immunomodulating treatments, 914
organ failure and, 916

Autoimmune hepatitis, 670
Autonomic nervous system (ANS), 1, 5–6

basal rate activity, 7
efferent pathways, 6
heart influence, 56
vasculature influence, 56

Autonomy, 1224
Autoregulation

mechanism of, 10
AV. See atrioventricular (AV) block;

atrioventricular (AV) node

AVM. See arteriovenous malformation
(AVM)

AVNRT. See atrioventricular nodal reentrant
tachycardia (AVNRT)

AVP. See arginine vasopressin (AVP)
AVRT. See atrioventricular reentry

tachycardia (AVRT)
Axial flow pumps, 419
Axial spine

rehabilitation, 1190
Axillary temperature measurement

reliability of, 197
Axillo-subclavian vein thrombosis, 1009
Azathioprine, 72
Azole antifungals

pharmacologic properties of, 948
Azoles, 948
Aztreonam, 932

penicillin alternative, 955

Bacchus Trellis device, 1021
Baclofen

traumatic brain injury (TBI) and, 214
Bacteremia

blood culture isolation, 835
hepatic cellular response, 639
reduced incidences, 923

Bacterial permeability-increasing protein
(BPI), 837

Bacterial pneumonia, 442
Bacterial sinusitis, 900
Bacteroides fragilis, 955
BAEP. See brainstem auditory evoked

potentials (BAEPs)
BAL. See bronchoalveolar lavage

(BAL)
Balance

grading scale for, 1185
Balanced inhalation anesthesia (BIA), 1126
Balloon tamponade

esophageal varices, 677
Barbiturates, 71

alpha waves, 133
intensive care unit (ICU), 71
traumatic brain injury (TBI), 211

Bardex temperature-sensing Foley
catheter, 195

Baroreceptors, 54
Barotrauma, 513, 514, 519
Basal energy expenditure (BEE), 607
Basal ganglia, 2
Basilar artery occlusion

head trauma, 267
Basilar lung region

improving drainage, 491
Basophilia, 1033

chronic myeloid leukemia, 1034
Battered child syndrome, 262
BDNF. See brain derived neurotrophic

factor (BDNF)
Bed rest, 1182–1184
Bedside commode, 1186
BEE. See basal energy expenditure (BEE)
Beecher, Henry K., 281
Beer-Lambert law, 150
Behavior therapy

cognitive
posttraumatic stress disorder (PTSD),

1167
Bell, Charles, 284
Beneficence

vs. nonmaleficence, 1225
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Benzodiazepines, 84, 85, 95, 537
alpha waves, 133
cardiogenic shock, 322
sedative therapy, 95
SSEP and, 135
traumatic brain injury (TBI) treatment,

214
Benzylisoquinolinium, 109

postparalytic syndrome, 117
Bereavement, 1147–1148
Berlin Heart INCOR circulatory assist, 421
Bernard-Soulier syndrome, 990
b2-adrenergic agonists

acute respiratory distress syndrome, 461
Beta-blockade

contraindications of, 349
Beta-lactam allergy, 933
Bicarbonate space, 795
Bile formation

liver dysfunction, 635
Biliary system

representation, 635
Bilirubin, 637

forms, 637
metabolism, 636

liver dysfunction, 635
Bioartificial liver, 658, 694, 697
Bioavailability of drugs, 59

routes of administration, 60
Biochemical liver tests, 637, 640

patterns of, 645
Bioethical attitudes, 1219
Biological death

diagnosis of, 1217
need for precise definition, 1221
religious events after, 1217

Biomedical ethics, 1199–1200
principles, 1200, 1211

Bioreactors, 695–697
Biphasic positive airway pressure (BiPAP),

499, 501, 512
Bispectral Index (BIS) Encephalographic

analysis, 90
Bladder

autonomic dysreflexia, 232
temperature monitoring, 195

Blast injuries
atmospheric pressure changes, 370
thoracic, 370

Blood
arterial gas

acute respiratory failure, 435
measurement, 150
monitoring, 148

cleansing, 689–699
components, 320
extracorporeal purification, 837
flow, 45

cerebrum, 10, 135–138
glucose, 206
products, 1055–1068

hypovolemic shock, 320
purification, 691–692
storage abnormalities, 1064
transfusion, 972–973, 1063–1065
urea nitrogen, 724, 725, 742

Blood–brain barrier, 4
Blood pressure

arterial, 741
monitoring, 158–160

Blood transfusion
death, 977

[Blood transfusion]
FCD maintenance, 972
mortality predictor, 1056
nonifectious hazards, 1069
trends, 1056
World War I, 1055

Blood urea nitrogen (BUN), 724, 725
assessment, 1236
creatinine ratio, 743
lung injuries, 458

Blood volume deficit
estimation in trauma, 318

Blunt chest trauma, 341
Blunt coronary artery injury, 341
Blunt head trauma, 265, 266
Blunt injuries, 470

coronary arteries, 341
Blunt neck trauma

vertebral artery injuries, 205
Blunt thoracic trauma, 468
Blunt trauma

cardiac contusion, 56
chest trauma, 466
contusion definition of, 368

Blunt traumatic aortic injury
computed tomography (CT), 396

BMI. See body mass index (BMI)
Body composition testing techniques, 579
Body fluids, 775–778

composition, 776
Body mass index (BMI), 573
Body temperature, 811

thermal energy, 812
Body weight support treadmill

training, 1195
Bogota bag, 527
Bohr equation, 24, 432
Bolus feeding

patient considerations, 588
BPI. See bacterial permeability-increasing

protein (BPI)
Braden score

abbreviated definitions, 232
Bradycardia, 357

causes, 296
coronary artery perfusion, 51
critical illness association, 308
definition, 296, 357
drug options, 296
hypothermia, 296

Brain, 1. See also traumatic brain injury (TBI)
abscess

neurosurgery, 276
acute injury

rehabilitation path, 1193
anemia, 1067
blood supply, 18
circle of Willis, 3
computed tomography (CT) of, 267, 269
death, 133, 281–292, 1208, 1219

American Academy of Neurology
(AAN) parameters, 283

assessment, 286
cerebral blood blow (CBF), 260
children, 293
corneal reflexes, 285
cough reflex, 285
cultural views, 1219
declaration criteria, 281
definition, 282
diagnosis, 284–286, 1219, 1221
donor, 289, 290

[Brain
death]

electroencephalogram (EEG) silence
patterns, 140

future considerations, 292
gag reflex, 285
Harvard criteria, 282
legal and ethical aspects, 1209
medical technology, 1217
motor response, 286
oculovestibular reflex, 285
organ transplantation, 281
persistent vegetative state

differences, 292
religious views, 283, 1219
spinal reflexes, 293
surrogate approval, 1208
testing, 285
transcranial Doppler (TCD) and, 136
U.S. standards, 293
world wide laws, 283

destructive lesions, 1, 2
electrical activity, 131–133
impaired oxygenation, 1057
injury

alteration pharmacokinetic
parameters, 65

apoptosis, 19
necrosis, 19
rehabilitation, 1187

ischemia protection, 10
ischemic threshold studies, 139
lateral view, 2
management, 239
secondary injury, 17, 19

causes, 205
sensory pathways, 79
Xenon enhanced computer

tomography, 138
Brain derived neurotrophic factor (BDNF)

stress, 1157
Brainstem, 3

auditory evoked potentials, 134
death, 11, 282, 1209
hemorrhage, 247
herniation, 203

Brainstem auditory evoked potentials
(BAEPs)

central nervous system (CNS)
depressants, 134

propofol, 134
Breathing

regulation, 35–37
Broca, Paul, 284
Bronchial humidification, 490
Bronchial hygiene, 490
Bronchial microbiology, 494
Bronchial smooth muscle contraction, 27
Bronchoalveolar lavage (BAL), 844, 855

diagnostic methods, 847
invasive diagnosis, 848
ventilator-associated pneumonia, 847

Bronchodilators, 497
patient delivery, 499

Bronchoscopy, 494, 495
clinical settings uses for, 494
diagnostic, 494
neck trauma, 480
therapeutic, 501
thoracic trauma, 480

Brown, S.G., 1254
Bubble-mediated diseases, 1269
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Buccal capnometry device, 180
Budd-Chiari syndrome, 1011
Budget, critical care, 1245
Buerger’s disease, 161
Bullard scope, 554
BUN. See blood urea nitrogen (BUN)
Bupivacaine, 80
Burns, 96, 584, 954, 1192

acute respiratory failure, 441
albumin levels, 60
enteral nutrition, 584, 585
hyperbaric oxygen therapy (HBO)

therapy, 1272
hypermetabolic phase, 66
recovery, 1197
severity, 584
topical antimicrobials, 944–945
treatment, 96

Burst lobe, 204

CABG. See coronary artery bypass grafting
(CABG)

CAD. See coronary artery disease (CAD)
Cadaveric organ donation, 288
Caffeic acid phenethyl ester (CAPE), 756
Caisson’s disease, 1267, 1269
Calcitonin, 1092
Calcitonin gene-related peptide (CGRP), 79
Calcium, 1094

disorders, 785
homeostasis, 785, 1093, 1094
set point hypothesis, 12

Calcium-channel blockers, 305
Calcium chloride, 300, 785

calcium gluconate, comparison with,
300, 785

peripheral vein injury, 300, 785
Calibrated thermoscope

schematic representation, 186
Caloric needs, 577
Calorimetry

indirect, 578
CAM-ICU. See Confusion Assessment

Method for the Diagnosis of Delirium
in ICU (CAM-ICU)

Camino fiberoptic intracranial pressure
monitoring system

insertion of, 131
Camino monitors

ventriculostomy monitor comparison, 129
Canadian Critical Care Trials

blood transfusion strategy, 1055
Canadian Critical Society

ventilator associated pneumonia
(VAP), 844

Candida, 853
Candida albicans, 821
CAP. See community-acquired pneumonia

(CAP)
CAPD. See continuous ambulatory

peritoneal dialysis (CAPD)
CAPE. See caffeic acid phenethyl ester (CAPE)
Capnometry

acute respiratory failure, 435
Captopril

azotemia, 722
Caput medusae, 671
Carbamazepine, 70
Carbapenems, 933
Carbohydrate

liver dysfunction, 634
parenteral nutrition, 609

Carbon dioxide
monitoring, 145–146
titration curves, 798

Carbon monoxide
carbamate compounds, 34
dissociation

logarithmic axis curve, 34
exchanges, 34

hydration of, 34
intoxication

oxygen therapy, 1271
toxicity, 480, 1270
transport, 34

Cardiac action potential, 51
Cardiac bypass, 1064
Cardiac conduction system, 52
Cardiac contraction

three dimensional event, 56
Cardiac contusion, 370
Cardiac cycles

intracranial pressure (ICP) waveforms,
140

Cardiac disease
ischemic

anemia, 968
Cardiac electrophysiology, 51–53
Cardiac index

hemoglobin level relationship, 1065
Cardiac injury

biochemical markers of, 345
Cardiac morbidity

risk factors, 343
Cardiac output, 164–165

continuous monitoring, 167
Cardiac rhythm

electrocardiogram (ECG) monitoring, 157
Cardiac risk

clinical predictors of, 156
Cardiac tamponade, 54

blunt trauma, 54
hypovolemia, 54
obstructive shock, 329
physiologic events, 55
stab wound, 54
sympathetic response, 57

Cardiac troponins, 346, 369
Cardiac work loop, 47, 48
Cardiogenic pulmonary edema

differentiation, 436
Cardiogenic shock, 321–323

hypoperfusion, 321
intra-aortic balloon pump, 323
myocardial contusion, 321
prevention, 426
primary vasodilator drugs, 322
revascularization, 321

Cardiopulmonary diseases
flow diagram, 849

Cardiopulmonary mechanical assist
devices, 407–423

cardiopulmonary failure, 425
extracorporeal membrane oxygenation

and CO2 removal (ECMO/CO2R),
418–419

future considerations, 418
intra-aortic balloon pump (IABP),

407–409
ventricular assist devices (VADs),

409–418
Cardiopulmonary resuscitation (CPR),

785, 1205
life restoration, 1206

Cardiovascular disease
cardiovascular comprise relationship, 46

Cardiovascular function, 45–48
humoral control, 49
neural control, 49

Cardiovascular monitoring, 155–168
future considerations, 158

Cardiovascular physiology review, 45–56
future considerations, 56

Cardiovascular stress, 49
Cardiovascular system

schematic of, 46
Cardioversion, 367
CardioWest TAH, 415
C5a receptor, 837
Carotid artery

angiogram, 250
injuries, 265

Carotid cavernous sinus fistula, 253
Case manager

in family-centered care, 1149
Caspofungin, 947, 949
CASS. See continuous aspiration of

subglottic secretion (CASS)
CAT. See choline acetyltransferase (CAT)
Catheter colonization, 869

definition, 884
Catheterized patient. See also indwelling

vascular catheter related infection
and sepsis

febrile, 869
Catheter-related infection (CRI)

antibiotic treatment of, 868
catheter technologies, 867, 871
catheter type correlation, 867
definitions of, 864
diagnostic methods, 863, 867, 868
duration of catheterization, 871
fungal-related, 869
gram negative organisms, 869
pathogenesis of, 865
pathogens causing, 868
preventive strategies, 865, 867
sepsis, 863
skin colonization, 871
steps to minimize, 865
subclavian approach, 866, 871

Catheter-related superior vena cava
syndrome, 1011

Cavernous angiomas
computed tomography (CT) diagnosis, 259
pediatric, 269

CBD. See common bile duct (CBD)
CBF. See cerebral blood flow (CBF)
Cecal perforation and ligation (CPL)

model, 838
Celiac axis

branches of, 633
Cell death, 12. See also apoptosis
Cell-mediated immunity, 912
Cell replacement therapies

development, 18
Cellular homeostasis, 49
Cellular immunity, 907
Celsius, Anders, 185
Central nervous system (CNS), 3, 49

brain, 79
ischemic reflex, 13
kidney perfusion of, 65
liver perfusion of, 65
monitoring aspects of, 125
myelination, 5
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Central pattern generator (CPG)
breathing process, 35

Central pontine myelinolysis (CPM), 783
Central venous catheters

duration recommendation, 866
fever source, 819, 870
infectious source, 863–871
intensive care unit (ICU)

patients, 819
Central venous pressure

monitoring, 162–165
Central venous saturation

pulmonary artery (PA) catheter
placement, 151

Central venous waveforms, 53
Centres for Medicare and Medicaid Services

(CMS), 1244, 1260
Centrifugal continuous flow pumps,

422–423
Cephalosporins, 931–932
Cerebellar hemorrhage

computed tomography (CT) of
brain, 268

Cerebellum, 2
Cerebral angiogram, 240

aneurysm, 242
anterior–posterior projection, 240
with microcatheter, 242
oblique projection, 240
occipital arterial venous malformation,

245
photograph, 242

Cerebral artery ischemic stroke, 250
Cerebral blood flow (CBF)

cerebral metabolic rate of oxygen
consumption (CMRO2), 1069

cerebral vasculature regulation, 249
regulation, 10

Cerebral circulatory effects
analgesics, 16
sedatives, 16

Cerebral edema
fulminant hepatic failure (FHF), 654
hyponatremia, 213
traumatic brain injury (TBI), 1122

Cerebral hypertension
continuous intracranial pressure (ICP)

monitoring, 127
Cerebral hypoxia

prevention of, 212
Cerebral ischemia

acute
neuronal protection, 254

electroencephalogram (EEG) monitoring,
133

near infrared spectroscopy (NIRS), 151
Cerebral microdialysis catheters, 139
Cerebral nociceptive neuronal network

complexity of, 79
Cerebral perfusion pressure (CPP), 9

autoregulation, 14
definition of, 126
fulminant hepatic failure (FHF), 654
Glasgow Coma Scale (GCS), 211

Cerebral salt wasting (CSW) syndrome, 213,
782, 788, 790

Cerebral vasculature
cerebral angiography, 240
magnetic resonance angiogram (MRA),

241, 265
Cerebral venous thrombosis, 253, 255
Cerebral ventricular system, 4

Cerebral vessels
magnetic resonance imaging (MRI) of, 137

Cerebrospinal fluid (CSF), 4
drainage, 470
plasma comparison, 5
production rate

intracranial pressure (ICP) increase, 125
rate of absorption, 9

Cerebrovascular accident
acute ischemic, 252

Cerebrovascular disease
ischemic, 249–252

Cerebrovascular resistance (CVR), 10
Cerebrovascular trauma

array of injuries, 265
Cerebrum

blood flow, 10, 135–138
cortex, 1
hematoma, 815
infection

traumatic brain injury (TBI), 207
venous thrombosis, 253

Cervical carotid injury
infants, 265

Cervical injuries
gastrointestinal (GI) bleeding correlation,

231
Cervical spinal cord injury

pulmonary function comparison, 230
Cervical spine

lateral radiograph, 225
Cervical vasculature

magnetic resonance (MR) angiography,
265

CFC. See chloroflurocarbon (CFC)
CFR. See Code of Federal Regulations (CFR)
CGRP. See calcitonin gene-related peptide

(CGRP)
Chaperones, 13
Charcoal

activated, 692
CHE. See chronic health evaluation (CHE)
Chest

flail, 467, 539
penetrating trauma, 465
percussion, 492

Chest physical therapy, 491
traumatic brain injury (TBI), 211

Chest physical therapy (CPT) techniques,
491

Chest trauma, 465–479
acute respiratory failure, 439
blunt trauma, 466
future considerations, 479
other thoracic injuries associated with, 440
systemic immunosuppression, 912

CHF. See congestive heart failure (CHF)
Child abuse

mechanisms of, 261
Children, 97. See also infants

accidental injuries, 263
acute lung injury, 273
aneurysms, 268
arteriovenous malformations, 268
brain death evaluation, 287
cavernous angiomas, 269
choristomas, 273
closed head trauma, 261
craniofacial anomalies, 273
encephaloceles, 273
epidural empyema, 270
epidural hematoma, 262

[Children]
hydrocephalus, 269
hypertonic saline, 274
hypopituitarism, 273
hypotension, 273
hypothermia, 274
intensive care unit

complications following central
nervous system (CNS) trauma, 273

intracerebral hematoma, 262
intracranial pressure, 259–260, 274
magnesium therapy, 274
meningitis, 270
molecular therapy, 274
neoplasms, 271
neuroinflammation, 273
neurological trauma, 259–275
opioids, 97
penetrating trauma, 263
rehabilitation, 1193
shunt infection, 270
teratomas, 273
traumatic aneurysms, 267
vein of Galen aneurysms, 267
venous angiomas, 269

Chlamydia pneumoniae
treatment of, 445

Chloraprep One-Step applicator, 867
Chloride replacement, 802
Chloride shift, 795
Chloroflurocarbon (CFC), 498
Cholangitis

acute, 889
signs of, 889

ascending, 895
Cholecystitis

acalculous, 644, 888
acute, 888

Choledocholithiasis
endoscopic ultrasonography, 707

Cholestasis, 612, 644
Cholestatic liver injury, 642

risk of fatality, 642
Choline acetyltransferase (CAT), 105
Chondodendron tomentosum, 103
Choristomas

pediatric, 273
Chronic disease

anemia, 966
Chronic health evaluation (CHE), 1276
Chronic heart failure

anemia, 968
Chronic immune thrombocytopenic

purpura (TTP)
thrombopoietin (TPO), 984–985

Chronic liver disease, 1044, 1046
malnourishment, 683
mild macrocytic anemia, 967

Chronic obstructive pulmonary disease
(COPD), 147, 432

management, 437
Chronic renal disease

anemia, 968
Chronic renal failure (CRF)

immunosuppression, 915
treatment of abnormal hemostasis, 990

Chronic urinary tract dysfunction, 234
spinal cord injury (SCI) patients, 231

Cimetidine, 562
Ciprofloxacin, 943
Circle of Willis, 18
Circulating cations and anions, 798
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Cirrhosis, 667–681
alcohol, 668
anesthesia complications, 680
ascites, 672
causes, 667–668
coagulation system, 678
coagulopathy, 678
definition, 667
family history, 671
fibrotic changes, 668
future considerations, 681
hepatic encephalopathy and, 673–675
historical clues, 671
Injury Severity Score (ISS), 683
intraoperative management, 680–681
laboratory abnormalities, 672
liver biopsy, 681
MAP, 673
modified Child-Pugh classification, 675
pathophysiology, 667, 668
patient malnourishment, 681
physical examination, 671–673
physical stigmata found in, 671
postoperative management, 681
preoperative evaluation and risk, 680
preoperative morbidities with, 680
primary biliary

treatment, 670
primary peritonitis, 884
respiratory failure, 683
systemic vascular resistance (SVR), 673
variceal hemorrhage

four principal areas, 675
Cisatracurium, 109

hepatic dysfunction, 120
renal failure, 104

Civilian checklist
posttraumatic stress disorder, 1162

CLAS. See culturally and linguistically
appropriate services (CLAS)

