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PREFACE

The second edition of Current Critical Care Diagnosis & Treatment is designed to serve
as a single—source reference for the adult critical care practitioner. The diversity of
illnesses encountered in the critical care population necessitates a well-rounded and
thorough knowledge of the manifestations and mechanisms of disease. Unique to the
discipline of critical care is the integration of an extensive body of medical knowledge that
crosses traditional specialty boundaries. This approach is apparent to intensivists, whose
primary background is in internal medicine, surgery, or anesthesiology. Thus, a central
feature of this book is a unified and integrated approach to the problems encountered in
critical care practice. Like other books in the Lange series, it emphasizes recall of major
diagnostic features, concise descriptions of disease processes, and practical management
strategies.

INTENDED AUDIENCE

Planned by a surgeon and an internist to meet the need for a concise, but thorough,
source of information, Current Critical Care Diagnosis & Treatment is designed to
facilitate critical care teaching and practice. Students will find its consideration of basic
science and clinical application useful during clerkships on medicine, surgery, and
intensive care unit electives. House officers will appreciate its concise descriptions of
disease processes and organized approach to diagnosis and treatment. Fellows, and those
preparing for critical care specialty examinations, will find those sections outside of their
primary disciplines particularly useful. Clinicians will recognize this succinct reference on
critical care as a valuable asset in their daily practice.



This book does not contain chapters on pediatric or neonatal critical care. These areas
are highly specialized and require entire monographs of their own. Further, we have not
included detailed information on the technical performance of bedside procedures such as
central venous catheter or arterial line insertion. Multiple, well-illustrated pocket manuals
are available for those readers who require basic technical information. Finally, we have
chosen not to include a chapter on nursing or administrative topics. Details on nursing
aspects of critical care can be found in a number of separate works.

ORGANIZATION

Current Critical Care Diagnosis & Treatment is conceptually organized into three major
sections: 1) fundamentals of critical care applicable to all specialties; 2) topics related
primarily to medical critical care; and 3) essentials of surgical intensive care. Early
chapters provide information about the general physiology and pathophysiology of critical
illness. The later chapters discuss pathophysiology using an organ or disease specific
approach. Where appropriate, we have placed the medical and surgical chapters in
succession to facilitate access to information.

OUTSTANDING FEATURES

- Concise, readable format, providing efficient use in a variety of clinical and academic
settings.

- Edited by both a surgical and medical intensivist, with contributors from multiple
specialties.

* [llustrations chosen to clarify basic and clinical concepts.

* Careful evaluation of new diagnostic procedures and their usefulness in specific
diagnostic problems.

- Up—to—date drug selection and dosing guidelines.

- Carefully selected key references in /ndex Medicus format, which provide all information
necessary to allow electronic retrieval.
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1. Philosophy & Principles of Critical Care — Darryl/ Y. Sue, MD,
& Frederic S. Bongard, MD

INTRODUCTION

Critical care is unique among the specialties of medicine. While other specialties seek to
narrow the focus of interest to a single body system, a particular therapy, or a particular
age group, critical care is directed toward patients with a wide variety of illnesses. All
have the common denominator of extreme severity of existing disease or the potential to
develop severe complications from the disease or its treatment. The variety of illnesses
seen in a critically ill population necessitates a well-rounded and thorough knowledge of
the manifestations and mechanisms of disease. The severity of the disease requires an
approach to the patient that is simultaneously global and focused, dependent on large
accumulations of accurate data, and well integrated. Although practitioners of critical care
medicine—sometimes called “intensivists“—are often specialists in pulmonary medicine,
cardiology, nephrology, anesthesiology, surgery, or critical care itself, the ability to provide
effective critical care is in all cases dependent on the principles of patient management in
internal medicine and surgery. Therefore, critical care might be considered not a specialty
but rather a philosophy of patient care.

Do the practitioners of critical care medicine make a difference in patient outcome?
Several studies have shown that full-time intensivists do improve patient outcome. It can
be argued, however, that local physician staffing practices, interactions between primary
care clinicians, subspecialists, and intensivists, patient factors, and nursing and ancillary
support might play a much larger role in determining outcomes. Nevertheless, it is clear
that organization of the ICU, the use of protocols and guidelines, control of medications
and procedures, policies for infection control, and continued feedback on the quality of
care provided will be the focus of future studies.

The general principles of critical care are presented in this chapter as well as some
guidelines for those who are responsible for leadership of ICUs.

GENERAL PRINCIPLES OF CRITICAL CARE
EARLY IDENTIFICATION OF PROBLEMS

Critical care involves taking care of patients with severe life—threatening illnesses.
Therefore, it would be expected that such patients would manifest existing or imminent
dysfunction of one or more organ systems. These individuals are not likely to have normal
reserves of organ function and might be prone to develop—for example—renal failure,
respiratory failure, or heart failure more easily than other classes of patients.
Furthermore, there are definite causal relationships between failure of one organ system
and failure of others, such as cardiac failure contributing to renal insufficiency, or renal
failure associated with metabolic acidosis, platelet dysfunction, and hypocalcemia.
Treatment of organ failure also plays a role in the complex interaction between organ
systems. For example, mechanical ventilation of patients with respiratory failure
contributes to decreased cardiac output and resultant impaired renal, central nervous
system, or gastrointestinal dysfunction. Multiple medications are frequently prescribed,
each one necessary for treatment of a specific aspect of the patient’s problem, but the
greater the number of drugs, the greater the potential for adverse drug interactions.
Furthermore, it is clear that critically ill patients more frequently have drug toxicity and
side effects, and the complications of drug reactions are more severe, prolonged, and
associated with higher mortality rates.



Because of the high potential for complications in critically ill patients, the practitioner in
the ICU must remain alert to early manifestations of other organ system dysfunction, the
onset of complications of therapy, potential drug interactions, and other premonitory data
changes in symptoms, physical findings, laboratory data, and information obtained from
monitoring modalities. Meticulous attention to detail is essential for prevention of or early
intervention in a new problem.

EFFECTIVE USE OF THE PROBLEM-ORIENTED MEDICAL RECORD

Problem—oriented medical records have been in use for some time but are of special
importance in the ICU. In order to define and follow “problems” effectively, each should
be regularly reviewed and characterized. For example, if the general problem of “renal
failure” has subsequently been determined to be due to aminoglycoside toxicity, it should
be described in that way in an updated problem list. But even the satisfaction of
identifying a cause of renal failure may be short-lived. The same patient may
subsequently develop other related or unrelated renal problems, thereby forcing another
reassessment and a new problem for the list.

Furthermore, problems must not be restricted to “diagnoses.” An effective way to ensure
that intra— arterial catheters are not inadvertently left in place for too long is to list the
placement of the line as a “problem” to be addressed daily. Other “nonproblems” may
include nutritional support, prevention of deep vein thrombosis and decubitus ulcers, and
drug allergies. It may be useful to include nonmedical issues as well so they can be
discussed routinely. Examples are psychosocial difficulties, timely but unresolved
end-of-life decisions, and other questions about patient comfort. Finally, the patient’s
current problem—oriented medical record should be shared appropriately with
nonphysicians caring for the patient, a process that enhances communication, simplifies
interactions between staff members, and furthers the ultimate goal of improved patient
care.

MONITORING & DATA DISPLAY

A prominent characteristic of patient care in critical care units is continuous monitoring
by trained personnel. Although such monitoring is often thought of as limited to
electrocardiography, blood pressure measurements, pulse oximetry, and other automated
procedures, any regular collection of relevant data constitutes monitoring. Serial blood
glucose and electrolyte determinations, arterial blood gases, hourly or most frequent
ventilator settings and airway pressure variables, and body temperature, among others,
are part of ICU monitoring. While not frequently considered, daily weights may be
invaluable in determining the net fluid balance of a patient. Flowcharts of laboratory data
and mechanical ventilator activity, 24—hour vital signs records, graphs of hemodynamic
data, and lists of medications are indispensable tools for good patient care, and efforts
should be made to find the most effective and efficient ways of displaying such
information. Methods that integrate the records of physicians, nurses, respiratory
therapists, and others can be particularly useful.

Computerized data collection and display systems are increasingly found in ICUs. Some of
these systems import data directly from bedside monitors, mechanical ventilators,
intravenous infusion pumps, fluid collection devices, clinical laboratory instruments, and
other devices. Physicians, nurses, and other caregivers may enter progress notes and
information about medications administered and patient observations. Advantages of
computerized data systems include decreased time and effort for data collection and the
ability to display data in a variety of convenient formats, including flowcharts, graphs, and
problem—oriented records. Such data can be sent to remote sites for consultation, if
necessary. Computerized access to data facilitates research and quality assurance
studies, including use of a variety of prognostic indicators, severity scores, and ICU



decision—making tools. However, all data must be carefully reviewed before being
accepted as accurate, and some time is needed to familiarize personnel with the use of
these systems. Computerized information systems have the potential for improving
patient care in the ICU, but their benefit to patient outcome has not yet been determined.

SUPPORTIVE & PREVENTIVE CARE

For many patients in the ICU, an important aspect of care is the prevention of secondary
complications of disease and the side effects of treatment. Studies have pointed out the
high prevalence of gastrointestinal hemorrhage, deep venous thrombosis, decubitus
ulcers, inadequate nutritional support, hosocomial pneumonias, urinary tract infections,
psychologic problems, sleep disorders, and other untoward effects of critical care. Efforts
have been made to prevent, treat, or otherwise identify the risks for these complications.
As outlined in subsequent chapters, highly effective prophylactic management is available
aggressive intervention may be of value. For example, aggressive nutritional support for
critically ill patients is often indicated, both because of the presence of chronic illness
and malnutrition and because of the rapid depletion of nutritional reserves in the
presence of severe illness. Nutritional support; prevention of upper gastrointestinal
bleeding with antacids, Hy blockers, or sucralfate and deep venous thrombosis with

unfractionated or low—molecular—heparin; aggressive skin care; and other supportive
therapy should be included on the ICU patient’s problem list. Furthermore, the importance
of complications from indwelling vascular catheters suggests that these should be listed
as “problems” so they can be addressed daily.

Because of expense and questions of effectiveness and safety, studies of preventive
treatment of ICU patients are ongoing. For example, a multicenter study reported that
clinically important gastrointestinal bleeding in critically ill patients was most often seen
only in those with respiratory failure or coagulopathy (3.7% for one or both factors).
Otherwise, the risk for significant bleeding was only 0.1%. The authors suggested that
prophylaxis against stress ulcer could be safely withheld from critically ill patients unless
they had one of these two risk factors. On the other hand, about half of the patients in
this study were post—cardiac surgery patients, and the majority of patients in many ICUs
have one of the identified risk factors. Thus, there may not be sufficient compelling
evidence to discontinue the practice of providing routine prophylaxis for gastrointestinal
bleeding in all ICU patients.

Other routine practices have been challenged. For example, an important study showed
that routine transfusion of red blood cells in ICU patients who reached an arbitrary but
physiologic hemoglobin level did not change outcome when compared with allowing
hemoglobin to fall to a lower value. Outcome studies are ongoing for prevention of deep
venous thrombosis in surgery patients, following hip or knee replacement, and for medical
problems such as acute myocardial infarction or acute respiratory distress syndrome.
Important findings include differences in the need for preventive therapy, critical
differences in the intensity and type of therapy needed to prevent thrombosis, and the
benefits to be expected for different problems. Further studies are needed to define the
role of other preventive strategies.

ATTENTION TO PSYCHOSOCIAL & OTHER NEEDS OF THE PATIENT

Psychosocial needs of the patient are a major consideration in the ICU. The psychologic
consequences of critical illness and its treatment have a profound impact on patient
outcome. Leading factors include the patient’s lack of control over the local environment,
severe disruption of the sleep—wake cycle, inability to easily and quickly communicate
with critical care providers, and pain and other types of physical discomfort. Inability to
communicate with family members as well as concern about employment status, activities
of daily living, finances, and other matters further inflate the emotional costs of being



seriously ill. The intensivist and other staff members must pay close attention to these
problems and issues and consider psychologic problems in the differential diagnosis of any
patient’s altered mental status.

There is increased awareness of the potential harm to patients and problems for
caregivers of the ICU environment. The noise level is high (reported to exceed 60—-84 dB,
where a busy office might have 70 dB and a pneumatic drill at 50 feet might be as loud as
80 dB), notably from mechanical ventilators, conversations, and telephones, but especially
from audio alarms on ICU equipment. One study found that caregivers were unable to
discern and identify alarms accurately, including alarms that indicated critical patient or
equipment conditions.

Sleep disruption deserves much more attention. Very disruptive sleep architecture has
been identified in patients in the ICU. Frequent checking of vital signs and phlebotomy
were most disruptive to patients, and environmental factors were less of a problem to
patients surveyed.

UNDERSTAND THE LIMITS OF CRITICAL CARE

All physicians involved with critical care must become familiar with the limitations of such
care. Interestingly, physicians and other care providers may have to be reminded that
critical illness is and always will be associated with high mortality and morbidity rates. The
outcome of some disease processes simply cannot be altered despite the availability of
modern comprehensive treatment methods. On the basis of medical decisions and after
consultation with the patient and family, some patients will continue to receive aggressive
treatment; for others, withdrawal of care may be the most appropriate decision.

It is not surprising that critical care physicians, together with medical ethicists, have
played a major role in developing a body of ethical constructs concerned with such issues
as withholding or withdrawal of life support, determination of brain death, and feeding and
hydration. The critical care physician must become familiar with concepts of patient
autonomy, informed consent and refusal, application of advanced directives for health
care, surrogate decision makers, and the legal consequences of decisions made in this
context. It is also anticipated that the cost of care in the ICU will be increasingly
scrutinized because of economic constraints on health care.

There is evidence that care in the ICU improves outcome in only a small subgroup of
patients admitted. Some patients may be so critically ill with a combination of chronic and
acute disorders that no intervention will reverse or even ameliorate the course of disease.
Others may be admitted with very mild illness, and in such cases admission to the ICU
rather than a non—-ICU area does not improve the outcome. On the other hand, two other
subgroups emerge from this analysis of ICU patients. First, a small subgroup with a
predictably poor outcome may have an unexpectedly successful result from ICU care. A
patient with cardiogenic shock with a predicted mortality rate of over 90% who survives
because of aggressive management and reversal of myocardial dysfunction would fall into
this group. The other small group consists of patients admitted for monitoring purposes
only or for minor therapeutic interventions who develop severe complications of
treatment. In these patients with predicted favorable outcomes, unanticipated adverse
effects of care may result in severe morbidity or death.

Areas of critical care outcome research have, for example, focused on the elderly, those
with hematologic and other malignancies, patients with complications of AIDS, and those
with very poor lung function from chronic obstructive pulmonary disease, acute
respiratory distress syndrome, multiorgan failure, and pancreatitis. Much more needs to
be learned about prognosis and factors that determine prognosis, but it is essential that
data be used appropriately and not applied indiscriminately for individual patient decisions.



Alternatives to current care should be periodically reviewed and considered in every
patient in the ICU. Some patients may no longer require the type of care available in the
ICU; transfer to a lower level of care may benefit the patient medically and emotionally
and may decrease the risk of complications and the costs of treatment. Admission criteria
should be reviewed regularly by the medical staff. Similarly, ongoing resource utilization
efforts should be directed at determining which types of patients are best served by
continued ICU care.

ROLE OF THE MEDICAL DIRECTOR OF THE INTENSIVE CARE UNIT
INTRODUCTION

The medical director of the ICU has traditional administrative and regulatory
responsibilities for this patient care area. A leadership role is vital in establishing policies
and procedures for patient care, maintaining communication across health care
disciplines, developing and ensuring quality care, and helping to provide education in a
rapidly and constantly changing medical field. The medical director and the ICU staff may
choose to coordinate care in a number of areas.

PROTOCOLS & PRACTICE GUIDELINES

A survey of outcomes from ICUs concluded that established protocols for management of
specific critical illnesses can contribute to improved results. The medical director and
medical staff, nursing staff, and other health care practitioners may choose to develop
protocols that define uniformity of care or ensure that complete orders are written. Some
protocols may be highly detailed, complete, and focused on a single clinical condition. An
example might be a protocol for treatment of patients with suspected acute myocardial
infarction—the protocol could specify the frequency, timing, and types of cardiac enzyme
determination and the timing for ECGs and other diagnostic tests. Certain standardized
medications such as aspirin, heparin, angiotensin—converting enzyme inhibitors,
beta—adrenergic blockers, and agents used for conscious sedation might be recommended
in such a protocol, and the physician could choose to give these or not depending on the
particular clinical situation.

Another type of protocol can be “driven” by critical care nurses or respiratory therapists.
In these protocols, nurses or therapists are given orders to assess the effectiveness and
side effects of therapy and given freedom to adjust therapy based on these results. A
protocol for aerosolized bronchodilator treatment might specify administration of albuterol
by metered—dose inhaler, but the respiratory therapist would determine the optimal
frequency and dose on the basis of how much improvement in peak flow or FEV{ was

obtained and how much excessive tachycardia was encountered. The ICU medical
director may consider limiting the use of certain medications based on established
protocols. For example, some antibiotics may be limited in use because of cost, toxicity,
or potential for development of microbial resistance. Neuromuscular blocking agents may
be restricted to use only by certain qualified physicians because of the need for special
expertise in dosing or patient support. Protocols can take several different forms, and
patient care in the ICU may benefit from their development.

Physician practice guidelines are being developed for many aspects of medical practice.
Although some critics of guidelines argue that these are unnecessarily restrictive and that
elements of medical practice cannot be rigidly defined, practice guidelines may be useful
for diagnosing and treating patients in the ICU. Guidelines may vary from
recommendations for dose and adjustment of heparin infusion for anticoagulation to
specific minimum standards of care for status asthmaticus, unstable angina, heart failure,
or malignant hypertension. Practice guidelines will be found commonly in the ICU of the
near future, and ICU directors will be called upon to develop, review, accept, or modify
guidelines for individual ICUs.



QUALITY ASSURANCE

The medical director of critical care is obliged to participate in activities that evaluate the
quality of care provided in the ICU. Quality of care may be assessed by measurement of
patient satisfaction, analyzing frequency of delivery of care, monitoring of complications,
duration of hospitalization, analysis of mortality data, and in other ways. Patient outcome
may eventually emerge as the most effective global determination of the quality of care,
but such measures suffer from the difficulty in stratifying severity in very complex
patients with multiple medical problems. The development of protocols and programs to
measure and enhance the quality of care is beyond the scope of this presentation.
However, the medical and nursing leadership of the ICU must play key roles in any such
projects.

The medical director also plays an important role in granting privileges to practice in the
ICU. Competence in and experience with medical procedures must be investigated,
documented, and maintained for all physicians who use the service. While this is especially
important for invasive procedures such as placement of pulmonary artery catheters and
endotracheal intubation, consideration should be given also to developing and granting
privileges for mechanical ventilator management, management of shock, and other
nonprocedural care. Similarly, the skills and knowledge of nurses, respiratory therapists,
and other professionals in the ICU should be determined, documented, and matched to
their duties. For both physicians and nonphysicians, the ICU medical director has the
responsibility to develop standards for those who care for the patients in that unit.

It should be stressed that effective quality improvement activities go far beyond simple
data collection and reporting. A dedicated group of health care providers should meet
regularly to review the data, establish trends, and suggest methods for improvement. The
importance of “closing the loop” in the quality improvement process cannot be
overstated. Monitoring of outcomes after instituting change is an important part of this
activity and is mandatory if patient care is to be effectively and expeditiously improved.

INFECTION CONTROL

Nosocomial infections are important problems in the ICU, and their prevention and
management can provide insight into the effectiveness of protocols and quality assurance
functions. As described elsewhere, nosocomial infections are often preventable by
adherence to procedures and policies designed to limit spread of infection between
patients and between ICU staff and patients. The ICU medical director must take the lead
in establishing infection control protocols, including procedures for aseptic technique for
invasive procedures, standards for universal precautions, duration of invasive catheter
placement, suctioning of endotracheal tubes, appropriate use of antibiotics, procedures in
the event of finding antibiotic—resistant microorganisms, and the need for isolation of
patients with communicable diseases. Consequently, an important measure of the quality
of care being provided is the nosocomial infection rate in the ICU, especially intravascular
infections secondary to indwelling catheters. The ICU medical director should work
closely with the nursing staff and hospital epidemiologist and infection control personnel
in the event of excessive nosocomial infections. Often a breach in procedures can be
identified and corrected.

EDUCATION

The ICU medical director is required to provide educational resources for the staff of the
ICU, including critical care nurses, respiratory therapists, occupational therapists, and
other physicians. This may be in the form of lectures, small group discussions, audiovisual
presentations, or prepared handouts or directed readings. An effective strategy is to
focus presentations on problems recently or commonly encountered; the recent



experience may help to clarify and amplify the more didactic portion. Very often in critical
care areas, there is a need for personnel to develop skills for using new equipment such
as monitors, catheters, and ventilators. Appropriate time and feedback should be planned
with the introduction of such equipment before it can be assumed that it can be used for
patient care.

In the teaching hospital, the faculty and attending staff must not only convey the
principles of critical care practice but must foster an attitude of rigorous critical review of
data, cooperation between medical and other personnel, and attention to detail. For
individual study, many fine World Wide Web sites now exist that provide abundant
information. The sites should be reviewed in advance by the medical or nursing director to
make certain that the material they contain is both accurate and applicable as well as
appropriately updated from time to time.

COMMUNICATION

The ICU medical director serves as a communication link between physician staff,
including primary care and consulting physicians, and the nursing and other health care
professional staff in the ICU. Most of this communication will occur naturally as a result
of interaction during patient care, quality assurance activities, and other administrative
meetings. On occasion, further communication is needed to address specific complaints,
procedures, or policies. Depending on the organization of the hospital, the ICU may also
be served by a multidisciplinary committee that can participate in development of
protocols and policies. This committee may function with respect to a single ICU in a
hospital or may have responsibility for standardization of activities in several ICUs in the
area.

OUTCOMES & ALTERNATIVES

In many facilities, ICU beds are limited in number, and incoming patients with varying
degrees of morbidity must often be evaluated and compared to determine who might best
be treated in the ICU. A number of published studies have confirmed that a good
proportion of patients admitted to ICUs receive diagnostic studies and monitoring of
physiologic variables on/y—ie, no therapy that could not be given outside the ICU. On the
other hand, other patients admitted to the ICU do receive such “intensive” therapy, and
some of these have better outcomes. Because ICU beds are a limited resource in all
hospitals, ICU medical directors must develop familiarity with the overall outcomes and
results of patients admitted to their ICU beds. They will be called upon not infrequently to
make decisions about admissions, discharge, and transfer from the ICU, and these
decisions may at times be painfully arrived at. As with all decisions impacting patient care,
the medical director must weigh the body of medical knowledge available, the wishes of
patients, families, and physicians, and the likelihood or not that intensive care will benefit
the patient. At times these decisions will involve only “medical judgment”; at other times,
the choice will reflect an ethical, legal, or philosophical perspective.

Specific practice guidelines for individual diseases have been developed for the purpose
of identifying particular patients. For example, some patients with chest pain who may
have myocardial infarction but were deemed low-risk were discharged from the coronary
care unit after 2 days with no adverse effects. There was a considerable reduction in
hospitalization time and some cost savings.

Recognition that many patients previously admitted to ICUs did not require or receive
major diagnostic or therapeutic interventions led to the design of progressive care,
“step—down,” or noninvasive monitoring units in some hospitals. Equipped and staffed
generally for electrocardiography, pulse oximetry, and sometimes for noninvasive
respiratory impedance plethysmography—but not for intravascular instrumentation—these
units have potential as highly effective, less costly alternatives to ICUs. A number of



studies have provided justification for intermediate care units either as an area for
patients leaving the ICU or as an area devoted to care of certain kinds of medical
problems—primarily mild respiratory failure, cardiac arrhythmias, or moderately severe
electrolyte disorders.

CRITICAL CARE SCORING

The combination of an increasing patient population and diminished funding for hospital
services is creating a need for optimized distribution of medical resources. This challenge
is being met in a number of ways, including regionalization of care, specialization of critical
care facilities (both between and within hospitals), and better allocation of available
personnel and equipment. To this end, the intensivist must be prepared to make both
administrative and medical decisions about which patients will benefit most from
admission to a critical care unit. Data released by the United States General
Administration Office in 1987 indicate that up to 40% of patients in ICUs were
inappropriately admitted, either because they would probably have died regardless of the
care provided or because their illnesses were not life—threatening enough to require ICU
care. Indeed, a substantial portion of patients treated in critical care units at teaching
hospitals are admitted for “observation and monitoring” only.

Iliness scoring has become a popular method for triage within and between hospitals.
Many such scores have been introduced over the past two decades in an attempt to
prioritize illness and injury for ICU admission purposes. Such scores must be used with
full appreciation of their limitations. While they are useful for comparing institutional
performances and outcomes in studies of certain groups of patients, great caution must
be exercised when applying these protocols to individual patients.

The most commonly used trauma and critical care scores are discussed below and
illustrated in the accompanying tables.

Glasgow Coma Scale

The Glasgow Coma Scale assesses the extent of coma in patients with head injuries
total is the sum of each of the individual responses and varies between 3 points and 15
points. Mortality risk is correlated with the total score and with a similar Glasgow
Outcome Scale. Examination of the patient and calculation of the score can all be
accomplished in less than 1 minute. The scale is easy to use and highly reproducible
between observers. It has been incorporated into several other scoring systems. The
Coma Scale is useful for prehospital trauma triage as well as assessment of patient
progress after arrival and during critical care admission.