Clindamycin, 937
pelvic inflammatory disease (PID), 937

Clinical pharmacology review, 59–73
Clinical pulmonary infection score

(CPIS), 855
ventilator associated pneumonia

(VAP), 856
Clinical research

informed consent, 1203
Closed head injury

hypothermia, 192
intraparenchymal hemorrhage, 204
pediatric, 261, 262
traumatic aneurysms, 253

Closed-loop ventilation, 519
Clostridial infection, 602
Clostridial myonecrosis, 1271
Clostridium difficile

colitis, 890
hospitalized patients, 890
recurrence, 891
symptoms, 890

CLRT. See continuous lateral rotational
therapy (CLRT)

CMS. See Centres for Medicare and
Medicaid Services (CMS)

CMV. See cytomegalovirus (CMV)
CNS. See central nervous system (CNS)
Coagulation, 1042. See also disseminated

intravascular coagulation (DIC)
inhibitory pathways, 1041
system, 1039

Coagulation activation
schematic representation, 1042

Coagulation cascade, 1008, 1040
Coagulation testing

platelet count interpretation, 990
Coagulofibrinolytic system

factors of, 1008
Coagulopathy

acidosis, 805
gastritis prophylaxis, 563
management of stress ulcers

bleeding, 564
Cocaine

cardiovascular system effects, 370
dysrhythmia, 370

Cocaine-induced ischemia
benzodiazepines, 371
nitroglycerin, 371
pharmacotherapy, 371

Cocaine-induced liver injury, 642
Coccidiomycosis, 447

treatment of, 447
Cockcroft-Gault equation

renal function assessment, 179
Code of Federal Regulations (CFR)

consent for clinical research, 1203
Cognitive behavior therapy

posttraumatic stress disorder, 1167
Cognitive functioning

levels of, 1187
Colitis

Clostridium difficile, 890
cytomegalovirus, 891
pseudomembranous

treatment, 891
Collagen-vascular pulmonary disease

acute respiratory failure, 438
Colloids

American Thoracic Society 2004, 780
hypovolemic shock, 319

Colon injuries
repair, 887

Color Doppler studies
aortic regurgitation, 385
mitral regulation, 393
mitral valve (MV) study, 385

Coma
myxedema, 1090

Combat Support Hospital
(CSH), 1261

Comfort care
emotional support, 1230
multidisciplinary support, 1230

Common bile duct (CBD), 633
Commotio cordis, 370
Communication

family, 1143
Community-acquired pneumonia (CAP),

442, 614
Compartment syndrome

definition of, 619
Compensated shock, 316
Competent patients, 1200
Complement C5a, 837
Complement system, 909–910

physiologic functions, 910
Complementary and alternative

therapies, 1196
Compressed spectral array (processed)

EEG, 133
Computer-assisted surgical robotics,

1254, 1263

Computerized patient information
systems, 1239

Computerized tomography pulmonary
angiography (CTPA), 1020

Conduction blockade, 57
Confidentiality, 1199
Confusion Assessment Method for the

Diagnosis of Delirium in ICU
(CAM-ICU), 91

Congenital vascular anomalies, 267
Congestive heart failure (CHF), 435
Congestive liver fibrosis, 638
Consciousness, 11
Conservation of mass, 165

rate of diffusion, 7
Consultants, 1238
Continuous ambulatory peritoneal dialysis

(CAPD), 822
Continuous arteriovenous

hemodiafiltration, 762
Continuous arteriovenous hemodialysis,

761
Continuous arteriovenous hemofiltration,

761
Continuous aspiration of subglottic

secretion (CASS), 845
Continuous cardiac output monitoring, 167
Continuous enteral nutrition

oral medications that interact with, 67
Continuous feeding

administration of, 588
Continuous lateral rotational therapy

(CLRT), 845
Continuous positive airway pressure

(CPAP), 499, 512
rapid shallow breathing index (RSBI), 531

Continuous positive airway pressure device
schematic representation, 500

Continuous renal placement therapy
(CRRT), 585, 596, 755, 761, 762, 764,
765, 770

acidosis, 765
citrate anticoagulation, 765
orthotopic live transplant (OLT), 765
patient’s blood, 767

Continuous venovenous hemodiafiltration
(CVVHDF), 62, 762

drug dependency, 74
processes for drug clearance, 62
removal of small drugs, 63

Continuous venovenous hemodialysis,
761, 787

Continuous venovenous hemofiltration, 761
Contractility, 297

anatomic physiologic relationship, 50
Contractures, 1183

burns and, 1192
spinal cord injury and, 232

Contrast dye
renal protective strategies during

administration, 726
Controlled mechanical ventilation, 509
Controlled ventral hernia, 628
Contusions

myocardial, 54, 340, 368–369
transesophageal echocardiography, 398

pulmonary, 466
Convection

definition, 189
Cooling

external, 824
CorAide pump, 422
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Core temperature
anesthesia, 192
monitoring techniques, 193

Coronary angiography
lesion identification, 339

Coronary arteries
atherosclerosis, 337–338
blunt injury, 341
syndromes, 306

Coronary artery bypass grafting
(CABG), 347

Coronary artery disease (CAD), 337
active bleeding, 307
coronary thrombi, 340
oxygen supply, 307
patients with, 295
risk factors for, 338
risk of morbidity, 350
trauma patients, 337

Coronary blood flow, 51
Coronary syndromes, 340
Cortical contusions, 203
Corticosteroids, 17

sepsis, 836
Corticotropin (CRH), 1104

and posttraumatic stress disorder
(PTSD), 1159

Cortisol, 1103
critically ill patients, 1107
definition, 1103

Cost-benefit analysis, 1246
Cost-containment, 1246, 1248
Cost-effectiveness analysis,

1246, 1248
Cost-minimization analysis, 1246
Costs

dialysis, 769
reduction, 1210

Cost-utility analysis, 1246
Cotrimoxazole, 69
CPAP, continuous positive airway

pressure (CPAP)
CPG. See central pattern generator (CPG)
CPIS. See clinical pulmonary infection

score (CPIS)
CPK. See creatine phosphokinase (CPK)
CPM. See central pontine myelinolysis

(CPM)
CPP. See cerebral perfusion pressure (CPP)
CPR. See cardiopulmonary resuscitation

(CPR)
CPT. See chest physical therapy (CPT)

techniques
Cranial burst fractures

images of, 263
infants, 263

Craniectomy
decompressive

traumatic brain injury
(TBI), 211

Craniofacial anomalies
pediatric, 273

C-reactive protein (CRP), 1117
Creatine phosphokinase (CPK)

neuromuscular blockade (NMB)
agents, 118

Creatinine, 178, 742
serum, 725

Creutzfeldt-Jakob disease, 998
CRF. See chronic renal failure (CRF)
CRH. See corticotropin (CRH)
CRI. See catheter-related infection (CRI)

Cricoid cartilage
trachea, 39

Cricoid pressure, 472
Critical care

budget, 1245
extracorporeal life support (ECLS) use,

418
economic analysis, 1245
economics, 1244–1245
evaluation assessment, 1238
family needs inventory, 1145
hemodynamic management, 295–307

future considerations, 307
notes, 1238
scoring systems, 1277
sources of sepsis infection, 834

Critical illness
empiric antibiotic therapy, 954
erythropoietin concentrations, 965
esophagus, 856
invasive devices, 870
myopathy, 118–119
nutritional state, 613
polyneuropathy, 118
scoring systems, 1275
stomach, 856

Crouzon’s syndrome, 273
CRRT. See continuous renal placement

therapy (CRRT)
Cryoprecipitate, 1061

American Society of Anesthesiologists
(ASA) task force, 1061

transfused patients, 1070
Crystalloids, 790

colloid debate, 779
hypovolemic shock, 319
resuscitation, 799

CSF. See cerebrospinal fluid (CSF)
CSH. See combat support hospital (CSH)
CSW. See cerebral salt wasting (CSW)

syndrome
CTPA. See computerized tomography

pulmonary angiography (CTPA)
Cuff-leak test, 548
Culturally and linguistically appropriate

services (CLAS), 1146
Cultures

decision-making, 1215
definition of, 1215
family, 1146

Cushing’s ulcers, 559
CVR. See cerebrovascular resistance (CVR)
CVVHDF. See continuous venovenous

hemodiafiltration (CVVHDF)
Cyclooxygenase enzyme inhibitors,

80, 1130
Cyclosporine, 71

drug interactions, 72
serum creatinine, 71

Cytochrome p-450 system, 640
Cytokines, 1116–1117
Cytomegalovirus (CMV), 446

antiviral agents, 892, 950
colitis, 890, 891, 895
ganciclovir, 69
herpes family, 891
infection rates of, 895
patient populations at risk, 891
radiographic data, 892
treatment of infection, 892

Cytotoxic cellular edema
traumatic brain injury (TBI), 205

DAI. See diffuse axonal injury (DAI)
Dalfopristin with quinupristin (Synercid),

938–939
Dantrolene

treatment of malignant hyperthermia
(MH), 816

Daptomycin, 941–942
administration, 941
contraindication in ventilator associated

pneumonia (VAP), 941
side effects, 942

Da Vinci surgical system, 1259
DCCT. See diabetes control and

complications trial (DCCT)
DCS. See decompression sickness (DCS)
Dead space

measurement, 24
Dead-space ventilation, 466
Death

brain, 133, 281–292, 1208
brainstem, 11, 1209
cell, 12
culture, 1220
decision-making, 1216
defined, 1208, 1217
diagnosis, 1217
organ

temporal process, 292
religion, 1218, 1221
tests confirming, 1218
tissues

temporal process, 292
United Kingdom definition, 1218

Debridement
abdominal infections, 880

Deceleration injury
cardiac contusion, 56

Decision making, 1225
end of life, 1215–1217
medical, 1200
shared, 1225

Decompression sickness (DCS), 1269
treatment, 1273

Decompression syndrome, 1269
Decompressive craniectomy

traumatic brain injury (TBI), 211
Decompressive laparotomy, 627
Decontamination

digestive tract, 844
Decubitus ulcers, 232, 1183
Deep venous thrombosis (DVT), 1184

American College of Chest Physicians
(ACCP) recommendations, 229

acute, 1016
diagnosis, 474
following PE, 1017
hematomas, 815
heparin-induced thrombocytopenia

(HIT), 1013
iliac vein, 1023
immobility of, 539
lower extremities

diagnostic tests of, 1012
lower extremity

diagnostic tests of, 1012
pulmonary embolism (PE), 473
pretest probability, 1012
prophylaxis, 1019
spinal cord injury critical care

management, 229
thrombocytosis, 539
venography for, 1018
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Delirium, 90, 96
assessment, 96
nonpharmacological approaches of, 96
preventive approaches, 96
traumatic brain injury (TBI), 78
treatment, 96

Depolarization
action potential, 8

Descartes, Rene, 284
Destination therapy, and mechanical assist

devices, 412
Dexamethasone, 270, 1127
Dexmedetomidine, 85

acute trauma patients, 94
anesthesiologists, 86
critical ill patients, 95
hemodynamic changes, 86
side effects, 95
therapeutic doses of, 99

Dextrose
hyperglycemia, 601

Diabetes, 914
Diabetes and Insulin-Glucose infusion in

Acute Myocardial Infarction
(DIGAMI), 1077

Diabetes control and complications trial
(DCCT), 1076

Diabetes insipidus, 15
Diabetes mellitus

critical illness, 1078
parenteral nutrition, 613

Diagnosis-related groups (DRG) system,
1245

Diagnostic bronchoscopy, 494
Dialysis, 759–770

catheters, 767
continuous therapies, 763–765
cost, 769
efficiency, 763
extended daily, 763
extracorporeal albumin, 693
future considerations, 770
high flux, 692
indications, 759
intraoperative, 766
peritoneal, 763
principles, 760–761
selection, 766–769, 771
SICU, 762
terms, 761–762

Diamox
cerebrospinal fluid (CSF) production

control, 270
Diarrhea

enteral nutrition, 600
Diastematomyelia

definition of, 272
Diazepam

metabolism, 643
unpredictable sedation, 97

DIC. See disseminated intravascular
coagulation (DIC)

Dietary supplements
oral, 597

Difficult airway extubation, 547–555
future considerations, 555
risk factors, 547–549

Difficult to wean patient, 536–539
Diffuse axonal injury (DAI), 11, 12, 15, 203
Diffuse vascular injury, 12
Diffusion impairment

hypoxemia, 485

Diffusion rate, 7
Diffusive transport

barriers, 697
DIGAMI. See Diabetes and Insulin-Glucose

infusion in Acute Myocardial
Infarction (DIGAMI)

Digestive tract
decontamination, 844

Digital subtraction angiography
(DSA), 137

Digoxin, 69
drug interaction, 70
serum, 70

Dilaudid
parenteral narcotics, 113

Diltiazem, 306
complications of, 306

Dilutional thrombocytopenia
fluid resuscitation, 991

Diprivan (propofol)
sedation, 575

Direct cardiac trauma
injuries sustained following, 341

Direct laryngoscopy
airway establishment, 555

Direct lung injury, 539
Direct traumatic coronary occlusion

trauma patients, 337
Disability Rating Scale, 202
Discharge planning

rehabilitation, 1186
Disseminated intravascular coagulation

(DIC), 991, 1039–1050, 1062
abruptio placentae, 1044
aggressive treatment, 1050
antithrombin (AT) concentrates, 1048
causes, 1049
coagulation factor assays, 991
definition, 1039
diagnosis, 1045, 1050
differential diagnosis, 1045–1047
diffuse hemorrhage, 1051
diseases associated with, 1043
future considerations, 1050
heparin, 1048, 1051
inflammatory mediators, 1040
laboratory test, 1044
management, 1047–1049
obstetrical complications, 1043
pathogenic pathways, 1041
pathophysiology, 1050
poor patient prognosis, 1042
protein C levels, 1041
scoring system for diagnosis, 1045
trauma-associated coagulopathy, 1051
traumatic brain injury (TBI) patients,

1047
triggers, 1043

Distal esophageal temperature
intubated patients, 194

Distal muscles
flaccid paralysis, 117

Distal surgical portosystemic shunts, 672
Distributive shock

dopamine, 324
intravascular volume, 324
phenylephrine, 324
vasopressin, 324

Diuretics, 570
classification, 728
renal perfusion, 727
resistance, 729

[Diuretics]
traumatic brain injury (TBI)

loop, 210
osmotic, 210

Diverticula
acute, 889

Diverticulitis
patients with, 895

Diving medicine
hyperbaric oxygen (HBO)

therapy, 1273
DNaR. See Do Not Attempt Resuscitation

Orders (DNaR)
Dobutamine, 302

cardiogenic shock, 322
Donor organs

cold perfusion solution type, 291
excision order, 291

Donor selection
liver transplantation, 659

Do Not Attempt Resuscitation Orders
(DNaR), 1205

procedure specific orders, 1212
SICU, 1205

Dopamine, 301, 753
neurogenic shock, 328
patients on monoamine oxidase inhibitors

(MAOI), 301
Dopaminergic agents

renal perfusion, 727
Dopexamine, 302

cardiac surgery, 1127
complications with, 302
treatment of heart failure, 302

Double effect
ethical principle, 1225, 1231

DPI. See dry-powder inhaler (DPI)
DRG. See diagnosis-related groups (DRG)

system
Droperidol, 373

electrocardiogram (ECG), 374
Food and Drug Administration

(FDA), 373
Drowning. See near-drowning
Drug(s). See also specific drugs

absorption
charcoal, 66

addiction, 97
administration

nonparenteral routes of, 59
degree of absorption, 67
dosing

decision tree for the management
of, 63

first-pass removal, 65
interactions, 67, 110
mechanisms of action, 662
pharmacodynamics, 61
pharmacokinetics, 59
poisoning, 693
side effects, 662

Drug–drug interactions, 68
Drug-induced agranulocytosis, 1035
Drug-induced fever, 72
Drug-induced hyperkalemia, 784
Drug-induced immune thrombocytopenia,

994
Drug-induced liver disease, 641, 645
Drug-induced rash, 72
Drug-induced renal toxicity, 752
Drug-induced thrombocytopenia, 1060

syndromes of, 993
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Dry-powder inhaler (DPI), 498, 499
DSA. See digital subtraction angiography

(DSA)
Duraheart, 422
DVT. See deep venous thrombus (DVT)
Dying patients

physicians’ motives, 1207
Dysrhythmias, 357–376

alcohol, 371
amphetamines, 371
bradycardia, 357–359
cocaine, 370
drug intoxication, 370–371
drug treatment, 365–366
electrolytes, 374
ephedra alkaloids, 371
fulminant hepatic failure (FHF), 655
future considerations, 376
ischemia patients, 374
Ma Huang, 371
monitoring, 157
tachydysrhythmias, 360–365
trauma conditions associated with,

368–369
treatment, 377

Dysuria, 822

Eagle effect, 821
EAT. See ectopic atrial tachycardia (EAT)
Echocardiography, 401. See also

transesophageal echocardiography
pericardial effusion, 395, 405
pericardial tamponade, 395, 405

ECMO. See extracorporeal membrane
oxygenation (ECMO)

Economics, 1241–1249
comparison, 1246
critical care, 1244–1245
future considerations, 1249–1250
health care, 1241–1244
trauma care, 1247–1249

ECP. See eosinophil cationic
protein (ECP)

Ectopic atrial tachycardia (EAT), 360
Edema

cytotoxic cellular
traumatic brain injury (TBI), 205

interstitial
traumatic brain injury (TBI), 205

pulmonary
neurogenic, 473–474

EDM. See esophageal Doppler monitor
(EDM)

EDN. See eosinophil derived neurotoxin
(EDN)

Edrophonium hydrochloride, 439
EDTA. See European Dialysis and

Transplant Association (EDTA)
Education for Physicians on End-of-Life

Care (EPEC), 1230
EEG. See electroencephalogram (EEG)
EFAD. See essential fatty acid deficiency

(EFAD)
Efficiency dialysis, 763
Ehlers-Danlos syndrome, 239
Elderly, 97, 916

acidosis, 805
inadequate perfusion, 297
intensive care unit (ICU) population, 307
invasive monitoring, 349
pharmacokinetic (PK) properties of

drugs, 98

[Elderly]
rehabilitation, 1194
respiratory physiology, 38–39

Electric nebulizers, 490
Electrical stimulation

neuromuscular, 1195
Electrocardiography, 155–157

electrode placement, 157
plethysmograph, 54

Electroencephalogram (EEG), 131–133
electrical activity of the brain recorded by,

131–132
Etomidate, 133
Propofol, 133
schematic representation of, 132

Electrolytes
disorders, 775–789
dysrhythmias, 374
parenteral nutrition, 609

Elevated anion gap metabolic acidosis, 800
Embolism

fat
acute respiratory failure, 440

pulmonary, 473–474, 1017–1018, 1184
obstructive shock, 328
transesophageal echocardiography, 401

EMDR. See eye movement destination and
reprocessing (EMDR)

Emergency transfusion, 1062
Emotional support

comfort care, 1230
family, 1145

Empiric antimicrobial therapy, 905
Employer-sponsored health insurance

plans, 1244
Empyema

computed tomography (CT)
demonstrating, 467

epidural
pediatric, 270

radiographic appearance of, 466
EN. See enteral nutrition (EN)
Encephaloceles

pediatric, 273
End of life, 1215–1220

cultural views, 1215
decision making, 1215–1217
future considerations, 1215
law, 1217
religion, 1216, 1218–1219

Endocarditis
transesophageal echocardiography

(TEE), 394
Endothelial protein C receptor, 1040
Endotoxemia

hepatic cellular response, 639
Endotracheal suction

traumatic brain injury (TBI), 211
Endotracheal tube

bio-film formation, 842
commonly used devices, 551
exchange, 550
of insertion, 553

End-tidal arterial CO gradient
factors that increase, 146

Energy metabolism
liver dysfunction, 634

Enteral nutrition (EN), 175, 583–601,
605, 844

administration, 588–589, 602
advancement

tolerance, 587

[Enteral nutrition (EN)]
aspiration, 599
complications, 599–701
diarrhea, 600
formulas, 594–597
future considerations, 601
hyperglycemia, 600
pancreatitis, 586
peritonitis, 586
physicians halting, 606
refeeding syndrome, 601
spinal cord injury critical care

management, 231
stress ulcers, 562
traumatic brain injury (TBI), 213

Enterobacteriaceae
causes of, 1271

Enzyme induction
hepatic blood flow, 68

Eosinophil(s)
types, 1027

Eosinophil cationic protein (ECP), 1028
Eosinophil derived neurotoxin (EDN), 1028
Eosinophilia, 1033
EP. See evoke potential (EP)
Ephedra alkaloids

dysrhythmia, 371
Epidural

empyema
pediatric, 270

hematoma, 203, 204, 262
thoracic trauma, 479

Epinephrine, 300
neurogenic shock, 328
vasopressin comparison, 300

Epithelial growth factors
acute respiratory distress syndrome, 461

Epstein-Barr virus, 996
Erythropoietin, 971

log plot of, 1057
ESBL. See extended spectrum beta

lactamases (ESBL)
Escherichia coli, 1040
Esmolol, 304

indications for use of, 304
Esophageal Doppler monitor (EDM)

blood flow velocity, 168
Esophagus

arterial supply, 468
erosions, 589
injuries, 468
repair, 469
temperature monitoring, 193
varices, 675–677

balloon tamponade, 677
Essential fatty acid deficiency (EFAD), 609

parenteral nutrition, 612
Estradiol, 1122
Ethambutol, 946
Ethics, 1199–1221, 1224–1225

biomedical, 1199–1200
Do Not Attempt Resuscitation (DNaR),

1205–1206
future considerations, 1221
Hippocratic Oath, 1199, 1200
informed consent and, 1201–1204
withhold/withdraw life support

(WH/WD-LS) 1206–1208,
1223–1231

Etomidate
schematic representation of, 1104
SSEP, 135
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European Dialysis and Transplant
Association (EDTA), 766

Euthyroid sick syndrome, 1085, 1088
EVD. See external ventricular drainage

(EVD)
Evoke potential (EP), 134
Exchange catheters

airway, 551–552
Exchange transfusion, 691, 1064
Excitotoxicity

triggers, 13
Exocrine pancreas

functional unit, 704
secretions, 703

Expiratory stridor, 438, 451
Extended spectrum beta lactamase (ESBL),

445, 853
gram-negative organisms, 929

External ventricular drainage (EVD)
meningitis, 207

Extracorporeal albumin dialysis, 693
Extracorporeal blood purification, 837
Extracorporeal centrifugal pumps, 413
Extracorporeal dialysis therapy, 761
Extracorporeal isolated liver

perfusion, 694
Extracorporeal membrane oxygenation

(ECMO), 418, 460
acute respiratory distress syndrome, 459

Extracorporeal support
acute fulminant hepatic failure, 658

Extracorporeal support devices
clinical trials, 698

Extremities. See also Volume 1, Chapter 29
lower, 1012–1016
upper

rehabilitation, 1191
Extubation, 539, 548

criteria checklist, 550
difficult airway, 547–555

future considerations, 555
risk factors, 547–549

intensive care unit (ICU), 550
mechanical ventilation weaning,

525–528
seven-step approach, 550

Extubations
intensive care unit (ICU), 547

Eye movement destination and reprocessing
(EMDR), 1168

posttraumatic stress disorder, 1168

Facemask, 488
Facial expression pain scale, 88
Facial nerves

stimulating electrode positioning, 116
Factor VII

liver transplantation, 660
Fahrenheit, Daniel Gabriel, 185
Family

bad news notification, 1147
clinicians collaboration, 1151
collaborating, 1146
communication, 1143
cultural sensitivity, 1146
emotional support, 1145
information, 1143
notification of unpleasant news, 1147
preparation for life support withholding,

1226
traumatic brain injury (TBI)

intensive care unit (ICU), 215

Family-centered care, 1143–1150
achievement, 1149
future considerations, 1150

Fast hug approach
components, 1237

Fat
embolism syndrome, 473

respiratory failure trauma, 440
parenteral nutrition, 609

Fatty acids, 595
FDA. See Food and Drug Administration

(FDA)
FDP. See fibrin degradation products (FDP)
Febrile catheterized patient, 869
Febrile intensive care unit patient, 904
Febrile non-hemolytic transfusion reactions

(FNHTR), 996
Feeding tubes

percutaneous, 590–593
radiographic placement, 593

FEF. See forced expiratory flow (FEF)
Felty’s syndrome, 1031
Femoral arterial cannulation

embolization, 161
Femoral arterial catheter, 741
Femoral vein

trauma patients, 418
Fenoldopam, 753, 756
Fentanyl, 93, 97

derivatives, 82
meperidine, 82
metabolism, 643
opioid classification, 82
parenteral narcotics, 113
sedation, 93

Fever, 811–815, 812
adverse consequences of, 813–814
beneficial attributes of, 813
catheterized patients, 869
central nervous system (CNS) injury

absence, 824
cooling cloths, 812
definition, 812, 825
differential diagnosis, 814
disease symptom discovery, 187
drug induced, 72
drugs commonly implicated in the

development, 817
history, 811–812
noninfectious causes, 814
thermodynamics and thermoregulation,

812–813
traumatic brain injury (TBI), 207, 824, 826
treatment, 824
ventilator-associated pneumonia, 846

FFP. See fresh frozen plasma (FFP)
FHF. See fulminant hepatic failure (FHF)
Fiberoptic bronchoscope (FOB), 549
Fiberoptic intubation, 553
Fibrin degradation products (FDP)

disseminated intravascular coagulation
(DIC), 1045

Fibrin sealant (FS), 970
Fick principle (conservation of mass), 165

rate of diffusion, 7
Fiduciary relationship, 1199

principles of, 1199
Fight or flight response, 5
Fine needle aspiration (FNA), 708
Finger tip

severed, 1258
Fisher grading scale, 241

Fistula
abdominal infections, 879
carotid cavernous sinus, 253

Fixed platelet requirement, 986
Flail chest, 467, 539
Flail segment, 467
Flash backs, 1155
Flow pumps

centrifugal continuous, 422–423
Flowmaker, 419
Fluconazole, 69

fungal sepsis, 835
Fluid

and electrolyte disorders, 775–789
needs estimation, 558
overload, 475

acute respiratory failure, 440
replacement

goals for critically ill patients, 753
restriction

hypervolemic edematous states, 784
Flumazenil, 85
Fluouroquinolone

beta-lactam drugs, 819
binding involves, 66
central nervous system (CNS) effects, 943
gastrointestinal (GI) side effects, 943

FNA. See Fine needle aspiration (FNA)
FNHTR. See febrile non-hemolytic

transfusion reactions (FNHTR)
Focal brain injury, 11
Focal cerebral ischemia

magnetic resonance imaging (MRI), 1273
Focused assessment with sonography for

trauma (FAST)
abdominal fluid, 803
anatomic fluid, 297
trauma patient, 399

Foley catheter, 741
Food and Drug Administration (FDA)

approved protease inhibitors, 917
hemorrhagic fever virus (HFV), 515
Medical Devices Advisory Committee

Circulatory System Devices
Panel, 425

pulmonary artery catheters (PAC)
guidelines, 164

Forced expiratory flow (FEF)
calculation of, 26

Forceps-assisted delivery
vacuum cup extraction, 264

Foreign bodies
abdominal infections, 879

Foscarnet, 949
Fosphenytoin

glutamate release, 17
FPSA. See fractional plasma separation and

adsorption (FPSA)
Fractional plasma separation and

adsorption (FPSA), 693
Frank-Starling mechanism, 46

intact circulatory system, 47
FRC. See functional residual capacity (FRC)
Fresh frozen plasma (FFP), 1061
Frontal lobe

Broca’s area, 1
FS. See fibrin sealant (FS)
Fulminant hepatic failure (FHF), 670

acetaminophen toxicity, 651
classification systems, 652
criteria for nonsurvival, 652
etiology of, 652
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[Fulminant hepatic failure (FHF)]
hypothermia, 663
liver transplant, 670
liver transplantation success status, 661
organ dysfunction, 653
sepsis and, 657
transpulmonary shunting, 663

Fulminant meningococcemia, 825
disseminated intravascular coagulation

(DIC), 823
Functional residual capacity (FRC), 23

clinical significance, 42
pulmonary function studies, 77

Fungal pneumonia, 447
Fungal sinusitis, 900

intensive care unit (ICU) patients,
901

Fungemia
sepsis, 835

Fungi, 869
antimicrobial drugs of choice, 947

Furosemide
cerebrospinal fluid (CSF) formation

reduction, 210

GABA
central nervous system (CNS), 17

Galen, 284
Gallbladder

representation of, 635
GALT. See gut-associated lymphoid tissue

(GALT)
Gamma-glutamyl transpeptidase, 636
Ganciclovir, 69, 949
Gas delivery systems

basic types of, 487
Gas embolism, 1269
Gas exchange model

three-compartment, 31
Gas gangrene, 1271
Gastric erosions, 589
Gastric feeding, 599
Gastric motility, 599
Gastric mucosal injuries

mechanisms, 558
Gastric tonometry

burn patients, 176
definition, 151
equations, 174
measurements, 180
mesenteric ischemia prevention, 180
multiple organ dysfunction syndrome

(MODS) rates, 174
principles, 174
schematic representation, 173
splanchnic monitoring, 176
technology advancements, 174–175

Gastroduodenal ulcer perforation
repair of, 894

Gastrointestinal (GI) system
absorption of drugs, 65
bleeding

renal replacement therapy, 976
immune system, 907
motility, 598

critically ill patients, 65
promotility agents, 67
shock states, 318
symptoms, 571
ulcer prophylaxis, 557–565

Gastrojejunostomy tube, 589
Gastroparesis, 587

Gastrostomy, 589
tube insertion, 590

GCS. See Glasgow Coma Scale (GCS)
GCSF. See granulocyte colony-stimulating

factor (GCSF)
General anesthesia, 192
Genetics

acute respiratory distress syndrome
(ARDS), 461

systemic inflammatory response
syndrome (SIRS), 1135

Genitourinary infection, 892
Gentamicin, 935

urinary tract infection, 935
Geriatrics

anemia, 968
GFR. See glomerular filtration rate (GFR)
GI. See gastrointestinal (GI) system
Glasgow Coma Scale (GCS), 903

traumatic head injury, 11
Glasgow Outcome Scale, 202
Glasgow Outcome Scale Extended (GOSE)

functional outcome measures, 202
Global cerebral ischemia

models of, 9
Glomerular filtration rate (GFR), 61

autoregulation, 721
creatinine graph, 740
hypothermia, 192
initial survey, 740

Glucocorticoid
acute respiratory distress syndrome, 461

Gluconeogenesis
liver, 1079

Glucose, 1075–1079
metabolism, 9
sepsis, 836

Glutamine, 595, 608
adenosine triphosphate (ATP), 595

Glycemic control, 1076
parenteral nutrition, 611

Glycylcyclines, 935–936
Goiter

toxic nodular, 1091
Good death

definition, 1220
Goodpasture’s syndrome, 438
GOSE. See Glasgow Outcome Scale

Extended (GOSE)
Graft versus host disease (GVHD), 1059,

1064
Graham’s law

rate of diffusion, 7
Gram-negative bacteria, 824
Gram-negative organisms, 868
Gram-negative pancreatitis sepsis, 817
Gram-positive bacteria

septic shock, 834
Gram-positive cocci, 868
Granulocyte colony-stimulating factor

(GCSF), 1116
Granulocytes, 1027, 1030

host defense, 1030
types, 1028

Granulomatous disease, 1105
Graves disease, 1090, 1091

symptoms, 1091
Great vessel injuries, 469
Grief

management, 1147
Groin

temperature monitoring, 196, 197

Group therapy
posttraumatic stress disorder, 1168

Guillain-Barre syndrome, 439
Gunther Tulip filter, 1017, 1021
Gut

autoregulation, 1057
Gut-associated lymphoid tissue (GALT),

1128
GVHD. See graft versus host disease

(GVHD)

HABR. See hepatic arterial buffer response
(HABR)

Haemophilus influenzae, 270, 442
ventilator associated pneumonia

(VAP), 851
Haloperidol

traumatic brain injury (TBI) treatment,
214

Halothane hepatitis, 643
Hand splint

example, 1191
Harris-Benedict equations, 577, 578, 580,

607, 710
Harvey, William, 45, 284
Hashimoto thyroiditis, 1090
Hayak Oscillator, 493
Hb. See hemoglobin (Hb)
HBO. See hyperbaric oxygen (HBO)

therapy
HBOC. See hemoglobin-based oxygen

carriers (HBOCs)
HCC. See hepatocellular carcinoma (HCC)
HCW. See health care worker (HCW)
HDE. See Humanitarian Device Exemption

(HDE)
Head injury

death reduction, 18
injury reduction, 18
intensive care unit (ICU) management

effects, 216
monitoring, 139
permanence of effects, 216
respiratory failure, 441
therapeutic embolization, 266

Head trauma, 54
closed

pediatric, 261
myocardial effects, 369

Health care economics, 1241–1244
Health care expenditures, 1242

role of physician, 1247
Health Care Financing Administration

physician reimbursement, 1260
Health care systems

budgetary controls, 1251
Health care worker (HCW), 842

pathogenesis of ventilator associated
pneumonia (VAP), 856

ventilator equipment, 843
Health insurance plans

employer-sponsored, 1244
Heart

contusion, 54
impaired oxygenation, 1057
injuries, 340, 368, 369, 469
penetrating trauma, 341
performance, 45
total artificial, 423

Heart disease
anemia, 967
valvular, 307

Index 1299



Heart failure
chronic

anemia, 968
Heart–lung interactions, 37–38
HeartMate

destination therapy, 416
pump heads, 417
schematic representation of, 414

HeartMate II, 420, 421
HeartMate III, 423
HeartMate II LVAS, 420
Heart rate, 155, 295–296

myocardial oxygen balance, 57
Heat loss mechanisms, 189
Heat-moisture exchangers (HME), 842
Heimlich maneuver, 476
Helicobacter pylori, 559
HELIOX

mixture of helium and oxygen, 27
Hematologic system

shock, 318
Hematoma

cerebrum, 815
epidural

pediatric, 262
traumatic brain injury (TBI), 203

intracerebral
pediatric, 262

noncerebral, 815
Hematopoietic stem cells, 1029
Hemiparesis, 259
Hemiplegia

bed positioning for patients, 1188
Hemodiadsorption, 693, 699
Hemodiafiltration

intermittent, 762
Hemodialysis

intermittent, 762
Hemodilution

hemoglobin, 1066
Hemodynamic indices, 295–298
Hemodynamic management

critical care, 295–307
hypertension, management of,

302–306
hypotension, management of, 298–302

Hemodynamic profiles
variables of, 167

Hemodynamic stability
continuous renal replacement therapy

(CRRT), 771
Hemofiltration, 692
Hemoglobin (Hb)

functional amounts, 34
functions of, 32
liposome-encapsulated, 976
with oxygen, 31
recombinant human, 976
whole blood, 795

Hemoglobin-based oxygen carriers
(HBOCs), 974

Hemolytic-uremic syndrome (HUS),
745, 1046

Hemoperfusion, 692, 699
Hemoperitoneum

diagnosis of, 679
Hemopump, 413
Hemorrhage, 12

adrenal, 1105
anemia, 963
gut-liver-lung axis response, 1129
hyperbaric oxygen (HBO) therapy, 1272

[Hemorrhage]
intracerebral, 246–249

traumatic brain injury (TBI), 204
mortality rate of, 254
treatment of, 295

Hemorrhagic shock
correction of coagulopathies, 320
lung injury, 317
nitric oxide (NO), 1131
organ perfusion, 319

Hemorrhagic stroke
hypertension, 255
prognosis, 246

Hemostasis, 677–678, 1062
cell-based model, 987
inherited disorders, 1047
physiology, 1039
primary

components, 986, 1001
determinants, 986

Hemothorax, 467, 539
Henderson-Hasselbach equation, 436,

793, 794
acid–base balance (ABB), 797
gastric pHim, 151

Henderson-Hasselbach model, 797
Henobarbi bilirubin

acute liver disease, 637
Heparin

anticoagulation, 761
liver bleeding, 660
properties of, 1048

Heparin-induced thrombocytopenia (HIT),
318, 992, 1046, 1048

bilateral adrenal hemorrhagic infarction,
994

clinical sequela, 993
coagulation activation, 993
disseminated intravascular coagulation

(DIC), 1051
pathogenesis, 995
thrombosis, 992
trauma patients, 996
treatment, 1050
thrombotic thrombocytopenic purpura

(TTP), 998
Hepatic acute-phase response, 574
Hepatic ammoniagenesis, 794
Hepatic arterial buffer response (HABR), 639
Hepatic arterial thrombosis

thromboelastogram (TEG), 660
Hepatic artery, 633
Hepatic bioreactor

types of, 699
Hepatic drug metabolism, 65
Hepatic dysfunction

timing of, 646
treatment for, 612

Hepatic encephalopathy, 596, 653, 674
aggressive treatment, 662
ammonia production treatment

therapies, 674
cognition changes, 674
fulminant liver failure, 652
neurologic dysfunction factors, 653
West Haven staging for, 674

Hepatic failure, 807. See also acute fulminant
hepatic failure

ion exchange, 692
liver function, 695
parenteral nutrition, 613
treatment of, 692

Hepatic health evaluations
methods of assessing, 635–636

Hepatic injury
complications increase of, 886
zone specification, 689

Hepatic Kupffer cells, 596
Hepatic lobule, 690
Hepatic metabolism

factors that can decrease, 63
Hepatic necrosis

coagulopathy occurrences, 645
Hepatic steatosis

reduction of, 644
Hepatic transport proteins, 575
Hepatitis. See also ischemic hepatitis

anesthetics, 643
autoimmune, 670
toxic

clinical bleeding, 645
Hepatitis B and C antivirals, 950
Hepatitis B infection

antiviral agents, 951
Food and Drug Administration (FDA)

approved treatments, 657
Hepatitis C infections

antiviral agents, 951
Hepatocellular carcinoma (HCC), 678

alcohol, 679
diagnostic tools, 679
orthotopic liver transplant, 679

Hepatocellular injury, 645
Hepatocellular necrosis, 642
Hepatocytes, 633

oxygenation, 697
Hepatopulmonary syndrome (HPS), 441,

673, 682
sepsis, 442
summary findings, 673

Hepato-renal syndrome (HRS), 673,
725, 745

effects of diuretic agents, 729
Hepatotoxicity

medications causing, 64
Hereditary hemochromatosis (HHC), 669
Hereditary thrombocytopenia, 989
Herniation

traumatic brain injury (TBI), 206
Herpes simplex virus infections

antiviral agents, 949, 950
HES. See hydroxyethyl starch (HES)
HFO. See high-frequency oscillation (HFO)
HHC. See hereditary hemochromatosis

(HHC)
High flux-dialysis, 692
High-frequency oscillation (HFO), 492

devices used to monitor, 493
High-frequency ventilation, 515–516
High mobility group B1 proteins, 837
High-volume plasmapheresis, 692
Hippocampus, 1156

atrophy of, 1110
Hippocrates, 284
Hirudin, 1048
Hirudo medicinalis, 1048
Histocytes, 1045
Histoplasmosis, 447
HIT. See heparin-induced thrombocytopenia

(HIT)
HIV. See human immunodeficiency virus

(HIV)
HME. See heat-moisture exchangers (HME)
Hoffmann elimination, 109
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Hollow-fiber devices, 695
Homeostasis

calcium, 1094
cellular, 49

Homeostatic coupling mechanisms, 49
oxygen deficits, 49

Hooke, Robert, 505
Hosmer-Lemeshow goodness-of-fit

statistics, 1283
all models, 1283–1284

Hospital charges
sources of payment, 1249

Hospitalization
proper nutrients, 569
weight loss, 571

HPA. See hypothalamic-pituitary-adrenal
(HPA)

HPS. See hepatopulmonary syndrome (HPS)
Hypoxic pulmonary vasoconstriction (HPV)

complications of, 516
H2 receptor antagonists

stress ulcers, 561
Heart rate (HR) monitoring

electrocardiogram (ECG), 155
HRS. See hepato-renal syndrome (HRS)
HS. See hypertonic saline (HS)
Human circulatory system

modern description of, 45
Human immunodeficiency virus (HIV),

916–917, 1106
patients

common current therapy, 917
mortality rates, 917

risks of transfusion-related transmission,
1063

Human immunoglobulins
biological properties, 909
structural properties, 909

Humanitarian Device Exemption (HDE)
Food and Drug Administration

(FDA), 419
Humidification, 490
Humoral immunity, 907–908
Hungry bone syndrome, 787, 789, 1095
Hunt and Hess grading scale, 241
HUS. See hemolytic-uremic syndrome (HUS)
Hydralazine, 304
Hydrocephalus

diagnosis of, 269
pediatric, 269
traumatic brain injury (TBI), 207

Hydrocortisone
dosage recommendations, 1109
tapering recommendations, 1110

Hydrogen concentration
relationship of, 794

Hydrogen ions, 565
Hydrostatic

traumatic brain injury (TBI), 205
Hydrostatic interstitial edema, 205
Hydroxyethyl starch (HES), 778

salt solution, 807
Hyperarousal behaviors, 1161
Hyperbaric oxygen (HBO) therapy, 473,

1267–1272
acute infections, 1271, 1272
acute ischemic processes, 1273
air and gas embolism, 1269
carbon monoxide poisoning and,

1270–1271
decompression sickness, 1269–1270
future considerations, 1272

[Hyperbaric oxygen (HBO) therapy]
history, 1267
hypoxic wounds, 1273
indications, 1268
monoplace vs. multiplace, 1268
treatment, 1268

Hyperbilirubinemia
hematoma resorption, 638
unconjugated, 645

Hypercalcemia, 375, 786, 1097–1098
calcium administration, 1100
conditions causing, 1097
etiology of, 786
signs, 1097
symptoms, 1097