Trauma Score & Revised Trauma Score

Because of the increasing number of trauma patients admitted to critical care facilities,
familiarity with trauma scales is important. The Trauma Score is based on the Glasgow
Coma Scale and on the status of the cardiovascular and respiratory systems. Weighted
values are assigned to each parameter and summed to obtain the total Trauma Score,

After extensive use and evaluation of the Trauma Score, it was found to underestimate
the importance of head injuries. In response to this, the Revised Trauma Score (RTS) was
introduced and is now the most widely used physiologic trauma scoring tool. It is based on
the Glasgow Coma Scale, systolic blood pressure, and respiratory rate. For evaluation of
in—hospital outcome, coded values of the coma scale, blood pressure, and respiratory rate



CRAMS Scale

The Circulation, Respiration, Abdomen, Motor, Speech (CRAMS) scale is another trauma
decide which patients require triage to a trauma center. Patients with lower CRAMS
scores would be expected to require critical care unit admission.

Injury Severity Score (ISS)

The ISS attempts to quantitate the extent of multiple injuries by assignment of numerical
scores to different body regions (head and neck, face, thorax, abdomen, pelvic contents,
extremities, and external). A book of codes is available that provides information on the
scoring of each injury. The worst injury in each region is assigned a numerical value, which
is then squared and added to those from each of the other areas. The total score ranges
from 1 to 75 and correlates with mortality risk. The major limitation of the ISS is that it
considers only the highest score from any body region and considers injuries with equal
scores to be of equal importance irrespective of body region. Similarly, since the ISS is an
anatomic score, a small injury with a significant potential for deleterious outcome (closed
head injury), may lead to the false impression of a minimally injured patient. ISS is the
most commonly used measure of the severity of anatomic injury and provides a rough
survival estimate for the severely injured patient.

Acute Physiology, Age, Chronic Health Evaluation (APACHE III)

The APACHE scoring system (APACHE II) is probably the most widely used critical care
scale. It permits comparisons between groups of patients and between facilities. It was
not designed to evaluate individual patient outcomes. To this end, APACHE IIl was
introduced to objectively estimate patient risk for mortality and other important outcomes
related to patient stratification. While some centers have adopted the APACHE III score,
it is not widely used.

CURRENT CONTROVERSIES & UNRESOLVED ISSUES

The usefulness of scales such as APACHE IIl scoring modalities remains to be determined
long after its introduction. Furthermore, the ability of the experienced physician to make
such management decisions may be as good as such scales and perhaps often better.
Some authors have concluded that ICU scoring systems can be used to compare
outcomes within and between ICUs, and can provide adequate adjustment of mortality
rates based on pre—admission severity for the purpose of assessing quality of care.

Baker SP, O'Neill B: The injury severity score: An update. J Trauma 1976:16:822-5.

Champion HR et al: A revision of the trauma score. J Trauma 1989:29:623-9.
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Gormican SP:CRAMS Scale: Field triage of trauma victim. Ann Emerg Med 1982:11:132-5.
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Knaus WA et al: The APACHE III prognostic system: Risk prediction of hospital mortality
for critically ill hospitalized adults. Chest 1991:100:1619-36.

Intern Med 1993:118:753-61.
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Table 1-1. Recommendations for routine patient care in the ICU.
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Table 1-2. Things to think about and reminders for ICU patient care.

Things To Think About
1. Nosocomial infections, especially line— and catheter-related.
2. Stress gastritis.
3. Deep venous thrombosis and pulmonary embolism.
4. Exacerbation of malnourished state.
5. Decubitus ulcers.
6. Psychosocial needs and adjustments.

7. Toxicity of drugs (renal, pulmonary, hepatic, CNS).
8. Development of antibiotic—resistant organisms.
9. Complications of diagnostic tests.

10. Correct placement of catheters and tubes.

11. Need for vitamins (thiamine, C, K).

12. Tuberculosis, pericardial disease, adrenal insufficiency, fungal sepsis, rule out myocardial
infarction, pneumothorax, volume overload or volume depletion, decreased renal function with normal
serum creatinine, errors in drug administration or charting, pulmonary vascular disease, HIV-related

disease.

Reminders

1. Calculate estimated basic caloric and protein
needs. Use 30 kcal/kg and 1.5 g protein/kg for
starting amount.

2. Regular food preferred over enteral feeding;
enteral feeding preferred over parenteral in most
patients.

3. Increased caloric and protein requirements if
febrile, infected, agitated, any inflammatory
process ongoing, some drugs.

4. Adjust protein if renal or liver failure is present.
Adjust again if dialysis is used.

5. Measure serum albumin as primary marker of
nutritional status.

6. Give vitamin K, especially if malnourished and
receiving antibiotics.

7. Consider volume restriction formulas (both
enteral and parenteral).

8. Give phosphate early during refeeding.

9. Plan on giving insulin in TPN; control
hyperglycemia (glucose < 110-120 mg/dL).

Things To Think About
1. Volume depletion, hypoperfusion, low cardiac output, shock.
2. Nephrotoxic drugs.
3. Obstruction of urine outflow.
4. Interstitial nephritis.
5. Manifestation of systemic disease, multiorgan system failure.
6. Degree of preexisting chronic renal failure.



Reminders

1. Should patient be intubated or mechanically
ventilated?Noninvasive mechanical ventilation?
2. Bronchodilators.

3. Consider corticosteriods, ipratropium.

4. Sufficient supplemental oxygen.

5. Antibiotic coverage for common bacterial
causes of exacerbations. Evaluate for pneumonia
as well as acute bronchitis.

6. Early nutrition support.

7. Check theophylline level, if indicated.

8. Ventilator management: low tidal volume, long
expiratory time, high inspiratory flow, watch for
auto—PEEP.

9. Think about weaning early.

Things To Think About
1. Sepsis as cause, from pulmonary or nonpulmonary site (abdominal, urinary).
2. Possible aspiration of gastric contents.
3. Fluid overload or contribution form congestive heart failure.
4. Anticipate potential multi—organ system failure.
5. Assess the risks of oxygen toxicity versus complications of PEEP.
6. Consider the complications of high airway pressure or large tidal volume in selection of type of
mechanical ventilatory support.
7. Low serum albumin (contribution from hypo—oncotic pulmonary edema).

Reminders

1. High—dose corticosteroids are primary
treatment.

2. Aggressive inhaled aerosolized B, agonists
(hourly, if needed).

3. Theophylline may be less helpful (check
theophylline level).

4. Early intubation if necessary.

5. Adequate oxygen to inhibit respiratory drive.
6. Use low tidal volume, high inspiratory flow, low
respiratory frequency with mechanical ventilation
to avoid barotrauma and auto—PEEP.

7. May need to sedate or paralyze to reduce
hyperinflation.

8. Measure peak flow or FEV, as a guide to
therapeutic response.

Things To Think About
1. Evaluate degree of volume depletion and relationship of water to solute balance (hyperosmolar
component).
2. Avoid excessive volume replacement.
3. Look for a trigger for diabetic ketoacidosis (infection, poor compliance, mucormycosis, other).
4. Avoid hypoglycemia during correction phase.
5. Identify features of hyperosmolar complications.
6. Calculate water and volume deficits.
7. Evaluate presence of coexisting acid—base disturbances (lactic acidosis, metabolic alkalosis).
8. Avoid hypokalemia during correction phase.



Reminders

1. Measure urine Na*, CI™, creatinine, and
osmolality.

2. Calculate or measure serum osmolality.

3. Volume depletion? Give volume challenge?
4. Ask if patient is thirsty (may be
volume—depleted).

5. Review medication list.

6. Primary treatment may be water restriction.
7. Consider need for hypertonic saline (carefully
calculate amount) and furosemide.

8. Other treatment (demeclocycline).

Things To Think About
1. Diabetes insipidus.
2. Diabetes mellitus.
3. Has patient been water—depleted for a long—time?
4. Concomitant volume depletion?
5. Is the urine continuing to be poorly concentrated?

Reminders

1. Volume challenge; decide how and what to give
and how to monitor.

2. If volume—depleted, correct cause.

3. Gram—positive sepsis (or candidemia) may also
cause hypotension and shock.

4. Give naloxone if clinically indicated.

5. Echocardiogram (left ventricular and right
ventricular function, pericardial disease, acute
valvular disease) may be helpful.

6. Does the patient need a Swan—Ganz catheter?
7. Cosyntropin stimulation test or empiric
corticosteroids.

Things To Think About
1. Site of placement (safety, risk, experience of operator).
2. Coagulation times, platelet count, bleeding time, other bleeding risks.
3. Document in medical record.
4. Estimate need for monitoring therapy.
5. Predict whether interpretation of data may be difficult (mechanical ventilation, valvular
insufficiency, pulmonary hypertension).

Reminders

1. Monitor vital signs at frequent intervals.

2. Monitor hematocrit at frequent intervals.

3. Choose hematocrit to maintain.

4. Consider need and timing of endoscopy.

5. Consult surgery.

6. Patients with abnormally long coagulation time
may benefit from fresh—frozen plasma (calculate
volume of replacement needed).

7. Platelet transfusions needed?

8. Desmopressin acetate (renal failure).



Things To Think About
1. New, unidentified source of infection.
2. Lack of response of identified or presumed source of infection.
3. Opportunistic organism (drug—resistant, fungus, virus, parasite, acid—fast bacillus).
4. Drug fever.
5. Systemic noninfectious disease.
6. Incorrect empiric antibiotics.
7. Slow resolution of fever (deep—seated infection: endocarditis, osteomyelitis).
8. Infected catheter site or foreign body (medical appliance).
9. Consider infections of sinuses, CNS, decubitus ulcers; septic arthritis.

Reminders

1. Fever workup; see above.

2. Special sites: soft tissues, perirectal abscess,
urine fungal cultures, lungs.

3. Bronchoscopy with bronchoalveolar lavage.

4. Empiric antibiotics, continue until afebrile, doing
well, granulocytes > 1000/pL

5. Empiric or directed vancomycin, amphotericin B,

antiviral drugs, antituberculous drugs.

6. Check intravascular catheters, bladder,
catheter.

7. Platelet transfusions, prophylaxis for
spontaneous bleeding (or if already bleeding).
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Table 1-3. The Glasgow Coma Scale.

Motor 4 = Spontaneous 5 = Oriented
5 = Purposeful 2 =To pain 3 = Inappropriate
3 = Flexion 1 = None
1 = None
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Table 1-4. Trauma Score.

4 4
70-90 3
<50 1
Spontaneous 4
To pain 2

1
Shallow or retractions

Oriented
Inappropriate
None



Table 1-5. Revised Trauma Score.!

Systolic
Blood
Pressure
(SPB)
(mmHg)

> 89
76-89
50-75

1-49

0

Coded
Value

o = N W



Table 1-6. The CRAMS Scale.!

Normal capillary refilll and BP > 100 mm Hg
Delayed capillary refill or 85 < BP < 100

No capillary refill or BP < 85 mm Hg
Respiration

Normal

Abnormal

Absent

Abdomen

Abdomen and thorax nontender

Abdomen or thorax tender

Abdomen rigid or flail chest

Motor

Normal

Responds only to pain (other than decerebrate)
No response (or decerebrate)

Speech

Normal

Confused

No intelligible words



2. Fluids, Electrolytes, & Acid—Base — Frederic S. Bongard, MD,
& Darryl Y. Sue, MD

DISORDERS OF FLUID VOLUME

In normal persons, 50—-60% of total body weight is made up of water distributed between
the intracellular and extracellular spaces. Critical illness can not only result from
abnormalities in the amount and distribution of water but can also cause strikingly
abnormal disorders of water and solutes.

Distribution of Body Water

Total body water is distributed freely throughout the body except for a very few areas in
which movement of water is limited (eg, parts of the renal tubules and collecting ducts).
Water diffuses freely between the intracellular space and the extracellular space in
response to solute concentration gradients. Therefore, the concentration of solute
everywhere in the body is made equal by water movement, and the amount of water in
different compartments of the body depends on the quantity of solute present in that
compartment.

The two major fluid compartments of the body are the intracellular space, in which the
major solute is potassium and various anions; and the extracellular space, for which
sodium and various anions are the major solutes. Sodium will move into and potassium out
of cells passively along concentration gradients. Thus, active transport of sodium out of

and potassium into cells by Na*—K"* ATP—-dependent transport pumps on the cell
membranes determines the relative quantities of these cations on the inside and outside

of each cell. The distribution of Na™ and K between the two compartments determines
their relative volumes. In normal individuals, about two—thirds of total body water is
intracellular and one—third is extracellular.

Addition of any solute to either compartment without concomitant addition of water will
increase the volume of that compartment by redistribution of water from the
compartment of lower solute (higher water) concentration into the compartment to which
the solute was added. The solute concentration in both compartments will increase (see
Water Balance, p. 23). To restore normal volume and distribution of water within the
compartments, the body will then seek to eliminate or redistribute the added solute and
correct the increased solute concentration (stimulation of thirst, conservation of water).
Similarly, the loss of solute from a compartment results in a shrinkage of that
compartment as water leaves. The body then tries to restore the lost solute to
reestablish the original volume and distribution of solute and water.

Distribution of Extracellular Volume

Extracellular volume is divided into the interstitial space and the intravascular space. The
distribution of water between these two compartments is complex in normal subjects and
more so during disease states in which edema (increase in interstitial volume) or
accumulation of fluid in normally nearly dry spaces (peritoneal cavity, pleural space) is
present. Normally, intravascular volume is maintained by the oncotic pressure of large
molecules that are confined to the intravascular space; by movement of lymph from the
interstitial to the intravascular space; and by forces that maintain extracellular volume.
Countering these forces are the hydrostatic pressure developed by the heart and
circulation, which tends to push fluid from the intravascular space into the interstitial
space; and interstitial fluid oncotic pressure, which tends to pull fluid out of the
vasculature. The volume of the intravascular compartment directly determines the



adequacy of the circulation; this in turn determines the adequacy of delivery of oxygen,
nutrients, and other substances needed for organ system function.

Hypovolemia & Hypervolemia

Because sodium is the predominant extracellular solute, extracellular volume is
determined primarily by the sodium content of the body and the mechanisms responsible
refers only to decreased intravascular volume and not decreased extracellular volume,
and this disorder results from insufficient function of the normal mechanisms of
intravascular volume maintenance. On the other hand, the term “hypervolemia” generally
denotes increased extracellular volume with or without increased intravascular volume.
Thus, patients with edema or ascites have hypervolemia (often with decreased
intravascular volume), but so do patients with congestive heart failure (who have
increased intravascular volume).

Normally, daily sodium excretion equals sodium intake, indicating that sodium excretion
varies with dietary or other intake. The average diet contains 4-8 g of sodium daily, and
this quantity must be excreted daily. With severe limitation of dietary sodium, normal

kidneys can vigorously reabsorb sodium, so that as little as 1-5 meq Na*/L of urine

appears and only 1-2 meq of Na' is excreted daily. A daily sodium intake and excretion of
approximately 40-65 meq (about 1-1.5 g) is adequate in normal individuals.

HYPOVOLEMIA

ESSENTIALS OF DIAGNOSIS

- Evidence of decreased effective intravascular volume: hypotension, low central venous
or pulmonary artery wedge pressure.

- Indirect evidence of decreased effective intravascular volume: tachycardia, oliguria, avid
renal sodium reabsorption.

+ Circumstantial evidence of depleted effective intravascular volume: end—organ
dysfunction, peripheral vasoconstriction.

- Potential source of loss of extracellular volume or evidence of inadequate repletion.

General Considerations

A. Definition

Hypovolemia is decreased volume of the effective intravascular space. Although
extracellular volume, of which the intravascular space is a part, is often diminished,
hypovolemia can occur even in the presence of normal or increased extracellular volume
normal or mcreased extracellular volume is often difficult, especially in critically ill
patients. It is central to the concept of hypovolemia that tota/intravascular volume need
not be diminished but that effective intravascular volume is low. Normal effective
intravascular volume consists of having sufficient vqume in the appropriate part of the
circulation to provide circulatory adequacy. The term “effective arterial volume” is
sometimes used to characterize the physiologically effective part of the intravascular
volume.

Many clinicians use the term “dehydration” as a substitute for hypovolemia. This is
incorrect, and the term should be reserved to denote a lack of water relative to total
body solute (see below).

B. Pathophysiology




Decreased effective intravascular volume can occur in the presence of decreased,
normal, or increased extracellular volume. Decreased extracellular volume leading to
depletion of intravascular volume is most common and can arise from increased loss of
extracellular fluid, failure to replete normal losses, or a combination of both. Bleeding,
diarrhea, vomiting, and excessive skin loss of fluid (sweating, burns) can quickly deplete
extracellular and intravascular volume. Abnormally large urinary losses of sodium and
water from renal diseases, adrenal insufficiency, diuretics, and hyperglycemia (osmotic
diuresis) should also be considered as sources of volume depletion. Decreased
extracellular volume can also arise from normal losses if they are inadequately replaced;
this is particularly likely to occur in ill patients who do not eat or drink appropriately or
who do not have access to adequate amounts of water and solutes.

Hypovolemia with normal extracellular volume occurs as a result of any disorder that
alters the balance between intravascular and extravascular fluid compartments.
Intravascular oncotic pressure and intact vascular integrity largely maintain intravascular
volume, while hydrostatic pressure tends to push fluid out of the circulation. Sepsis,
ARDS, shock, and other critical illnesses alter this balance by increasing permeability of
the vasculature. The result is an increase in the nonintravascular fluid volume (interstitial
compartment, pleural effusions, ascites) at the acute expense of the intravascular volume.
Although decreased vascular oncotic pressure and increased hydrostatic pressure should
also shift fluid balance in this direction, these rarely develop rapidly enough to allow total
extracellular fluid volume to remain constant.

Disorders that increase hydrostatic pressure in certain vascular beds or reduce
intravascular oncotic pressure can deplete intravascular volume. The reduced
intravascular volume stimulates chronically increased renal sodium reabsorption that
causes an increase in total extracellular volume. Thus, cirrhosis with hypoalbuminemia
results in ascites from a combination of portal hypertension and decreased oncotic
pressure; heart failure leads to edema from increased hydrostatic pressure; and edema in
nephrotic syndrome results from severely reduced oncotic pressure. The paradox in these
clinical situations is that effective intravascular volume may be severely reduced though
extracellular volume is greatly increased.

Clinical Features

The diagnosis of volume depletion in the critically ill patient is often difficult, largely
because of the confounding effects of organ system dysfunction and the frequency with
which drugs, edematous states, altered cardiovascular and renal function, and other
factors interfere with assessment of volume status.

A. Symptoms and Signs

Symptoms and signs suggesting hypovolemia in the critically ill patient may or may not be
helpful. Volume depletion causing inadequate systemic perfusion can lead to altered
mental status, confusion, lethargy, and coma; cold skin and extremities from
vasoconstriction; cardiac ischemia and dysfunction; and liver and kidney failure. None of
these are specific for hypovolemia, but all are common to hypotension and shock from
any cause. A potentially important sympton is thirst in a patient with hyponatremia; lack
of an osmotic stimulus leaves volume depletion as the only physiologic reason for thirst.
In the patient with hypovolemia with increased extracellular fluid volume, edema and
ascites make determination of effective intravascular volume more difficult.

Sensitivity and specificity for a variety of symptoms and signs of acute and subacute
volume depletion have been reported. None have sufficiently high sensitivity and high
specificity to be of definite clinical value. Postural lightheadedness increases the
likelihood of volume depletion, but an increase in heart rate from supine to standing must
be greater than 30/min to be specific for hypovolemia. Orthostatic blood pressure
changes lack sensitivity and specificity, but these should be part of the evaluation of
potential hypovolemia. Dry axillae, longitudinal furrow on the tongue, and sunken eyes



have some slight diagnostic value for hypovolemia if they are present.

An identified source of volume loss or an explanation for inadequate volume repletion
strongly supports the diagnosis of hypovolemia. In the ICU patient, blood loss, diarrhea,
and polyuria are usually obvious; less easily identified are heavy sweating during fever,
fluid losses from extensive burns, volume changes during hemodialysis or ultrafiltration,
and drainage from surgical incisions or wounds. Review of intravenous and enteral fluid
intake is often helpful, along with comparison of patient weights on a daily basis or more
often.

Indirect evidence of hypovolemia can come from the response of the cardiovascular and
renal systems. Depleted intravascular volume leads to decreased venous return to the
heart; the normal response is a lower stroke volume and, as compensation, sinus
tachycardia to maintain cardiac output.

B. Laboratory Findings

Intravascular volume depletion may lead to avid retention of water because of increased
ADH release and, if there is sufficient water intake, hyponatremia. Decreased
intravascular volume results in prerenal azotemia with elevation of serum creatinine and
urea nitrogen.

Except in the case of a primary renal cause of hypovolemia, decreased renal blood flow,
even if glomerular filtration is maintained, leads to increased renal tubular sodium
reabsorption. Urine volume diminishes, and urine becomes highly concentrated under the
influence of antidiuretic hormone and other factors. Urine sodium and chloride
concentration may become very low (often < 5-10 meq/L) with correspondingly low
fractional excretion of sodium and chloride. Because of decreased renal tubular flow, urea
is reabsorbed more readily, and the serum urea nitrogen:serum creatinine ratio increases,
often > 30:1. In some patients, avid sodium reabsorption comes at the expense of
increased potassium losses in the urine and hypokalemia. Potassium depletion and
increased sodium reabsorption in the distal tubule enhance hydrogen ion excretion, with
resultant metabolic alkalosis (contraction alkalosis); this is especially common in volume
depletion due to vomiting.

On the other hand, if there is a primary renal-mediated mechanism of hypovolemia, urine
sodium concentration and FEy, do not decrease in the face of decreased intravascular

volume. Urinary indices of volume depletion will be misleading, and paradoxical polyuria
and high urine sodium may be found. Some patients will have mild to severe renal
insufficiency. Excessive and inappropriate renal sodium loss is also seen in adrenal
insufficiency; these patients may also have hyponatremia, hyperkalemia, hyperchloremic
metabolic acidosis, and other features of inadequate adrenocortical hormone production.
Osmotic diuresis (eg, from hyperglycemia or administration of mannitol) and diuretic drugs
also result in hypovolemia with increased urine sodium and water.

C. ICU Monitoring

Venous pressure measurements provide evidence of volume depletion but must be
interpreted with caution. The volume of the intravascular space determines “pressure” as
a function of the physical properties, size, and character of the vessels—whether arteries
or veins—along with the amount of propulsive force imparted to the blood by the heart. In
a patient with “normal” vessels and a normal heart, hypotension indicates that the
volume of fluid is insufficient to fill the arterial vessels. Hypotension of the venous system
can be assessed in the same way, whether the pressure measured is central venous
pressure (CVP) or pulmonary capillary wedge pressure (PCWP).

Differential Diagnosis

Because ICU patients frequently have disorders of the heart and circulation, the diagnosis



of hypovolemia cannot always be made when hypotension is present. Hypotension from
cardiogenic shock results from decreased systolic function of the heart, and septic shock
arises largely from extreme dilation of the vascular space. Orthostatic changes in blood
pressure in the absence of hypovolemia may be seen with autonomic dysfunction,
peripheral neuropathy, diabetes mellitus, or hypokalemia and in response to
antihypertensive medications. Nevertheless, it may be worth considering that hypotension
(low systemic pressure, low CVP, or low PCWP) should be viewed as at least a relative
state of hypovolemia in most patients.

Treatment

A. Estimate Magnitude of Hypovolemia

The amount of volume depletion in the hypovolemic patient in the ICU cannot be easily
estimated. In a normal—sized adult, extracellular volume depletion of 15-25% or 2—-4 L is
needed before orthostatic blood pressure and pulse changes occur. During acute blood
loss, changes in blood pressure and heart rate are seen only when more than 2 units of
blood (about 1 L) are lost. This is about 20% of normal blood volume.

Central venous pressure and PCWP measurements are most useful for identifying volume
depletion, but the magnitude of pressure provides only a rough guide to the degree of
hypovolemia. The response to a trial of fluid administration is often the best evidence of
hypovolemia and gives a useful (albeit retrospective) measure of the amount of volume
depletion originally present. Acutely, such as during hemodialysis or ultrafiltration, the
change in weight is an accurate measure of extracellular fluid change, but this may not be
true in other circumstances. Further confounding the assessment of hypovolemia is the
highly variable speed of mobilization of interstitial fluid (edema) or pleural or peritoneal
fluid as intravascular volume decreases. In general, an adult ICU patient in whom
hypovolemia is strongly suspected is likely to be depleted by about 1-4 L of extracellular
volume, but correction of severe volume depletion may require considerably more.

B. Determine Rate of Correction of Hypovolemia

Hypovolemic shock with severe organ dysfunction, hypotension, and oliguria requires
immediate and rapid correction of hypovolemia. Under less severe circumstances,
repletion of extracellular and intravascular volume can be undertaken more slowly and
carefully to avoid overcorrection with subsequent pulmonary and peripheral edema. In all
cases, the volume of replacement should be estimated and some proportion of this
quantity given over a defined period of time. Evidence of volume depletion should be
reviewed at regular intervals, and vigorous volume repletion should be halted as soon as
there is no longer evidence of hypovolemia or when complications of therapy (pulmonary
edema) are discovered.