Hypercaloric nutrition, 1078
administration of, 1078

Hypercapnia, 433
permissive, 516

Hyperchloremia, 806
Hyperchloremic metabolic acidosis, 798,

799, 805, 806, 808
Hypercoagulation

hereditary causes of, 1008
Hyperdynamic state, 67
Hyperemia, 14

definition of, 205
traumatic brain injury (TBI), 205

Hyperglycemia, 754
bar graph of blood glucose levels, 206
burn association of, 1080
critically ill patients, 600, 1075
diabetes, 1078
enteral nutrition, 600
immune system, 1078
immunological mechanism distortion, 914
neuropathy, 1077
parenteral nutrition (PN), 612
renal failure, 1077
risk of serious infections, 915
trauma association, 1080
traumatic brain injury (TBI), 206, 211

Hyperglycolysis, 13
Hyperhomocysteinemia, 1020
Hyperinflation

obstructive shock, 329
Hyperkalemia, 374, 766

clinical manifestations, 790
drug-induced, 784
specific therapy of, 107

Hyperlactatemia
sepsis, 647

Hypermagnesemia, 374, 787–788
Hypermetabolic disease processes

trauma patients, 145
Hypermetabolic state

multisystem trauma, 583
Hypermetabolism

causes of, 146
Hypernatremia, 375, 779–781

central nervous system (CNS) effects, 376
clinical manifestations, 780
evaluation of, 782
mannitol induced, 212
traumatic brain injury (TBI), 212

Hyperoxia
electroencephalogram (EEG) patterns

of, 134
Hyperparathyroidism

primary, 1097
Hyperphosphatemia, 788
Hypersplenism, 989, 1001

Hypertension
diagnosis of causes by imaging studies,

304
history of medical treatment, 303
intensive care unit (ICU), 302–306

Hyperthermia
hypothalamus damage, 193
malignant, 815

Hyperthyroid disorders, 1090–1091
Hyperthyroidism, 1091, 1099

conditions causing, 1091
drugs used to treat, 1087
manifestations of, 1089
signs, 1100
symptoms, 1100

Hypertonic preconditioning, 1132
Hypertonic saline (HS), 16, 778

gut damage, 726
hemorrhagic shock associations, 320
hypovolemic shock, 320
intracranial pressure (ICP) reduction,

208–209
lung damage, 726
pediatric, 274
for resuscitation in SCI, 234
role in trauma, 779

Hyperventilation
cerebral ischemia, 209
pregnancy, 40
traumatic brain injury (TBI) patients, 146

Hypervolemic hyponatremia, 782
sodium-deficient fluids, 782

Hypnotic drugs
pharmacology of, 84

Hypoadrenalism
critically ill patients, 1106, 1108

Hypoalbuminemia, 799
Hypocalcemia, 374, 771, 786, 788, 807,

1093, 1094
associated with, 1096
conditions causing, 1095
following thyroid surgery, 1098
treatment of, 375

Hypocaloric nutrition, 1078
Hypoglycemia

parenteral nutrition (PN) complication,
612

Hypokalemia, 374, 785
definition, 785
treatment of, 374, 377

Hypomagnesemia, 374, 788
treatment of, 375

Hyponatremia, 375, 673, 781–783
acute water intoxication, 727
central nervous system (CNS) effects, 376
rapid development, 783
sodium correction rules for, 783
state of hypotonicity, 781
traumatic brain injury (TBI), 212
treatment of, 784

Hypoparathyroidism, 1096
Hypoperfusion, 751, 804

renal circulation, 178
renal failure, 735
splanchnic circulation, 180

Hypophosphatemia, 601, 789
Hypopituitarism

pediatric, 273
Hypotension

critically ill patient causes, 298
following trauma, 298
management, 209, 298–300
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[Hypotension]
pediatric, 273
traumatic brain injury (TBI), 206, 208

Hypotensive septic patients, 462
steroids, 462

Hypothalamic injury
adrenocorticotropic hormone (ACTH), 15

Hypothalamic-pituitary-adrenal (HPA),
1103

schematic representation of, 1104
Hypothalamus, 1

preoptic area (anterior portion), 188
schematic representation of the

thermoregulatory control
system, 188

thermoregulatory control, 188
Hypothermia, 189, 190–191, 321, 992

alveolar dead space, 192
critical care of, 191
death predictor, 190
detrimental effects, 321
effects of dopamine, 191
effects of norepinephrine, 192
hypothalamus damage, 193
multisystem trauma, 189
pediatric, 274
prevention, 196
putative beneficial effects, 274
risk factors to, 190
stages, 190
traumatic brain injury (TBI), 211
treatment, 196
urine output monitoring, 661

Hypothermic trauma patients
fluid-warming devices, 321

Hypothyroid disorders, 1088–1089
Hypotonic hyponatremia

causes, 781
Hypovolemia, 54

echocardiographic, 389
systolic pressure variation (SPV), 162
transesophageal echocardiography, 401

Hypovolemic hyponatremia
isotonic saline, 784

Hypovolemic shock, 318–321
acute trauma patients, 318
association with, 315
blood products, 320
causes, 313
colloids, 319
crystalloids, 319
hypertonic saline, 320
management, 99
pathophysiology, 318

Hypoxemia
causes of, 432
definition, 485
rapid eye movement (REM) sleep, 39
respiratory failure, 429
table representing, 149

Hypoxia
abnormal patterns of breathing, 37
adaptation, 977
hypertension relationship, 206
traumatic brain injury (TBI), 206

Hypoxic injury
acute renal failure (ARF), 721

Hypoxic pulmonary vasoconstriction
(HPV), 28

IABP. See intra-aortic balloon pump (IABP)
Iatrogenic acid–base disturbances, 804

IBW. See ideal body weight (IBW)
ICA. See internal carotid arteries (ICA)
ICH. See intracerebral hemorrhages (ICH)
ICP. See intracranial pressure (ICP)
ICU. See intensive care unit (ICU)
Ideal body weight (IBW), 572
Idiosyncratic drug reactions

liver failure, 651
Idiosyncratic hepatotoxins

liver disease, 641
IFABP. See intestinal fatty acid binding

protein (IFABP)
IHDF. See intermittent hemodiafiltration

(IHDF)
Iliac veins

massive embolism, 1022
IMA. See inferior mesenteric

artery (IMA)
Immune cells

role in SIRS, 1115
Immune effector mechanisms, 910
Immune-mediated hypersensitivity

reactions
Coombs classification, 911
Gell and classification, 911

Immune modulation, 911
Immune system, 907

active humoral immunity, 909
erythrocytes role, 909
hyperglycemia, 1078
key components, 1114
leukocytes, 908
liver failure, 923
neuroendocrine systems, 920
platelets role in, 909
treatments’ adverse effects, 912

Immune thrombocytopenic purpura
(ITP), 989

Immunocompetence, 912
Immunocompromised

diagnostic methodology for selected
pathogens, 919–920

empirical antibiotic recommendations,
922

infectious diseases, 918
Immunomodulators, 951–952
Immunonutrition, 1133
Immunosuppression, 1065
Immunosuppressive drugs

specific infections association, 921
Impaired autoregulation

severe head injury, 14
Impella, 414

cutaway view, 414
Impella Pump System, 414
Implant

first performed, 420–421
Implantable ventricular assist device

(IVAD), 415
Impulse generation, 7
IMV. See intermittent mandatory ventilation

(IMV) mode
Inappropriate transfusion, 1064
Incentive spirometry, 490
Incompetent patients

surrogates, 1201
Incomplete spinal cord injuries

syndromes associated with, 227
Independence levels

grading scale for, 1185
Indirect calorimetry, 578, 580
Indirect lung injury, 539

Indwelling vascular catheter related
infection and sepsis, 863–870

definition, 863
diagnosis, 867–869
future considerations, 870
incidence, 863
morbidity, 864
pathogens, 868–869
pathophysiology, 864
prevention, 865–867
treatment, 869–870

Ineffective endocarditis
mobile vegetation, 394

Infants
cranial burst fractures, 263
intracranial vascular injury, 266

Infected central venous-catheters, 820
Infected fractures

treatment, 821
Infection. See also indwelling vascular

catheter related infection and sepsis
atelectasis, 825
hepatic response, 639–640
necrotizing soft tissue, 820
risk per unit of blood, 998
shunt

pediatric, 270
Infectious complications

summarized rates, 416
Infectious diseases

immunocompromised, 918
pharmacogenomics, 953

Infectious fever
sources, 930

Inferior mesenteric artery (IMA), 171
Inferior vena caval (IVC), 1011

filters, 1016, 1237
Inflammation activation

schematic representation, 1042
Inflammatory cytokines, 1118
Inflammatory mediators

blood purification, 837
Inflammatory response syndrome,

1114–1116
Influenza antivirals, 951
Information

family, 1143
Informed consent, 1201–1204

clinical research, 1203
court rulings, 1203
elements, 1202
ethical principles, 1201
historical landmark cases, 1202
Jehovah’s witnesses, 1204
legal concerns, 1224
surrogates, 1203

INH. See isoniazide (INH)
Inhalation injury, 472
Inhalational anesthetics, 1126
Inhaled nitric oxide (iNO), 516
Inhalers

dry-powder, 498
Initial fluid resuscitation

responses to, 319
Injury level

variability of the metabolic
rate, 587

Injury severity score (ISS), 1276
Inotropes, 301

isolated hypovolemic shock, 321
INR. See International Normalized

Ratio (INR)
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Inspiratory muscle fatigue
weaning toleration, 538

Inspiratory stridor, 437, 451
Inspired gas, 147
Insulin, 1075–1079

insulin-responsive organs, 1079, 1080
intensive therapy, 1079

Intensive care unit (ICU). See also medical
intensive care unit (MICU); surgical
intensive care unit (SICU)

acute respiratory failure (ARF), 449
anemia in, 965, 966
atrial flutter, 360
common dysrhythmias, 158
cost reductions, 1210
delirium, 94
electrolyte disorders, 788
fluid disorders, 788
geographic variation, 1210
health care costs, 1211
hemoglobin levels, 964
HR monitoring, 155
hyperglycemia, 1075
hypertension, 302–306
infection, 818
life support withdraw considerations,

1228
neurological monitoring of, 139
open vs. closed, 1239
palliative care indicators, 1224
patient death, 1230
patient transfer, 1229
scoring systems, 1282
sinusitis development, 901
sleep, 912
surgical

dialysis, 762
traumatic brain injury (TBI), 260
transfusion rates, 964

Intensivist
pharmacology awareness, 309

Intentional injuries
children, 261

Intercostal block
thoracic trauma, 479

Interhemispheric subarachnoid hemorrhage
head computed tomography (CT)

of, 240
Interleukin-1, 1130
Interleukin-2, 1130
Intermittent hemodiafiltration (IHDF), 762,

763
Intermittent hemodialysis, 762, 763
Intermittent mandatory ventilation (IMV)

mode, 509
Intermittent positive pressure breathing

(IPPB), 493
Intermittent ultrafiltration, 763
Internal carotid arteries (ICA), 3
International Normalized Ratio (INR), 417
International Subarachnoid Aneurysm Trial

(ISAT), 241
International surgical trial for intracerebral

hemorrhage (ISTICH), 248
International Trauma Anesthesia and

Critical Care Society (ITACCS), 807
Interstitial edema

traumatic brain injury (TBI), 205
Intestinal fatty acid binding protein (IFABP),

1120
Intestinal ischemia

MODS, 1132

Intestinal obstruction
enteral nutrition, 587

Intraabdominal abscess, 594
Intraabdominal compartment syndrome,

329
Intraabdominal hypertension

etiologies, 620
treatment of, 620

Intraabdominal infection, 875
antibiotics, 881, 882, 893
antifungal therapy, 884
Candida, 883
fever, 876, 894
GI tract, 880
immune systems, 883
inflammatory process, 880
irrigation techniques, 880
leukocytosis, 876, 894
microbiology of, 882
morbidity, 894
mortality, 875, 894
sepsis, 877
source, 880, 881, 894
treatment, 822, 883
warm phase of shock, 877

Intraabdominal pathology
intensive care unit (ICU) care, 879
magnetic resonance imaging (MRI), 878
nuclear medicine techniques, 878
pelvic computed tomography (CT), 878

Intraabdominal pressure, 621
Intra-aortic balloon pump (IABP), 407–409
Intracerebral hematoma

pediatric, 262
Intracerebral hemorrhages (ICH), 11,

246–249
acute, 247, 248
causes, 247
clinical presentation, 247
computed tomography (CT), 247, 248
history, 248
hypertension frequency, 249
ischemic strokes, 246
location, 246
management, 253
pontine, 248
traumatic brain injury (TBI), 204

Intracerebral vascular catastrophes,
239–253

future considerations, 253
Intracranial pressure (ICP), 9, 13

central nervous system (CNS), 814
continuous monitoring, 126
hyperventilation, 16
interrelationship of compliance, 126
management, 127
monitoring, 125–130, 127

children, 260
complications of, 127
contraindications to, 127
treatment with, 262

pediatric, 259–260, 274
physiologic mechanisms, 259
relation between volume, 14
successful treatment of, 131
traumatic brain injury (TBI), 208
treatment, 15, 208
volume curve, 131

Intracranial space
division of, 126

Intracranial vascular injury
infants, 266

Intradural space
brain, 259
series of compartments, 259

Intragastric feeding tubes
associated with, 589

Intraoperative dialysis, 766
Intrapleural block

thoracic trauma, 479
Intrapulmonary shunt fractions

general relationship, 490
Intrathoracic pressure

heart circulation, 37
Intravenous antidysrhythmic drugs, 366
Intravenous heparin infusion

weight-based nomogram, 1014
Intravenous infusions

drug administration, 59
Intrinsic renal dysfunction, 742
Intrinsic renal failure

classification, 735
Intrinsic sinus node dysfunction

causes of, 357
Intubation

anesthesia, 547–548
difficulty, 540

Invasive intra-arterial blood pressure
monitoring

indications for, 160
Iodinated contrast dyes, 1091
Iodine cycle, 1086
Ionized hypocalcemia

endotoxin, 1095
Ionized species

schematic representation, 81
Ipratroprium bromide, 437
Iron deficiency

causes, 962
Iron status

variables of, 966
Irreversible shock, 316, 639

causes, 331
cellular death, 316
cellular injury, 316
vasodilating agents, 316

ISAT. See International Subarachnoid
Aneurysm Trial (ISAT)

Ischemia
abdominal pain, 600
cell changes, 737
free radical-mediated damage, 315
intensive care unit (ICU) patients, 174
monitoring, 156

high risk patients, 344
standard criterion for diagnosis, 156
ST depression of, 157

Ischemic acute renal failure
summary of conditions, 746

Ischemic acute tubular necrosis, 738
Ischemic cardiac disease

anemia, 968
Ischemic cerebrovascular disease,

249–252
Ischemic hepatitis, 638

associated, 645
latent period, 647
time course, 639
trilobular necrosis, 647

Ischemic stroke
role anticoagulation, 252

Isoenzyme systems
metabolized drugs, 68

Isoflurane, 683
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Isoniazide (INH), 945
hepatic injury, 946

Isoproterenol, 302
coronary artery disease (CAD) patients,

302
Isotonic sodium chloride

packed red blook cells (PRBCs), 973
Isovolemic ventricular contraction

atrioventricular valve, 163
ISTICH. See international surgical trial for

intracerebral hemorrhage (ISTICH)
ITACCS. See International Trauma

Anesthesia and Critical Care Society
(ITACCS)

ITP. See immune thrombocytopenic purpura
(ITP)

Itraconazole, 69, 948
IVAD. See implantable ventricular assist

device (IVAD)
IVC. See inferior vena caval (IVC)

Jarvik 2000 flow maker, 420
Jaundice, 646
Jehovah’s Witnesses

ethical considerations, 1204
informed consent, 1204, 1212

Jejunostomy, 589
JGA. See juxtaglomerular apparatus (JGA)
Jugular bulb venous oxygen saturation

monitoring of, 209
Jugular veins

catheters in, 210
Juxtaglomerular apparatus (JGA), 1105

Kantrowicz CardioVad, 409
Kaplan–Meier survival plots

intensive care unit (ICU) patients, 1076
weaning, 534

Kelvin, William Thomson, 186
Ketamine, 86

analgesia, 93
limbic system, 86
salivation, 86
sedation, 93

Kety-Schmit method, 11
Kidneys

circulation, 176–177
drug excretion, 62
formulas, 596
hypoperfusion, 178
monitoring, 176–179
oxygen consumption, 178
perfusion, 751

natriuretic peptides, 727
protective agents, 751–756

future considerations, 756
ultrasound, 179–180
waste, 736

Kinesio taping, 1195
Kissing papillary muscle phenomenon and

TEE, 402
Klebsiella pneumoniae (KP), 852, 853

diagnosis, 444
Korotkoff sounds

phases of, 159
KP. See Klebsiella pneumoniae (KP)
Kupffer cells, 690

hepatic dysfunction, 640

Labetolol, 304
indications for use of, 305

Lactate
liver, 640

Lactate dehydrogenase, 636
Lactated Ringer’s solution

acid–base balance, 806
Lactic acidosis, 175, 804

hypoperfusion, 804
Lactulose

chronic liver disease treatment, 655
LALF. See limulus antiLPS factor (LALF)
Language, 7
Laparoscopy

percutaneous, 627
Laryngeal mask airway, 553
Laryngeal ultrasound, 549
Laryngoscopy

endotracheal tube (ETT), 551
LBP. See lipopolysaccharide-binding protein

(LBP)
Left ventricular assist device (LVAT), 407
Left ventricular end diastolic volume

(LVEDV), 359
Left ventricular failure

transesophageal echocardiography (TEE),
401

Legal considerations, 1199–1221
end of life, 1217
informed consent, 1224

Lepirudin
renal failure, 994

Leptin, 1122
Lethal triad, 805
Leucodepleted blood

transfusion, 1065
Leukocytes

binding, 833
classification, 1027
differential diagnosis, 1029
hematologic terms, 1029
production and function, 1029–1030

Leukocytosis, 1027–1035, 1031, 1034
causes, 1029
defined, 1027
evaluation, 1027
ventilator-associated pneumonia (VAP),

846
Leukodepletion, 973, 1132
Leukopenia, 1027–1035, 1031, 1034

AIDS, 1032
defined, 1027

Levophed, 299, 301
LFT. See liver function tests (LFT)
Lidocaine, 70
Liebermeister’s rule, 814
Life support

withdrawal, 1227
benzodiazepines, 1231
ethical requirement satisfaction, 1208
legal requirements satisfaction, 1208

withholding, 1206–1207
family preparation, 1226

Life support for Trauma and Transport
(LSTAT), 1256

Life-sustaining care
to comfort care, 1226
withdrawal

approaches to, 1227
do not attempt resuscitation (DNaR),

1226
emotional burdens, 1226

Lighted stylette, 554
Limulus antiLPS factor (LALF), 1132–1133

Lincosamides, 937
Linezolid (Zyvox), 939–940
Lipid metabolism, 1078

liver dysfunction, 635
Lipopolysaccharide (LPS), 831, 1116
Lipopolysaccharide-binding protein (LBP),

1119
Liposome-encapsulated hemoglobin, 976
Liquid ventilation, 516
Lithium, 1090
Liver

adaptation, 641
amino acids, 595
analgesic agents, 643
anatomy, 633, 689
architectural drawing of, 634
artificial, 689–699
bioartificial, 694
biochemical tests, 640
cellular response

bacteremia, 639
endotoxemia, 639

cholestatic injury, 642
division of, 633
encephalopathy, 673–674
enzymes, 636
formulas, 596
function, 634–635
functional segments of, 689, 690
intensive care unit (ICU), 645–646
injury

acute respiratory failure (ARF), 441
lactate, 640
metabolism

analgesics, 643
metabolism site, 64
physiology, 690–691
protein synthesis, 699
support systems, 697
transplantation, 658–660

acute fulminant hepatic failure, 658–660
donor selection, 659
factor VII, 660
intraoperative management, 660
preoperative preparation, 659–660

transport proteins, 574
Liver cirrhosis, 669
Liver disease

anemia, 967
calcium, 300
chronic, 1044, 1046
drug-induced, 645
metabolic causes, 669
overall improvements in patient care, 662

Liver dysfunction, 633–646
amino acid metabolism, 635
barbiturates, 680
benzodiazepines, 680
bile formation, 635
bilirubin metabolism, 635
biochemical evaluation, 636–638
carbohydrate metabolism, 634
dobutamine, 680
dopamine, 680
drug–drug interactions, 64
energy metabolism, 634
etiology, 638–640
fentanyl, 680
future considerations, 646
medications, 64
pharmacology, 640–642
propofol, 680
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Liver failure, 915
acute

associated with, 699
bacterial infections, 915
cerebral herniation, 654

associated with, 691
Food and Drug Administration (FDA),

693
norepinephrine concentrations in the

brain, 674
prevention of acute renal failure, 656
toxin treatment options, 691

Liver function tests (LFT), 62, 635
Liver therapies

cell source, 695
Liver transplantation

prognostic scoring systems, 659
survival rates, 691
thromboelastogram (TEG), 660

Liver-associated lymphocytes, 690
Locke, John, 284
Logistic organ dysfunction system, 1282
Logrolling technique

trauma prevention, 1190
Long-term ventricular assist device,

414–415
Loop diuretics

traumatic brain injury (TBI), 210
Lorazepam, 85
Lower extremities, 1012–1016

amputation, 1192
DVT

diagnostic tests of, 1012
prevention of, 1013
treatment of, 1013

rehabilitation, 1190
LPA. See lysophosphatidic acid (LPA)
LPS. See lipopolysaccharide (LPS)
LSTAT. See life support for Trauma and