About 50-80% of the estimated fluid replacement volume should be given over 12-24
hours if the patient is not acutely hypotensive. This generally puts the rate of fluid intake
in the range of 50—-150 mL/h above maintenance fluid administration, depending on the
estimated degree of volume depletion. In other patients—especially those in whom the
diagnosis of hypovolemia is less certain or those who have known or suspected heart
disease—a “fluid challenge” may be more appropriate, ie, giving 100-300 mL (less in
smaller persons) of intravenous fluid over 1-2 hours and then making a careful
reassessment and checking urine output, CVP or PCWP, blood pressure, and other signs.
At this point, a decision can be made about whether to repeat the challenge, start a
continuous infusion, or consider other issues. Patients with severe volume depletion and
organ dysfunction should be given fluid rapidly (200-300 mL/h) for short periods and
reassessed frequently.

C. Type of Fluid Replacement

Because hypovolemia is depletion of the volume of the intravascular space, replacement
fluid should predominantly fill and remain in the intravascular space. In practice,
replacement fluids given intravenously consist of crystalloid solutions, made of water and




small solutes; and colloid solutions, consisting of water, electrolytes, and

At first glance, crystalloid solutions would appear to be inefficient for intravascular fluid
repletion because the small solutes (sodium and chloride) and water move quickly into the
interstitial space and out of the vasculature. Nevertheless, repletion of the total
extracellular volume is essential in patients with hypovolemia and extracellular fluid
depletion (blood loss, gastrointestinal tract losses, polyuria, sweating), and intravascular
volume will be corrected along with correction of extracellular volume. In theory, large
volumes of crystalloid would be undesirable in patients with hypovolemia and increased
extracellular volume (ascites, edema), but this does not present serious problems in most
patients. Solutions containing only dextrose and water (eg, 5% dextrose in water) without
other solutes are poor volume replacement solutions because the glucose is rapidly taken
up by cells (with water subsequently distributed freely into both the intracellular and
extracellular compartments). Although sometimes used to replace extracellular volume

deficits, Ringer’s lactate (containing Na*, K", CI™, Ca2+, and lactate) is no more effective
than 0.9% NaCl.

Colloid solutions have been advocated for more efficient repletion of intravascular
volume, especially in states of normal or elevated extracellular volume and in hypovolemic
shock. In theory, colloids are restricted at least transiently to the intravascular space and
thereby exert an intravascular oncotic pressure that draws fluid out of the interstitial
space and expands the intravascular space by an amount out of proportion to the volume
of colloid solution actually administered. A theoretic disadvantage is that the interstitial
space would be depleted of water, leading to an increase in interstitial oncotic pressure
that would draw water back out. Numerous studies have failed to identify a clear—cut
advantage of colloid—containing solutions over crystalloid solutions in critically ill patients.
This is probably because increased capillary permeability in patients with sepsis, shock,
and other problems negates the potential benefit of retaining colloid within the vascular
space. Furthermore, some investigators have suspected that leakage of colloid into the
interstitial space of the lungs and other organs can contribute to persistent organ system
dysfunction and edematous states. In hypovolemia associated with ascites, rapid
movement of colloid into the ascitic fluid may occur, resulting in only a transient increase
in intravascular volume. In patients with nephrotic syndrome or protein—losing
enteropathies, albumin and other colloids may be lost fairly rapidly. A large review of
studies in which albumin solutions were given for hypovolemia, burns, or hypoalbuminemia
did not find any benefit, and there was a trend toward increased mortality for patients
given albumin.

Colloid solutions for intravenous replacement include human albumin (5% and 25% serum
albumin, heat—treated to reduce infectious risk) and hetastarch (6% hydroxyethyl starch).
Albumin is considered nonimmunogenic, but it is expensive, offers few advantages over
other solutions, and has not been shown to improve outcome. Only a few clinical
situations have been shown to benefit from albumin infusions. Patients with cirrhosis and
spontaneous bacterial peritonitis given antibiotics and intravenous albumin, 1.5 g/kg on
day 1 and 1 g/kg on day 3, had a significant reduction in mortality and renal failure.
Albumin may be helpful after large—volume paracentesis. Hetastarch is a synthetic colloid
solution used for volume expansion. Clinical benefit of the use of this solution is unclear.
Fresh frozen plasma is an expensive and inefficient volume expander and should be
reserved for correction of coagulation factor deficiencies. There is little rationale for the
use of whole blood; red cells and other blood components should be given for specific
indications, along with crystalloid or colloid supplements as needed.

D. Complications

Complications of fluid replacement include primarily excessive fluid repletion due to
overestimation of the hypovolemia or inadvertent excessive fluid administration. Patients
with renal and cardiac dysfunction are especially prone to fluid overload, and pulmonary




edema may be the first manifestation. Pulmonary edema is also likely—and may occur
without excessive fluid repletion—in patients who have increased lung permeability or
ARDS. During fluid repletion, worsening of peripheral edema or ascites may occur. Large
amounts of isotonic saline may contribute to expansion acidosis—a hyperchloremic
metabolic acidosis due largely to dilution of serum bicarbonate—but this is uncommon.

E. Maintenance Fluid Requirements

Normal maintenance fluids to prevent hypovolemia should provide 1.5-2.5 L of water per
day for normal—sized adults, adjusted to account for other sources of water intake
(medications, food intake) and the ability of the kidneys to concentrate and dilute the
urine. Sodium intake in the intensive care unit should generally be limited to a total of
50-70 meq/d, but many critically ill patients avidly retain sodium, and they may have net
positive sodium balance on even a smaller sodium intake. Patients are frequently given
much more sodium than needed. For example, 0.9% NaCl has 154 meqg/L of sodium and
chloride, and some patients are inadvertently given as much as 3—-4 L/d. Although it is
sometimes necessary, it is difficult to rationalize giving diuretics to a patient simply to
enhance removal of sodium given as part of replacement fluid. On the other hand,
diuretics are useful when needed to facilitate excretion of the sodium ingested from an
appropriate diet. In states of ongoing losses of extracellular volume, appropriate fluid
replacement in addition to maintenance water and electrolytes should be given as needed
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HYPERVOLEMIA

5 ESSENTIALS OF DIAGNOSIS

- Edema, ascites, or other evidence of increased extracellular volume.

- Intravascular volume may be judged to be normal, low (hypovolemia), or high.

- Potential causes of increased extracellular volume: renal insufficiency, congestive heart
failure, liver disease, or some other mechanism of sodium retention, or excessive sodium
administration.

General Considerations

In contrast to hypovolemia, in which there is decreased volume of the intravascular

space, hypervolemia is almost always an increase of extracellular volume with peripheral
edema, ascites, or other fluid collection. The intravascular volume may be low, normal, or
high. Increased extracellular volume by itself is usually not an emergency situation in ICU



patients, but it depends on how much and where the excess fluid accumulates. If
associated with decreased effective intravascular volume (hypovolemia) or increased
intravascular volume (eg, congestive heart failure with pulmonary edema), rapid
intervention may be required.

A. Hypervolemia With Decreased Intravascular Volume

Because sodium—along with anions—is the predominant solute in the extracellular space,
increased extracellular volume indicates an abnormally increased quantity of sodium and
water. The body normally determines whether sodium and water should be retained by
sensing the adequacy of intravascular volume, and it appears that the nonvascular
component of extracellular volume does not play a direct role in stimulating or inhibiting
sodium and water retention. In other words, the body increases sodium and water
retention in response to inadequate circulation regardless of whether the total
extracellular volume is increased, decreased, or normal. Thus, excessive sodium retention
or hypervolemia may occur appropriately in states of inadequate effective circulation,
such as heart failure, or suboptimal filling of the vascular space resulting from loss of fluid
into other compartments, as occurs with hypoalbuminemia, portal hypertension, or
increased vascular permeability to solute and water.

Ascites due to liver disease arises from a combination of portal hypertension and
hypoalbuminemia, as seen usually in severe hepatic parenchymal disease but occasionally
as a result of pre— or posthepatic portal obstruction. Decreased serum albumin by itself,
though it is a cause of edema, is an unusual cause of severe ascites or pleural effusions.
Ascites may also be a marker of local inflammatory or infectious disorders. Pleural
effusion may indicate hypervolemia if associated with heart failure or hypoalbuminemia,
but it may also be associated with pneumonia or other local causes.

B. Hypervolemia With Primary Increased Sodium Retention

The other major mechanism of hypervolemia is primary excessive function of the normal
mechanisms that ensure sodium and water balance. Normal extracellular volume is
maintained by a complex interactive system that includes renin, angiotensin, aldosterone,
glomerular filtration, renal tubular handling of sodium and water, atrial natriuretic factor,
and antidiuretic hormone along with the intake of sodium and water in the diet.
Hyperfunction of some of these mechanisms, such as hyperaldosteronism or excessive
intake of sodium, or dysfunction of others, such as renal dysfunction or decreased
glomerular filtration, causes net positive sodium balance with inevitable expansion of the
extracellular volume. Although due in some degree to hypoalbuminemia with decreased
effective intravascular volume, nephrotic syndrome with renal dysfunction is considered a
state in which there is also impaired renal sodium excretion. While not technically a
dysfunction of normal mechanisms of sodium and water balance, excessive administration
of sodium, especially from hypertonic fluid or dietary sources, may expand the
extracellular volume. Administration of drugs that impair sodium excretion may also
contribute, including corticosteroids (eg, prednisone, methylprednisolone) and some
antihypertensive agents.

Clinical Features

A. Symptoms and Signs

Increased extracellular volume may be localized to certain compartments (eg, ascites) or
generalized. Edema is often a major feature of increased extracellular volume. Edema
collects in dependent areas of the body, and the lower back and sacral areas may
demonstrate edema in the absence of edema of the lower extremities in ICU patients.
Edema always indicates increased extracellular volume except when there is a localized
mechanism of fluid transudation or exudation, eg, local venous insufficiency, cellulitis,
lymphatic obstruction, or trauma. The presence of edema may or may not signify that the
intravascular volume is increased.

Abdominal distention and other findings consistent with ascites may be present. Pleural



effusions indicate hypervolemia when associated with congestive heart failure.

Other clinical findings depend on the mechanism of hypervolemia. Intravascular volume
may be low, high, or normal in the face of increased extracellular volume. If low, evidence
of inadequate circulation may be found, including tachycardia, peripheral cyanosis, and
altered mental status. If extracellular volume is high, rales and wheezes consistent with
pulmonary edema may be present. Patients with hypervolemia due to endocrine disorders
the associated conditions leading to hypervolemia can be divided according to the
presumed pathogenesis into those associated with decreased effective intravascular
volume (heart failure, liver disease, increased vascular permeability) and those associated
with increased or normal intravascular volume (primary disorder of sodium excretion or
excessive administration of sodium).

B. Laboratory Findings

Except in a few instances, laboratory findings in hypervolemia are nonspecific.
Hypoalbuminemia is seen in patients with nephrotic syndrome, protein—losing enteropathy,
malnutrition, and liver disease. Urine sodium is usually very low in the face of avid sodium
retention in the untreated patient. Nephrotic syndrome patients have moderate to severe
proteinuria. Decreased glomerular filtration (increased serum creatinine and urea nitrogen)
is seen in patients with severely decreased intravascular volume.

Despite the increased extracellular quantity of sodium, plasma sodium concentrations are
often low (120-135 meq/L) in patients with decreased effective intravascular volume
because of stimulation of ADH secretion. Plasma potassium is often low as well. Patients
with excess endogenous or administered corticosteroids (Cushing’s syndrome) or
mineralocorticoids may have hypokalemic metabolic alkalosis; those with cirrhosis often
have respiratory alkalosis.

Treatment

The need for treatment and the treatment approach depend on the mechanism of

hypervolemia. Although not always a critical problem, hypervolemia associated with
severely decreased or markedly increased intravascular volume requires rapid and

aggressive treatment.

A. Hypervolemia With Decreased Intravascular Volume

The critically ill patient with decreased intravascular volume and increased extracellular
volume may have an acute increase in permeability of the vascular system with leakage of
fluid into the interstitial space (eg, sepsis). More commonly, the patient may have a
chronic condition leading to edema or ascites accompanied by subtle and gradual
decrease in intravascular volume. Diuretic treatment should be delayed until the
intravascular fluid deficit is corrected to avoid further deterioration. Treatment of
decreased intravascular volume is described above (in the section on hypovolemia), but
with preexisting hypervolemia, necessary fluid replacement may worsen edema, ascites, or
other fluid accumulations. In most patients, some worsening of hypervolemia (edema)
must be accepted for a time until intravascular volume is repleted. However, by improving
renal perfusion, there may be appropriate natriuresis with mobilization of edema fluid. A
special situation is the patient with cor pulmonale who develops edema secondary to
impaired right ventricular function and who may have low effective intravascular volume.
These patients may benefit from reduction of pulmonary hypertension with administration
of oxygen with decreased edema and increased intravascular volume.

B. Hypervolemia With Increased Intravascular Volume
In these patients, severely increased intravascular volume will be manifested by
pulmonary edema, hypoxemia, and respiratory distress.

If intravenous fluids are being administered, these should be discontinued unless blood



transfusions are necessary for severe anemia. Intravenous furosemide (10-80 mg) is
given, with repeated doses every 30 minutes depending on the diuretic response.
Supportive care includes oxygen, changes in the patient’s position, and mechanical
ventilation if necessary. Cardiogenic pulmonary edema may also benefit from morphine,
vasodilators (nitroprusside, ACE inhibitors), or venoodilators (nitrates). Mechanical
ventilatory support, either intubation or noninvasive positive—pressure ventilation may be
necessary.

In some critically ill patients, sodium excretion is impaired, and diuretics must be given in
larger than usual doses. Patients with previous diuretic use, those with severe cardiac
failure, and those with renal insufficiency may require furosemide in doses up to 400 mg
given slowly. Metolazone, which acts in the distal renal tubule, may facilitate the response
to furosemide. There is no role for osmotic diuretics such as mannitol because these will
further expand the intravascular volume, especially if ineffective in producing diuresis.
Potassium—sparing collecting tubule diuretics, such as triamterene, amiloride, and
spironolactone, usually have little acute effect in these patients. Failure to induce
appropriate diuresis in the situation of expanded intravascular volume may require acute
hemodialysis or ultrafiltration.

For critically ill patients, rapid decreases in intravascular volume may be particularly
hazardous in those with chronic hypertension (associated with hypertrophic, poorly
compliant ventricles), pulmonary hypertension, pericardial effusion, sepsis, diabetes
mellitus, autonomic instability, electrolyte disturbances, or recent blood loss. Patients
receiving alpha— or beta—adrenergic blockers, arterial or venous dilators (including
hydralazine, nitroprusside, and nitroglycerin), and mechanical ventilation may be very
sensitive to rapid depletion of intravascular volume. Severe hypotension and hypovolemic
shock may be induced by diuretics or other fluid removal.

C. Increased Extracellular Volume Without Change in Intravascular Volume

These are usually chronic conditions. Edema and ascites do not by themselves cause
immediate problems, but edema may impair skin care and lead to immobility, while ascites
may become uncomfortable, may cause respiratory distress and hypoxemia, and may
become infected (spontaneous bacterial peritonitis).

1. Sodium restriction—Treatment centers around creating net negative sodium balance.
Urine sodium concentration can provide a guide to the degree of sodium intake restriction
and diuretics needed. In severe states of sodium retention, urine sodium concentration
may be as low as 1-2 meq/L, but more often it is 5—20 meq/L. With daily urine volumes

of 1-2 L, only a total of 1-40 meq of Na* may be excreted daily. In contrast, moderate
dietary sodium restriction is often considered to be 2 g (87 meq) of sodium per day. Thus,
moderate sodium restriction alone is unlikely to be successful in resolving severe
hypervolemia associated with avid sodium reabsorption, and strict limitation of dietary
sodium often is associated with decreased nutrient intake. Nevertheless, most patients
should be restricted to 1-2 g of sodium daily, though only 10—-15% of patients with severe
fluid retention will respond.

2. Diuretics—Ascites and edema without increased or decreased intravascular volume will
often respond best to a combination of furosemide and spironolactone. Furosemide is
usually started at 40 mg; spironolactone’s starting dose is 100 mg, with both given once
daily. If needed, furosemide can be increased to 160 mg/d and spironolactone up to 400
mg/d.

Diuretics should be used cautiously in patients with increased extracellular volume if
there is concomitant marginal or decreased effective intravascular volume (ascites, heart
failure, nephrotic syndrome). Too—rapid depletion of extracellular volume will not only
worsen circulatory dysfunction but will often lead to further enhanced sodium retention,
perhaps inducing a state of “escape” from diuretic responsiveness. Concern has been



expressed about the possibility of an increased incidence of hepatorenal syndrome in
patients with severe liver disease who are given large doses of diuretics.

Complications of diuretics depend somewhat on their effectiveness in inducing natriuresis
and volume depletion. Furosemide may cause severe hypokalemia and contributes to
metabolic alkalosis, and hypomagnesemia and hypernatremia are occasionally significant
problems. Spironolactone and triamterene should not be used in patients with
hyperkalemia, and patients receiving potassium supplementation should be carefully
monitored when these agents are given. Patients may have allergic or other unpredictable
reactions to any of these drugs.

3. Increased elimination of extracellular fluil— Removal of ascites by paracentesis in
patients with chronic liver disease has some advocates. Although earlier studies found an
association of excessive depletion of intravascular volume following removal of more than
800-1500 mL of ascitic fluid, recent investigations have suggested that large—volume
paracentesis (> 1500 mL) may be safe—sometimes if intravenous albumin is given to
maintain intravascular volume immediately after fluid removal. Paracentesis is indicated in
patients with severe respiratory distress or discomfort from their ascites, but the exact
amount of fluid that can be safely removed remains unclear.

Patients with congestive heart failure with hyper— volemia are often treated with a
combination of diuretics, inotropic agents such as digitalis, and systemic vasodilators.
Systemic vasodilators that reduce left ventricular afterload and improve cardiac output
may be very effective in decreasing hypervolemia without compromising organ system
perfusion. These agents, primarily ACE inhibitors, have been particularly useful in
reversing consequences of decreased effective intravascular volume.

Extracellular volume can be readily removed in most ICU patients by ultrafiltration. This
can be accomplished rapidly or slowly depending upon the method chosen. Hypotension
may accompany too rapid intravascular fluid removal.
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DISORDERS OF WATER BALANCE

The term “water balance” denotes the normally closely regulated relationship between
total body water and total body solute that determines solute concentration throughout
the body. With the exception of a few special areas such as the renal medulla and
collecting ducts, water moves freely into and out of all body compartments—intracellular
and extracellular—as a result of osmotic gradients. Therefore, while solute concentration
is equal everywhere, the amount of water in a given body space is determined by the
guantity of solute contained within that space.

Clinical disorders of water balance are estimated from serum sodium [Na'], because the
concentration of that predominantly extracellular cation is inversely proportionate to the
quantity of total body water relative to total solute. There is one caveat, however.
Hypernatremia always denotes hypertonicity (increased solute relative to total body
water), but hyponatremia may be seen with hypotonicity, normotonicity, or hypertonicity.
This is because solutes other than sodium may be present in high enough quantity to
exert an osmotic effect.

Total Body Water & Serum Sodium Concentration

If total body exchangeable solute is dissolved hypothetically in a volume equal to total
body water (TBW), the osmolality of the solution will be as shown in the following
equation:

Total solute {mosm)
TEW (kq)

Body asmalality (mosm/kq) =

If water is allowed to move freely between all compartments, then water will move out of
any body compartment with a low osmolality into any compartment with a high osmolality,
thus equalizing solute concentration everywhere. Therefore, for the serum compartment:

Total solute (mosm)

TBW (kq}

Serum osmolality (mosm/kg) =

Serum osmolality is approximately the sum of cation plus anion concentrations, usually
approximated as meqg/L rather than mosm/kg for monovalent solutes. Since sodium is the
most abundant extracellular cation, the sum of cation and anion concentrations is

approximately 2 X [Na']. Therefore,

2w [Na+] = Total solute (mosm)
TBYW (L)
or
[Ma*] oo — 1
TEBYw (L)

A useful form of this equation relates TBW and [Na*] under abnormal conditions to normal
TBW and [Na'], assuming that total body solute does not change:



Maormal [Ma+]
[Ma+]

TEW (L) = Normal TEW (L) x

This equation allows estimation of TBW when [Na*] is measured, and the difference
between TBW and normal TBW represents the water deficit or water excess. Normal TBW
is approximately 60% of body weight in men and 50% of body weight in women who are at
or near ideal body weight. The proportion of body weight that is made up of water
decreases with obesity and in the elderly to 45-50% of body weight.

Regulation of Water Balance

Normal water balance is maintained primarily by water intake (water consumption
mediated by thirst plus water produced from metabolism) and water excretion by the
kidneys. Other sources of water loss such as from intestinal secretions and sweating are
unregulated but must be taken into account by the mechanisms that do regulate water
balance. Normally, enough excess water is taken in to allow the kidneys to control total
body osmolality by increasing or decreasing water excretion as necessary. Although
normal subjects filter as much as 150 L/d through the glomeruli, about 99% of the water is
reabsorbed in the renal tubules. The range of water volume that can be excreted in 24
hours depends on minimum and maximum urine concentrations (dependent on renal

that can vary in quantity dependent on dietary intake of protein and catabolic rate.
Healthy normal subjects are theoretically able to maintain normal water balance with as
little as 670 mL or as much as 12,000 mL water intake per day. This wide range depends
on normal glomerular filtration rate, normal urinary concentrating or diluting ability, and
normal solute excretion rate. Patients with abnormal renal function are consequently
much more limited in their ability to tolerate and correct water imbalances.

A. Urine Concentration

The urine concentration depends largely on the amount of the posterior pituitary peptide
antidiuretic hormone (ADH) present. ADH, also known as arginine vasopressin (AVP), is
secreted by the posterior pituitary in response to plasma osmolal changes sensed by the
hypothalamic supraoptic and paraventricular nuclei. Increased plasma osmolality increases
ADH secretion; decreased osmolality inhibits ADH secretion. ADH also is released in
response to decreased extracellular volume, sensed by receptors in the atria.
Extracellular volume status and osmolality interact to determine serum ADH levels. For
example, in the presence of hypovolemia plus hyponatremia, ADH release may continue
despite an inhibitory influence of decreased plasma osmolality.

Maximum urine concentrating capacity depends on sufficient solute load to the distal
nephron, maintenance of a high solute concentration in the renal medulla, and high levels
of ADH. Active transport of sodium out of the ascending limb of the loop of Henle
generates high solute concentration in the renal medullary interstitium while tubular fluid
becomes progressively more dilute as solute is removed but water is allowed to remain in
the tubules. In the collecting ducts, the tubular fluid is exposed to the medullary
concentration gradient, and—in the presence of ADH—water moves freely out of the
lumen, thereby concentrating the urine. Maximum urine concentration, when needed to
conserve water excretion, may not be reached if there is insufficient sodium presented to
the loop of Henle (renal insufficiency), inhibition of active transport in the thick ascending
limb (furosemide), inadequate response to ADH (nephrogenic diabetes insipidus due to
drugs or renal disease), or absence of ADH (central diabetes insipidus).

Maximum urine diluting capacity depends on function of the diluting segments of the
ascending loop of Henle and the distal convoluted tubule as well as maintenance of an
impermeable collecting duct and suppression of ADH release. The presence of excess
water in the body is countered by increased volume of maximally diluted urine. Failure to



dilute urine maximally may result from renal insufficiency, especially with tubulointerstitial
diseases, inappropriate secretion of ADH, and abnormally increased permeability of the
collecting ducts to water (adrenal insufficiency). In addition, sedative—hypnotic drugs,
analgesics, opioids, and antipsychotic drugs may interfere with renal diluting ability.

B. Solute Excretion and Water Excretion Rate

The quantity of solute excreted also determines the maximum and minimum water
excretion rates. There is an obligate solute loss of about 800 mosm/d in normal subjects,
including sodium, potassium, anions, ammonium, and urea. Urea, from breakdown of amino
acids, makes up about 50% of the solute excreted. In the presence of severely limited
protein intake, 24—hour urine urea excretion is reduced. The decrease in urine solute
excretion causes a decrease in maximum water excretion, even if urine is maximally
diluted. A fall in the total 24—hour urine solute excretion to 300 mosm/d, for example,
means that even if urine concentration is 50 mosm/kg, only 6 L of water can be excreted
per day. In contrast, if there is 800 mosm/d of solute to excrete, 16 L of water per day
could have been excreted with maximum urinary dilution.

HYPONATREMIA

é ESSENTIALS OF DIAGNOSIS

- Serum sodium < 135 meq/L.
- Altered mental status or new onset of seizure disorder.
- Most cases discovered by review of routinely obtained serum electrolytes.

General Considerations

Hyponatremia is a commonly encountered electrolyte problem in the ICU. It has been
estimated that 2.5% of hospitalized patients have hyponatremia. Low serum sodium is
associated with a variety of endocrine, renal, neurologic, and respiratory disorders;
medications and other treatment; and other medical conditions. When serum sodium is
extremely low, hyponatremia is manifested by altered mental status (hyponatremic
encephalopathy), seizures, and high mortality. Correction of severe hyponatremia must be
done carefully and in a controlled fashion to avoid further complications.

In the absence of hyponatremia associated with normal or increased tonicity (see below),
low serum sodium indicates excess total body water for the amount of solute (dilutional
hyponatremia). In normal subjects, this condition would initiate compensatory mechanisms
that would facilitate rapid excretion of water and correct the imbalance. Therefore, in
states of persistent hyponatremia, there is physiologic or pathologic inability to excrete
water normally.

Hyponatremia is seen in three distinct clinical situations in which extracellular volume is

A. Hyponatremia With Decreased Extracellular Volume

Decreased extracellular volume leads to vigorous water conservation, primarily mediated
by increased ADH release stimulated by atrial receptors, and increased thirst leading to
increased water intake. Generally, urinary sodium excretion is very low and water intake
and retention lead to relatively increased TBW despite the reduced amount of solute. But
in conditions in which the hypovolemic state is due to sodium and water loss in the urine,
such as adrenal insufficiency, diuretic use, and salt—losing nephropathy, urine sodium
excretion may be normal or high. Hyponatremia is facilitated in adrenal insufficiency
because lack of cortisol causes collecting ducts to be excessively permeable to water
movement, leading to impaired maximum water excretion. Furthermore, ADH levels in




adrenal insufficiency may remain elevated despite hyponatremia, suggesting that there is
an abnormal ADH response to decreased serum osmolality.

A common form of hypovolemic hyponatremia is seen with thiazide diuretics (less
commonly with furosemide). Chronic volume depletion leading to stimulation of ADH
release is an important factor. In addition, thiazides impair urinary dilution by blocking
sodium and chloride transport in the diluting segment of the distal nephron and potentiate
the effect of ADH. Finally, thiazide—induced renal potassium excretion further reduces
total body solute content, also contributing to hyponatremia.

B. Hyponatremia With Increased Extracellular Volume

Hyponatremia in the presence of increased extracellular volume is seen in congestive
heart failure, nephrotic syndrome, cirrhosis, protein—losing enteropathy, and pregnancy.
These disorders have in common edema, ascites, pulmonary edema, or other evidence of
increased extracellular volume. However, these patients appear to have inability to
maintain normal effective intravascular volume because of forces generating excessive
venous and extravascular volume. Hyponatremia is a consequence of ADH release in
response to decreased intravascular volume, even though total extracellular volume is
increased and total body water is high. Some patients with hypothyroidism have
hyponatremia due primarily to heart failure, but hypothyroidism also interferes directly
with the ability to maximally dilute urine.

C. Hyponatremia With Normal Extracellular Volume

Hyponatremia in association with normal extracellular volume is seen with psychogenic
water ingestion, decreased solute intake, and, most commonly, the syndrome of
inappropriate secretion of ADH (SIADH). Massive intake of water rarely results in severe
hyponatremia if ability to excrete water is unimpaired. However, decreased solute intake
as described above limits the maximum volume of water that can be excreted even when
urine is maximally diluted. The syndrome of “beer—drinker's hyponatremia” results from
heavy consumption of beer and other low—solute fluids that limit the quantity of solute
available for excretion. A very low protein diet also generates very little solute in the form
of urea. However, the majority of patients with normovolemic hyponatremia have SIADH.

SIADH results from release of ADH in response to a variety of systemic disorders but
primarily in response to lung and central nervous system problems. Lung diseases include
lung cancer, tuberculosis, pneumonia, COPD, asthma, respiratory failure due to any cause,
and use of mechanical ventilation. SIADH is also associated with encephalitis, status
epilepticus, brain tumors, meningitis, head trauma, and strokes. The mechanism of ADH
release in these disorders is unclear. Some cancer chemotherapeutic drugs,

chlorpropamide, nicotine, tricyclics, serotonin reuptake inhibitors, and some opioids are
associated with SIADH.

D. Hyponatremia Without Hypotonicity

Hyponatremia without hypotonicity was commonly seen in patients with severe
hypertriglyceridemia or hyperproteinemia (> 10 g/dL) when serum sodium was measured
by flame photometry. This is no longer a problem with the use of ion—specific sodium
electrodes.

E. Hyponatremia With Hyperglycemia (Hypertonic Hyponatremia)

Hyperglycemia with hyponatremia is associated with decreased TBW rather than with
increased TBW relative to total solute. Enhanced gluconeogenesis or glycogenolysis in
diabetics—or exogenous glucose administration—adds a large quantity of osmotically
active molecules to the extracellular compartment. Water moves from the intracellular
space to the extracellular space to equalize osmotic gradients. The result is increased
osmolality throughout the body but dilution of plasma sodium by the additional water
moving out of the cells and into the extracellular space. The hyponatremia may be
mistakenly thought to be evidence for excessive TBW relative to solute content when
instead there is a TBW deficit.




Hyponatremia in the presence of hyperglycemia can be addressed in several ways. First,
laboratory measurement of serum osmolality will give a correct assessment of water
balance; serum osmolality will be higher than estimated from serum sodium. Another way
is to “correct” the serum sodium for the degree of hyperglycemia. One empiric correction
is to add to the measured serum sodium 1 meq/L for every 60 mg/dL the serum glucose
is increased above 100 mg/dL. For example, if measured serum sodium is 130 meqg/L and
serum glucose is 1300 mg/dL (1200 mg/dL above 100 mg/ dL), the “corrected” serum
sodium will be 130 + 20 = 150 meqg/L. The corrected serum sodium then can be used to
give a valid estimate of increase or decrease of TBW relative to solute. Although glucose
is the most commonly encountered solute that causes this phenomenon, other
extracellular solutes such as mannitol and radiopaque contrast agents can cause
hyponatremia with hypertonicity.

Clinical Features

identification of the cause of low serum sodium.

A. Symptoms and Signs

Hyponatremia associated with decreased osmolality is often asymptomatic until serum
sodium falls below 125 meq/L, but the rate of change is clearly important. Rapid
development is associated with more severe acute changes. Subtle neurologic findings
can sometimes be identified, such as decreased ability to concentrate or perform mental
arithmetic. Severe symptoms—including altered mental status, seizures, nausea, vomiting,
stupor, and coma—occur when serum sodium is < 115 meqg/L when hyponatremia
develops acutely or when it is < 105-110 meqg/L during chronic hyponatremia. A
syndrome of opisthotonos, respiratory depression, impaired responsiveness, incontinence,
hallucinations, decorticate posturing, and seizures has been termed hyponatremic
encephalopathy. Occasionally, patients with chronic hyponatremia may be awake, alert,
and oriented even with serum sodium as low as 100 meqg/L; these patients are almost
always found to have slowly developed hyponatremia.

Symptoms and signs of any underlying disorder should be sought. Medications that can
affect urinary water excretion should be identified and discontinued. These include
thiazide diuretics and drugs that impair renal function. Thiazide—induced hyponatremia has
been reported to be more common in women, but advanced age was not a risk factor.
Enalapril given to elderly patients is reported to cause hyponatremia. Excessive water
drinking can be identified from the history and the presence of polyuria, but large volumes
of water may be inadvertently given in the ICU. Adrenal insufficiency and hypothyroidism
should be considered if there are features suggesting these disorders. Hyponatremia has
been associated with hospitalized AIDS patients. Volume depletion from gastrointestinal
fluid losses and SIADH were the most common causes and there was an increase in
morbidity and mortality of those with hyponatremia. For unclear reasons, young women
recovering from surgery can have particularly severe symptoms and a poor prognosis
from hyponatremia. Although previously thought to be caused by excessive hypotonic
fluid replacement, the hyponatremia results from generation of inappropriately
concentrated urine.

Patients with hypovolemia may have evidence of volume depletion such as hypotension,
tachycardia, decreased skin turgor, or documented weight loss, but these findings may be
subtle or absent; those with hypervolemia have edema and weight gain. SIADH is
confirmed by lack of evidence of high or low extracellular volume and is sometimes
accompanied by clinical findings suggesting pulmonary or central nervous system disease.

Hyponatremic encephalopathy is thought to be due to cerebral edema from water shift
into the brain and increased intracranial pressure. Decreased cerebral blood flow plays a
role. Movement of solute out of brain cells—given sufficient time—minimizes the effects,



probably explaining the lack of symptoms of slowly evolving hyponatremia. On the other
hand, evidence has linked a specific neurologic syndrome, osmotic demyelination
syndrome (central pontine and extrapontine myelinolysis), with both severe hyponatremia
and rapid correction of hyponatremia. It is speculated that adaptation to hyponatremia
may be the cause of demyelination in susceptible regions of the brain. A firm conclusion
cannot be made about whether osmotic demyelination syndrome is due to severity of
hyponatremia or to excessively fast correction. Osmotic demyelination syndrome is
reported to occur about 3 days after the start of correction of hyponatremia, but findings
may be seen before, during, or after serum sodium has been corrected. Corticospinal and
corticobulbar signs are most often reported, including weakness, spastic quadriparesis,
dysphonia, and dysphagia, but impaired level of consciousness is common. Radiolucent
areas on CT scan or decreased T1-weighted MRI intensity provides evidence of
mye—linolysis in the central pons (central pontine myelinolysis) and elsewhere.

B. Laboratory Findings
Serum electrolytes, glucose, creatinine, and urea nitrogen, serum osmolality, urine

osmolality, urine Na®, and urine creatinine (to calculate fractional excretion of Na*) should
be measured. Low serum osmolality (< 280 mosm/kg) confirms hyponatremia due to
increased water relative to solute. The corrected serum sodium value should be used if
there is hyperglycemia. An association has been found between hyponatremia with
hypokalemia and severe body potassium depletion. Hypokalemia may also predispose
patients with hyponatremia to osmotic demyelination syndromes and encephalopathy.

In patients with excessive water intake as the cause of hyponatremia, urine osmolality will
be low (< 300 mosm/kg). Patients with hypovolemia will have low urine sodium (< 20
meq/L) and fractional excretion of sodium (< 1%), and this may also be seen in patients
with increased extracellular volume and low intravascular volume. If, however, hypovolemia
is caused by a renal mechanism, urine sodium may not be appropriately conserved.

The diagnosis of SIADH is made by the finding of inappropriately high urine osmolality
(usually 300-500 mosm/kg) in the presence of low serum osmolality and the absence of
low urinary sodium concentration. It should be noted that in SIADH, urine osmolality may
be less than serum osmolality but not as low as it should be, because urine should be
maximally diluted in the presence of severe hyponatremia. For example, in SIADH serum
osmolality may be 240 mosm/kg, indicating severe water excess, while urine osmolality is
200 mosm/kg. Because maximally dilute urine can be as low as 50 mosm/kg in young
healthy persons, these findings are consistent with SIADH. Patients with renal disease
may be limited in their maximum urinary diluting ability to 100-200 mosm/kg.

Treatment

Severity of hyponatremia ([Na"1< 120 meq/L), acuteness of onset, and the presence of
neurologic symptoms (confusion, stupor, coma, or seizures) determine how quickly
treatment should be instituted and how aggressively it should pursued. If the patient is
asymptomatic and hyponatremia is mild and chronic, the need to treat is less emergent,
and aggressive treatment is contraindicated.

A. Estimation of Water Excess

Water excess can be estimated by relating current measured [Na™] to TBW and
substituting 140 meq/L for normal [Na']:

TEW (L) = Mormal TEW (Lyx 190
[Ma+]

For a 70—kg man with a normal TBW of 0.6 L/kg, normal TBW would be 42 L. If [Na'] is
110 meg/L, TBW would be estimated as 42 X 140 = 110 = 53.5 L. The water excess



would be 535 L - 42 L = 115 L. If it is desired to correct [Na'] to 125 meq/L because of
concern about too—rapid correction to normal in a patient with chronic hyponatremia, the
estimated water excess to be corrected would be 53.5 L — (42 X 125 =+ 110) =5.8 L.

B. Determine Need for Rapid or Aggressive Correction
Patients with hyponatremia who have altered mental status or seizures attributed to

hyponatremia require rapid treatment. Most patients with severely reduced [Na'] (< 105
meq/L) are also a concern even if asymptomatic. Symptomatic hyponatremia is usually

associated with severely reduced [Na'], and only rarely do these patients have water
intoxication from psychogenic water ingestion, thiazide diuretics, decreased solute
excretion, or conditions of hypo— or hypervolemia. SIADH is the most commonly
encountered problem requiring aggressive and rapid correction of hyponatremia.

C. Correct the Underlying Problem

Of the underlying problems leading to hyponatremia, the most straightforward and easily
corrected is hypo— volemia. Administration of normal saline repletes the intravascular
volume and inhibits ADH release by reducing the hypovolemic stimulus. Water excretion is
enhanced by the increased glomerular filtration rate, and urine should become quickly and
near maximally dilute, facilitating water excretion. Patients with psychogenic water
intoxication and those being given large volumes of intravenous fluid should be already
maximally excreting water; removing the intake of water leads to rapid restoration of

normal [Na'] if there are no other medical problems. Discontinuation of thiazide diuretics
results in rapid restoration of maximum urinary dilution in most patients. Hypokalemia
should be corrected, as this has been associated with complications of hyponatremia and
its treatment.

Hypervolemia (edematous states) with hyponatremia represents a more difficult problem
of management, but severe hyponatremia is unusual. It is especially important to avoid

“correcting” a low serum [Na'] in congestive heart failure by giving more sodium and
chloride. Although effective arterial volume is diminished, additional volume expansion will
have only a transient effect on ADH release and can worsen peripheral edema, ascites, or
pulmonary edema. In patients with congestive heart failure, improvement of hyponatremia
has followed successful treatment with afterload reduction. Patients with nephrotic
syndrome and cirrhosis have a temporary response to albumin infusions, but longer—term
therapy depends on improving the underlying disease.

Adrenal insufficiency, hypothyroidism, and other specific causes of hyponatremia will
respond to correction of the underlying problem. SIADH occasionally responds to
treatment of the condition leading to this syndrome, but therapy is usually directed
toward correction of the hyponatremia itself.

D. Specific Treatment of Hypotonic Hyponatremia

The following discussion applies primarily to hyponatremia in the face of normal volume
status (SIADH). There is not yet agreement on the rate of correction of hyponatremia
that minimizes the risk from low serum tonicity or the risk of excessively rapid correction
with osmotic demyelination syndrome. Because symptomatic hyponatremia will almost

always respond to a small increase in [Na'] (about 5 meq/L) and the risk of osmotic

demyelination appears to be minimal when [Na'] increases at < 12 meq/L per day, a
compromise target of about 8 meq/L per day is recommended. In general, rapid correction

of hyponatremia is not indicated after the patient’s [Na'] is > 125 meq/L or symptoms
have abated.

The specific treatment of hypotonic hyponatremia is a combination of water restriction
and efforts to enhance water excretion. Water restriction is usually sufficient for
asymptomatic or mild hyponatremia; hypertonic saline and furosemide are indicated for



symp— tomatic hyponatremia and asymptomatic hyponatremia in which serum [Na']is <
105 meq/L.

1. Restriction of water intake—Restriction of water intake, both oral and parenteral, will
improve hyponatremia from any cause and should be considered in all patients except
those with hypovolemia. Most patients with hyponatremia have decreased ability to
excrete water, but water restriction to a volume the kidneys can adequately eliminate will
lead to net water loss and correction of hyponatremia. Water restriction to < 1000—- 1500

mL/d is usually successful in reversing hyponatremia when [Na*] is between 125 meq/L
and 135 meqg/L and patients are asymptomatic. More severe water restriction may be
useful in some patients. It is a mistaken belief that only electrolyte—free water must be
restricted and that normal saline can be given safely. Normal saline (osmolality 300
mosm/kg) may be hypertonic to the serum but is frequently hypotonic relative to the
urine of patients with SIADH. Administration of normal saline may result in a net gain of
water and worsening of hyponatremia.

2. Hypertonic saline and furosemide— The most potent combination therapy for treating
symptomatic hyponatremia is hypertonic saline (usually 3% NaCl) and furosemide.
Furosemide alone (40-80 mg given frequently enough to maintain a brisk diuresis) will
increase sodium and chloride excretion and, by inhibiting solute transport from the
ascending loop of Henle, produce urinary dilution. Although this will promote water loss,
sodium and chloride will be lost. Therefore, the goal is to replace solute losses but in a
smaller amount of water, so that there is a net loss of water from the body.

Ideally, the amount of sodium in the urine can be measured hourly, and the exact amount
of sodium and chloride can be replaced using hypertonic saline. However, a more practical
approach assumes that urine osmolarity will be about 280-300 mosm/L in the presence
of furosemide. Furosemide should be given to achieve a urine output of 200-300 mL/h. If
the urine contains approximately 280 mosm/L, then about 70 mosm/h is lost if urine
output is 250 mL/h. Replacing 70 mosm/h using 3% NaCl (1026 mosm/L) requires only 68
mL/h, and a net water excretion rate of 182 mL/h (250 mL/h — 68 mL/h) with a rise in

serum [Na™] of about 1 meq/L per hour. In practice, replacing about 25-30% of urine
volume each hour with 3% NaCl will approximate the solute replacement required. As

recommended above, furosemide and 3% NaCl solution should be discontinued when [Na']

is above 120-125 meq/L. Furthermore, [Na'] must not exceed 130 meq/L in the first 48
hours. Excessive volume or rate of hypertonic saline should not be given, because acute
volume overload and pulmonary edema may occur. Calculation of the amount of
hypertonic saline needed should be double—checked, and it is unlikely that the total
amount of hypertonic saline will exceed 1000 mL or a rate > 60—75 mL/h. Serum sodium
should be followed closely and appropriate adjustments made in the rate of correction.

A very useful formula can be derived from the above relationship between serum [Na']

and total body water. This formula estimates the amount of change in serum [Na'] when 1
L of any fluid is administered:

Fluid Ma*+ - Serum MNat+
TBWwW+1

ASerumMat =

where TBW is the calculated estimate of total body water (see above). This formula is

useful for determining how much the serum [Na™] will change in response to
administration of 1 L of hypertonic or normal saline. It does not take into account fluid
losses, however. To calculate the change for more than 1 L of fluid administration, you

must calculate for each liter incrementally—ie, calculate the change in serum [Na'] for the
first liter, then enter the new value into the formula to calculate the change for the next



liter.

E. Other Treatment for Chronic Hyponatremia

Patients with reversible central nervous system or lung disease will generally respond
after correction or resolution of the underlying problem. Mild to moderate water
restriction may be necessary. A few patients will need additional help to facilitate water
excretion; demeclocycline induces a mild nephrogenic diabetes insipidus—like condition
and may be useful in management of chronic hypotonic hyponatremia.
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HYPERNATREMIA

5 ESSENTIALS OF DIAGNOSIS

- Serum sodium > 145 meq/L.

- Serum osmolality > 300 mosm/kg.

- Evidence of increased solute administration, polyuria with dilute urine (diabetes
insipidus), or inadequate water intake.

- Altered mental status.

General Considerations

In contrast to hyponatremia, for which hypotonicity is often but not always present,

hypernatremia, defined as [Na']> 145 meq/L, is always associated with hypertonicity,
defined as serum osmolality > 300 mosm/kg with potential for shifts of water between
different fluid compartments. Severe hypernatremia must be treated vigorously but
carefully to avoid excessively rapid correction and further complications.

concentrated form (such as administration of hypertonic sodium chloride or hypertonic
sodium bicarbonate) but hypernatremia is much more commonly associated with either
insufficient water intake or excessive water loss.

A. Addition of Solute
Net addition of solute to the body without a corresponding addition of water to TBW




results in an increase in serum osmolality. The source of solute may be exogenous, such
as administration of hypertonic saline or sodium bicarbonate, glucose, mannitol, or other
solutes. The only common endogenous mechanism of additional solute production is
gluconeogenesis and glycogenolysis causing hyperglycemia. As discussed above,
hyperglycemia increases serum osmolality without causing hypernatremia. In the case of
addition of solute to the body, increased serum osmolality stimulates maximum ADH
release to minimize water excretion (urine osmolality increases). Correction of the
hyperosmolal state results when the excess solute is disposed of or, in the case of
glucose, excreted or taken into the cells as glycogen. However, the obligate loss of water
needed to excrete solute requires that water be given to the patient to achieve
appropriate correction.

B. Inadequate Water Intake

Insufficient water intake results in hypernatremia because of obligatory renal and nonrenal
water losses. Daily insensible loss of water accounts for the loss of about 500 mL of
water, increasing somewhat with body temperature and sweating. Because most
insensible loss is through the airways, intubation and mechanical ventilation with
humidified air decrease insensible losses to minimal amounts.

Minimum urine volume is determined primarily by maximum potential urine concentration
excretion of 800 mosm/d necessitates a mandatory loss of 670 mL of water per day if
urine is maximally concentrated (to 1200 mosm/L). Thus, minimal water loss in adults of
normal size is approximately 1170 mL/d (670 mL urine plus 500 mL insensible loss).
Because metabolism generates about 500-600 mL water per day, there is a mandatory
intake of 600—-700 mL water per day. Failure to take in at least this much water
predictably results in hypernatremia.

C. Excessive Water Loss

The final major mechanism of hypernatremia is excessive water loss with inadequate
replacement. Some patients are unable to concentrate urine maximally, thereby making
mandatory an increased intake of water to avoid development of hyperosmolality.
Maximum urine concentration in normal subjects is 1200 mosm/L but depends on having
normal renal tubular function, normal solute load, and normal ADH release and response.
Renal tubulointerstitial disease such as seen in sickle cell anemia, urate nephropathy, and
renal cystic disease, use of loop diuretics such as furosemide, and drugs such as
demeclocycline and lithium interfere with urine concentrating ability. An increase in
nonsodium solute load forces the renal tubules to produce a urine that is isosmotic
(isosthenuria) with plasma. Glucose, mannitol, and urea are the most likely encountered
poorly reabsorbable solutes that contribute to such an “osmotic diuresis,” resulting in net
water loss from the body.

Patients who lack appropriate ADH release from the posterior pituitary or whose kidneys
do not respond properly to ADH have impaired urine concentrating ability and polyuria and
will develop hypernatremia in the absence of increased water intake. Lack of ADH
production is termed central diabetes insipidus and can result from head trauma, pituitary
tumors, tumors adjacent to the pituitary, granulomatous diseases such as tuberculosis
and sarcoidosis, meningitis, and vascular anomalies near the hypothalamus. Occasionally,
diabetes insipidus is idiopathic. If ADH is present but the patient does not respond by
increasing urine concentration, a diagnosis of nephrogenic diabetes insipidus is made. This
relative or absolute resistance to ADH is seen in a familial form, may be due to drugs
such as demeclocycline or lithium, or may be found in conjunction with tubulointerstitial
diseases of the kidneys.

Sweating increases water loss greatly, especially during exertion in hot weather, and
gastrointestinal tract losses may be marked in patients with diarrhea or vomiting.

Clinical Features



Hypernatremia and hyperosmolality should be suspected in patients with decreased
access to water, especially with altered mental status, or those with a history of polyuria.
The elderly patient living in a chronic care facility is especially susceptible. However,
many patients are identified through routine electrolyte determinations. The severity of

a clinical and laboratory approach to patients with hypernatremia.

A. Symptoms and Signs

As with hyponatremia, hypernatremia and hypertonicity affect primarily the brain. Both
the addition of solute to the extracellular compartment (sodium chloride, sodium
bicarbonate, glucose, or mannitol) and the net loss of water from the body cause water to
move out of cells and into the extracellular space. Acute decrease in the size of brain
cells can lead to altered mental status, impaired thinking, and loss of consciousness.
There is an association of cerebral hemorrhage and hypertonicity and hypernatremia,
thought to be due to tearing of blood vessels due to brain shrinkage. In patients who can
respond, thirst is an important clue to both hypovolemia and hypertonicity. A history of
polyuria and nocturia is important in establishing the cause of hypernatremia as diabetes
insipidus of some kind.

The clinical situation and the symptoms and signs may provide clues to the cause of
hypernatremia. Addition of large quantities of solute is a rare cause. Salt water

near—drowning is said to cause hypernatremia by absorption of Na and CI” through the
lungs, but this is rare in those who survive asphyxiation. Others will have a history of
receiving hypertonic saline, mannitol, glucose, or sodium bicarbonate. Volume overload
may cause pulmonary and peripheral edema in these patients, especially when water is
given to correct hypernatremia.

A history of decreased water intake may be obtained in patients who have not had access
to water at home or in the hospital (acute illness, altered mental status, trauma) or who
have had increased normal losses of water from extrarenal mechanisms (exertion in hot
weather, diarrhea). Features suggestive of decreased extracellular volume status include
hypotension, tachycardia, and oliguria.

Polyuria due to excessive water ingestion is associated with hyponatremia and dilute
urine. If the patient has hypernatremia, polyuria with dilute urine suggests that the
excessive water loss is due to inability to concentrate the urine appropriately (central or
nephrogenic diabetes insipidus).

B. Laboratory Findings
Laboratory studies are needed to make the diagnosis of hypernatremia, confirm serum
hyperosmolality, and determine the cause. In general, serum electrolytes and osmolality,

glucose, creatinine, and urea nitrogen, urine osmolality, urine Na* and creatinine, and urine
volume should be measured. Serum sodium > 145 meq/L makes the diagnosis of
hypernatremia, and this will be accompanied by serum osmolality > 300 mosm/kg. Special
tests to determine the exact mechanism of hypernatremia are performed as needed.

1. Hypernatremia without polyuria—In the absence of renal disease and with normal ADH
response, patients in whom addition of solute is the cause of hypernatremia will excrete
small amounts of concentrated urine. Urine osmolality is > 300 mosm/kg and usually much
higher (up to 1200 mosm/kg in normal young adults). Patients with decreased water
intake relative to nonrenal water losses with normal renal function will also have maximum
conservation of urine volume with oliguria, high urine osmolality, serum urea nitrogen:

. . . + . . +
creatinine ratio > 30, low urine Na", and low fractional excretion of Na .