Transport (LSTAT)
Lubelazole

glutamate release, 17
Lumbar spine

computed tomography (CT) of burst
fracture, 226

Lund protocol, 212
objectives, 14, 212
table, 212

Lundberg’s waves
schematic representations of, 132

Lungs. See also acute lung injury (ALI)
compliance, 25–27
elasticity, 25
gas exchange, 28–31
infections

bronchoscopy diagnosis for, 495
diagnosis, 495

injury, 539
direct, 539
indirect, 539
oxygen-induced, 460
severe

treatment of, 516
ventilator-induced, 512

nonpulmonary function, 40
pressure–volume curve representation,

27
protective strategy, 462, 477

PEEP, 513
relaxation pressure–volume curve,

26
ventilation, 28

[Lungs]
volume

changes, 39
total lung capacity, 24

zone division, 28
LVAD. See left ventricular assist device

(LVAD)
LVEDV. See left ventricular end diastolic

volume (LVEDV)
Lymphatic drainage

mesothelial cells, 876
Lymphocytes, 1029, 1030

bone marrow derived, 908
forms of, 1029

Lymphocytosis, 1034
Lymphopenia, 1034

corticosteroid therapy, 1034
Lysophosphatidic acid (LPA), 755

Ma Huang
dysrhythmia, 371

Macrocytic anemia
RBC size, 962

Macronutrients
parenteral nutrition, 607

Mafenide (Sulfamylon), 944
Magnesium, 1094

asymptomatic deficiency, 788
disorders, 787
pediatric, 274

Magnetic resonance
cholangiopancreatography (MRCP),
708, 889

Magnevad, 421
Major histocompatibility complex (MHC),

908
Major trauma

alteration pharmacokinetic parameters, 65
Malignancy-related hypercalcemia, 1098
Malignant hypertension

definition of, 303
Malignant hyperthermia (MH) syndrome,

815
Malnutrition

physical examination, 570
Malpractice

court cases of, 1207
MALT. See mucosa-associated lymphoid

tissues (MALT)
Managed care, 1210, 1244, 1248
Mannitol, 753

osmotic diuretic, 210
Manual intermittent technique

BP measurement, 159
MAOI. See monoamine oxidase inhibitor

(MAOIs)
MAP. See mean arterial pressure (MAP)
MARS. See molecular adsorbent

recirculating system (MARS)
Mask airway devices, 553
Masks

aerosol, 489
Massive transfusion, 1062

definition, 991
Massive volume resuscitation

side effects, 804
Maximum voluntary ventilation

(MVV), 528
May-Thurner syndrome, 1016, 1023
MBT. See mean body temperature (MBT)
MCA. See middle cerebral arteries (MCA)
MDI. See metered dose inhaler (MDI)

Mean arterial pressure (MAP)
pulmonary vein circulation, 158

Mean body temperature (MBT)
changes by intravenous fluid

administration, 192
Mechanical assist devices

cardiopulmonary, 407–423
future considerations, 418

Mechanical ventilation, 477, 505–520
art and science of, 525
barotrauma, 519
complications, 517–518
future considerations, 519
history, 505
indications, 506, 507
lung protective strategies, 513–514
negative predictive value, 529
PEEP, 25
phases, 508–511
positive predictive value of, 529
posttraumatic stress disorder, 1158,

1159–1160
pulmonary toilet, 518
ventilator types, 507
weaning, 525–540

difficult patient, 536–539
future considerations, 540
methods, 534
parameters, 528–531
protocols, 534–536
sequence, 525–528
strategies, 531–536

withdrawing at end of life, 1227, 1228
Mechanical ventilators

internal machinery, 841
Medevac, 1261
Medial prefrontal cortex (mpFC), 1156
Medicaid, 1243

2004 expenditures, 1243
state experiments, 1245

Medical decision-making, 1200
Medical emergencies

remote management, 1253–1263
defined, 1254
financial and legal considerations, 1260
history, 1254
military considerations, 1261
technical aspects, 1255

Medical intensive care unit (MICU)
arteriovenous malformation, 246
intracerebral hemorrhage, 249

Medical resources
allocation, 1209–1210
rationing, 1210

Medical surrogacy
states process variations, 1201

Medical treatment
right to refuse, 1224

Medicare, 1242, 1251
out-of-pocket spending, 1243

Medicare Prescription Drug Improvement
and Modernization Act
of 2003, 1243

Medications. See also drug(s); specific drug
aerosolized, 496
anti-TB, 946
oral

enteral nutrition, 66
Megakaryocytes

definition, 893
stages, 983

Memory, 7
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Meningitis, 823
empiric therapy, 824
management, 823
pediatric, 270

Meningococcemia, 823
MEP. See motor evoked potentials (MEPs)
Meperidine

neurotoxic metabolite, 82
organ dysfunction of, 97

MEPP. See miniature endplate potentials
(MEPPs)

Mesenteric ischemia
risk factors for, 173

Metabolic acidosis, 795, 796, 808
ALF, 657

Metabolic alkalosis, 796
Metabolic autoregulation

CBF, 9
Metabolism, 8

enzyme induction, 640
monitoring, 569–579

Metered dose inhaler (MDI), 498, 499
albuterol, 290

Methadone, 82
bioavailability, 83

Methemoglobinemia
drugs that can cause, 436

Methicillin-sensitive Staphylococcus aureus
(MRSA), 818, 853

beta lactams, 931
Methylxanthines

N-acetylcysteine (NAC), 755
Metoclopramide, 472, 598
Metoprolol, 304
Metronidazole, 937–938

anaerobic infections, 938
brain tissue penetration, 270
central nervous system (CNS)

infections, 937
treatment of polymicrobial

infections, 937
MH. See malignant hyperthermia (MH)

syndrome
MHA. See microangiopathic hemolytic

anemia (MHA)
MHC. See major histocompatibility complex

(MHC)
MHTN. See malignant hypertension

(MHTN)
Microangiopathic hemolytic anemia

(MHA), 745, 1045, 1046
MicroMed DeBakey VAD, 419
MICU. See medical intensive care unit

(MICU)
Midazolam, 95

analgesia, 93
sedation, 93

Middle cerebral arteries (MCA), 3
Military

medical emergencies, 1261
Millwheel murmur, 1269
Milrinone, 302
Miniature endplate potentials (MEPPs)

motor end plates, 104
Minimally-conscious patients, 1193

range of motion (ROM), 1193
Minute ventilation, 530
Misoprostol

stress ulcers, 562
Missed drug review

rounds, 1237
Mitral stenosis, 393

Mitral valve
anatomy, 392
regurgitation, 394
systematic examination, 393
transesophageal echocardiography, 392

Mivacurium
intubated patients, 109

Miwatec Device, 423
Modafinil

narcolepsy treatment, 84
Modified pulmonary artery

catheters, 167
MODS. See multiple organ dysfunction

syndrome (MODS)
Molecular adsorbent recirculating system

(MARS), 693
Molecular therapy

pediatric, 274
Monoamine oxidase inhibitor

(MAOIs), 82
Monobactams, 932

hepatic dysfunction, 933
renal dysfunction, 933

Monocytes, 1028, 1030
Monocytosis, 1034

autoimmune disorders, 1034
chronic inflammatory process, 1036

Monro-Kellie Doctrine, 9, 125
Morgagni, Giovanni Batista, 284
Morphine

analgesia, 94
parenteral narcotics, 113

Mortality
anemia, 1068
prediction model, 1278

Mortality Prediction Model
(MPM), 1278

variables, 1279
Motor anterior horn cells

central pattern generation (CPG), 35
Motor evoked potentials (MEPs), 134

benzodiazepines, 135
inhaled anesthetic drugs, 135
propofol, 135

Motor nerve terminals, 104
schematic representation, 105

Motor spinal cord injury
scale assessment, 1188

Motor strength
grading scale for, 1184

Mouth
temperature monitoring, 195

MpFC. See medial prefrontal
cortex (mpFC)

MPM. See Mortality Prediction Model
(MPM)

MRCP. See magnetic resonance
cholangiopancreatography (MRCP)

MRSA. See methicillin-sensitive
Staphylococcus aureus (MRSA)

Mucosa-associated lymphoid tissues
(MALT), 597

Mucosal injury
multiple organ dysfunction syndrome

(MODS), 1132
Mucosal ischemia

gastric mucus production, 176
risk factors, 176

Multidisciplinary support
comfort care, 1230

Multiorgan donation
perioperative management of, 289

Multiple organ dysfunction syndrome
(MODS), 639, 1281

acidosis, 806
death, 476
elderly rates of mortality, 350
gut hypothesis of, 173

Muscle mass
diaphragmatic efficiency correlation, 38

Muscle relaxants
hepatic metabolism, 644

Mushroom poisoning
syndromes associated with, 657

MVV. See maximum voluntary ventilation
(MVV)

Mycobacterial pneumonia, 447
Mycophenolate, 72
Mycoplasma infection

treatment, 445
Myobacterial pneumonia

treatment of, 447
Myocardial contusion, 340, 351,

368–369
classic echocardiographic, 398
diagnostic criteria, 368
motor vehicle accidents (MVA), 340
transesophageal echocardiography, 398

Myocardial infarction
clinical diagnosis of, 347
diagnostic modalities for

detection, 346
due to atherosclerosis, 350
management of, 348
transesophageal echocardiography, 401

Myocardial ischemia, 337–350
diagnosis, 156, 343–347
due to atherosclerosis, 350
electrocardiogram (ECG) changes, 156
future considerations, 350
management of, 348
pathophysiology, 337–338
patient escalation, 338
precordial leads, 156
single-lead sensitivity, 345
therapy, 347
transesophageal echocardiography, 401
trauma patient, 351
treatment of, 156, 349

Myocardial oxygen supply
determinants of, 51

Myocardial perfusion
ischemia, 297

Myocardial toxicity
anesthetic administration, 81

Myoclonus
high-dose-opioid-induced, 84

Myocyte injury
biochemical tests of, 345

Myoglobin, 722
myocardial ischemia, 346

Myopathy
critical illness, 118–119

Myxedema coma, 1090

N-acetylcysteine, 754
nAChR. See nicotinic acetylcholine

receptor (nAChR)
Nalbuphine

opioid antagonist, 83
Nalidixic acid

history of, 942–943
Naloxone

opioid antagonist, 83
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NANC. See nonadrenergic, noncholinergic
nerves (NANC)

Narcotics
alpha frequency amplitudes, 133
beta frequency amplitudes, 133

Narrow complex tachycardia
differentiation, 363

Narrow-spectrum penicillin, 931
Nasal cannula, 488
NASH. See nonalcoholic steatohepatitis

(NASH)
Nasogastric (NG) tubes, 899
Nasopharynx

temperature monitoring, 193
National Committee for Clinical Laboratory

Standards (NCCLS)
vancomycin, 940

National health expenditures, 1242, 1250
National Heart Lung and Blood Institute

(NHLBI), 459
National Institute of Health (NIH)

transplanted neural stem cells, 233
National Study on the Costs and Outcomes

of Trauma (NCSOT), 1248
National Trauma Data Bank (NTDB) Report,

1247
Natriuretic peptides

renal perfusion, 727
Natural killer cells

peripheral lymphocytes, 909
Nausea

opioid induced, 83
NBSI. See nosocomial bloodstream

infections (NBSI)
NCCLS. See National Committee for

Clinical Laboratory Standards
(NCCLS)

NCSOT. See National Study on the Costs and
Outcomes of Trauma (NCSOT)

Near-drowning, 475, 476; See Vol. 1, Ch 35
acute respiratory failure and, 440

Near-infrared cerebral spectroscopy
(NIRS), 11

head injured patients, 151
jugular venous saturation, 151
regional oxygen saturation, 139

Neck injuries
therapeutic embolization, 266

Necrosis, 12
triggers, 12

Necrotizing fasciitis infection, 1272
Necrotizing soft tissue infection, 820, 821
NEDO Projects, 423
Needle catheter jejunostomy, 590
Negative pressure ventilators, 507

technology of, 507
Nellcor Easy Cap II

ETT placement, 145
Neo-Synephrine, 299

trauma resuscitation, 234
Neonatal intensive care units (NICUs)

TCO monitoring, 147
Neonates

nasal breathers, 39
respiratory physiology, 39–40

Neoplasms
pediatric, 271

Nephritis
acute interstitial

drugs commonly used in, 739
Nephrologists

US survey, 766

Nephrotic syndrome, 1011
treatment of thromboembolism, 1012

Nephrotoxic drugs, 722
ATN, 720

Nerve stimulation
patterns of, 114

Nesiritide
congestive heart failure (CHF) treatment,

728
Neural stem cells

process of transplanting, 233
Neuroblastoma

childhood, 272
Neurogenic pulmonary edema (NPE),

473–474
acute respiratory distress syndrome

(ARDS), 475
traumatic brain injury (TBI), 212, 474

Neurogenic shock, 323
causes, 327
management of, 328

Neuroinflammation
pediatric, 273

Neuroleptic drugs
neuroleptic malignant syndrome (NMS),

816
pharmacology of, 84

Neurological deficit
differential diagnosis of, 250

Neurological examination
levels of functioning, 1234

Neurological monitoring, 125–140
CBF monitoring, 135–138
future considerations, 140
ICP monitoring, 125–131
intracranial oxygen saturation

monitoring, 138–139
Neuromodulators

respiratory center, 36
Neuromuscular blockade, 103–119

antagonists, 109
future considerations, 119
indications, 112–113
monitoring, 113–115
peripheral nerve stimulator, 116
prolonged motor weakness, 117
traumatic brain injury (TBI), 209

Neuromuscular blocking (NMB) drugs,
103–104

administration by infusion, 111
aminoglycosides, 955
bolus technique, 111
classification of, 106
clinical practices of, 104
clinician education on, 119
deep sedation of, 78
disease state interactions, 110
drug interactions, 111
electrical stimulation patterns, 114
factors contributing to duration of, 117
free from long-term side effects, 119
intensive care unit (ICU) patients,

119–120
indications for use, 112
infusion dosing recommendations, 108
muscle relaxant effects, 110
myopathy, 66
nephrotoxic, 955
neuropathy, 66
neuromuscular junction (NMJ) in

intensive care unit (ICU) patients, 112
pharmacology history of, 103

[Neuromuscular blocking (NMB) drugs]
physiology history of, 103
postparalytic syndrome, 117
prevention of intracranial pressure

(ICP), 209
rapid sequence induction (RSI)

patients, 108
reversal tests of, 115
SCI, 875
tetanus, 113
thermoregulatory dysfunction, 188
traumatic brain injury (TBI) following

intracranial hypertension, 113
ulnar nerve-innervated hand

muscles, 116
Neuromuscular disease

EMG testing, 433
NMJ dysfunction, 433

Neuromuscular electrical stimulation, 1195
Neuromuscular junction (NMJ), 6, 104

anatomy, 104
direct muscular responses, 103
tests, 115

Neuronal injury
secondary, 224

block, 224
Neuropathic pain conditions, 86
Neurophysiology review, 1–17

anatomy, 1–7
future considerations, 17
pathophysiology, 11–17
physiology, 7–11

Neutral species
anesthetic, 81

Neutropenia, 1032, 1033
classification systems, 1033

Neutrophilia, 1032
causes of, 1032
OPSS, 1032
stress, 1032

Neutrophils
phagocytosis, 1030

NG. See nasogastric (NG) tubes
NHBOD. See non-heart-beating organ

donation (NHBOD)
NHLBI. See National Heart Lung and Blood

Institute (NHLBI)
Nicardipine, 306

indications for use of, 306
Nicotinic acetylcholine receptor (nAChR),

105
NICU. See neonatal intensive care units

(NICUs)
Nifedipine, 305

indications for use of, 305
NIH. See National Institutes of Health (NIH)
Nimodipine, 306

cerebral vasospasm, 297
traumatic brain injury (TBI), 211
treatment of vasospasm, 306

NIPPV. See noninvasive positive pressure
ventilation (NIPPV)

NIRS. See near-infrared cerebral
spectroscopy (NIRS)

Nitric oxide (NO), 1119
acute respiratory distress syndrome, 460
hemorrhagic shock, 1119
inhibitors, 1131

Nitrogen
balance, 573, 578
loss in catabolic states, 574
wound healing, 595

Index 1307



Nitrogen balancing
constant monitoring, 579

Nitroglycerin, 303
Nitroprusside, 303
NMB. See neuromuscular blocking (NMB)

drugs
NMJ. See neuromuscular junction (NMJ)
NO. See nitric oxide (NO)
No-decompression limits

sport divers, 1270
Nodal cells

action potential morphologies, 52
Nonadrenergic, noncholinergic nerves

(NANC), 29
Nonalcoholic steatohepatitis (NASH),

667–668, 670
Nonbenzodiazepine sedative-hypnotic

drugs, 85
Noncardiogenic pulmonary edema

anterior-posterior chest radiograph, 457
differentiation, 436

Noncerebral hematoma, 815
Non-heart-beating organ donation

(NHBOD), 288
Nonheparin agents, 1014
Noninfectious fever, 815

pancreatitis, 816
sources, 930

Noninvasive blood pressure (NIBP)
monitoring, 159

Noninvasive cardiac output monitoring
devices, 168

Noninvasive positive pressure ventilation
(NIPPV), 435, 516, 855

Nonmaleficence
vs. beneficence, 1225

Nonopioid tolerant patients, 83
Nonpulsatile flow

adaptation of, 418
Nonrebreathing masks, 487–489, 501
Nonsteroidal anti-inflammatory drugs

(NSAIDs)
acetaminophen, 80
analgesia, 80
Egyptians, 80
GI irritation, 80

Nonsustained ventricular tachycardia, 364
Nonthyroidal illness, 1087, 1089
Nonurgent thoracotomy

indications for, 472
Norepinephrine (Levophed), 299, 301
Normoamylasemia, 706
Normocaloric nutrition, 1078
Normochromic anemia

renal failure associated with, 967
Normoglycemia, 1076
Nosocomial bloodstream infections (NBSI),

864, 871
Nosocomial pneumonia, 448, 563, 565, 818

centers for disease control
definition, 848

strategies for decrease in, 449
Nosocomial sinusitis

intensive care unit (ICU) patients, 901
surgical drainage, 903
treatment factors, 905

Novacor
pump heads, 417
LVAD, 415

NPE. See neurogenic pulmonary edema
(NPE)

NRS. See numeric rating scale (NRS)

NSAIDs. See nonsteroidal anti-inflammatory
drugs (NSAIDs)

NTDB. See 2001 National Trauma Data Bank
(NTDB) Report

Nuclear cerebral blood flow, 286
Nucleotides, 595
Numeric rating scale (NRS)

pain assessment scores, 88
schematic representation of, 139

Nutrition. See also enteral nutrition;
parenteral nutrition

deficiencies, 971
hypocaloric, 1078
monitoring, 569–579

future considerations, 579
initial assessment, 569–578
pitfalls, 579

thrombocytopenia, 994
Nutrition support management guidelines,

584
Nutritional assessment

gold standard, 579
history of, 569

Nutritional depletion
associations with, 583

Nutritional status
physical characteristics, 571

Nyquist color Doppler
Nyquist limit, 383

Obesity, 594
Obstructive shock, 328–329

abdominal compartment syndrome, 329
cardiac tamponade, 329
causes, 313
hyperinflation, 329
management, 328
pulmonary embolism, 328
symptoms, 328

Occupational therapy
defined, 1182

Octreotide
acute pancreatitis, 711

Odansatron, 373
OIS. See organ injury scale (OIS)
Oliguria, 719–720

acute, 729
blood loss, 722
causes, 720
defined, 719
differential diagnosis, 721–722
GFR, 740
hypoperfusion, 730
pathophysiology, 720
pelvic trauma, 722
renal compromise, 723, 726–730
sonography evaluation, 725
urinary indices, 725

OMC. See osteomata complex (OMC)
Open abdomen

ACS, 626
goal, 627
indications, 885

Open lung strategy, 514
Open surgery

pancreatic necrosis, 715
Open visitation, 1145
Opioids, 81–83, 94

alternatives, 92
cardiogenic shock, 322
equianalgesic doses, 83
serum, 87

[Opioids]
side effects, 99
somatosensory evoked potentials (SSEPs),

135
OPO. See Organ Procurement Organization

(OPO)
OPS. See orthogonal polarization spectral

(OPS) imaging
OPSS. See overwhelming postsplenectomy

sepsis (OPSS)
Oral dietary supplements, 597, 602
Oral medications

enteral nutrition, 66
Oral temperatures

diurnal variation, 187
frequency distribution, 187

Oral thermometry
advantages, 195

Organ donation
brain death, 287–290
decision-making, 1216
procurement, 287
public education, 288
religion, 1216, 1219
requirements, 287