2. Hypernatremia with polyuria—In the presence of hypernatremia, polyuria with dilute
urine suggests that the mechanism of water loss is inability to concentrate the urine



appropriately, but the driving force for polyuria may be either solute (osmotic) diuresis or
water diuresis.

Water diuresis and solute diuresis can be distinguished by the ratio of urine to serum
osmolality (Uysm/Posm)- Uosm”Posm in solute diuresis (osmotic diuresis) is > 0.9;

Uosm/Posm in water diuresis is < 0.9. This is another way of indicating that solute or

osmotic diuresis generally is associated with isosthenuria whereas water diuresis is
associated with excretion of dilute urine. Solute diuresis can be further subdivided into
that demonstrating electrolyte diuresis and that demonstrating nonelectrolyte diuresis. If

2 x (U[Na']+ U[K']) > 0.6 X U, then the majority of solute in the urine consists of
electrolytes such as sodium and potassium; if < 0.6 X U, then urea, glucose, mannitol,

or other nonelectrolyte solute is the cause of the diuresis. Electrolyte diuresis is seen
with administration of diuretics and is the normal response to correction of increased
extracellular volume. Patients in the ICU who are receiving excessive amounts of normal
saline have increased urine output and NaCl diuresis. Urea—induced diuresis occurs after
relief of obstructive nephropathy and in the diuretic phase of acute tubular necrosis.

The presence of polyuria with water diuresis may be normal (if the patient has
hyponatremia, for example) but is abnormal during hypernatremia, suggesting some form
of diabetes insipidus.

3. Diabetes insipidus—Although diabetes insipidus is usually characterized by
hypernatremia, polyuria, and decreased ability to concentrate urine maximally, some mild
cases may be difficult to identify, and in other cases earlier treatment may confuse the
diagnosis. A water deprivation test may be necessary. In this test, a patient with normal
or near—normal serum osmolality is deprived of water for a scheduled interval while body
weight, serum sodium and osmolality, and urine volume and osmolality are measured. With
diabetes insipidus, the patient’s polyuria contin— ues despite loss of water, and urine
concentration fails to increase into an appropriately high range (> 800 mosm/kg) despite
serum osmolality > 290-300 mosm/keg.

Water deprivation is allowed to continue until the patient loses 3—-5% of body weight. For
safety when designing the water deprivation test, patients should be anticipated to
continue to maintain urine output at the starting rate. Thus, for example, if urine volume is
initially 600 mL/h, a 60—kg patient could be expected to lose 3% of body weight in just 3
hours; if this urine was maximally dilute (severe central diabetes insipidus), the expected
increase in serum osmolality can also be calculated. This does not mean that the test
should be stopped at 3 hours. Actual weight loss and urine volume should be used to
make the decision. Five units of agueous vasopressin is administered at the end of the
test to see if urine concentration increases. Failure to increase in the presence of
diabetes insipidus indicates that the cause is nephrogenic rather than failure of release of
ADH. Lack of ADH or of response to ADH can be complete or partial. Identification of
intermediate response may be important in deciding treatment, and this can usually be
concluded from the degree of urine concentration achieved during the water deprivation
test.

Treatment
A. Calculation of Water Deficit

All patients with hypernatremia have increased serum osmolality, and the amount of water
needed to correct this state can be calculated from the following equation:

TEW (L) = Mormal TEw (L x _ 199
[Ma+]

If [Na™] is 170 mea/L and normal TBW is 0.6 L/kg, the TBW for a man whose customary
weight is 70 kg is approximately 42 L X 140 = 170 = 35 kg (L), and the water deficit is



42 - 35 = 7 L. Note that this is the amount of water needed to correct [Na*] to 140
meq/L. In practice, the patient’s normal body weight may not be known but only the
current body weight. Using current weight is acceptable as an estimate, but it is
potentially misleading because there is a deficit of water contributing to the weight
difference.

B. Rate of Correction of Hypernatremia

Just as with hyponatremia, too rapid correction of hypernatremia may be harmful.
Cerebral edema with neurologic complications has occurred during correction as a result
of a compensatory mechanism intended to maintain normal brain cell volume. In response
to development of hypertonicity, brain cells fairly rapidly increase the amount of inorganic
ions; this restores cell volume to near—normal but at the expense of disrupted cellular
function. With persistence of hypertonicity, brain cells generate and take up idiogenic
osmoles, sometimes called organic osmolytes. As cell volume is determined from the
amount of solute contained within the cell, organic osmolytes resist the movement of
water out of the cells and maintain brain volume close to normal. Many of the organic
osmolytes are taken up from the extracellular space by the formation of specific
membrane channels. These channels do not quickly disappear or reverse function when
hypernatremia is corrected. Therefore, rapid restoration of water to the body may
theoretically cause overexpansion of these cells, resulting in cerebral edema. Although
mild controversy exists, conservative recommendations are to correct hypernatremia by
no more than 10 meq/L per day to allow elimination of organic osmolytes and avoid
cerebral edema. This slow rate of correction may not be necessary in patients who
develop hypernatremia over the course of a few hours, however.

The following formula is very helpful in calculating the anticipated changes in serum [Na']
in the hypernatremic patient given intravenous fluids. The rate of correction of serum

[Na*] can be estimated. This formula estimates the amount of change in serum [Na']
when 1 L of any fluid is administered:

Fluid[Ma*] - Serurm [Ma+]
TEwW+1

ASerumMat =

where TBW is the calculated estimate of total body water (see above). This formula

demonstrates how little the serum [Na*] changes when normal saline ([Na™] = 154 meq/L)
is given to a hypernatremic patient. In order to determine how much hypotonic fluid is

needed to achieve a 10 meq/L decrease in serum [Na'] in 24 hours, begin by calculating
the change for 1 L of fluid administered, then calculate for the next liter, etc, until the
desired change is reached. The total number of liters of fluid divided by 24 hours will be

. . . + .
the hourly infusion rate. Serial measurements of serum [Na"] are essential because the
formula does not account for other fluid sources, urinary losses, or insensible water loss.

C. Hypernatremia Associated With Increased Solute

These patients should have facilitation of solute excretion—if possible, with diuretics and
administration of water or 5% dextrose in water. Diuretics will speed removal of sodium
and chloride, but the obligate loss of water with the solute will increase the amount of
water that must be given. If patients have renal insufficiency, removal of solute may
require hemodialysis or ultrafiltration with replacement of water. A few patients have been
treated by hemodialysis with dialysate containing hypotonic solution, facilitating water
replacement. Peritoneal dialysis using hypotonic solutions should be efficacious in
removing extracellular solute and increasing water replenishment.

Patients with hyperosmolality due to severe hyperglycemia are treated with intravenous
insulin to lower blood glucose, but normal saline (0.9% NaCl) is the preferred initial fluid
replacement. Movement of blood glucose into cells is accompanied by rapid movement of



water out of the intravascular space, resulting in severe volume depletion. After adequate
normal saline is given, hypotonic fluids (5% dextrose in water) is used to correct net water
deficits.

D. Hypernatremia With Diminished Extracellular Volume

These patients have either an extrarenal or renal loss of hypotonic fluid. Therefore, both
solute and water have to be replaced. Extracellular volume should be replaced with normal
saline first, but it should be remembered that even large volumes of normal saline, despite
being hypotonic to plasma in most hypernatremic patients, only very slightly corrects the

water deficit. For example, if [Na™] = 170 meq/L for a normally 70-kg patient, 1 L of 0.9%

NaCl will add 308 mosm of solute and 1 L of water, predictably decreasing [Na'] to only
about 169.5 meqg/L. Therefore, if more rapid correction of hypernatremia is desired,
hypotonic fluid (5% dextrose in water or 0.45% NaCl) should be given as well. In practice,
volume repletion is generally a higher priority, but after some correction of the volume
deficit, the water deficit should be addressed directly.

E. Hypernatremia Associated With Diabetes Insipidus

Hypernatremia in diabetes insipidus will respond to administration of water orally or 5%
dextrose in water intravenously, but correction of hypernatremia depends on giving
enough water both to overcome the water deficit and to compensate for continued urine
water losses. In severe diabetes insipidus, urine volume can exceed 500 mL/h, and with a
severe water deficit, water may have to be given at rates exceeding 600-700 mL/h.

Central diabetes insipidus should respond to synthetic ADH compounds. Aqueous
vasopressin (5—10 units two or three times daily) can be given subcutaneously, or
desmopressin acetate, which lacks vasopressor effects but retains ADH activity, can be
given intravenously or subcutaneously (2-4 ug/d) or by nasal spray. The dose should be
adjusted on the basis of serum sodium, urine output, and urine osmolality. Ideally, urine
output should be reduced to 3-4 L/d, an amount that can be replaced readily by oral or
intravenous administration.

Nephrogenic diabetes insipidus is rarely as severe as complete central diabetes insipidus,
and during water deprivation urine osmolality is sometimes as high as 300-400 mosm/kg.

Administration of enough water to maintain normal serum [Na*] can usually be achieved.
If a reversible cause such as lithium toxicity is found, the offending agent can be
discontinued, though the effect on renal concentrating ability may persist for days.
Patients have been given thiazide diuretics to induce a state of mild volume depletion.
This leads to increased proximal tubular sodium reabsorption and decreased delivery of
sodium and water to the distal diluting segment so that less water is lost thereby.
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DISORDERS OF POTASSIUM BALANCE

Potassium is the most abundant intracellular cation and the second most common cation
in the body. The ratio of intracellular to extracellular potassium concentration is normally
about 35:1, while sodium is much higher in the extracellular space; and the importance of

these distributions is reflected in the ubiquitous Na'-K" ATPase pumps at the cell
membranes that continuously move K" into and Na* out of the cells to maintain these

. . . =+ + . .
gradients. The intracellular:extracellular ratios for Na™ and K* determine the electrical
potential across the cell membrane and are responsible for initiating and transmitting
electrical signals in nerves, skeletal muscle, and myocardium. The two major mechanisms

that determine potassium balance and serum [K'] are renal potassium handling and the
distribution of potassium between the intracellular and extracellular compartments.

Serum Potassium & Total Body Potassium

Laboratory determinations of potassium are made on either serum or plasma. There is no
appreciable difference between the two in the absence of thrombocytosis (which can
cause elevated serum potassium but has minimal effect on plasma potassium), and serum

potassium will be used in this discussion. Serum potassium [K'] is closely regulated, but
hyper— and hypokalemia do not necessarily indicate increased and decreased total body
potassium because of the high proportion of unmeasurable intracellular potassium. For

example, movement of K™ out of the cells into the extracellular space can mask severe
depletion of total body K'; similarly, hypokalemia may be seen despite increase in total

body K*. The use of serum [K*] to estimate the need to administer or remove potassium
from a patient must always take into account factors that alter the
intracellular:extracellular distribution of potassium.

Renal Potassium Handling

In the normal steady state, dietary potassium intake is excreted almost entirely by the
kidneys, though small amounts of potassium are lost in sweat and gastrointestinal fluids.
Large amounts of potassium can be excreted by the kidneys as long as sufficient time to
adapt is given, and potassium can be conserved with moderate efficiency in normal
individuals, though not to the same extent as sodium.

Almost all potassium in the glomerular filtrate is reabsorbed. Therefore, potassium
appearing in the urine comes from secretion of potassium into the tubular fluid through
potassium channels on distal renal tubular cells, especially those of the cortical collecting
tubules. The rate of potassium secretion is determined by the concentration of tubular
cell potassium and the degree of electronegativity of adjacent tubular fluid. Any factors
that favor an increase in intracellular potassium or make the tubular fluid more
electronegative will increase potassium secretion and urinary potassium excretion. But
the strongest impetus to potassium secretion is sodium reabsorption. The

aldosterone—regulated Na'-K" ATPase pump on the blood side of the tubular cell
transfers potassium from blood into the cell against its concentration gradient and moves

Na® out of the cell into the blood. This creates a sodium gradient from the tubular lumen
into the cell, causing passive movement of sodium through epithelial sodium channels
(enhanced by aldosterone) and generating an electronegative luminal fluid as anions such

as chloride and bicarbonate follow more slowly than Na®. In turn, potassium moves from a
high concentration inside the cell into the tubule, both because of the lower tubular
potassium concentration and because of the more electronegative fluid. It can be seen



that potassium excretion would be facilitated by increased aldosterone (increased Na"™-K*

ATPase pump activity), increased tubular Na* delivery (larger quantity of Na' to draw out
of tubule), the presence of poorly reabsorbable tubular anions (larger negative gradient),
and increased intracellular potassium concentration. Clinical correlates of each of these
excretion can be explained. It follows that failure of these mechanisms for potassium
excretion potentially leads to increased total body potassium in the face of continued
potassium intake.

Distribution of Total Body Potassium

The other major mechanism determining potassium balance and serum [K'] is the
intracellular:extracellular distribution of potassium. Only a small quantity of potassium is

found in the extracellular space in normals. If serum [KTis 4 meqg/L and potassium is
freely distributed throughout the estimated 12 L of extracellular water in a normal 60—kg

subject, then only 48 meq of K" is present in this space. The intracellular compartment
has a concentration of 130 meq K'/L X 24 L intracellular volume, or 3120 meq K" within
cells. The main mechanisms for maintaining this distribution are the Na'™-K" ATPase
membrane pumps that draw K' into the cells and move Na' out of cells. These pumps are

subject to control by insulin and epinephrine, each stimulating increased Na* and K*
exchange by different mechanisms. Insulin has in fact been considered by some to have
serum potassium regulation as its major role. Clinically, exogenous insulin administration is
associated with potential for hypokalemia despite no change in total body potassium. In
addition, insulin—dependent diabetics with renal insufficiency (inability to excrete
potassium readily) are prone to severe hyperkalemia unless adequate insulin therapy is
given. Beta—adrenergic agonists also can cause hypokalemia by an epinephrine—like effect,
and beta—adrenergic antagonists prolong and amplify the rise in serum potassium after
administration of oral or intravenous potassium.

Arterial pH also has an effect on the intracellular: extracellular potassium distribution but
does not act through the Na™-K" ATPase pump. However, acid—base disturbances have

less effect on serum [K™] than is generally assumed. Of the acid-base disturbances,
metabolic acidosis in which the acid is predominantly extracellular and inorganic—ie,
hyperchloremic acidosis— causes the largest change in serum potassium, potentially with
severe life—threatening hyperkalemia. The mechanism is thought to be exchange of
extracellular hydrogen ion for intracellular potassium in the absence of simultaneous
movement of chloride into the cell. Metabolic acidosis in which an organic anion is

intracellular—eg, lactic acidosis or ketoacidosis—results in little or no change in serum

[K*]. Metabolic alkalosis often has profound effects on serum [K'], but the major effect of
metabolic alkalosis is to increase the quantity of poorly reabsorbable anion in the distal
tubule (bicarbonate) and cause severe renal potassium losses, leading to hypokalemia.

HYPOKALEMIA

5 ESSENTIALS OF DIAGNOSIS

- Serum [K'] < 3.5 meq/L.

* Usually asymptomatic, but there may be muscular weakness.

- Severe hypokalemia affects neuromuscular function and electrical activity of the heart:
arrhythmias, ventricular tachycardia, increased likelihood of digitalis toxicity.



General Considerations

Hypokalemia is a potentially hazardous electrolyte disturbance in many critically ill
patients. Because the intracellular potassium concentration is so much larger and
because it is the ratio of intracellular to extracellular potassium that determines cell
membrane potential, small changes in extracellular potassium can have serious effects on
cardiac rhythm, nerve conduction, skeletal muscles, and metabolic function. Patients in
the ICU may have a variety of disorders that are associated with hypokalemia, including
diarrhea, osmotic diuresis, vomiting, metabolic alkalosis, and malnutrition. Treatment with
insulin, beta—adrenergic agonists, diuretics, some antibiotics, and other drugs increase the
likelihood of potassium depletion and hypokalemia.

Hypokalemia may or may not be associated with depletion of total body potassium. Thus,
mechanisms of hypokalemia can be divided into those in which total body potassium is low
(decreased intake, increased loss) or those in which total body potassium is normal or
high (redistribution of extracellular potassium into cells).

A. Depletion of Body Potassium

Normal subjects require at least 30—-40 meqg/d to replace obligate losses of potassium, but
decreased intake of potassium alone is very rarely a cause of hypokalemia except in
critically ill patients who are not being fed or given potassium. More commonly, potassium
depletion results from increased potassium loss without adequate replacement. One

Nonrenal potassium losses can occur during severe diarrhea and excessive sweating
(although vomiting and nasogastric suction stimulate renal potassium excretion), but renal
potassium loss, which results from increased secretion of potassium, is more commonly
found in ICU patients. Almost all filtered potassium is reabsorbed, and renal tubular
dysfunction rarely leads to impaired reabsorption.

Several factors facilitate renal potassium secretion. First, any cause of increased
mineralocorticoids contributes to renal loss of potassium—including volume depletion, in
which aldosterone increase is compensatory, and primary hyperaldosteronism. Cushing's
syndrome and pharmacologic administration of hydrocortisone, prednisone, or

methylprednisolone often lead to decreased [K'] due to the mineralocorticoid activity of
these corticosteroids. Unusual causes of increased mineralocorticoid activity include
licorice ingestion and excess administration of potent synthetic mineralocorticoids such
as fludrocortisone. Second, increased delivery of sodium to the distal nephron enhances
potassium secretion. Osmotic diuresis from glucose, mannitol, or urea increases distal
sodium delivery by interfering with proximal sodium reabsorption. Furosemide, which also
increases potassium loss because of volume depletion, increases distal tubular sodium
delivery by inhibiting sodium reabsorption in the ascending loop of Henle. Thiazide
diuretics increase potassium exchange for sodium in the distal tubules.

Any increased quantity of poorly reabsorbed anions in the tubular lumen increases the
electronegative gradient, drawing potassium out of the distal tubular cells. Bicarbonate is
less easily absorbed than chloride, and increased distal tubular bicarbonate is found in
renal tubular acidosis (proximal type), during compensation for respiratory alkalosis, and in
metabolic alkalosis. Other anions include those of organic acids such as keto acids and

antibiotics such as sodium penicillin. Hypomagnesemia reduces Na'~K" ATPase pump
activity, impairing intracellular potassium movement and preventing repletion of total body
potassium. Hypokalemia is seen in about 40% of patients with magnesium deficiency; and
renal potassium loss paradoxically increases during repletion of potassium in this
condition because of failure of cellular uptake. The antifungal agent amphotericin B can
cause renal potassium wasting by acting as a potassium channel in the distal tubular cell.
Aminoglycosides have been said to be associated with hypokalemia by a similar
mechanism, but clinically significant hypokalemia attributed to aminoglycosides is



uncommon.

B. Abnormal Distribution of Potassium
Hypokalemia in the face of normal or increased total body potassium must be due to
abnormal distribution of potassium between the extracellular and intracellular space.

Common causes of decreased [K'] from potassium redistribution in ICU patients include
drugs and acid—base disturbances. Insulin has a major role in transmembrane potassium
transport. Either endogenous insulin, increased after glucose administration, or the
combination of exogenous insulin and glucose can lead to hypokalemia by this mechanism.

Beta—agonists increase the activity of Na'-K" ATPase pumps, so that beta—adrenergic
bronchodilators, sympathomimetic vasopressors, and theophylline are causes of

decreased [K']. Metabolic and respiratory alkalosis do result in some shift of potassium
into cells in exchange for hydrogen ion; the major effect of metabolic alkalosis, however,
is to increase renal potassium secretion.

Clinical Features

A. Symptoms and Signs

Most hypokalemic patients are asymptomatic, but mild muscle weakness may be missed in
critically ill patients. More severe degrees of hypokalemia may result in skeletal muscle
paralysis, and respiratory failure has been reported due to weakness of respiratory
muscles. Car— diovascular complications include electrocardiographic changes,
arrhythmias, and postural hypotension. Cardiac arrhythmias include premature ventricular
beats, ventricular tachycardia, and ventricular fibrillation. Rhythm disturbances are more
commonly seen in association with myocardial ischemia, hypomagnesemia, or when drugs
such as digitalis and theophylline have been given. Hypokalemia may exacerbate hepatic
enceph— alopathy by stimulating ammonia generation. The combination of severe
hypokalemia, metabolic alkalosis, and hyponatremia is often seen in patients with evidence
of volume depletion such as tachycardia, hypotension, and mild renal insufficiency.

Although hypokalemia is most often a laboratory diagnosis, it should be suspected in
patients at risk. In the ICU, hypokalemia is commonly found because many critical
illnesses and their treatment contribute to renal and nonrenal potassium wasting. Patients
being given diuretics (thiazides, loop diuretics, acetazolamide, or osmotic diuretics),
beta—adrenergic bronchodilators, the— ophvylline, corticosteroids, insulin, large amounts of
glucose, total parenteral nutrition, aminoglycosides, high—dose sodium penicillin, and
amphotericin B are among those who should have particular attention paid to monitoring

serum [K']. Toxic levels of theophylline in particular can cause profoundly reduced serum

[K']. Patients with volume depletion, especially from diarrhea, vomiting, or nasogastric
suctioning (which induces both volume depletion and metabolic alkalosis), and osmotic
diuresis should be carefully watched for development of hypokalemia. In patients with
renal failure undergoing dialysis, excessive potassium losses are unusual, though they may
oCGur.

B. Laboratory Findings

A serum potassium < 3.5 meq/L makes the diagnosis of hypokalemia. However, there is
some evidence that complications of hypokalemia may occur even when serum potassium
is in the low end of the normal range. The electrocardiogram may show nonspecific ST
and T wave changes, although flattening of the T wave with development of a U wave is

considered characteristic with more severe hypokalemia. Serum [Na'] may be low as a
consequence of total body potassium depletion.

Other laboratory findings are helpful for identifying the cause of hypokalemia. Finding the
mechanism of hypokalemia is important because inappropriate replacement with large



amounts of potassium may lead to hyperkalemia if redistribution rather than depletion of
potassium is the cause of hypokalemia. Confirmation of renal potassium wasting can be
useful. In the presence of hypokalemia, urinary potassium concentration < 20 meqg/L
suggests nonrenal potassium wasting, whereas urinary potassium > 20 meq/L enhances
the likelihood of renal potassium wasting as the cause of hypokalemia.

The transtubular potassium gradient (or ratio) can be helpful in diagnosing renal potassium
wasting:
Urine [K*] Ny Prcm

TTEG =
Flasma [K*] Uazm

where [U,g,] is urine osmolality and [P,] is plasma osmolality. This formula estimates

the potassium concentration in the distal nephron by multiplying the urine [K']
concentration by the ratio of urine osmolality to plasma osmolality to account for the

change in water concentration through the collecting ducts. A ratio of distal tubular [K']

(numerator) to serum [K™] (denominator) < 2 indicates appropriate renal conservation of
potassium in the face of hypokalemia. A ratio > 4 suggests renal tubular potassium
wasting. Even if it is known that the mechanism of hypokalemia is excessive urinary loss
(diuretics, metabolic alkalosis), urinary potassium determination can be a useful guide to
the amount of potassium replacement needed to maintain normal levels or to correct
hypokalemia.

Identification of a large quantity of poorly—absorbable anion in the urine is usually not
feasible, but an increased quantity of unmeasured anions can be inferred if the sum of
urine sodium and potassium exceeds urine chloride concentration by > 40 meq/L.

Redistribution of potassium leading to hypokalemia cannot be definitely diagnosed by
laboratory studies, though metabolic or respiratory alkalosis can be identified by arterial
blood gases. Measurement of drug level may confirm theophylline toxicity as a factor
contributing to hypokalemia.

Treatment

A. Estimating Total Body Potassium Deficit

+ . .
Serum [K™] reflects only the extracellular potassium. Although normal intracellular
potassium concentration is 35 times extracellular and normal intracellular volume is twice

extracellular, there is no simple relationship between serum [K*] and total body potassium
deficit. Nomograms and formulas for estimating total body potassium deficit based on

serum [K'], pH, and serum osmolality are available, but these should not be relied on

heavily. However, in general, patients with severe hypokalemia ([K'] < 2.5 meq/L) and
severe metabolic alkalosis have the largest potassium deficits—up to 400 or 500
meg—while those with hyperchloremic acidosis and mild hypokalemia have milder deficits.

The magnitude of the potassium deficit has implications for the amount of potassium
needed to correct the deficit but not necessarily for the urgency or amount immediately
needed. Because the clinical manifestations of hypokalemia are determined by the ratio of

extracellular and intracellular [K*], any degree of moderate to severe hypokalemia,
regardless of the size of the deficit, may impose the same risk on the patient.

B. Severe Hypokalemia

The oral route is preferred for potassium replacement except in those patients whose
oral intake is restricted or whose hypokalemia is life threatening. The rate of
administration and the amount of potassium that can be given are limited by local




complications (irritation at the intravenous site) and because potassium is initially
distributed only into the extracellular space. Too—rapid administration can result in large

and dangerous increases in extracellular and serum [K'] before potassium can be taken
into cells. Special care should be taken in patients receiving beta—adrenergic blockers, in
type 1 diabetics, and patients with oliguric acute or chronic renal failure.

Potassium chloride and potassium phosphate are available for intravenous use. Potassium
chloride should be given unless there is hypophosphatemia (see Hypophosphatemia, on
page 46). Intravenous potassium chloride can be given in concentrations as high as 60
meq/L. The total amount of potassium in a single intravenous bag should be restricted,
however, to 20—40 meq to avoid the risk of inadvertent rapid administration of excessive
amounts, and these amounts should be administered over at least 1 hour into a peripheral
vein. Because of the size of the extracellular space into which potassium is initially
distributed, 20—40 meq of potassium can cause the potassium to rise as much as of 2— 4
meq/L if not quickly distributed to the intracellular compartment.

Intravenous potassium into central venous catheters must be given cautiously and only

when absolutely necessary. Very high serum [K'] levels can be achieved within the heart,
resulting in conduction system disturbances. However, the large volume of blood into

which the potassium mixes generally dilutes K" rapidly. Large quantities of potassium
may be needed in special circumstances to counteract hypokalemia, such as after open
heart surgery. It is recommended that each ICU develop a protocol to ensure safety in
giving potassium into central venous sites. In any patient receiving intravenous potassium,

frequent (every 1-2 hours) serial monitoring of serum [K'] is mandatory.

C. Potassium Replacement

Potassium needs should be anticipated in ICU patients to avoid hypo— and hyperkalemia.
Patients receiving potent diuretics, those on continuous nasogastric suction, those
starting intravenous glucose for parenteral nutrition, and those receiving digitalis should
be considered for increased potassium supplementation.

Patients with acute myocardial ischemia and infarction may be more prone to
arrhythmias, which can be prevented by careful attention to serum potassium levels.
Other patients with a potential for hypokalemia include those prescribed beta—adrenergic
agonists (bron—chodilators) or theophylline and patients with hypo—magnesemia. A special
case is the treatment of diabetic ketoacidosis. Insulin is expected to drive potassium into
cells along with glucose. Although potassium should be withheld in those presenting with

hyperkalemia, patients with normal serum [K'] can generally be expected to require
potassium supplementation during insulin treatment because most patients have
moderate to severe potassium deficits from earlier osmotic diuresis. In many patients with
diabetic ketoacidosis, moderate to severe hypophosphatemia develops, and potassium
phosphate is often given.

D. Correct Underlying Disease

The underlying disorder contributing to hypokalemia may or may not be correctable.
Correction of magnesium deficiency may correct a state of refractory potassium
deficiency. Efforts should be made to control extrarenal losses of potassium and fluid.
Diuretics causing hypokalemia generally must be continued for treatment of volume
overload states, but benefit can sometimes obtained from potassium—sparing diuretics
such as spironolactone, triamterene, or amiloride, though these are less potent natriuretic
agents than furosemide. In critically ill patients, potassium replacement plus furosemide is
generally preferred over potassium—sparing diuretics, especially if there is renal
insufficiency, hypokalemia requiring simultaneous potassium supplementation, and a
severe edematous state. Similarly, amphotericin B, aminoglycosides, corticosteroids, and
other drugs associated with hypokalemia used in critically ill patients may not be
avoidable and must be continued.
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HYPERKALEMIA

5 ESSENTIALS OF DIAGNOSIS

- Serum [K'] > 5 meq/L.
- Severe hyperkalemia affects neuromuscular function and electrical activity of the heart,
with abnormal ECG. May develop heart block, ventricular fibrillation, or asystole.

General Considerations

While hypokalemia is more common in ICU patients, renal failure, metabolic acidosis,
potassium—sparing diuretics, adrenal insufficiency, drugs, and iatrogenic administration of
potassium may lead to hyperkalemia. Hyperkalemia has serious effects on myocardial
conduction, and most life—threatening emergencies from hyperkalemia involve the heart.

The mechanisms of hyperkalemia can be divided into those in which increased addition of
potassium to the extracellular space overwhelms the normal mechanisms of potassium
disposal, and those in which the capacity for potassium disposal is impaired. Because

hyperkalemia reflects serum [K'] and not total body potassium, impaired disposal may be
due to impaired redistribution of potassium into the cell or impaired excretion of
potassium.

A. Addition of Potassium to Extracellular Space

Both exogenous and endogenous sources are causes of hyperkalemia. Exogenous
potassium can lead to hyperkalemia if enough potassium is given rapidly enough to raise
potassium concentration in the extracellular space. Impaired insulin release or
beta—adrenergic blockade facilitates hyperkalemia, but, because the normal extracellular
potassium store is only as little as 40-60 meq, rapid potassium administration can easily
overwhelm normal redistribution mechanisms. If potassium is given more slowly, however,
normal renal excretion makes development of hyperkalemia much less likely. Endogenous
sources of large potassium loads are not infrequent in the ICU from rhabdomyolysis due
to infection, trauma, or drugs; tumor lysis of lymphoma or leukemia; or severe hemolysis.

A special case of endogenous potassium leading to a false diagnosis of hyperkalemia
results from hemolysis of red blood cells after blood has been drawn. Pseudohyperkalemia
can also be seen in patients with extreme thrombocytosis or leukocytosis.

B. Impaired Disposal of Potassium
Hyperkalemia can occur if there is redistribution of potassium from the intracellular to the
extracellular space or if normal mechanisms of potassium disposal are impaired.

Metabolic acidosis, insulin deficiency, and beta—adrenergic blockade may redistribute
potassium out of cells and cause hyperkalemia. Administration of acids with chloride anion
(hydrochloric acid, lysine hydrochloride, arginine hydrochloride) is associated with



hyperkalemia because of exchange of hydrogen ion for potassium inside the cell. Organic
acidoses affect serum potassium much less. Muscle paralysis with succinylcholine, a
depolarizing muscle relaxant, releases potassium from muscle cells and prevents reuptake.
Type 1 diabetic patients are prone to hyperkalemia because they lack the ability to
increase insulin secretion in the face of increased potassium appearance.

1. Renal insufficiency—The kidneys are largely responsible for excretion of potassium and
can greatly increase potassium excretion in response to hyperkalemia. Potassium is
filtered and then almost completely reabsorbed; this is true even in the face of
hyperkalemia. However, in contrast to hypokalemia, in which increased filtration does not
cause potassium depletion, decreased filtration does contribute to hyperkalemia. As with
hypokalemia, aldosterone plays an important role in renal potassium handling.

Acute renal insufficiency more commonly causes hyperkalemia than chronic renal
insufficiency in the absence of increased intake of potassium. Chronically, aldosterone is
released in direct response to hyperkalemia (even in anephric patients) and facilitates
secretion of potassium in the distal nephron. Decreased glomerular filtrate affects
potassium secretion primarily by decreasing the amount of sodium available for
lumen—tubular cell exchange, thereby limiting generation of the electronegative gradient
that drives potassium secretion.

2. Aldosterone deficiency—Deficiency of aldosterone predictably causes hyperkalemia.
Diseases that destroy the adrenal glands result in loss of endogenous glucocorticoids and
aldosterone (Addison’s disease), but isolated cases of hypoaldosteronism are also seen. In
long—standing diabetes, hyporeninemic hypoaldosteronism causes hyperkalemia and
hyperchloremic metabolic acidosis (type IV renal tubular acidosis). Spironolactone, an
aldosterone antagonist, causes hyperkalemia in susceptible patients.

C. Drugs Associated With Hyperkalemia

Drugs associated with hyperkalemia are classified according to their mechanism of
hyperkalemia. Those that impair intracellular potassium distribution include
beta—adrenergic blockers, succinylcholine, hydrochloric acid, and other acidifying agents.
Some earlier formulations of total parenteral nutrition solutions contained excess chloride
salts of amino acids that contributed to hyperkalemia. Drugs that interfere with renal
potassium secretion include aldosterone antagonists (spiro— nolactone),
potassium—sparing diuretics (triamterene, amiloride), angiotensin—converting enzyme
inhibitors, and drugs that decrease renal function (NSAIDs). Patients with heart failure are
at risk for both hypokalemia and hyperkalemia because they may be prescribed potent
loop diuretics, aldosterone, beta—adrenergic blockers, and angiotensin—converting enzyme
inhibitors simultaneously.

A significant number of patients receiving high doses of trimethoprim—sulfamethoxazole
have been found to have hyperkalemia. Trimethoprim has been shown to have an
amiloride—like effect, blocking distal tubular sodium channels and inhibiting potassium
secretion because of decreased tubular electronegativity. Small amounts of potassium in
potassium penicillin G (1.7 meq per million units) and transfused blood can cause
hyperkalemia, but usually only in patients with impaired potassium handling.

Clinical Features

A. Symptoms and Signs

Hyperkalemia is generally identified by routine measurement of electrolytes in the ICU. In
critically ill patients, hyperkalemia may present acutely without warning. The most serious
concern is cardiac rhythm disturbances, but weakness may also be present.

The medical history should be reviewed for medications that cause hyperkalemia, recently



transfused blood, potential for tumor lysis syndrome, diabetes, renal failure, and other
disorders. Intravenous lines should be checked for inadvertent potassium administration.
For critically ill patients, consideration of acute adrenal insufficiency is mandatory,
especially if the patient had been receiving corticosteroids or has hypotension and
hyponatremia.

Those at high risk for development of hyperkalemia include any patient receiving
potassium supplementation or who is receiving potassium—sparing diuretics, digitalis,
beta—adrenergic blockers, trimethoprim, or angiotensin—converting enzyme inhibitors.
Patients with renal insufficiency (especially acute renal failure) or diabetes mellitus
(especially type 2 diabetes) may develop hyperkalemia. Hyperkalemia can sometimes
occur in patients who are sodium-—restricted if they are allowed to use salt substitutes
that contain primarily potassium chloride.

The most common associations of hyperkalemia in hospitalized patients were reported to
be renal failure, drugs, and hyperglycemia. In one study, administration of potassium to
correct hypokalemia was the most frequent cause of subsequent hyperkalemia.

B. Laboratory Findings

Hyperkalemia is diagnosed when serum potassium is > 5 meq/L. The ECG is an important
indicator of severity of hyperkalemia, but ECG abnormalities were seen in only 14% of
hospitalized patients with hyperkalemia in one study. Asymptomatic electrocardiographic

changes occur as serum [K™] rises, with increased height and sharper peaks of T waves
seen first. The QRS duration then lengthens, and the P wave decreases in amplitude

before disappearing as serum [K'] rises. At very high serum [K'], electrical activity
becomes a broad sine—like wave preceding ventricular fibrillation or asystole.

Serum sodium, chloride, glucose, creatinine, and urea nitrogen, arterial blood pH, PaCO,,
hematocrit, and platelet count should be determined to aid in establishing the cause of
hyperkalemia. If the platelet count exceeds 1,000,000/uL, serum potassium may be falsely
elevated as the blood clots and potassium is released from platelets; in such cases,
plasma potassium will reflect the true value in the body. In renal insufficiency, serum
creatinine and urea nitrogen are elevated. Urine potassium may be helpful in determining
whether renal potassium elimination is appropriate. The transtubular potassium gradient
(see Hypokalemia, on page 38) can determine if the kidneys are contributing to
hyperkalemia; a nonrenal cause is more likely if > 10. Serum sodium and chloride may
provide evidence of adrenal insufficiency, but other tests of adrenocortical function
should be performed. A very low serum cortisol, for example, in the presence of
hyperkalemia can be diagnostic of adrenal insufficiency. Arterial blood pH and serum
glucose are helpful in deciding on the approach to treatment of hyperkalemia.

Treatment

Arrhythmias suspected of being due to hyperkalemia or electrocardiographic changes with
serum [K'] above the normal range (ie, > 5 meqg/L) should be aggressively treated, and

the same is true if serum [K']is > 6 meq/L even if the ECG shows no evidence of
hyperkalemia.

A. Calcium

Combination therapy is usually given to counter the effects of hyperkalemia on the heart
and redistribute potassium into cells. Calcium directly reverses the effects of potassium
on the cardiac conduction system, though intravenous calcium chloride or calcium
gluconate does not affect serum potassium levels. One recommendation is to give 10 mL

of 5% calcium chloride intravenously every 1-2 hours as long as [K'] exceeds 6 meq/L
and there are electrocardiographic abnormalities, but the number of doses should not
exceed two or three. Calcium should be given cautiously in the presence of digitalis



toxicity.

B. Redistribution of Potassium

Insulin has an immediate serum [K'] lowering effect, but hypoglycemia ensues unless
glucose is given simultaneously. Insulin can be given subcutaneously or by intravenous
bolus or continuous infusion; a reasonable method for severe hyperkalemia is to
administer regular insulin intravenously at a rate of 1-2 units/h while 5% dextrose in water
is given at a rate of 125 mL/h (8—10 units insulin in each liter of 5% dextrose in water).
One should monitor electrolytes and glucose hourly and watch closely for hypoglycemia.
The rate of administration of insulin and glucose can be adjusted accordingly.

Metabolic acidosis contributing to hyperkalemia, if present, can be ameliorated with
sodium bicarbonate given intravenously. This treatment is not without hazard, with volume
overload and hyperosmolality possible complications. Only enough NaHCO3 should be

given to reverse hyperkalemia, not completely correct aci— demia. Treatment should begin
with one ampule, usually containing 44 meq NaHCOg, given over several minutes. Another

ampule can be given if needed in 15—30 minutes. Alternatively, two ampules can be added
to 1 L of 5% dextrose in water for continuous intravenous administration (final sodium
concentration about 90 meq/L) at 50-150 mL/h. This infusion can be stopped as soon as
serum potassium normalizes or in the event of fluid overload.

A few patients with hyperkalemia and renal failure have been reportedly treated with the
beta—adrenergic agonist albuterol by nebulization. Modest transient reduction in serum

[K'] can be achieved even with standard bronchodilator doses, but the risks of
arrhythmias and other potential problems suggest that this form of therapy should be
used only when conventional therapy has failed.

C. Increased Excretion of Potassium

Facilitation of renal excretion mechanisms can help rid the body of excess potassium, but
this route of excretion is usable only in patients whose renal potassium excretion is
unimpaired. Furosemide increases distal tubule sodium delivery and promotes potassium
secretion. Volume replacement with normal saline may be necessary if the patient begins
with normal extracellular fluid volume. Mineralocorticoids increase renal potassium
excretion, but in patients with a normal adrenal response, aldosterone levels are maximal.
Therefore, mineralocorticoids such as fludrocortisone are useful only in patients with
adrenal insufficiency or some other cause of depressed aldosterone.

In patients with impaired renal potassium excretion or to increase potassium elimination in
any patient with hyperkalemia, increased nonrenal potassium excretion is indicated. A
cation exchange resin designed for oral or rectal administration (sodium polystyrene
sulfonate) binds potassium in exchange for sodium. If the gastrointestinal tract is
functional, 15-60 g mixed in 20— 100 mL of water or sorbitol solution can be given orally;
the dose can be repeated every 4-6 hours. The suspension can also be given as a
retention enema.

Hemodialysis is an effective way of decreasing serum potassium, but hyperkalemia may
return rapidly after dialysis as potassium diffuses back out of the cells. Therefore, as
much potassium removal as possible is indicated during hemodialysis if it is concluded
that a large increase in total body potassium is present. Serum potassium should be
carefully monitored during dialysis. Continuous dialysis is very effective, and peritoneal
dialysis with dialysate containing no potassium can be used.

D. Other Treatment

Dietary potassium intake should be restricted. In practice, the diet should avoid
high—potassium foods, but in ICU patients in whom sparing of body protein is a goal, at
least 2.5 g (64 meq) of potassium daily is usually necessary to maintain acceptable protein




intake. All intravenous infusions should be double—checked to make sure potassium
(sometimes in the form of phosphate as well as chloride) is not being given inadvertently.
Potassium penicillin should be switched to sodium penicillin. The need for drugs
contributing to potassium maldistribution, impaired excretion, metabolic acidosis, and renal
insufficiency should be re—evaluated and the drugs discontinued if possible. These include
angiotensin—converting enzyme inhibitors, beta—adrenergic blockers, and
potassium—sparing diuretics.
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DISORDERS OF PHOSPHORUS BALANCE
INTRODUCTION

Phosphorus is found in both inorganic (phosphate) and organic forms. Most of the body’s
store of phosphorus is in the bones (80%), and the vast majority of the remainder is, like
potassium, distributed inside cells (muscles, 10%) as organic phosphates. Only 1% is in the
blood, and serum phosphorus does not reflect the total body phosphorus. Organic
phosphates play a major role in metabolic functions, especially in energy—producing
reactions, as part of ATP and other cofactors. In the erythrocyte, 2,3—diphosphoglycerate
(2,3-DPG) levels decrease with decreased serum phosphorus concentration, and
hypophosphatemia leads to impaired tissue oxygen delivery. In the ICU, hypophosphatemia
is associated with dysfunction of red cells, respiratory muscles, the heart, platelets, and
white cells and is often due to acute ICU interventions in susceptible patients. Patients
with hypophosphatemia may have heart failure, hemolysis, respiratory failure, and impaired
oxygen delivery.

Serum phosphorus is reported by the laboratory in milligrams of elemental phosphorus per
deciliter but is largely in the form of inorganic phosphate in the divalent (HPO42_) and

monovalent forms (H,PO47). There are two major determinants of phosphorus balance in

the body: the distribution of phosphorus compounds between intracellular and
extracellular spaces and the daily intake compared with excretion. The total body store of
phosphorus is great, and only a small proportion of total body phosphorus participates in
intracellular reactions and shifts between cells and extracellular spaces.

The intracellular phosphorus concentration is considerably larger than the extracellular
concentration. Factors that determine the distribution of phosphorus between the two
compartments include the rate of glucose entry into cells and the presence of respiratory
alkalosis. Glucose movement into cells, facilitated by insulin, traps phosphate
intracellularly through generation of ATP for phosphorylation of intermediates of
glycolysis. Acute respiratory alkalosis facilitates glycolysis, thereby reducing extracellular
phosphorus concentration.

Phosphate intake depends on the type of diet ingested and the presence of active
1,25(OH)2-vitamin D3, which facilitates both calcium and phosphorus absorption in the

gastrointestinal tract. Corticosteroids, dietary magnesium, hypothyroidism, and intestinal
phosphate—binding drugs (aluminum hydroxide, calcium carbonate) decrease phosphorus
absorption. Net phosphate excretion is primarily through the kidneys by filtration and
reabsorption. Normally, reabsorption in the proximal tubules determines phosphorus
excretion, and this mechanism is driven and controlled by factors that determine proximal
tubular sodium reabsorption. Thus, there is enhanced phosphorus reabsorption in the face
of increased proximal sodium reabsorption in volume—depleted states. However, proximal
phosphorus reabsorption is also independently regulated by the parathyroid hormone
level. This can lead to dissociation between sodium reabsorption and phosphorus
reabsorption, as in hyperparathyroidism.

HYPOPHOSPHATEMIA

5 ESSENTIALS OF DIAGNOSIS

- Serum phosphorus < 2.5 mg/dL; severe, < 1.5 mg/dL.
- May have muscle weakness, including respiratory muscle weakness (failure to wean from



respirator) and myocardial dysfunction.

- Evidence of impaired oxygen transport.

- Impaired platelet and leukocyte function. Hemolysis and rhabdomyolysis may occur with
serum phosphorus < 1 mg/dL.

General Considerations

Hypophosphatemia is associated in the ICU mostly with shift of extracellular phosphorus
into cells and is seen as a consequence of acid—base disturbances and as a complication
of drugs and nutritional support more often than as a primary problem. Acute
hypophosphatemia should be anticipated in postoperative patients; in patients with
chronic or acute alcoholism, diabetic ketoacidosis, or head trauma; and in patients
receiving total parenteral nutrition or mechanical ventilation.

In theory, hypophosphatemia always results from a problem of maldistribution of total
body phosphorus. This is because of the very large quantity of phosphorus in the
intracellular space plus the amount of phosphorus in bone even in those with
hypophosphatemia (decreased serum phosphorous and extracellular phosphorus). Thus,
even states of “phosphate depletion” from increased losses and decreased intake
represent a problem of distribution because there must also be decreased ability to
mobilize and transfer phosphorus to the extracellular space coincident with depletion.
Nevertheless, it is helpful to think of the pathophysiology of hypophosphatemia as being
due primarily to redistribution, decreased intake, or increased excretion of phosphorus.

A. Redistribution of Phosphorus

In the ICU, the most common causes of hypophosphatemia are administration of insulin
and glucose or acute hyperventilation. Glucose movement into cells (facilitated by insulin)
and subsequent glycolysis produce phosphorylated intermediates that are trapped
intracellularly. The most striking examples of rapid, severe falls in serum phosphorus are
seen in the treatment of diabetic ketoacidosis and in the refeeding syndrome. Diabetic
ketoacidosis is associated with pretreatment extracellular phosphate loss from osmotic
diuresis and high serum glucose concentrations. The administration of insulin results
predictably in hypophosphatemia as glucose and phosphate move into cells. The marked
fall in serum phosphate during enteral or parenteral refeeding of chronically malnourished
individuals, including alcoholics, reflects low extracellular phosphorus from decreased
intake, followed by rapid movement of phosphate and glucose intracellularly.
Hypophosphatemia is even more severe if parenteral nutrition formulas lack sufficient
phosphorus.

Respiratory alkalosis also causes a shift of extracellular phosphorus into cells. This has
been attributed to enhanced activity of the glycolytic enzyme phosphofructokinase at high
pH, but this mechanism has been called into question because metabolic alkalosis of
comparable degree has little effect on serum phosphorus. Hypophosphatemia seen in
salicylate toxicity, sepsis, and hepatic encephalopathy is probably secondary to
hyperventilation.

B. Decreased Phosphorus Intake

Decreased intake of phosphorus is usually a chronic problem and is seen in ICU patients
with preexisting diseases leading to decreased dietary intake of calcium, phosphorus, and
vitamin D. However, binding of phosphate in the gastrointestinal tract by magnesium— and
aluminum—containing antacids prevents absorption and can lead to hypophosphatemia,
especially when the diet is limited in phosphate content. Because most diets contain
adequate phosphorus, low dietary intake of phosphorus is seen only in patients who are
not being fed at all.

C. Increased Excretion of Phosphorus
Among all patients, increased renal tubular excretion of phosphate is the most common
cause of hypophosphatemia, primarily from subclinical hyperparathyroidism. This




mechanism is less common in critically ill patients in whom renal phosphate excretion
increases with osmotic diuresis and with the use of aceta— zolamide, a carbonic
anhydrase inhibitor. Metabolic acidosis increases the release of inorganic phosphate into
the extracellular space, resulting in increased renal excretion of phosphate, but this is not
usually a cause of hypophosphatemia because phosphorus can be easily mobilized from
the intracellular stores.

D. Physiologic Effects of Hypophosphatemia

Phosphorus in the form of phosphate plays an important role in intermediary metabolism,
especially in intracellular energy production. Clinical consequences of hypophosphatemia
relate to decreased production of ATP and erythrocyte 2,3—-DPG. Erythrocyte inorganic
phosphate concentration is directly related to serum phosphorus, and inorganic phosphate
is required for the conversion of glyceraldehyde 3—phosphate to 1,3—diphosphoglyceric
acid, a key step in glycolysis. In hypophosphatemia, glycolytic intermediates preceding this
enzymatic step accumulate and those following, including ATP and 2,3-DPG, decrease in
concentration. Low 2,3-DPG increases the O, affinity of hemoglobin (“left—shifted”

oxyhemoglobin curve), potentially impairing Oy delivery to the tissues. Hemolysis is due to

impaired ATP generation, probably in a way similar to erythrocyte glycolytic enzyme
deficiencies such as pyruvate kinase deficiency. Impaired function of skeletal muscles,
including respiratory muscles, and myocardium have been related to both decreased
2,3-DPG and decreased availability of phosphorus to the muscles. In one study,
decreased respiratory and peripheral muscle phosphate concentrations were found in 50%
of patients with COPD and respiratory failure compared with normal controls.

Clinical Features

Although most patients with hypophosphatemia are identified by routine monitoring of
electrolytes, hypophosphatemia should be suspected in certain high—risk ICU patients, ie,
those with preexisting total body or extracellular phosphorus depletion or a severe acute
candidates for symptomatic hypophosphatemia are those with combinations of
mechanisms, such as patients with diabetic ketoacidosis with osmotic diuresis and insulin
administration, and malnourished alcoholics given glucose, insulin, and phosphate—binding
antacids. Severely burned patients may have a combination of respiratory alkalosis, pain,
sepsis, and increased tissue uptake of phosphate. Patients with severe head injury are
reported to have hypophosphatemia and hypomagnesemia due to excessive urinary
losses.

A. Symptoms and Signs

Mild to moderate hypophosphatemia is usually asymptomatic. When hypophosphatemia is
severe (serum phosphorus < 1.5 mg/dL), patients may complain of muscle weakness.
Skeletal and cardiac muscles are involved primarily, and signs of weakness may be
present in the respiratory muscles. Patients may be found to have difficulty weaning from
mechanical ventilation or may present with symptoms and signs of reversible congestive
heart failure. Rhabdomyolysis and hemolysis are uncommon features of severe
hypophosphatemia. Although unusual, leukocyte dysfunction may result in an increased
tendency to infection, and platelet dysfunction may contribute to bleeding.

Central nervous system dysfunction has been attributed to hypophosphatemia, but
consistent features have not been found. Findings have included changes in mental
status, seizures, and neuropathy. Changes may be related to direct effects or may occur
because of reduced central nervous system oxygen delivery.