Organ dysfunction, 96
death, 786
scoring systems, 1280
weaning a patient, 536

Organ injury scale (OIS), 1276
Organ Procurement Organization

(OPO), 287
Organ systems

difficult-to-wean patient, 537
Organ transplantation, 1208–1209

brain death, 281
infections, 923
limitations, 1209

Organum vasculosum laminae terminalis
(OVLT), 813

Orlowski Score, 441
Orthogonal polarization spectral (OPS)

imaging, 330
Orthopedic trauma

rehabilitation, 1190–1191
Orthotopic liver transplantation, 658,

660, 765
Osmotic diuretics

traumatic brain injury (TBI), 210
Osteomata complex (OMC), 899

drainage pathways, 905
paranasal sinuses, 899

Osteoporosis, 1097
Overfeeding

enteral nutrition, 600
Overwhelming postsplenectomy sepsis

(OPSS), 823, 922
OVLT. See organum vasculosum laminae

terminalis (OVLT)
Oxidative stress, 13
Oximetry

acute respiratory failure, 435
Oxygen

alveolar partial pressure, 486
intracranial saturation, 138–139
monitoring, 147–151
peripheral chemoreceptors, 37
traumatic brain injury (TBI), 208
therapy, 486–489

complications, 489
Oxygen cascade

ambient air, 24

1308 Index



Oxygen consumption
hematocrit value, 1067
hemoglobin concentration, 1068

Oxygen delivery
critical limit, 1068
low flow devices, 487
reduction of, 41

Oxygen diffusion
impairment, 432

Oxygen transport
functional capacities of, 32

Oxygenation
disorders, 485–489
restoration of, 476

Oxyhemoglobin dissociation curve, 33

PACAP. See pituitary adenylate cyclase-
activating polypeptide (PACAP)

Paget’s disease, 1092
Pain, 77–79

assessment scores, 88
Descartes concept, 78
nonpharmacologic management, 1229
physiological assessment tools, 1229

Palliative care, 1206–1207
life support withholding or withdrawal,

1223–1230
Pancreas

anatomy, 703–704
function, 703
injuries, 712–713
venous drainage, 704

Pancreatic acini
progressive injury, 705

Pancreatic injury
American Association for the Surgery of

Trauma classification, 713
blunt trauma mechanisms, 712
diagnosis, 713
identification, 713
penetrating abdominal trauma, 715
penetrating mechanisms, 712
treatment, 713–714

Pancreatic necrosis
bacterial contamination, 710
computed tomography (CT)

demonstration, 707
identification, 707
mortality rates, 711
open surgery, 712

Pancreatic pseudocyst
computed tomography (CT), 712

Pancreatic trauma
intraabdominal injuries, 713
treatment, 714

Pancreatitis, 816, 1096. See also acute
pancreatitis

acute respiratory failure, 441
diagnosis of, 706
enteral nutrition, 586
etiologies, 705
gallstones, 705
surgical intervention, 711

Pancuronium, 65, 108
clinical use history, 108
renal failure, 120

Panton-Valentine leukocidin (PVL), 821
PAP. See pulmonary artery pressure

(PAP)
Parafollicular cells, 1092
Paranasal sinuses

computed tomography (CT), 900, 902

Paranasal sinusitis
fever, 905

Parathyroid glands
anatomy and physiology, 1093
dysfunction, 1093–1095
future considerations, 1099

Parathyroid hormone (PTH),
786, 1094

Parenchymal liver disease
vitamin K, 647

Parenchymal tissue damage
traumatic brain injury (TBI), 203

Parenteral carbohydrate
purpose of, 609

Parenteral fluids, 778
Parenteral nutrition, 605–614

administration routes, 605–606
carbohydrate, 609
complications, 611–612
diabetes mellitus, 613
electrolytes, 609
energy requirements, 607
essential fatty acid deficiency, 612
fat, 609
future considerations, 614
glycemic control, 611
hepatic failure, 613
implementation, 610
indications, 605
macronutrients, 607
micronutrients, 609
monitoring, 612
refeeding syndrome, 611
renal failure, 613
total

hepatic metabolism, 644
trace elements, 609

Parietooccipital cystic tumor, 271
Paroxysmal nocturnal hemoglobinuria

(PNH), 1031
Partial liquid ventilation, 477
Partial rebreathing mask, 488
Partial thromboplastin time (aPTT), 1045
Pathologic bradycardia

causes of, 357
Patient advocates

physicians, 1209
Patient controlled analgesia, 88
Patient delirium, 90
Patient history

rounds, 1234
Patient identification, 1239
Patient information systems

computerized, 1239
Patient transport, 1261
Pattern recognition receptors

(PRRs), 831
PAV. See proportional assist ventilation

(PAV)
PAWP. See pulmonary artery wedge

pressure (PAWP)
PCT. See procalcitonin (PCT)
PD. See psychological debriefing (PD)
PDGF. See platelet-derived growth factor

(PDGF)
PE. See pulmonary embolism (PE)
Pediatric head trauma

loss of consciousness, 275
Pediatric injuries

motor vehicle collisions (MVCs), 261
Pediatric propofol infusion syndrome

(PRIS), 98

Pediatric traumatic brain injury (TBI)
patients

ventricular drainage, 261
Pediatric trauma victims

mean age of, 261
PEEP. See positive end expiratory pressure

(PEEP) therapy
PEG. See percutaneous endoscopic

gastrostomy (PEG)
Pelvic veins, 1012–1016
Penetrating chest trauma

complication of, 341–342
Penetrating head injuries

intraventricular hemorrhage after, 253
Penetrating trauma

cardiac, 341
chest trauma, 465
pediatric, 263

Penicillin, 930
clindamycin, 820
hepatic dysfunction, 931
renal dysfunction, 931
treatment fir aspiration pneumonia, 819

Pennsylvania trauma outcome study (PTOS)
HIV disease in trauma, 917

Pentoxifylline, 1130
PEP. See positive-expiratory pressure (PEP)

therapy
Percussion, 492
Percussionator, 493
Percutaneous coronary intervention

evolution of, 349
Percutaneous endoscopic gastrostomy (PEG)

traumatic brain injury (TBI), 213
Percutaneous feeding tubes, 590–593
Percutaneous laparoscopy, 627
Percutaneous mechanical thrombectomy,

1021
Percutaneous tracheostomy

SCI patients, 231
Percutaneous transluminal coronary

angioplasty (PTCA), 341
angiogram of, 342

Perfluorocarbons, 976
Perfluorocarbons (PFC), 477

oxygen delivery agents, 976
Perfusion monitoring tool

advancements in the field of, 180
Perfusion ratios

schematics of, 30
Pericardial effusion, 396
Pericardial tamponade echocardiographic

signs, 397
Pericardial thrombus

mid-esophageal bicaval view, 396
Perioperative acute renal failure

risk factors for, 177
Perioperative renal failure

causes of, 176
Peripheral hypothermia

train-of-four (TOF) evaluation error, 117
Peripheral intravenous catheters

infections associated with, 819
Peripheral nervous system (PNS), 1

objective measurement of, 114
Peripheral sensory nerve fibers

primary nociceptors, 79
Peripheral vascular surgery, 1064
Peritoneal dialysis, 763
Peritoneal membrane, 875
Peritoneum

physiology, 875
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Peritonitis, 884–885
enteral nutrition, 586
primary

diagnosis, 884
fluid resuscitation, 884

tertiary, 885
Permissive hypercapnia, 516
Personal computers

high-speed development, 1255
PET. See positron emission tomography

(PET)
PFC. See perfluorocarbons (PFC)
Pfeiffer’s syndromes, 273
Pharmacodynamics, 61
Pharmacokinetics, 59
Pharmacological paralysis

critical ill patient complexities associated
with, 118

Pharyngeal muscle
age-related loss, 42

Phenylephrine (Neo-Synephrine), 299
trauma resuscitation, 234

Phenytoin, 70
glutamate release, 17
seizures, 244
seizure treatment, 211

Phillips’ Rule of Hundreds, 289
Phlebotomy, 970

intensive care unit (ICU) anemic
patients, 977

Phlegmon, 879
pH monitoring

gastric, 172–174
Phosphorus disorders, 788
Photo plethysmography

BP measurement, 160
PHTH. See post head trauma

hypopituitarism (PHTH)
Physical therapy (PT)

adult considerations, 1194
animal-assisted therapy, 1196
chest, 491

traumatic brain injury (TBI), 211
common abbreviations, 1182
defined, 1181
devices used in, 1182
pediatric consideration, 1194
rehabilitation discharge, 1197
rehabilitation goals, 1196

Physicians
attitudes and behavior, 1199
patient advocates, 1209

PIOPED. See Pulmonary Embolism
Diagnosis (PIOPED)

Pipercuronium
steroids, 104

Pits cells, 690
Pituitary adenylate cyclase-activating

polypeptide (PACAP)
vasoactive intestinal peptide, 1133

Plain old telephone service (POTS), 1255
Plaque heterogeneity

range of, 340
Plasma cholinesterase activity

factors affecting, 107
Plasma osmolarity (Posm), 776
Plasma potassium

treatment of abnormalities, 35
Plasma protein binding competition

drug distribution, 67
Plasmapheresis, 658

high-volume, 692

Platelet splenic sequestration
physiologic, 984

Platelet transfusion refractoriness
immune causes of, 997
nonimmune causes of, 997

Platelet transfusion triggers, 998
evaluation of, 997

Platelet-activating factor, 1132
Platelet-derived growth factor (PDGF), 667
Platelets, 983–987, 1059

count, 987
distribution, 984
fixed requirement, 986
function, 986
myelodysplasia, 989
physiology, 983
transfusion, 989, 1060

risk factors needed for, 1060
Pleural pressure

heart circulation, 37
Plummer disease, 1090
PMN. See polymorphonuclear neutrophils

(PMN)
Pneumatic nebulizers, 490
Pneumonia. See also ventilator associated

pneumonia (VAP)
aspiration, 819
bacterial, 442
community-acquired, 442
enteral nutrition, 599
fungal, 447
management, 244
mycobacterial, 447
nosocomial, 448, 818
pulmonary infiltrates, 847
viral

acute respiratory failure, 446
Pneumonitis

aspiration, 442
Pneumothorax, 467, 539

tension, 54, 55, 329
obstructive shock, 329

PNH. See paroxysmal nocturnal
hemoglobinuria (PNH)

PNS. See peripheral nervous system (PNS)
Poiseuille’s equation, 26
Polio

tracheostomy, 506
Polymorphonuclear neutrophils (PMN),

458, 908
trauma injuries, 922

Polyneuropathy
critical illness, 118

Pontine intracerebral hemorrhages, 248
Portal circulation

drawing of, 634
Positive end expiratory pressure (PEEP)

therapy, 477, 492
Positive end-expiratory pressure, 166
Positive pressure ventilators, 507
Positron emission tomography (PET), 11,

137
Posm. See plasma osmolarity (Posm)
Post head trauma hypopituitarism (PHTH),

274
Post-tetanic stimulation twitch

pattern of stimulation of, 116
Post-thrombocytopenia thrombocytosis, 985
Posterior fossa

in children, 260
Postextubation stridor

patient high risk for, 555

Postjunctional acetylcholine receptor, 104
Postoperative hypovolemia, 726
Postoperative renal failure

preoperative risk factors, 723
Postparalytic syndrome, 117
Postsplenectomy sepsis, 823
Postsplenectomy vaccination guidelines,

913
Posttraumatic splenectomy patients

common vaccines administered, 914
Posttraumatic stress disorder (PTSD), 1143,

1155–1173
anesthesia, 1157
antiadrenergic agents, 1170
antipsychotics, 1171
benzodiazepines, 1170
care screen, 1172
civilian checklist, 1162, 1163
cognitive behavior therapy, 1167
cortisol use, 1172
definition, 1155, 1173
depression, 1165
diagnostic criteria table, 1160
dissociative symptoms, 1174
drug therapy, 1168–1169
early interventions, 1166
early recognition, 1163
emerging therapies, 1171
eye movement desensitization, 1168
future considerations, 1173
group therapy, 1168
impact of trauma interventions, 1157
long-term follow-up, 1172
mechanical ventilation, 1158, 1159–1160
motor vehicle collision (MVC), 1158
multimodal treatment, 1171
neurobiology, 1156–1157
neuroendocrine changes, 1157
predictor levels, 1165
psychotherapy, 1167–1169
structural changes, 1157
symptom management, 1166–1167
symptoms, 1170
treatment goals, 1165, 1174
triggers, 1162

Posttraumatic subarachnoid hemorrhage
computed tomography (CT), 205

Postural drainage, 491
Potassium disorders, 784
Potassium flux

repolarization, 51
Potassium-related electrophysiological

changes
electrocardiogram (ECG), 374

POTS. See plain old telephone service
(POTS)

PRCA. See pure red-cell aplasia (PRCA)
Pregnancy

respiratory physiology, 40
Preload, 297
Prerounding, 1233
Presentation on rounds, 1233–1237
Pressors

isolated hypovolemic shock, 321
Pressure control ventilation, 510
Pressure release ventilation

airway, 514
Pressure sores

spinal cord injury critical care
management, 232

Pressure support ventilation (PSV), 512, 520
weaning, 532, 533
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Presynaptic neuronal depolarization, 5
Primary adrenal insufficiency

laboratory findings, 1107
Primary axonotomy, 12
Primary biliary cirrhosis

treatment, 670
Primary hemostasis

components, 986, 1001
determinants, 986

Primary hyperparathyroidism, 1097
Primary motor cortex, 2
Primary peritonitis

diagnosis, 884
fluid resuscitation, 884

Primary sensory cortex
sensory homunculus, 2

Pringle maneuver, 803
PRIS. See pediatric propofol infusion

syndrome (PRIS)
Privacy

comfort care, 1230
Probiotics, 597
Procainamide, 70
Procalcitonin (PCT), 1092, 1116, 1117

serum, 1118
Progesterone, 1122
Proinflammatory cytokines, 1117
Proinflammatory mediators, 1042
Prolonged unconsciousness

children, 264
Prone ventilation, 516
Prophylaxis

antibiotics, 928
antiviral drugs, 949
IVC filters, 474
platelet transfusion, 998

Propofol, 85, 94, 297, 537
sedation, 575
side effects, 95

Proportional assist ventilation
(PAV), 519

Prostacyclin
anti-inflammatory option, 1131

Prostaglandins
gastric mucosal barrier, 558

Protease inhibitors, 1132
Protein

acute phase, 574
binding, 60
critical illness, 608
estimation, 578
metabolism, 635
parenteral nutrition, 607

Protein-binding alterations
ill patients, 74

Protein C, 1039, 1041
activated, 951–952, 1041, 1048

Protein C Worldwide Evaluation in Sepsis
(PROWESS), 1123

Protein S, 1039
Prothrombin time, 1045
Proton pump inhibitors

stress ulcers, 562
PROWESS. See Protein C Worldwide

Evaluation in Sepsis (PROWESS)
Proximal muscles

flaccid paralysis, 117
PRR. See pattern recognition receptors

(PRRs)
Pseudomembranous colitis

treatment, 891
Pseudomonas, 853

Pseudomonas aeruginosa, 927
ventilator associated pneumonia

(VAP), 853
Pseudothrombocytopenia, 987
Pseudothrombocytosis, 988, 1001
PSV. See pressure support ventilation (PSV)
Psychodynamic therapy

posttraumatic stress disorder, 1168
Psychological debriefing (PD)

definition, 1166
PT. See physical therapy (PT)
PTCA. See percutaneous transluminal

coronary angioplasty (PTCA)
PTH. See parathyroid hormone (PTH)
PTOS. See Pennsylvania trauma outcome

study (PTOS)
PTSD. See posttraumatic stress disorder

(PTSD)
Pulmonary artery

capillary occlusion pressure
clinical scenarios, 388

catheterization, 163–166, 741
modified, 167

temperature monitoring, 194
Pulmonary artery pressure (PAP)

barotrauma relationship, 513
CVP, 48

Pulmonary artery wedge pressure (PAWP)
CVP, 162

Pulmonary barotrauma
AGE, 1269

Pulmonary capillary hypertension, 477
Pulmonary circulation, 27

hormones effect, 41
PVR, 27

Pulmonary contusions, 466
Pulmonary disease

collagen-vascular
acute respiratory failure, 438

Pulmonary edema
definition, 475
neurogenic, 473–474

Pulmonary embolism (PE), 403, 473–474,
1017–1018, 1184

diagnosis, 1017, 1018
echocardiographic findings, 402
following DVT, 328, 1023
obstructive shock, 328
symptoms, 328
transesophageal echocardiography, 401
treatment, 474
treatment for, 1018
treatment of, 329

Pulmonary Embolism Diagnosis (PIOPED),
474

Pulmonary embolus
trauma, 1007

Pulmonary embolus prophylaxis
ACCP recommendations for, 229

Pulmonary formulas, 596
Pulmonary hygiene

aggressive forms, 1229
Pulmonary infiltration severity

respiratory failure severity correlation,
436

Pulmonary oxygen transfer
estimation methods, 148

Pulmonary physiology
advancement of, 42

Pulmonary physiology review,
23–41

future considerations, 41

Pulmonary tuberculosis
symptoms, 447

Pulmonary vascular permeability, 476
Pulmonary vascular resistance

lung volume relation, 29
Pulmonary vascular system

elucidation of mechanisms, 42
network in health, 56

Pulmonary vascular tone
local tissues involved in, 29

Pulmotor, 506
Pulsatile flow, 417

superiority, 426
Pulse

monitoring, 155
Pulse oximetry, 150

artifact, 150
principles of, 152

Pure red-cell aplasia (PRCA), 971
PVL. See Panton-Valentine leukocidin (PVL)
Pyrazinamide, 946
Pyrogens

classifications, 813

Q-fever, 445
QT prolongation, 372

clinical conditions associated with, 373
Quinolines

dosing, 943
Quinolones, 942–944
Quinupristin, 938–939

RAA. See renin-angiotensin-aldosterone
(RAA) system

Radial artery catheterization
ischemic risk predictors, 161

Radio frequency ablation (RFA)
treatment of, 362

Radiographic jejunostomy placement, 593
Radiographic shunt survey

children, 270
Ramsay sedation score (RSS), 89
Range of motion

table, 1185
Ranson criteria, 708
Rapid eye movement (REM) sleep, 11
Rapid shallow breathing index (RSBI),

528, 530
clinical practice, 530
respiratory rate (RR) of, 530
weaning parameters, 550

Rash
drug induced, 72

RASS. See Richmond agitation sedation scale
(RASS)

Raynaud’s disease, 150
Raynaud’s syndrome, 161
RBC. See red blood cells (RBC)
RBF. See renal blood flow (RBF)
Rebreathing mask

air flow, 488
Rebreathing systems, 487
Reclining wheelchair, 1186
Recombinant factor VIIa, 1061
Recombinant human hemoglobin, 976
Rectum

temperatures, 195, 196
Red blood cells (RBC), 1058

Hg, 32
properties of, 33
storage of, 1058–1059

REE. See resting energy expenditure (REE)
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Refeeding syndrome, 614
enteral nutrition, 601
parenteral nutrition, 611

Regional anesthesia, 192
Regional ventricular function

contraction patterns of, 391
Regional wall motion, 405
Rehabilitation, 1181–1195

discharge planning, 1186
future considerations, 1195
needs assessment, 1185
occupational therapy, 1182
outcome prediction, 1195
physical therapy, 1181
psychological, 1195, 1197

Reinfusion
hemoglobin, 1066

Reintubation
causes of difficulty, 549

Religion
brain death, 283
end of life, 1216, 1218–1219
organ donation, 1219

REM. See rapid eye movement
(REM) sleep

REMATCH
results summary of, 416

Renal blood flow (RBF)
detection, 176
determinants, 720
MAP, 721

Renal blood supply, 172
Renal cortex

anatomical features, 736
physiologic features, 736

Renal disease
chronic, 968

Renal dose dopamine infusion, 753
Renal dysfunction

ACS, 628
patient criteria for, 178
patients with increased risk, 745

Renal excretion
drugs, 62

Renal failure, 759, 770, 807, 915. See also
acute renal failure

acute respiratory failure, 441
anemia, 967
Color Doppler ultrasound, 179
evaluation, 740–742
hepatic toxicity prevention, 614
hypoperfusion, 735
intensive care unit (ICU) impact, 61
imaging technique uses, 181
immune dysfunction, 915
medications associated with, 177
parenteral nutrition, 613
pathogenesis, 735–738
patient evaluation, 613
power Doppler ultrasound, 179
respiratory failure and, 538