B. Laboratory Findings

The diagnosis of hypophosphatemia is made when serum phosphorus is < 2.5 mg/dL, but
symptoms are not likely to appear until the serum phosphorus is < 1.5 mg/dL. Other
laboratory findings may include features of hemolysis, elevated creatine kinase, and




qualitative platelet dysfunction (prolonged bleeding time) when serum phosphorus is 0.5—1
mg/dL. For determining the specific cause of hypophosphatemia, the clinical history is
most useful; arterial blood gases, serum glucose, and serum electrolytes and calcium may
be helpful. Although useful in evaluation of chronic hypophosphatemia, urinary phosphorus
measurement is seldom necessary in ICU patients.

Treatment

A. Assess Urgency of Treatment

In critically ill patients, development of severe hypophosphatemia may require immediate
treatment if weakness involving the respiratory muscles precipitates respiratory failure.
Generally, serum phosphorus < 1- 1.5 mg/dL should be treated immediately. This is
especially important when further decrease in phosphorus is anticipated, as in the
treatment of diabetic ketoacidosis. Supportive care is essential while severe
hypophosphatemia is corrected.

B. Phosphorus Replacement

Recommendations for phosphorus repletion are often confusing because of the way
elemental phosphorus and phosphate concentrations and amounts are expressed. At
physiologic pH, inorganic phosphate anion exists almost entirely in the monovalent

(Hy,PO47) and divalent (HPO427) forms (about 1:4 monovalent:divalent). This means that
the use of milliequivalents is potentially misleading. Laboratories report serum phosphorus
as milligrams of elemental phosphorus per deciliter. To avoid confusion, calculations for
repletion should be based on milligrams of elemental phosphorus or millimoles of
phosphorus or phosphate (these are the same because there is one phosphorus atom for
each phosphate regardless of valence). One millimole of phosphate or phosphorus is the
same as 31 mg of phosphorus.

Intravenous phosphate is given as sodium or potassium phosphate, available usually at a
concentration of 93 mg phosphorus/mL (3 mmol/mL). The amount of phosphorus to be
given is difficult to estimate because total body phosphorus may not be decreased
(redistribution), and rapid phosphate shifts during treatment may resolve or worsen the
problem. Therefore, close monitoring of serum phosphorus and other electrolytes is
necessary during repletion, especially if phosphate is given as the potassium salt.

In severe cases (serum phosphorus < 1.5 mg/dL), give 5-7 mg phosphorus/kg
intravenously in 1 L of DsW over 4-6 hours. For a 60—kg adult, this would be

approximately 400 mg phosphorus, or about 4 mL of sodium or potassium phosphate
solution (3 mmol/mL) in the 1 L infusion. Alternatively, 1 g of phosphorus (about 10 mL of
sodium or potassium phosphate [3 mmol/mL]) is added to 1 L DsW and infused over
12-24 hours or until the serum phosphorus is > 1.5 mg/dL. In less severe
hypophosphatemia, an appropriate starting dose would be 2-4 mg/kg intravenously over 8
hours. Oral supplementation can be provided using potassium phosphate or mixtures of
sodium and potassium phosphate.

Prevention of hypophosphatemia is important. In patients receiving intravenous glucose,
phosphorus supplementation should be considered. Adult patients receiving parenteral
hyperalimentation generally require about 1 g of phosphorus daily, or approximately 12
mmol (372 mg) for every 1000 kcal provided.

Routine repletion of phosphorus in patients with diabetic ketoacidosis has been
recommended because of the high frequency of hypophosphatemia reported during
treatment with insulin infusions. It has been proposed that hypophosphatemia contributes
to decreased oxygen delivery, insulin resistance, hyperchloremic acidosis, and other
complications of diabetic ketoacidosis. However, routine phosphate replacement has not
demonstrated any improvement in intermediate or final outcome.



C. Complications of Treatment

Complications of excessive phosphate repletion include volume overload from sodium
phosphate, hyperkalemia from potassium phosphate, precipitation of calcium phosphate in
the face of hypercalcemia, and hypocalcemia. In older patients with renal insufficiency and
small children, especially with fluid restriction, phosphate salts given for bowel preparation
are associated with severe hyperphosphatemia, marked anion gap metabolic acidosis, and
hypocalcemia.
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HYPERPHOSPHATEMIA

5 ESSENTIALS OF DIAGNOSIS

 Serum phosphorus > 5 mg/dL.
* Usually no symptoms.
- Cardiac conduction system disturbances and features of hypocalcemia may occur.

General Considerations

Hyperphosphatemia as a clinical problem is most often the result of long—standing
elevation of serum phosphorus > 5 mg/dL, but acute elevation can have consequences
due to precipitation of calcium phosphate salts in the heart, kidneys, and lungs; rarely,
acute cardiac conduction disturbances can occur. In addition, calcium phosphate
precipitation results in acute hypocalcemia and its consequences.

Severe hyperphosphatemia is associated in the ICU with a shift of intracellular
phosphorus out of cells and is seen when there is massive tissue breakdown. Rarely, in
patients inadvertently given large amounts of phosphate salts as a bowel preparation,
severe anion gap metabolic acidosis may result. Patients in whom this has been reported
are elderly or very young, and often have renal insufficiency. More commonly,
hyperphosphatemia is seen in chronic renal failure, where there is decreased ability to
excrete phosphorus.

Hyperphosphatemia results from impaired excretion of phosphorus or increased addition
of phosphorus to the extracellular space.

A. Impaired Phosphate Excretion
There is a large quantity of phosphorus in the intracellular space as well as the




phosphorus stored in bone, but the quantity of extracellular phosphorus is small. Normal
cell turnover releases a steady quantity of phosphorus into the extracellular space that is
taken back up into the cells or bone or excreted by the kidney. Impaired excretion
primarily results from chronic renal insufficiency, and—because parathyroid hormone
facilitates renal phosphate excretion—hypoparathyroidism impairs renal phosphorus
excretion even with normal renal function.

B. Redistribution of Phosphorus

A cause of hyperphosphatemia unique to critically ill patients is massive tissue
breakdown, a form of “redistribution” of a large amount of intracellular phosphorus into
the extracellular space. The most common form of tissue injury seen in the ICU is
rhabdomyolysis from trauma or other muscle injury from infection, drugs, seizures, or
metabolic problems. Tumor lysis syndrome, seen after chemo— or radiotherapy of highly
responsive tumors (eg, lymphoma), releases large quantities of phosphorus as well as
purines (to become uric acid) and potassium. Tumor lysis syndrome is very uncommonly
seen in patients with solid tumors except with extensive necrosis. Bowel necrosis may
also be associated with hyperphosphatemia. Renal insufficiency exacerbates
hyperphosphatemia caused by redistribution of phosphorus. Because insulin and glucose
drive phosphorus into cells, diabetics with insulin deficiency might also be more prone to
hyperphosphatemia, but this is rarely significant.

C. Excessive Replacement of Phosphorus

Excessive replacement of phosphorus in patients with hypophosphatemia may cause
hyperphosphatemia. Factors that may lead to this situation include renal insufficiency and
continued replacement of phosphorus after reversal of the cause of hypophosphatemia
(correction of respiratory alkalosis). Patients receiving total parenteral nutrition should be
monitored closely because standard solutions may contain 300-500 mg of phosphorus per
liter. Enemas or oral bowel preparation products used prior to radiographic procedures or
colonoscopy may contain a large quantity of sodium phosphate as an osmotic agent. If
patients absorb phosphate, severe hyperphosphatemia (serum phosphorus > 20 mg/dL)
and anion gap metabolic acidosis have been reported.

Clinical Features

Patients at high risk for development of hyperphosphatemia are those with tissue injury
who may develop hyperphosphatemla include those receiving intravenous or oral
phosphorus supplementation for treatment of hypophosphatemia, patients with decreased
glomerular filtration because of extracellular volume depletion, those with chronic renal
failure, and those given large amounts of oral phosphate salts.

A. Symptoms and Signs

Most patients with hyperphosphatemia of mild to moderate degree are asymptomatic. In
more severe cases, if the calcium X phosphorus product is > 60 the risk of ectopic
calcification in various organs increases, including the heart, lungs, and kidneys. Acute
problems from precipitation of calcium phosphate are mainly restricted to the
development of cardiac conduction system disturbances such as heart block.

Acute hyperphosphatemia also can lead to hypocalcemia with development of tetany,
seizures, cardiac arrhythmias, and hypotension. Serum calcium should be monitored
during treatment of both hypo— and hyperphosphatemia. Hypocalcemia results both from
precipitation of calcium phosphate and because of inhibition of renal 1a—hydroxylase
necessary for vitamin D activation.

B. Laboratory Findings

The diagnosis of hyperphosphatemia is most often made only by the laboratory finding of
serum phosphorus > 5 mg/dL. The specific cause of hyperphosphatemia can usually be
determined from the clinical history, but serum creatinine and electrolytes should be




obtained. Serum uric acid and potassium are expected to be elevated in tumor lysis
syndrome. In rhabdomyolysis, serum creatine kinase and aldolase are elevated and
myoglobinuria may be present. In patients who have hyperphosphatemia from
administration of phosphate salts, metabolic acidosis with a large anion gap can be found.

Treatment

A. Assess Urgency of Treatment

There is no absolute elevated serum concentration of phosphorus that requires immediate
treatment. Rapid treatment should be considered if there is evidence of a cardiac
conduction disturbance such as heart block or evidence of symptomatic or severe
hypocalcemia. Hypocalcemia in the presence of hyperphosphatemia should be treated by
lowering the serum phosphorus rather than by administration of calcium, because the
latter action may worsen ectopic calcification.

B. Remove Phosphorus From the Body

Renal excretion of phosphorus depends upon having an adequate glomerular filtration rate.
Because phosphate reabsorption is dependent on proximal tubular sodium reabsorption,
normal saline infusion in patients who can tolerate this treatment will enhance phosphate
excretion. This should be avoided in patients with preexisting increased extracellular
volume, congestive heart failure, and renal insufficiency.

Hemodialysis is effective in removing extracellular phosphate but has only a transient
effect because of the small proportion of phosphorus in the extracellular fluid. Phosphate
binders in the gastrointestinal tract contain calcium, magnesium, or aluminum. Acute
administration of these agents has only a mild effect, especially if patients are not being
fed enterally. Chronic administration of calcium—containing agents is preferred because of
toxicity from magnesium and aluminum in chronic renal failure. However, calcium
carbonate should be avoided in acute hyperphosphatemia because of the potential for
raising the calcium X phosphorus product. Therefore, aluminum hydroxide is the
phosphate binder of choice until the serum phosphorus is returned closer to
normal—calcium carbonate is then preferred.

C. Minimize Phosphorus Intake

Exogenous sources of phosphate should be discontinued, largely from total parenteral
nutrition solutions and supplemental phosphorus given orally or intravenously. Dietary
phosphorus can be minimized by prescribing a low—protein diet and avoiding dairy
products that contain both calcium and phosphorus, but this may conflict with nutritional
goals.
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DISORDERS OF MAGNESIUM BALANCE

Magnesium is the most abundant intracellular divalent cation and, after calcium, the most
common divalent cation in the body. The distribution of magnesium is similar to that of
potassium, with the vast majority (99%) of magnesium residing inside cells. Consequently,
serum magnesium concentration does not reflect total body magnesium. Magnesium plays
an important role in neuromuscular coupling, largely through its interaction with calcium.
In the ICU, disorders of magnesium primarily reflect hypomagnesemia, with cardiac
arrhythmias and other features similar to those of hypocalcemia. Among the causes of
hypomagnesemia are drugs frequently used in critically ill patients such as amphotericin
B, diuretics, and aminoglycoside antibiotics, but hypomagnesemia is also seen in
malnutrition, chronic alcoholism, and malabsorption. In contrast, hypermagnesemia in ICU
patients is relatively uncommon and almost always results from a combination of renal
insufficiency and increased magnesium intake. On occasion, hypermagnesemia results
from overzealous repletion of hypomagnesemia.

Magnesium Intake & Distribution

Magnesium is found in many foods, including green vegetables and meat products, and the
normal diet is usually more than ample. Approximately 5 mg/kg/d of magnesium is
required for normal magnesium balance. Magnesium is supplied as part of enteral feedings
and is added to parenteral nutrition formulations. Factors that control gastrointestinal
magnesium absorption are unclear, but about one—third of ingested magnesium is
absorbed. The absorbed fraction decreases with increased ingestion, suggesting an active
transport mechanism. Magnesium binds to fatty acids and oxalate in the gut, decreasing
absorption. Like potassium, magnesium is distributed largely within cells, but the
mechanisms controlling distribution do not seem to be controlled by circulating levels of
hormones such as insulin or epinephrine or by acid—base status. About 25% of plasma
magnesium is protein—bound.

Magnesium Excretion

Free magnesium is filtered and largely reabsorbed under steady state conditions in the
proximal nephron (a minor role), ascending loop of Henle (accounting for about 60—-70% of
reabsorption), and the distal nephron (about 10%). The distal nephron, however, is the
major site of fine regulation of magnesium excretion. Only about 100 mg of magnesium is
excreted per day even though as much as 2400 mg is filtered by the glomeruli, and
reabsorption is increased in the face of magnesium deficiency. The driving force for

magnesium reabsorption is the reabsorption of Na* and K*, causing an electropositive
gradient from lumen to extracellular space. As would be expected, drugs that interfere
with sodium reabsorption interfere with magnesium reabsorption. Because the ascending
portion of the loop of Henle accounts for a large fraction of magnesium reabsorption,
loop—acting diuretics predictably have a potent magnesium—wasting effect.

Disposal of excess magnesium appears to be due to decreased reabsorption. When serum
magnesium levels are elevated—as happens, for example, shortly after intravenous
administration of a large quantity of magnesium salt—renal magnesium excretion
increases. This is partly because a lower proportion is protein—bound and partly because
only a fixed amount rather than a fixed proportion of the larger filtered load is excreted.
Maximum magnesium excretion is essentially limited by glomerular filtration, as would be
expected from its renal handling.

Role of Magnesium

A major role of magnesium is that of a cofactor for hundreds of identified enzymes that



produce or require ATP, such as kinases, ATPase, and adenylyl cyclase. Disorders of
magnesium may lead to impaired energy production, substrate utilization, and synthetic
pro—cesses.

HYPOMAGNESEMIA

é ESSENTIALS OF DIAGNOSIS

- Serum [Mg?*] < 1.7 mg/dL.

- Cardiac arrhythmias, refractory potassium deficiency.

- Features suggestive of hypocalcemia: tetany, weakness, increased deep tendon reflexes,
altered mental status, and seizures.

General Considerations

Decreased serum magnesium has serious consequences in critically ill patients,
potentiating arrhythmias, interfering with potassium repletion, and causing neuromuscular
weakness. However, hypomagnesemia is frequently unrecognized because routine serum

[Mg2+] levels are not always obtained. Some investigators have recommended that this
test be included as part of daily electrolyte determinations whenever these are deemed
necessary for patient care. The prevalence of hypomagnesemia in ICU patients has been
estimated to be about 20—65%, and most of these patients are on the medical rather than
surgical services. Hypomagnesemia is defined as a serum magnesium concentration < 1.7
mg/dL, but about 25% of plasma magnesium is bound to albumin. While the serum level
does reflect both bound and unbound magnesium, the clinical effects of magnesium, like
those of calcium, are due to the unbound ion.

The mechanisms of hypomagnesemia can be divided into decreased intake and increased

A. Decreased Magnesium Intake

Decreased intake is an unusual cause of decreased [Mg2+], but patients with no oral
intake who receive parenteral nutrition without magnesium supplementation can develop
hypomagnesemia. More commonly, the diet contains sufficient magnesium, but intestinal
causes of malnutrition interfere with its absorption. Alcoholism is often associated with
hypomagnesemia, but it is likely that factors in addition to malnutrition play roles in

causing low [Mg2+] in these patients, such as increased renal losses, vomiting, and
diarrhea. In malabsorption syndromes, increased levels of free fatty acids in the intestinal
lumen may bind magnesium in a poorly absorbable state.

B. Increased Loss of Magnesium

Increased losses of magnesium are most commonly due to renal magnesium wasting.
Intrinsic renal parenchymal diseases primarily lead to hypermagnesemia, but relief of
acute obstructive nephropathy (postobstructive diuresis), osmotic diuresis, and the
diuretic phase of acute tubular necrosis sometimes lead to large amounts of magnesium
excretion. In the ICU, renal magnesium wasting is most commonly secondary to drugs,
including loop diuretics, cyclosporine, cisplatin, aminoglycosides, amphotericin B,
pentamidine, and poorly absorbable anionic antibiotics such as ticarcillin and carbenicillin
in large doses. These drugs, along with ethanol, decrease tubular magnesium reabsorption.
Nonrenal losses of magnesium occur in association with intestinal bypass, sprue,
malabsorption, severe diarrhea, short bowel syndrome, biliary fistulas, and other
mechanisms of fluid loss from the gastrointestinal tract. Hypomagnesemia is also found in
association with diabetes mellitus, phosphate depletion, hyperparathyroidism, and
thyrotoxicosis.




Two specific primary renal magnesium wasting disorders are described. Gitelman's
syndrome is due to a defect in the thiazide—sensitive sodium/chloride cotransporter and
presents with hypocalciuria and hypomagnesemia. The other is a syndrome of
hypercalciuria, nephrocalcinosis, and renal tubular acidification defect.

Whether abnormally low serum [Mg2+] can result from maldistribution of this cation
between extracellular and intracellular spaces is debated. One possible cause of
hypomagnesemia is vigorous refeeding after starvation. Both hypomagnesemia and
hypocalcemia may be seen during acute pancreatitis, primarily from deposition of these
cations into the tissue.

C. Hypomagnesemia and Acute Myocardial Infarction
There is an association between hypomagnesemia and acute myocardial infarction that is
not explicable by renal or other increased excretion of magnesium. Hypomagnesemia

occurring with acute myocardial infarction persists for 5—12 days, and [Mg2+] then
generally returns to normal. Whatever the mechanism, the association is strengthened by
the finding that treatment with magnesium has a beneficial effect in such patients found

to have decreased [Mg2+] by reducing the frequency and consequences of ventricular
arrhythmias.

Clinical Features

A. Symptoms and Signs

Hypomagnesemia has individual effects, but because it may be accompanied by
hypokalemia, hypocalcemia, and metabolic alkalosis, clinical features may result from a
composite of abnormalities. Cardiac arrhythmias are the most important complications of
hypomagnesemia. Ventricular rhythms such as torsade de pointes, ventricular tachycardia,
and ventricular fibrillation as well as atrial tachycardia and atrial premature beats can be
seen. There is an association of increased arrhythmias with digitalis toxicity and
hypomagnesemia. Acute myocardial infarction imposes a further arrhythmia risk when

decreased serum [Mg2+] is found. Hypocalcemia is strongly associated with
hypomagnesemia. Tetany, a positive Chvostek and Trousseau sign, seizures, weakness,
and altered mental status may be seen.

Most patients with hypomagnesemia are identified by routine serum [Mg2+]
determinations, but the disorder should be anticipated in certain high—-risk groups, ie,
patients with hypocalcemia, acute myocardial infarction, congestive heart failure,
alcoholism, acute pancreatitis, malnutrition, diarrhea, or seizures and those receiving
diuretics, amphotericin B, or aminoglycosides.

B. Laboratory Findings

Hypomagnesemia is diagnosed when serum [Mg2+] is < 1.7 mg/dL. In critically ill patients,

[Mg2+] levels should be obtained when routine serum electrolytes are needed. This
probably means at least daily for most high—risk patients. In patients with
hypomagnesemia, other electrolytes, serum calcium, phosphorus, and urinary magnesium
may be helpful for diagnostic purposes.

. . . -+ .
Because magnesium is largely intracellular, serum [Mg2 1 may not reflect magnesium

depletion. Red cell and leukocyte [Mg2+] concentrations do not offer much better
sensitivity or specificity. Some studies have shown that a functional magnesium loading
test can identify patients who may benefit from supplemental magnesium, including those

with normal [Mg2+] levels. These patients may be identified by greater retention of
magnesium (> 70% of a loading dose of 30 mmol of magnesium sulfate).



Two electrolyte disturbances are closely tied to hypomagnhesemia and total body
magnesium depletion: hypokalemia and hypocalcemia. Hypomagnesemia is seen in a large
percentage of those with hypokalemia (40%). Although this may be due to similar renal
handling of these cations or coincidental gastrointestinal losses, refractory potassium
deficiency may be due to magnesium deficiency. Hypomagnesemia interferes with
potassium movement into cells, leading to net potassium leakage out of cells (enhancing

total body potassium depletion), by inhibiting Na'™-K" ATPase pumps. Intracellular
potassium falls while intracellular sodium concentration rises. Refractory potassium
deficiency occurs because administered potassium is unable to enter cells readily and is
therefore excreted in the urine. Hypomagnesemia also stimulates renin release and
thereby increases aldosterone, further enhancing potassium excretion.

Hypomagnesemia is also strongly associated with hypocalcemia and inappropriately low
levels of parathyroid hormone. Parathyroid hormone release is impaired by
hypomagnesemia, and the hormone has a reduced effect in the presence of

hypomagnesemia. In fact, serum [CaZ*] has been used to estimate the effective [Mg?*]
concentration. Clinical findings of severe hypocalcemia, including Chvostek's sign and
tetany, can be due both to hypomagnesemia and to the resultant hypocalcemia.

The electrocardiogram may show arrhythmias, but flattened T waves, widening of the
QRS, PR prolongation, and U waves may be seen in moderate to severe magnesium
deficiency.

Treatment

Serum magnesium measures both protein—bound and unbound magnesium, but more than
95% of magnesium in the body is found in the bones and intracellularly. In contrast to

potassium, however, rarely are there instances of normal or high serum [Mg2+] in patients

with depletion of total body magnesium. These considerations suggest that serum [Mg2+]
is a reasonable guide to deciding that total body magnesium is low but perhaps not ideal
for determining the degree of depletion. Fortunately, in the absence of a decreased

glomerular filtration, administered magnesium is readily excreted when serum [Mg2+] is> 2
mg/dL, suggesting that repletion of magnesium is apt to be indicated and safe in almost

all patients with [Mg%*] < 1.5-1.7 mg/dL.

A. Assess Urgency of Treatment

Therapy is indicated in patients having or anticipated to have serious cardiac arrhythmias
due to or contributed to by hypomagnesemia. Seizures, especially if not responsive to
seizure medications, should receive immediate treatment with magnesium if

hypomagnesemia is suspected. In high—risk groups, serum [Mg2+] should be used as a

. : 2+ : :
guide, but even a mildly reduced serum [Mg“"] may call for aggressive magnesium
replacement therapy, especially for patients with myocardial infarction, digitalis toxicity, or
congestive heart failure. If hypocalcemia is symptomatic and due to hypomagnesemia,
repletion of magnesium may be more effective and safer than administration of calcium.
Hypokalemia refractory to potassium administration may respond to magnesium
replacement; an arrhythmia due to hypokalemia or hypomagnesemia is an indication for
urgent magnesium therapy.

B. Estimate Replacement Requirements

Estimation of total body magnesium deficiency is often inaccurate. In magnesium
deficiency, the deficit ranges between 6 mg/kg and 24 mg/kg body weight. For a 60—kg
adult with moderate magnesium deficiency (12 mg/kg), the deficit is about 720 mg.
Because serum levels may not reflect the magnitude of the deficit, replacement is usually

initiated and serum [Mg2+] is followed with repeated measurements.



C. Magnesium Replacement
Intravenous magnesium sulfate (MgSO,) can be given as 50% solution added to 5%

dextrose in water or normal saline. Each 1 mL of 50% solution contains 500 mg of MgSOQy,
or about 2 mmol (48 mg) of elemental magnesium.

In severe hypomagnesemia, 1-2 g of MgSO,4 (4-8 mmol) can be given over 20-30 minutes
(2-4 mL of 50% solution of MgSO, in 50-100 mL of 5% dextrose in water). This can be

followed by 4-8 mmol of magnesium over 6—8 hours and repeated as needed. It is not
uncommon to find that patients need 25—-50 mmol in 24 hours. It has been recommended
that one should limit intravenous magnesium replenishment to 50 mmol in 24 hours
except in severe life—threatening hypomagnesemia, though about 50% of intravenous
magnesium will be excreted into the urine even in the presence of magnesium deficiency.

Although serum levels of Mg2+, Ca2+, and K are useful for following replacement, some
clinicians recommend following deep tendon reflexes. These reflexes disappear with
hypermagnesemia but usually only at very high toxic levels. Replacement doses of

magnesium in patients with renal insufficiency should be reduced, and [Mg2+] must be
carefully watched.

Dietary intake of approximately 5 mg/kg/d (about 300 mg) of magnesium is required for
normal magnesium balance. Magnesium supplementation is not usually required in patients
eating a reasonable diet or who are receiving enteral feeding formulas. Parenteral nutrition
solutions should provide about 12 mmol/d (about 300 mg/d) of magnesium.

D. Correction of Cause of Hypomagnesemia

Patients with self-limited gastrointestinal tract losses will not require continued
magnesium therapy, but renal magnesium wasting may be caused by required medications
such as antibiotics, amphotericin B, and diuretics. In these patients, continued magnesium
supplementation may be necessary.

Dacey MJ: Hypomagnesemic disorders. Crit Care Clin 2001:17:155—73.

Hebert P et al: Functional magnesium deficiency in critically ill patients identified using a
magnesium—loading test. Crit Care Med 1997:25:749-55.

Oster JR, Epstein M: Management of magnesium depletion. Am J Nephrol 1988:8:349-54.

Weisinger JR, Bellorin—Font E: Magnesium and phosphorus. Lancet 1998:352:391-6.