Renal failure index
sodium excretion, 725

Renal function
intraoperative measurements, 741

Renal glucose transport, 804
Renal hypoperfusion, 737

responses to, 721
Renal injury

computed tomography (CT) evaluation,
180

toxic ingestion, 656

Renal ischemia
hypotension, 759

Renal replacement therapy
indication for dialysis, 766

Renal structural changes
medications that cause, 62

Renal tubular function
physiologic tests of, 177

Renal tubule assist device (RTAD), 756
Renal vein thrombosis, 743, 1012, 1023
Renin-angiotensin-aldosterone (RAA)

system, 721, 737
Reperfusion

free radical-mediated damage, 315
Reperfusion injury

traumatic brain injury (TBI), 207
Repolarization

action potential, 8
RescueFlow, 726
Rescue mechanical circulatory assistance

ventricular assist device, 412
Residual gastric volume, 587
Resistant organisms

infection control measures, 928
Respiration, 23–24

effect on circulatory mechanics, 48
Respiratory acidosis, 433, 796, 803

renal compensation, 796
Respiratory alkalosis, 796

metabolic acidosis, 808
Respiratory care, 485–501

airway clearance techniques, 490
chest physical therapy, 491
future considerations, 501
humidification, 490
oxygen administration and, 480
postural drainage, 491
suctioning, 493

Respiratory center
neurotransmitters, 36

Respiratory compensation
acid-base disorders, 797

Respiratory distress. See acute respiratory
distress syndrome

Respiratory failure. See also acute
respiratory failure

anesthetic techniques, 478
classification, 429
definition, 41
mechanical ventilation, 459
patient management, 450
physical examination of, 435
recovery evaluation, 526
spontaneous breathing trial (SBT), 540
work of breathing (WOB), 526

Respiratory monitoring, 145–152
CO2 monitoring, 145–147
future considerations, 152
O2 monitoring, 147–152

Respiratory motor neurons
reflexes, 36

Respiratory muscles
innervation of, 230

Respiratory syncytial virus (RSV), 496
Respiratory system

heart muscle function, 37
salient changes, 38

Respiratory therapists (RT), 529
Resting energy expenditure (REE), 577

estimation of, 578
Resting membrane potential, 8
Resting packets, 1008

Restore Effective Survival in Shock
(RESUS), 975

Resuscitation, 626, 1205
acid-base status, 804
acute pancreatitis, 708
do-not-attempt resuscitation (DNaR)

orders, 1205
family, 1149
posttraumatic stress disorder (PTSD),

1157
Resuscitative thoracotomy, 471
Retained fetus syndrome, 1044
Retinal hemorrhages

vacuum cup extraction, 264
Revenues

critical care, 1245
Revised trauma score (RTS), 1276
RFA. See radio frequency ablation (RFA)
Rhythm, 297
Rib fractures, 467
Richmond agitation sedation scale (RASS),

89, 1236
Richmond bolt trephination, 129–130
Rifampin, 946
Right ventricular assist device

(RVAD), 407
Right ventricular function

echocardiographic, 392
Riker sedation agitation scale, 89
Riley model, 31
Riluzole

glutamate release, 17
Risk, Injury, Failure, Loss, End stage kidney

disease (RIFLE), 739
Riva-Rocci technique

BP measurement, 159
Robotics

computer-assisted surgical, 1254, 1263
Rocuronium, 108

succinylcholine, 120
trauma airway management of, 104

Ropivacaine, 81
Rounds

data categorization, 1233
presentation on, 1233–1237

Routes of administration, 87–88
RSBI. See rapid shallow breathing index

(RSBI)
RSS. See Ramsay sedation score (RSS)
RSV. See respiratory syncytial virus (RSV)
RT. See respiratory therapists (RT)
RTAD. See renal tubule assist

device (RTAD)
RTS. See revised trauma score (RTS)
RVAD. See right ventricular assist device

(RVAD)

Saccular aneurysms, 254
Sacral outflow

cell bodies, 6
SAH. See subarachnoid

hemorrhage (SAH)
Saline washing, 973
Sarcolemma

anatomic physiologic relationship, 50
Sarcoplasmic reticulum

anatomic physiologic relationship, 50
SARS. See severe acute respiratory

syndrome (SARS)
SAS. See sedation agitation scale (SAS)
SBP. See spontaneous bacterial peritonitis

(SBP)
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SCCM. See Society of Critical Care Medicine
(SCCM)

SCD. See sequential compression devices
(SCDs); sudden cardiac death (SCD)

SCI. See spinal cord injury (SCI)
SDD. See selective decontamination of the

digestive tract (SDD)
Sebastian syndrome, 989
Secondary active transport

primary active transport, 8
Secondary brain injury, 17, 19

causes, 205
Secondary neuronal injury, 224

block, 224
Secondary peritonitis

diagnosis, 884
Secretion management

weaning failure, 537
Sedation, 90–96, 1207

cardiogenic shock, 322
hepatic metabolism, 643
isolated injuries administration of, 92
pyramid, 78
scores, 89
traumatic brain injury (TBI), 209
TRS, 92–93
withdrawing therapy, 1227

Sedation agitation scale (SAS), 89
Sedatives

difficult-to-wean patients, 540
pharmacology, 84

Seizures, 11
arterial venous malformation (AVM), 245
hyponatremia, 213
traumatic brain injury (TBI), 207, 211

Seldinger technique, 591
Selective decontamination of the digestive

tract (SDD), 844, 1129
Self-determination, 1224
Self range of motion, 1184
Sellick’s maneuver, 472, 480
Semilogarithmic plot

neuromuscular block, 109
Sensation

grading scale, 1185
Sepsis, 829–838. See also indwelling vascular

catheter related infection and sepsis
adhesion molecules, 1120
anti-endotoxin strategy, 837
anxiety, 833–834
activated protein C (APC), 956
baseline cortisol, 836
blood product age correlation, 973
categories of microorganisms responsible

for, 918
cholestasis, 640
coagulation, 640
corticosteroids, 836
critical illness relationship, 786
defined, 829, 830
diagnosis, 830, 833–834
failure, 770
future considerations, 837
glucose, 836
hepatic response, 639–640
hyperlactatemia, 640
ICD-9 codes, 1134
intensive care unit (ICU), 838
immune response, 640
immunocompromised, 921
iNOS, 119
molecular mechanisms, 830–831

[Sepsis]
NO, 1131
organ systems involved, 832
pathogenesis, 829–833, 838
PIRO system for staging, 831
postsplenectomy, 823
protein C levels, 1041
related myopathy, 119
systemic inflammatory response

syndrome (SIRS) interaction, 1043
treatment, 835–836, 836

Sepsis dysfunction syndrome
gut hypothesis of, 173

Sepsis syndrome, 771
Sepsis-related organs

definitions, 1281
variables, 1281

Septic shock, 323
aggressive therapy, 330
ATN, 324
early goal directed therapy, 324
GI system, 324
hepatic function, 646
hypotension, 323
infection, 952
mortality predictors, 646
multimodal approach, 324
NAC, 646
norepinephrine, 324
pulmonary system, 323
response to infection, 323
steroids, 326

Septicemia, 992
Sequential compression devices (SCDs),

1237
Serotonin norepinephrine reuptake

inhibitors (SNRIs), 1169
Serratia marcescens

antibiotic resistance, 448
Serum

creatinine, 725
digoxin, 70
drugs, 64

Severe acute respiratory syndrome (SARS),
446–447

infection, 446
mechanical ventilation, 446
molecular mechanisms, 450
monoclonal antibodies, 447

Severe lung injury
treatment of, 516

Severity of illness scoring, 1275–1284, 1282
critical care scoring, 1277–1279
future considerations, 1282–1284
organ dysfunction scoring systems, 1279–

1282
purpose and utility, 1275
trauma scoring, 1276–1277

SGA. See subjective global assessment (SGA)
Shaken baby syndrome, 262

whiplash with, 262
Shared-decision making, 1225
Shock, 313–330. See also hypovolemic shock;

obstructive shock
anaphylactic, 326
cardiogenic, 321–323
cardiovascular system, 317
classification, 313
central nervous system (CNS)

dysfunction, 317
compensated, 316
definition, 313

[Shock]
distributive, 323–328
etiology, 314
fluid resuscitation, 319
future considerations, 330
gut-liver-lung axis response, 1129
hemodynamic parameters, 296, 317
hypotheses, 314
intervention techniques, 330
irreversible stage, 316
liver, 638
microcirculation failure, 315
mortality rates, 318
most common, 330
organ system effects, 317
pathophysiology, 314–315
preload amount, 319
renal system, 317–318
septic, 323

hepatic function, 646
stages, 316
uncompensated, 316

Short gut syndrome, 605
Short muscle group relaxation process, 1167
Shrapnel injury

blunt trauma, 465
penetrating trauma, 465

Shunts
calculation, 432
infection

pediatric, 270
malfunction

diagnosis, 276
SIADH. See syndrome of inappropriate

antidiuretic hormone (SIADH)
Sick euthyroid syndrome, 290
SICU. See surgical intensive care

unit (SICU)
Silvadene, 945

history, 945
pregnant women, 945

Silver nitrate, 944
history of, 944–945

Silver sulfadiazine (Silvadene), 945
history, 945
pregnant women, 945

Simplified acute physiology
score, 1278

SIMV. See synchronized intermittent
mandatory ventilation (SIMV)

Single lumen catheters, 867
Single photon emission computed

tomography (SPECT), 11, 138
Single-donor platelets

advantages, 1059–1060
bacteria, 1059–1060
transmitted infections, 1060

Sinonasal mucus
composition of, 899

Sinus cavity aspiration equipment, 903
Sinus infection isolates

intensive care unit (ICU) patients, 900
Sinusitis, 822, 899–905

anatomy, 899
antibiotics, 902
antimicrobial therapy for, 904
bacterial, 900
diagnosis, 901–902, 905
fungal, 900
future considerations, 905
microbial flora, 900
pathophysiology, 899–900
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Sinus node dysfunction, 357
resulting in bradycardia, 358
treatment of, 357

Sinus rhythm, 357
Sinus tachycardia, 360

definition of, 360
SIR. See systemic inflammatory response (SIR)
Sirolimus, 71

drug interactions, 72
SIRS. See systemic inflammatory response

syndrome (SIRS)
Skin surface temperature

core temperature reflection, 198
photograph of device for, 195

Skull fracture
pediatric, 262

SLE. See systemic lupus erythematosus
(SLE)

Sleep, 11
Sliding filament mechanism, 50
Sliding scale insulin, 613
Slow continuous dialysis, 763
Slow continuous ultrafiltration, 761
SMA. See superior mesenteric artery (SMA)
Small bowel

necrosis, 600
perforation, 886

Small tidal volumes, 477
Small-volume nebulizers, 498
SMX. See sulfamethoxazole (SMX)
SNRI. See serotonin norepinephrine

reuptake inhibitors (SNRIs)
Social Security Act, 1244
Society of Critical Care Medicine (SCCM),

171
Sodium, 178
Sodium channel blockers, 80
Sodium disorders, 779
Soft tissue infections

anaerobic organisms, 820
Somatosensory evoked potentials, 134
Somatostatin

acute pancreatitis, 711
Sorbent system (intermittent hemodialysis),

762, 763
Sound waves

definition of, 381
Spastic syndromes, 232
Spasticity

spinal cord injury critical care
management, 232

SPECT. See single photon emission
computed tomography (SPECT)

Speech, 7
Spetzler–Martin classification system, 246
Sphincter of Oddi, 705
Spina bifida

pediatric, 271
Spina bifida cystica, 271
Spinal cord, 3

blood supply, 4
cross-section, 3
ischemia

hypothermia, 192
lesions of, 233
perfusion pressure, 228
secondary damage

benefit of resuscitation, 228
tracts

function, 3
name, 3

venous drainage of, 4

Spinal cord injury (SCI), 539
acute

methylprednisolone, 223
rehabilitation path, 1189
schematic representation, 222

BP, 228
cardiovascular effects, 228
critical care management, 221–232

anatomy, 221
contractures, 232
deep venous thrombosis, 229
enteral nutrition, 231
future considerations, 232, 253
initial assessment, 223
pathophysiology, 221–222
pressure sores, 232
radiologic diagnosis, 223–225
systemic manifestations,

227–232
ulcers, 231
ventilator weaning, 229

enteral nutrition, 586
functional outcomes, 1189
GI bleeding, 231
grading systems, 223
methylprednisolone, 233
neurological conditions, 226
PAC, 228
phenylephrine, 227
primary injury, 221
radiologic evaluation, 223
rehabilitation, 1188–1189
respiratory mechanics affected, 229
resuscitation

fluids of choice, 228
secondary injury, 221
SICU length of stay, 221
sliding scale insulin regimen, 223
syndromes

characteristic with neurological
deficits, 227

treatment, 223
Spinal shock

spinal cord injury critical care
management, 227

Spine neoplasms
pediatric, 272

Spiritual support
family, 1146

Spirometry
incentive, 490

Splanchnic blood supply, 172
Splanchnic hypoperfusion

shock, 172
Splanchnic monitoring, 171

global resuscitation markers, 171
Spleen injury

preventable death cause in, 913
Splenectomy, 912

OPSS, 913
splenic rupture, 1000
vaccination recommendations, 914

Spontaneous bacterial peritonitis (SBP),
673, 884

Spontaneous breathing trial, 532
Spontaneous forceful inspiration, 48
Spontaneous inspiration

BP decrease, 48
Sputum

acute respiratory failure, 436
SPV. See systolic blood pressure variation

(SPV)

SRMD. See stress-related mucosal disease
(SRMD)

Stab wounds, 465
Stable angina pectoris

therapy of, 347
Stamm gastrostomy, 590
Staphylococcus

methicillin resistant, 853
Staphylococcus aureus, 272, 442, 907
Static pressure-volume curve, 514
Steatohepatitis, 642
Steatosis, 642, 644
Stellate cells, 690
Sterile technique

vein placement, 606
Steroids

critical illness myopathy, 119
myopathy, 118
systemic inflammatory response

syndrome (SIRS), 1127
traumatic brain injury (TBI), 210

Stewart SID methodology, 799, 803
Stomach

pH monitoring, 172–174
tonometry, 174

Streptococcus pneumoniae, 442, 905
Streptomycin, 935, 946
Stress

hormone, 1104
oxidative, 13
psychiatric care need, 1158
schematic representation responses to,

1158
Stress diabetes, 1075
Stress gastritis, 176

acute bleeding, 563
pathogenesis of, 557
patient malnutrition, 559
patients at risk, 563

Stress ulcers, 557–561
antacids, 562
bleeding states associated, 560
clinical signs and symptoms, 560
development stages, 559
enteral nutrition, 562
H2 receptor antagonists, 561
hydrogen ions, 559
misoprostol, 562
pathogenesis, 557
pathophysiology, 558–559
prevention, 563
prophylaxis, 560–561

drugs, 561
treatment, 561

proton pump inhibitors, 562
risk factors, 560
stages of, 565

Stress-induced hyperglycemia
burns, 1081
critical illness, 1081
trauma, 1081

Stress-related mucosal disease
(SRMD), 971

Stridor, 548
airway management, 438

Stroke
acute

magnetic resonance angiogram, 251
investigative studies, 251
magnetic resonance angiogram, 251
TCD applications, 136
uncommon causes of, 251
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Subarachnoid hemorrhage (SAH), 239–244
cardiac complications, 244
computed tomography (CT) diagnosis of,

239–240
DAI causes, 203
pneumonia, 244
TCD performance, 255
thromboembolism, 244
traumatic aneurysm, 275
traumatic brain injury (TBI), 204

Subdural empyema
pediatric, 270

Subdural hematoma
acute, 204
brain swelling, 262
pediatric, 262
traumatic brain injury (TBI), 203

Subglottic stenosis, 518
Subjective global assessment (SGA), 572
Sublingual capnography, 175

GRVs, 175
hemorrhage in penetrating trauma, 175
TRS, 175

Sublingual temperatures
electronic thermometer, 196

Succinylcholine, 106
butyryl cholinesterase activity, 106
depolarizing NMB drugs, 106
dosage administration of, 106
esmolol, 304
NMB prolonged duration, 120
potassium release, 107

Sucralfate, 561
stress ulcers, 561, 565

Suctioning, 493
Sudden cardiac death (SCD), 337
Suffering

nonpharmacologic management, 1229
Sulfamethoxazole (SMX), 942
Sulfamylon, 944
Sulfonamides, 942
Superior mesenteric artery (SMA), 171
Superior vena cava (SVC), 1010–1011

clot formation, 1022
syndrome, 1009

catheter-related, 1011
malignancy, 1010
symptoms, 1011

Supraventricular tachycardia (SVT), 362
Surfactant

acute respiratory distress syndrome, 460
Surgery resuscitation, 1136
Surgical airway, 554

history, 536
Surgical gastrostomy, 590
Surgical Infection Society

duration of antibiotic therapy, 883
Surgical intensive care unit (SICU)

cardiac dysfunction, 390
cardiac morbidity, 390
dialysis, 762
opioid-tolerant patients, 61
renal protection, 752
team members, 1239
trauma patient infection sites, 815

Surrogates
family members, 1225
legal authority, 1200
life-sustaining therapy, 1225

Surviving sepsis campaign guidelines, 325
Sustained monomorphic ventricular

tachycardia, 364

SVC. See superior vena cava (SVC)
SVR. See systemic vascular resistance (SVR)
SVT. See supraventricular tachycardia (SVT)
Swan Ganz catheters, 149, 307, 1229
Sympathetic nervous system, 5
Symptomatic thrombocytopenia

treatment, 989
Synbiotics, 597
Synchronized intermittent mandatory

ventilation (SIMV), 508, 509, 510
SBT

strategies of weaning comparison, 533
weaning, 532

Syndrome of inappropriate antidiuretic
hormone (SIADH), 15, 179, 213, 781

Synercid, 938–939
aerobic gram-positive microorganisms,

938
Systemic inflammation

surgical procedures of, 1125
Systemic inflammatory response (SIR), 846

fever, 846
leukocytosis, 846

Systemic inflammatory response syndrome
(SIRS), 69, 118, 431, 816, 991–992,
1043, 1095, 1113–1135

adhesion molecules, 1120
anesthesia, 1126
antioxidants, 1135
acute respiratory distress syndrome

(ARDS), 991
baseline cortisol, 836
burn injury effects, 911
cardiopulmonary bypass, 1126
compensatory anti-inflammatory

response syndrome (CARS), 1124
classification, 1113
defined, 830
development, 172
enteral nutrition, 586
evolution, 1134
genetics, 1135
gut, 1128
ICD-9 codes, 1134
immunomodulation, 1130–1133
infection, 838
inflammatory nature, 830, 1127
MODS, 586, 602, 1123, 1135
oxidant stress, 1135
pathophysiology, 838, 1134, 1135
persistence, 1050
predictive capability, 1125
resuscitation, 1127
sepsis, 829
sepsis syndrome, 1113, 1136
surgery, 1125
trauma, 835

Systemic lupus erythematosus Synercid
(SLE), 910

Systemic perfusion
intervention of, 426

Systemic vascular resistance (SVR)
hypotension, 833
liver, 655
MAP, 45

Systems review
rounds, 1235–1237

Systolic arterial blood pressure variation,
741

Systolic blood pressure
traumatic brain injury (TBI) mortality

association, 216

Systolic blood pressure variation (SPV), 730
Systolic papillary muscle attachment

diagnostic considerations, 4031

Tachycardia
definition, 295
symptoms, 365
wide complex, 365

Tachydysrhythmia, 360
atrial, 360
ventricular, 363

Tachypnea
metabolic acidosis, 808
respiratory alkalosis, 796

Tacrolimus, 71
drug interactions, 72

TademHeart, 413
TAI. See traumatic aortic injury (TAI)
Tamponade

transesophageal echocardiography, 401
TandemHeart pVAD, 413
Tardive dyskinesia (TD), 86
TBI. See traumatic brain injury (TBI)
TBW. See total body water (TBW)
TCA. See tricyclic antidepressant (TCA)
TCD. See Transcranial Doppler (TCD)
TCPCIRV. See time-cycled, pressure-

controlled inverse ratio ventilation
(TCPCIRV)

TD. See tardive dyskinesia (TD)
TDM. See therapeutic drug monitoring

(TDM)
TEE. See transesophageal echocardiography

(TEE)
Telemedicine, 1253

camera-phone, 1258
computer based elements needed, 1255
critical care, 1262
definition, 1254
example of use, 1257
future considerations, 1262
history, 1254
intensive care unit (ICU) data, 1260
Indian Ocean Tsunami, 1259
legal aspects of, 1261
military applications, 1261–1262
trauma care, 1262

Temperature
conversion factors, 186
measuring devices, 197
monitoring, 185–198

axilla, 196
bladder, 195
future considerations, 198
groin, 196
history of thermometry, 185–186
intermediate sites, 199
most reliable sites, 199
mouth, 195
nasopharynx, 193
normal, 186–187
preferred technique, 198
rectum, 195
sites, 193
thermoregulation, 188–189

Temporal lobes
destructive lesions, 1

TENS. See toxic epidermal necrolysis
(TENS)

Tension pneumothorax, 54
cascade of events, 55
obstructive shock, 329
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Teratomas
pediatric, 273

Tertiary adrenal insufficiency, 1105
Tertiary peritonitis

diagnosis, 885
Terumo Duraheart, 422

photograph of, 423
Testosterone, 1122
Tetracyclines, 935–936

mechanisms of action, 935
Thalamus, 1
Theophylline

effects, 372
toxicity, 372

Therapeutic antifibrotics, 681
Therapeutic bronchoscopy, 501
Therapeutic drug monitoring (TDM), 59,

68–69
dosage regimen, 68

Therapeutic intervention scoring system,
1279

Therapeutic plasma exchange
(TPE), 692

Thermal burns
hyperbaric oxygen (HBO), 1272

Thermal injury
trauma patients, 473

Thermometer, 193
origin, 185

Thermometry, 185
Thermoregulation, 188, 812

autonomic system integration, 190
behavioral system integration, 190

Thermoregulatory set point, 187
Thermoregulatory system

components of, 198
Thermoscope

calibrated, 186
schematic representation of, 186

Thiamine deficiency, 611
Thoracic outlet syndrome, 1009
Thoracoabdominal surgery

admission diagnosis of, 850
Thoracostomy tube drainage, 466
Thoracotomy

resuscitative, 471
Thoratec pump, 414
Thoratec VAS, 411
Thoratec Ventricular Assist Device, 410
Thorax

blast injuries, 370
external manipulation, 492
injury, 466
regional analgesia

respiratory failure, 99
SCI

pulmonary function comparison, 230
ventilatory muscle function, 230

spine, 225
team

heart removal, 291
lung removal, 291

trauma, 96
air embolism, 468
analgesia, 477–479
future management, 479
military conflicts, 479
morbidity, 477
mortality, 477
pain management, 478
regional analgesic techniques, 478
urban, 479

[Thorax]
trauma victims

cardiac injuries, 469
Thrombectomy

percutaneous mechanical, 1021
Thrombin

burst, 986
inhibitors, 1048
time, 1045

Thrombocytopenia, 983–1000, 987–989, 1045
abrupt onset, 990–991
alcohol-induced, 989
blood transfusion, 994
catheters, 987
coagulation testing, 988
disseminated intravascular coagulation

(DIC), 1042, 1046
dilutional

fluid resuscitation, 991
drug-induced, 992–994, 1060
heparin-induced, 1046, 1048
hereditary, 989
mortality rates, 992
mucocutaneous bleeding, 987
nutrition, 994
pathogenesis, 992
transfusion, 1061

Thrombocytopenic thrombotic purpura
(TTP)

chronic immune, 985
TPO, 985

Thrombocytosis
causes of, 999
post-thrombocytopenia, 985

Thromboelastogram
liver transplantation, 660

Thromboembolism, 473–474
acute respiratory failure, 438
treatment, 474

Thromboerythrocytes, 1000
Thrombolysis

DVT, 1018
Thrombopoietin (TPO), 984

basal levels, 984
physiology, 985
thrombocytopenic stress, 985

Thrombosis
Behcet’s disease, 1023
loss of regulatory mechanisms, 1039
massive PE, 1012
stroke, 249–250

Thymopentin, 1131
Thyroid gland

anatomy and physiology, 1085–1087
assays, 1088
axis, 1092
disease, 1085–1100

anemia, 967
disordered function, 1092
drugs, 1088
function tests, 1087
future considerations, 1099

Thyroid hormone
production, 1085
regulation, 1086
secretion, 1085
storage, 1085

Thyroid storm, 1091
symptoms, 1101

Thyroiditis, 1091
Hashimoto, 1090

Thyrotoxicosis, 817

Thyroxine, 1101
TIA. See transient ischemic attack (TIA)
Tidal breathing, 38
Tidal volumes

morbidity rates, 513
mortality rate, 513

Tigecycline
skin infections, 936

Time-cycled, pressure-controlled inverse
ratio ventilation (TCPCIRV), 514

setup, 515
Tinzandine

traumatic brain injury (TBI) treatment,
214

TIPSS. See transjugular intrahepatic
portosystemic shunting (TIPSS)

Tissue engineering, 756
Tissue factor, 1040
Tissue factor pathway inhibitor, 1041
Tissue oxygen monitoring, 151
Tissue perfusion

adequacy of, 309
TIVA. See Total Intravenous Anesthesia

(TIVA)
TMP-SMX. See trimethoprim-

sulfamethoxazole (TMP-SMX)
Tobramycin, 935
Tonometry

definition, 173
gastric, 174

Tonsillar, 14
Topical antimicrobials

burns, 944–945
Topical fibrin sealant, 970
Torsades de Pointes, 372, 377
Total artificial heart, 423
Total body washout, 692
Total body water (TBW), 775

intracellular space, 776
percentage of body weight, 776

Total intravenous anesthesia
(TIVA), 1126

Total parental nutrition (TPN), 469
electrolyte requirements for, 610
hepatic metabolism, 644
hyperosmolar, 614
indications, 606
lipid emulsions, 820
mineral requirements for, 610
nutrient requirements, 608
nutritional supplementation, 586
trace element requirements, 611
vitamin requirements, 611
water requirements, 607

Total urea nitrogen (TUN), 573
Tourniquets

anemia, 969
Toxic epidermal necrolysis (TENS), 297
Toxic hepatitis

clinical bleeding, 645
Toxic nodular goiter, 1091
Toxicity, 1270
TPE. See therapeutic plasma exchange

(TPE)
TPN. See total parental nutrition (TPN)
TPO. See thrombopoietin (TPO)
Trace elements

parenteral nutrition, 609
Trachea

awake-intubation technique, 450
prolonged intubation, 517–518
reintubation, 547
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Tracheobronchial tree
suctioning, 494

Tracheostomy, 534, 843
collars, 488
risks, 214
traumatic brain injury (TBI), 213
ventilator associated pneumonia (VAP),

843
TRALI. See Transfusion-related acute lung

injury (TRALI)
Transcranial cerebral oximetry, 139
Transcranial Doppler (TCD), 243

CBF velocity measurement, 135
cerebral vasospasm, 136
noninvasive method, 140
schematic representation of

reversal, 136
Transcutaneous pacing, 366
Transducer manipulations

terminology used for, 384
Transesophageal echocardiography (TEE),

376–403, 400, 742
acute trauma patients, 405
advantages, 400
anatomy, 383–384
aortic dissection, 402
aortic trauma, 396–398
aortic valve, 394
complications, 399, 401
contraindications, 399, 401
cross-sections, 383
diagnosis, 54, 399, 403
endocarditis, 394
future considerations, 403
hypovolemia, 401
indications, 382
left ventricular afterload estimation, 389
left ventricular failure, 401
left ventricular preload evaluation, 388
limitations, 400
mitral valve, 392
myocardial contusion, 398
myocardial infarction, 401
myocardial ischemia, 401
pericardial disease, 395–398
physics, 381
pulmonary embolism, 401
rescue, 400
right ventricular function, 391
sensitivity improvements, 400
tamponade, 401
transthoracic echocardiography, 400
valvular function, 392–394

Transfusion
blood, 972–973, 1058–1059,

1063–1065
complications, 1063–1065
emergency, 1062
exchange, 691, 1064
guidelines, 1056
inappropriate, 1064
massive, 1062
oxygenation, 1057
perfusion, 1057
thrombocytopenia, 1061
triggers, 1055

Transfusion-related acute lung injury
(TRALI), 999, 1063

Transgastric basal short-axis view, 387
Transgastric long-axis view, 387
Transgastric right ventricle view, 387
Transgastric two-chamber view, 387

Transient ischemic attack (TIA), 265
investigative studies for patients

with, 251
Transjugular intrahepatic portosystemic

shunting (TIPS), 676, 1011
esophageal varices, 677

Transluminal balloon angioplasty
vasospasm, 243

Transplantation, 918, 1193. See also liver
transplantation

mobilization, 1193
organ, 1208–1209

brain death, 281
Transvenous pacemaker, 367
Transvenous pacing

temporary, 367
Traube-Hering arterial waves

Lundberg “C” wave reflections, 131
Trauma

AIDS, 916
albumin levels, 60
alcohol, 816
algorithm for feeding, 585
antibiotic guidelines, 953
burn assessment, 1258
catheter insertion, 162
drug use, 816
ECLS, 418
economics, 1247–1248, 1251
epidural catheter, 479
evaluation, 1234
family members, 1145, 1147
gender, 1156
hemodynamic status, 91
hemostasis testing appropriate in, 988
history of organ transplantation, 918
history screen, 1164
HIV, 916
impaired primary hemostasis, 986
internal jugular venous access, 162
loss of life, 1151
mean hemoglobin concentration, 1056
monitoring gas exchanges, 152
motor vehicle accidents, 1248
NMB, 103
notifying family members, 1147
organ failure, 806
psychological first aid, 1166
PTSD, 77, 92
regionalization, 1263
renal failure detection, 181
resuscitation, 440, 793, 808, 1136
resuscitation suite, 77
sources of sepsis infection, 834
surgery

telepresence, 1259, 1263
survivors

ASD, 1173
PTSD, 1173

system
deaths, 1249
financial considerations, 1247
purpose of, 1247

teleconsults
common reasons for, 1257

thrombocytopenia, 1001
uncontrolled bleeding, 975
universal family needs, 1144
when they die, 1148

Trauma score (TS), 1276
systems, 1275

Trauma Whipple, 714

Trauma-associated coagulopathy
resuscitation, 1047

Trauma-associated hypothermia
morbidity influence of, 191

Traumatic aneurysms, 252
pediatric, 267

Traumatic aortic injury (TAI), 396
blunt

computed tomography (CT)
technology, 396

Traumatic asphyxia, 471
lung injuries, 471

Traumatic brain injury (TBI), 14, 201–215
aggressive fluid resuscitation, 208
agitation, 214
alcohol, 201
analgesic, 209
acute respiratory distress syndrome

(ARDS), 65, 213
arterial oxygen tension, 216
associated organ system complications,

212–213
barbiturates, 211
CBF, 215
cerebral infection, 207
chest physical therapy, 211
children mortality, 259
central nervous system (CNS) injury

absence, 826
consequences, 202
continuous intracranial pressure (ICP)

monitoring, 127
computed tomography (CT), 138
cytokines, 1121
cytotoxic cellular edema, 205
decompressive craniectomy, 211
dexmedetomidine, 209
DRS, 201
dying in the ICU from TBI, 214
endotracheal suction, 211
enteral nutrition, 213, 585
epidural hematoma, 203
family

intensive care unit (ICU), 215
fever, 207, 216
future considerations, 215
GOS, 201
hemodynamic instability, 766
herniation, 206
hydrocephalus, 207
hydrostatic, 205
hypercatabolic states, 19
hyperemia, 205
hyperglycemia, 19, 206, 211
hypermetabolic states, 19
hypernatremia, 212
hyponatremia, 212
hypotension, 206, 208
hypothermia, 211
infants, 264
intensive care unit (ICU), 203, 208–211,

214–215
dying, 214
rehabilitation, 214

interstitial edema, 205
intracerebral hemorrhage, 204
intracranial pressure, 208
ketamine, 86
loop diuretics, 210
lorazepam, 209
magnesium therapy, 275
management, 15, 208–212

Index 1317



[Traumatic brain injury (TBI)]
metabolic depression, 18
monitoring, 208
morbidity, 125
multimodal monitoring of, 208
neurogenic pulmonary edema, 212
neuromuscular blockade, 209
nimodipine, 211
osmotic diuretics, 210
outcome, 201–202
oxygen, 208
parenchymal tissue damage, 203
PEEP association, 209
primary brain injury, 202–204
primary brain tumors, 215
prophylaxis treatment, 70
propofol, 209
rehabilitation, 214
relatives, 202
secondary brain injury, 205–207, 274
sedative effects, 209
seizures, 207, 211
therapeutic hypothermia, 198
therapy, 201, 208–212, 215
tracheostomy, 213

Traumatologist
pharmacology awareness, 309

Treadmill training
body weight support, 1195

Tricyclic antidepressant (TCA)
analgesic effects, 87
drug intoxication, 372
toxicity, 372

Tricyclic toxicity
alkalinization, 372

Trigger phase
positive pressure breathing, 520

Triglycerides, 576
Trimethoprim, 942
Trimethoprim-sulfamethoxazole

(TMP-SMX), 69, 927
Triple-H therapy, 255
True shunt, 486
TS. See trauma score (TS)
TTP. See thrombocytopenic thrombotic

purpura (TTP)
Tube feeds

bacterial contamination, 600
intolerance, 597–599
tolerance, 598

Tuboovarian abscess, 893
composition of, 893
future reproductive ability, 893
pelvic inflammatory disease, 893

Tubular cell injury, 722
Tubular function

formulas used to assess, 179
Tubular necrosis

acute, 719
etiology, 742

Tumor necrosis factor alpha, 1130
TUN. See total urea nitrogen (TUN)
Two-channel electronic temperature

monitor, 194
Two-compartment lung model

schematic representation of, 149
Two-compartment pharmacokinetic

model, 60
Tympanic membrane

body temperature, 199
temperature monitoring, 194, 195

UCSD weaning protocol, 535

UFH. See unfractionated heparin (UFH)
Ulcers

clinical signs and symptoms, 560
complications, 562–563
prophylaxis, 561
risk factors, 560
spinal cord injury critical care

management, 231
Ultrafiltration

intermittent, 763
Uncal, 14
Uncompensated shock, 316
Unconjugated hyperbilirubinemia, 645
Unconsciousness, 11

prolonged
children, 264

Underinsured, 1244
Undertransfusion, 1064
Unfractionated heparin (UFH), 1010
Uniform Determination of Death Act, 283,

292
Uninsured, 1244
United States

health care costs, 1241, 1251
health care system, 1250

cost containment, 609, 1251
intravenous PPIs, 562
underinsured, 1241

United States National Institute of Health
transplanted neural stem cells, 233

Upper extremities
rehabilitation, 1191

Upper gastrointestinal perforation
diagnosis of, 885

Urban warfare
blast injuries, 466

Urea, 178
Uremia, 989
Urgent thoracotomy

indications for, 472
Urinary tract infections (UTI), 822

catheterized patients incidences, 231
Urine

formation, 720
output, 178, 741, 746

kidneys, 719
renal function measurements, 178
specific gravity, 742

Urosepsis, 822
UTI. See urinary tract infections (UTI)

Vacuum pack closure, 627
Valproic acid, 71
Valvular heart disease, 307

resuscitation considerations, 308
Vancomycin, 69, 940–941

adverse effects, 940
gram-positive infections, 69
MRSA infections, 942
risk of nephrotoxicity, 941
soil fungus, 940

Vancomycin-resistant enterococci (VRE),
868, 928

choice of drugs in treatment of, 939
VAP. See ventilator associated pneumonia

(VAP)
Variceal hemorrhage

endoscopic therapy, 682
management, 677
prophylaxis, 676
risk factors, 675
techniques, 677

Varicella-zoster infections, 950
Vascular anomalies

congenital, 267
Vascular catheter infections, 819
Vascular cell adhesion molecule (VCAM),

833
Vascular injury

traumatic brain injury (TBI), 204
Vascular malformations

pediatric, 272
Vascular shunting lesion

cranium, 275
Vasoactive intestinal peptide, 1133
Vasoconstriction

convection, 189
hypercapnia blunts, 10

Vasodilators, 304
Vasogenic cerebral edema, 14
Vasopressin, 754
Vasopressors, 299

sepsis, 836
traumatic brain injury (TBI), 211

Vasospasm
definition, 243
detection techniques, 243
PET, 243
SPECT, 243
traumatic brain injury (TBI), 207
treatment, 242
triple-H therapy, 243

Vaughn-Williams drug classification system,
365

VCAM. See vascular cell adhesion molecule
(VCAM)

VDU. See venous Doppler ultrasound
(VDU)

Vecuronium, 108
anesthesia, 108
liver disease, 210

Vein of Galen aneurysms, 267
pediatric, 267

Vena cava thromboses
medical etiologies, 1011
treatment of, 1011

Venous angiomas
computed tomography (CT) diagnosis of,

269
pediatric, 269

Venous Doppler ultrasound (VDU), 1010
Venous return, 45
Venous thrombi

percutaneous mechanical retrieval, 1021
Venous thromboembolism (VTE),

1007–1019
algorithm for, 1020
diagnosis, 1009
endothelial damage, 1022
future considerations, 1019
independent risk factors, 1020
pathogenesis, 1007–1009
prevention, 1019
prophylaxis following trauma

American College of Chest
Physicians (ACCP) recommen-
dations, 1018

risk factors, 1009
upper extremity, 1009–1010
venous stasis, 1009

Venovenous hemodiafiltration
continuous, 762

Venovenous hemodialysis
continuous, 761
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Venovenous hemofiltration
continuous, 761

Ventilation, 166. See also mechanical
ventilation

adaptive support
design of, 519

airway pressure release, 514
conventional modes, 508
high-frequency, 515–516
liquid, 516
noninvasive positive-pressure, 516
partial liquid, 477
perfusion, 431
prone, 516
synchronized intermittent mandatory,

509
variable patterns, 488

Ventilation ratios
schematics of, 30

Ventilation response curves
fan-shaped families of curves, 36

Ventilator associated pneumonia (VAP), 228,
505, 519, 818, 841–855

acute respiratory distress syndrome,
850

broncho-alveolar lavage, 847
diagnosis, 844, 845–849, 854
ETT, 842
fever, 846
traumatic brain injury (TBI), 856
independent risk factors, 850
infection, 519
intensive care setting, 842
leukocytosis, 846
mainstay of therapy, 851
mechanical ventilation, 850, 855
microbial isolates, 851
morbidity rates, 854
mortality rates, 854
outcomes, 854
pathophysiology, 841–845
prevention, 855
resistance, 851
risk assessment, 844, 850
scheduled rate of changes, 841
therapy, 851–853, 852, 853, 854
therapy-dependent mortality, 854

Ventilator weaning
spinal cord injury critical care

management, 229
Ventilator-induced lung injury (VILI),

512, 513
Ventilators

categorization, 520
health care worker cross contamination,

841
negative pressure, 507
positive pressure, 507

Ventilatory mode
choices of, 517

Ventilatory system failure, 433
VentrAssist LVAD, 422

Ventricular assist devices (VADs),
409–414

complications, 416–417
long-term, 414–415

Ventricular dysrhythmias
ill patients, 65

Ventricular muscle transmembrane
potential of, 366

Ventricular myocytes
action potential morphologies, 52

Ventricular puncture
approaches for, 128

Ventricular tachydysrhythmia, 363
Ventriculostomy, 9, 127

computed tomography (CT) of the brain,
210

insertion technique, 128
traumatic brain injury (TBI), 210

Venturi masks, 488
Verapamil, 305

indications for use of, 305
Vertebral artery injuries

angiography evaluation, 224
infants, 266

Vesalius, Andreas, 505
Viaspan, 291
Vibration, 492
VILI. See ventilator-induced lung injury

(VILI)
Viral hepatitis

time course, 639
Viral infections

antiviral drug availability in US, 956
most common seen in intensive care unit

(ICU), 949
Viral pneumonia

acute respiratory failure, 446
identification, 446

Virchow’s triad, 1021
components, 1007, 1022

Virtual reality exposure therapy (VRET),
1171

Viruses
antimicrobial drugs of choice, 949

Visceral organ transplantation, 287
Vision loss, 271
Visitation

open, 1145
Visual evoked potentials, 134
Vitamin D, 1094, 1096

disorders, 1098
renal conversion, 788

Vitamin K
anticoagulation drug, 1014

Vitamins
liver dysfunction, 635
parenteral nutrition, 609

Vocal cord paralysis, 518
Volume control ventilation, 510, 511
Volume cycle ventilators, 511
Volutrauma, 519
Von Willebrand disease, 1046

Von Willebrand’s factor, 779
Voriconazole, 948
VRE. See vancomycin-resistant enterococci

(VRE)
VRET. See virtual reality exposure therapy

(VRET)
VTE. See venous thromboembolism (VTE)

Waldenstrom’s macroglobulinemia, 799
Wallenberg syndrome, 266

SCI, 227
Warfarin

blood clotting proteins, 1015
Water intoxication

acute, 727
Waveform analysis, 145
Weaning. See also mechanical ventilation

difficult, 536–539
pressure support ventilation, 532
protocols, 534–535, 540
psychiatric issues, 537
strategy hybrids, 533
synchronized intermittent mandatory

ventilation, 532
traumatic brain injury (TBI), 213
ventilator

spinal cord injury (SCI) critical care
management, 229

Wegner’s glomerulotosis, 438
Weight loss, 571
Wheelchair

reclining, 1186
WHO. See World Health Organization

(WHO)
Wide complex tachycardia, 365
Wilson’s disease, 669
Wiskott-Aldrich syndrome, 989
Withdrawal

of life support, 1206–1207
during palliative care, 1223–1230
of therapy

technical details, 1227
Witzel tunnel, 590
WOB. See work of breathing (WOB)
Wolf-Parkinson-White syndrome, 361
Work of breathing (WOB), 27

acute disease states that increase, 526
equation, 527
infectious conditions, 539

World Health Organization (WHO)
palliative care, 1223

World War II
brain death advances, 292

Wu scope, 554
Wunderlich, Carl Reinhold, 186–187, 811

Zones of West
alveolar-vascular pressure relationships,

167
distribution of blood flow, 28

Zyvox, 939–940
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