Whang R, Whang DD, Ryan MP: Refractory potassium repletion: A consequence of
magnesium deficiency. Arch Intern Med 1992:152:40-5.

HYPERMAGNESEMIA

5 ESSENTIALS OF DIAGNOSIS

- Serum [Mg2*] > 2.7 mg/dL.
- Serum [Mg2+] > 7 mg/dL: weakness, loss of deep tendon reflexes, and paralysis.
- Serum [MgZ*] > 10 mg/dL: hypotension and cardiac arrhythmias.

General Considerations

In contrast to hypomagnesemia, increased [Mg2+] is seen in a limited number of disorders.



The normal kidney’s generous magnesium excretion capacity suggests that both increased
intake of magnesium and decreased glomerular filtration rate are necessary for
hypermagnesemia to develop. Hypermagnesemia in critically ill patients occasionally
occurs, and impaired neuromuscular and cardiac function may result.

A. Increased Magnesium Intake

Increased intake alone is a very rare cause of increased serum [Mg2+]. High intake of
magnesium by the oral route is unusual and is almost never from dietary sources.
Magnesium—containing antacids (magnesium hydroxide) and laxatives (magnesium citrate)
provide the only likely sources of increased oral magnesium ingestion. Excessive amounts
of intravenous magnesium sulfate can be given inadvertently in the course of parenteral

nutrition or during replacement therapy, making close monitoring of serum [Mg2+]
mandatory. In the treatment of preeclampsia—eclampsia, large amounts of intravenous

magnesium sulfate are sometimes given, with the goal of achieving serum [Mg2+] well
above the usual normal range.

B. Decreased Magnesium Excretion
Unbound magnesium is filtered, and the amount appearing in the urine represents what is

not reabsorbed. In the presence of increased serum [Mg2+], a larger quantity is
non—protein—bound, increasing the amount filtered compared with the glomerular filtration
rate. Magnesium is reabsorbed as a result of sodium reabsorption in proximal, loop of
Henle, and distal sites. In the absence of enhanced sodium reabsorption, there is no
change in the quantity of reabsorbed magnesium, and the net result in hypermagnesemia
is increased renal excretion. However, any disorder impairing glomerular filtration has the
potential for causing hypermagnesemia, including acute and chronic renal failure. An
increase in sodium reabsorption, such as seen in volume—depleted states, may impair
renal magnesium excretion by facilitating magnesium reabsorption.

Clinical Features

A. Symptoms and Signs
Effects of hypermagnesemia are nonspecific and include lethargy, weakness, and

hyporeflexia. More severely increased [Mg2+] levels are associated with loss of deep
tendon reflexes, hypotension (from interference with membrane calcium transport),
cardiac arrhythmias, respiratory depression, and drowsiness.

Hypermagnesemia should be suspected in patients with renal insufficiency who are
receiving magnesium—containing medications or oral or parenteral magnesium
supplementation or replacement. Other high—risk critically ill patients include those
receiving nephrotoxic drugs, those with hypotension or hypovolemia and oliguria, and
those with preeclampsia—eclampsia who are receiving large doses of intravenous
magnesium. Patients with chronic renal failure should have antacids containing magnesium
restricted. Elderly patients with diminished renal function who use magnesium—containing
antacids and laxatives or vitamins containing magnesium salts may have an increased
incidence of hypermagnesemia.

B. Laboratory Findings

A serum magnesium level over 2.7 mg/dL makes the diagnosis of hypermagnesemia.
Other laboratory studies that should be obtained include other serum electrolytes and
serum creatinine and urea nitrogen. Urinary magnesium may of value in confirming that
hypermagnesemia is due to increased intake of mag— nesium rather than decreased renal
excretion.

Treatment

A. Hypermagnesemia Requiring Urgent Treatment




Patients who are symptomatic and who have serum [Mg2+] > 8-10 mg/dL should be
urgently treated. Most commonly they will have muscle weakness or paralysis and
hypotension, prompting evaluation and treatment. Intravenous calcium gluconate or

calcium chloride will counter the effects of excessively high [Mg2+]. The amount of
calcium should be limited in the presence of renal failure if serum phosphorus is elevated.

B. Decrease Intake of Magnesium

Magnesium—containing antacids and other agents should be identified and discontinued.
Intravenous fluids, especially parenteral nutrition fluids, should have magnesium sulfate
removed.

C. Increase Magnesium Excretion

In patients with normal renal function who develop hypermagnesemia, even a large excess
of magnesium will be excreted rapidly without intervention. The majority of patients with
decreased glomerular filtration will not be able to increase excretion appreciably, as they
are limited by decreased filtration. Nevertheless, inhibition of ascending loop of Henle
sodium reabsorption with furosemide may impair magnesium reabsorption somewhat.
Patients who can tolerate volume expansion should also be given normal saline to
facilitate magnesium excretion. In patients who have severe hypermagnesemia, greatly
enhanced magnesium removal requires hemodialysis.

Intern Med 1985:145:1604-6.
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DISORDERS OF CALCIUM BALANCE

Calcium is the most abundant divalent cation in the body. The vast majority (98%) of
calcium is in the form of hydroxyapatite in the bone, and only a very small amount is in
the extracellular fluid. Nevertheless, plasma and extracellular calcium has a major role in
the control of nheuromuscular coupling and contraction. Serum calcium is regulated by a
very complex system of hormones, vitamins, and organ function and is closely tied to
phosphorus and magnesium regulation. In the ICU, both hyper— and hypocalcemia are
seen. Severe hypercalcemia is due primarily to malignant disorders; there are fewer
patients who have severe hypercalcemia from hyperparathyroidism, vitamin D toxicity,
sarcoidosis, and other disorders. Hypocalcemia is seen in patients with chronic or acute
renal failure, hyperphosphatemia, hypomagnesemia, and drug treatment.

Physiologic Considerations

A. Calcium Intake

Dietary calcium has a wide range in adult patients. Calcium absorption from the intestinal
tract is influenced by 1,25—dihydroxyvitamin D, but calcium uptake is also proportionate to
calcium intake. Calcium is primarily taken up in the duodenum and jejunum. Binding of
calcium in the lumen to form insoluble salts (phosphate and free fatty acids) will interfere
with absorption.

B. Plasma Calcium

Plasma calcium is about 40% protein—bound to albumin and other plasma proteins, and a
smaller fraction (10%) is attached to various anions. Total calcium is normally about 9-10
mg/dL; therefore ionized calcium is normally about 4.5-5 mg/dL. An important cause of
decreased total plasma calcium is hypoalbuminemia, but ionized calcium, the component
important in symptomatic hypocalcemia, may not be reduced. One approximation is that
for each decrease of 1 g/dL of albumin from normal, 0.2 mmol/L (0.8 mg/dL) is added to
the serum calcium as a correction factor. A change in plasma pH will affect the degree of
protein binding of calcium to plasma proteins; acidosis increases and alkalosis decreases
ionized calcium.

C. Renal Calcium Excretion

Free calcium is filtered and largely reabsorbed (> 95%) under steady state conditions in
the proximal nephron (accounting for about 60% of reabsorption), the ascending loop of
Henle, and the distal nephron. Although passive movement of calcium is largely
responsible for calcium uptake in the proximal tubule, there is some active transport. In

the loop of Henle, the driving force for calcium reabsorption is the reabsorption of Na*

and K, causing an electropositive gradient from lumen to extracellular space. Drugs that
interfere with sodium reabsorption here (loop—acting diuretics) interfere with calcium
reabsorption and lead to increased calcium excretion. On the other hand, the action of
thiazide diuretics in the distal tubule favors calcium reabsorption, increasing serum
calcium and decreasing calciuria. Under physiologic conditions, the normal kidneys can
conserve calcium extremely well (< 100 mg/d) and can increase excretion to very high
levels in the face of hypercalcemia.

D. Regulation of Plasma Calcium

In contrast to magnesium, which does not appear to be under hormonal control, plasma
calcium is regulated primarily by two interacting hormones: parathyroid hormone (PTH)
and vitamin D (1,25[OH], D3). These two hormones serve to control the complex cycle of
calcium between the intestinal lumen (dietary calcium), the large reserve of calcium in the
bone, and renal excretion. They also play important roles in the control of phosphorus
distribution, absorption, and excretion.




1. Parathyroid hormone—Hypocalcemia stimulates release of PTH from the parathyroid
glands. PTH binds to receptors in bone and renal tubular cells and stimulates adenylyl
cyclase, resulting in increased intracellular cAMP levels. The effect of PTH is to mobilize
calcium by bone resorption and, in the kidneys, to decrease calcium excretion, increase
phosphate excretion, and stimulate increased synthesis of active vitamin D (1,25[OH],
D3). In the absence of PTH, patients can have severe hypocalcemia and
hyperphosphatemia; in states of excess PTH from hyperplasia of the parathyroid glands,
hypercalcemia and hypophosphatemia are noted.

2. Vitamin D—Vitamin D3 is a fat—soluble vitamin that is found in various amounts in the
diet. Ultraviolet light also results in some conversion of precursor substances to vitamin
D3 in the skin. The most active vitamin D compound is 1,25(0H), D3, which is synthesized
by conversion of vitamin D3 in two stages to 25(OH)D3 by the liver and to 1,25(0H), D3
by the kidneys. The rate of conversion of 25(0OH)D5 to 1,25(0OH), D5 is indirectly
accelerated by hypocalcemia through the action of PTH on the kidneys. Active 1,25(OH)2
D3 has as its major actions increases in calcium and phosphorus absorption from the
gastrointestinal tract and helps PTH mobilize calcium from the bone.

5 ESSENTIALS OF DIAGNOSIS

- Serum Ca®* < 8.5 mg/dL.

- Nervous system irritability, including altered mental status, focal and grand mal seizures,
paresthesias, tetany, hyperreflexia, muscle weakness.

: Prolonged QT interval, cardiac arrhythmias.

General Considerations

Decreased plasma calcium can have serious consequences in critically ill patients,
potentiating arrhythmias and seizures. However, most patients in the ICU with

hypocalcemia (total Cat < 85 mg/dL) are asymptomatic. This is because most of these
patients have low serum albumin levels, and the non—albumin bound or ionized fraction of

Ca?* that participates in nheuromuscular coupling is normal. Total serum Ca%* can be

“corrected” for hypoalbuminemia by adding 0.8 mg/dL to the measured total CaZ" for
every 1 g/dL decrease in albumin below 3.5 g/dL. If the value is above 8.5 mg/dL, ionized
calcium is likely to be normal except with extreme changes in pH. lonized serum calcium
measurements can confirm this correction, if indicated.

There is an abundance of calcium in the body, but much of it is in poorly mobilized forms.
Therefore, when hypocalcemia occurs, there must be a failure of the normal regulatory
mechanisms for serum calcium. Calcium can leave the extracellular space when driven by
reactions that deposit calcium in the bones and soft tissues or when there is insufficient
PTH to mobilize calcium from the bone. In the ICU, a few other factors may also lead to
hypocalcemia—notably drugs and hyperphosphatemia.

A. Calcium Deposition
In critically ill patients, hypocalcemia may be seen in acute pancreatitis and
rhabdomyolysis. Calcium is deposited in the form of calcium soaps (poorly soluble salts of

Ca2* and fatty acids) in the case of pancreatitis or in other forms in damaged skeletal
muscle. Rarely—less commonly than at one time believed—large amounts of blood

transfusions have been associated with hypocalcemia, probably from chelation of Cca* by



citrate used as an anticoagulant. Most other patients with hypocalcemia from deposition
have hyperphosphatemia. In these patients, when the product of calcium X phosphorus >
60, there is a tendency to form calcium phosphate in soft tissues. An important cause of
hypocalcemia is the tumor lysis syndrome, in which there is sometimes massive release of
phosphorus into the blood. Hyperphosphatemia may also be seen in ICU patients in whom
excessive phosphorus repletion is given to correct hypophosphatemia or from bowel
preparation solutions containing sodium phosphate. Most patients with chronic renal
failure will have some degree of hyperphosphatemia that facilitates hypocalcemia unless
they are effectively treated with oral phosphate—binding agents and vitamin D
supplementation.

B. Decreased PTH or PTH Effect

Hypoparathyroidism is occasionally seen in the ICU but is rarely undiagnosed or
unsuspected prior to admission. It is still occasionally seen after thyroid surgery when
parathyroid glands are not adequately preserved. On the other hand, hypomagnesemia has
an important effect of decreasing PTH release from parathyroids, contributing to
hypocalcemia. There are rare congenital forms of PTH resistance.

In critically ill patients, hypocalcemia may also be due to a decreased effect of PTH
action. Hypomagnesemia decreases the action of PTH on bone. Pancreatitis is usually
thought to cause hypocalcemia from soft tissue deposition, but there may also be
resistance to PTH in this disease. Vitamin D deficiency also interferes with the action of
PTH.

C. Other Causes

Loop—acting diuretics such as furosemide may cause excessive calcium excretion by the
kidneys, but this is rarely a cause of hypocalcemia alone because of effective
counterregulatory mechanisms. Treatment of hypercalcemia with plicamycin and

calcitonin may lead to excessively low CaZ*—but again, this is rarely seen. Finally, patients
with renal failure have hypocalcemia from a combination of mechanisms, including
hyperphosphatemia and decreased vitamin D conversion.

Clinical Features

A. Symptoms and Signs

Central nervous system and peripheral nervous system effects are the most common
features of hypocalcemia. Altered mental status, including lethargy and coma, may be
present. Seizures may be focal or generalized, and hypocalcemia may complicate a known
seizure disorder. More often, hypocalcemia is manifested by tetany, paresthesias, and
hyperreflexia. The Chvostek and Trousseau signs may be positive. When severe,
hypocalcemia may result in muscle weakness. Hypocalcemia prolongs the QT interval on
the ECG. Ventricular arrhythmias may be seen, including ventricular fibrillation.

Patients with chronic hypocalcemia may have manifestations of bone resorption of
calcium and have features of the underlying disease leading to decreased serum cat*.

For ICU patients, review of medications and recent conditions that may affect serum

Ca?* should be undertaken. Medications that may play a role include furosemide,
phenytoin, calcium—lowering drugs such as plicamycin and bisphosphonates, blood
transfusions, and phosphate therapy. Patients with renal failure (acute or chronic),
rhabdomyolysis, pancreatitis, tumors, malnutrition, and gastrointestinal disorders should
be considered at risk for hypocalcemia.

B. Laboratory Findings

Hypocalcemia is diagnosed when serum Catis < 85 mg/dL after appropriate correction
for low serum albumin levels. In critically ill patients, Ca?* should be measured when



routine serum electrolytes are needed. This probably means at least daily for most
high—risk patients. In patients with hypocalcemia, serum sodium, potassium, chloride,
magnesium, phosphorus, amylase, and creatine kinase may be helpful for making a specific
diagnosis.

Vitamin D levels in the blood can be measured, including 1,25(0H), D3 if necessary. PTH

can also be assayed and the value compared with the normal range for the CaZ*
concentration. In most cases of hypocalcemia in the ICU, these measurements are not
necessary.

Treatment

A. Need for Treatment
Low serum CaZ" calls for treatment if the patient is symptomatic, especially with very low

Ca2* and tetany, arrhythmias, or seizures. Hypomagnesemia, because of multiple effects
leading to hypocalcemia, is also a treatment priority and can usually be corrected with
little risk of complications except in patients with renal insufficiency.

Patients with decreased total serum calcium but with hypoalbuminemia or pH changes
sufficient to maintain a normal estimated ionized calcium do not require calcium
replacement.

Patients with both acute severe hyperphosphatemia and hypocalcemia represent a
treatment problem. Raising serum calcium in the face of hyperphosphatemia may
precipitate widespread calcium phosphate deposition. Only enough calcium to prevent or
reverse cardiovascular complications should be given. It may be advisable to determine
serum ionized calcium in this situation for guidance. Acute hemodialysis to lower serum
phosphorus could be helpful.

B. Treatment of Severe Hypocalcemia

Treatment with intravenous calcium gluconate or calcium chloride is indicated. Calcium
chloride may be less well tolerated than calcium gluconate, but this is often not an
important consideration. Each compound is available in ampules containing 10 mL of 10%

solution containing 93 mg of Ca2* for calcium gluconate and 273 mg of CaZ" for calcium
chloride. For rapid intravenous infusion, give one ampule over 10—-30 minutes. For
persistent hypocalcemia, intravenous calcium gluconate can be given as 8-12 mg/kg

(about 6-8 ampules of calcium gluconate) of CaZ* over 6-8 hours.

During treatment, serum Ca?* should be rechecked, along with phosphorus and
magnesium. Following the physical examination and the ECG may be helpful in deciding
when treatment should be slowed or changed to oral supplementation.

C. Correction of Cause of Hypocalcemia
Patients with pancreatitis and rhabdomyolysis may have transient hypocalcemia of varying

duration followed by release of Ca%" back into the extracellular space. Therefore, these
patients should be monitored closely for development of normocalcemia or even
hypercalcemia. In other patients, treatment of the underlying cause of hypocalcemia may
be effective. Patients with chronic renal failure with hypocalcemia may respond to vitamin
D and dialysis.
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é ESSENTIALS OF DIAGNOSIS

- Serum CaZ* > 105 mg/dL.

- Altered mental status with confusion, lethargy, psychosis, and coma.

- Hyporeflexia and muscle weakness.

- Constipation, shortening of QT interval, pancreatitis.

- Features of chronic hypercalcemia may be seen: bone changes, band keratopathy.

- May have features of underlying disease: hyperparathyroidism, malignancy, sarcoidosis,
vitamin A toxicity.

General Considerations

Hypercalcemia is frequently a cause of admission to the ICU as well as a complication of
a variety of disorders. Most often, hypercalcemia is identified by a routine serum calcium

level (Caz+ > 10.5 mg/dL), but severe hypercalcemia with altered mental status is a
medical emergency. Patients may be admitted to the ICU for management, especially for
close monitoring of intravascular fluid therapy but also for treatment with a variety of
medications. Hypercalcemia of severe degree is almost always due to malignant disease,
including solid tumors, lymphoma, and multiple myeloma. Causes of more mild
hypercalcemia include granulomatous diseases such as sarcoidosis, tuberculosis, and
fungal diseases, and hyperparathyroidism.

The mechanisms of hypercalcemia, like hypocalcemia, reflect the large amount of CaZ*
flux between the gastrointestinal tract, bone, kidneys, and extracellular space.
Hypercalcemia is the result of failure of the regulatory mechanisms for calcium, including
inability to suppress PTH, or the presence of an abnormal amount of mobilization of
calcium by an abnormally produced PTH-like compound or active vitamin D. PTH
activates or stimulates osteoclasts that mobilize calcium from bone. Vitamin D primarily
increases calcium absorption from the gastrointestinal tract. A few other miscellaneous
causes of hypercalcemia are occasionally seen in the ICU.

A. Failure of Normal Calcium Regulation by Parathyroid Hormone

Hypercalcemia is seen in primary hyperparathyroidism from adenoma or hyperplasia. In
the past, patients were identified when symptomatic from renal stones, bone pain, or
symptoms of hypercalcemia. Most often, these patients are now identified from routine

screening laboratory tests that include serum Ca?*. A diagnosis can be easily made by
the finding of PTH levels that are high in the presence of elevated serum ca%*.

B. Abnormal PTH-Like Substance

The most frequent cause of severe hypercalcemia is malignancy. Although a variety of
mechanisms of hypercalcemia have been identified, the most important is release by the
tumor of a peptide that has homology with PTH. This has been called parathyroid
hormone-related peptide (PTHrP). The effects of PTHrP are similar to those of PTH,
causing increased serum calcium and decreased serum phosphorus. Hypercalcemia from
this substance is seen in bronchogenic carcinoma and many other malignancies.
Hypercalcemia in malighant disease is also caused by other factors, including bony
metastases with bone destruction, and the effects of cytokines, including interleukins and




TGF-B.

C. Abnormally Produced Vitamin D

Excessive administration or ingestion of vitamin D can cause hypercalcemia, but this does
not occur immediately. Toxic doses of vitamin A may also cause hypercalcemia.
Granulomatous diseases are associated with increased production of 1,25(0H), D3 by
macrophages within the granulomas. Although sarcoidosis is the best—known entity that is
associated with hypercalcemia, tuberculosis, berylliosis, and fungal diseases behave
similarly. In some patients with granulomatous diseases, hypercalciuria is more common

than hypercalcemia. This is probably because both elevated CaZ* and vitamin D inhibit
PTH release. In the absence of elevated PTH, renal calcium excretion is high, resulting in
hypercalciuria without hypercalcemia.

D. Other Causes
Patients recovering from acute pancreatitis or rhabdomyolysis can have a rebound of

serum CaZ* levels as Ca2* is released back into the extracellular space. Milk—alkali
syndrome results from ingestion of calcium and antacids by a patient with renal failure.
Milk—alkali syndrome is associated with the unusual combination of hypercalcemia and
hyperphosphatemia. Hypercalcemia can rarely be seen as a manifestation of
hyperthyroidism. Thiazide diuretics decrease renal calcium excretion. Immobilization does
not cause hypercalcemia but exacerbates other mechanisms.

Clinical Features

Most patients with hypercalcemia of mild degree are identified by routine serum Ca?*
determinations on screening laboratory tests. On occasion, patients are symptomatic, and
hypercalcemia is detected during workup.

A. Symptoms and Signs

Hypercalcemia has effects on mental status, including lethargy and psychosis. Patients
may develop absent deep tendon reflexes and muscle weakness. A major complaint may
be constipation, and bowel sounds are usually decreased. Polyuria and impaired urinary
concentrating ability (nephrogenic diabetes insipidus) are consequences of hypercalcemia.
The ECG may show a shortened QT interval. Arrhythmias may be precipitated in patients
receiving digitalis. Hypercalcemia is associated with and may be a causal factor in peptic
ulcer disease and pancreatitis.

Hypercalcemia should be suspected in patients with malignancies of the breast, prostate,
lung, kidney, liver, and head and neck. Patients with multiple myeloma may have
hypercalcemia as well. Sarcoidosis, tuberculosis, fungal infections, and other
granulomatous diseases may be associated with significant hypercalcemia, but rarely is

serum [Ca2+] high enough to cause severe symptoms.

Other symptoms and signs are related to the underlying disease, especially with
long—standing hyperparathyroidism (renal stones, fractures, bony deformities, band
keratopathy, and conjunctivitis). Patients with hypercalcemia of malignancy usually do not
have evidence of long—term hypercalcemia but may have findings related to the primary or
metastatic tumor.

B. Laboratory Findings

A serum calcium level over 10.5 mg/dL makes the diagnosis of hypercalcemia. Other
laboratory studies that should be obtained include serum phosphorus, other electrolytes,
and creatinine and urea nitrogen. In hypercalcemia, polyuria may result from inability to
concentrate the urine. Renal calcification and obstructive uropathy from renal stones may
lead to renal insufficiency.




For severe hypercalcemia, treatment can be initiated without knowledge of the underlying
cause. However, specific diagnosis may be helped by obtaining a PTH level. Assays for
PTH and PTHrP are available to distinguish primary hyperparathyroid— ism from
hypercalcemia of malignancy mediated by PTHrP. Vitamin D levels are rarely needed for
work— up of hypercalcemia.

Treatment

A. Need for Treatment
Patients with mild hypercalcemia need not be treated immediately or aggressively unless

symptomatic. Severe hypercalcemia ([CaZ+] > 12-13 mg/dL) should be treated even if
asymptomatic, and hypercalcemia of any degree with symptoms, especially altered mental
status or seizures, should be vigorously treated. Treatment is directed at lowering serum

Ca?* by increased renal excretion and by decreasing mobilization from the bone stores.

In patients with symptomatic or severe hypercalcemia, a four—pronged approach is used:
expansion of extracellular volume, furosemide, calcitonin, and pam— idronate.

B. Increased Excretion of Calcium

As discussed above, unbound plasma calcium is filtered and largely reabsorbed. Calcium
reabsorption is closely tied to sodium reabsorption in the proximal nephron and loop of
Henle. Expansion of extracellular volume with 0.9% NaCl decreases passive proximal
reabsorption of calcium. Loop diuretics are given both to prevent volume overload and to
inhibit active sodium and passive calcium reabsorption in the loop of Henle. In severe
hypercalcemia, intravenous 0.9% NaCl should be given at a rate of 200-300 mL/h or more.
Patients with cardiac disease and the elderly may be unable to tolerate these large
volumes, and pulmonary edema may develop. In such patients, central venous pressure or
pulmonary artery wedge pressure measurements may be necessary.

Because calcium absorption is coupled to sodium reabsorption in the ascending loop of
Henle, furosemide will increase calcium excretion. Furosemide can be given in a dosage of
20-60 mg every 2—6 hours as needed to maintain urine output. Furosemide is also useful
to maintain natriuresis in patients given large volumes of intravenous NaCl. Thiazide
diuretics should not be given, since these drugs have a tendency to cause hypercalcemia
by inhibiting renal calcium excretion in the distal tubule. In patients given large doses of
furosemide, hypokalemia and hypomagnesemia may be problems.

Serum magnesium will predictably fall with the combination of furosemide and saline.
Serum calcium will usually begin to decline within a few hours as long as 0.9% NaCl is
given at a sufficient rate.

C. Decreased Bone Mobilization of Calcium

Bisphosphonates are very effective agents used for management of hypercalcemia and
have low toxicity. These drugs bind to bone hydroxyapatite and inhibit osteoclast activity
for a prolonged period. Their action is moderately rapid, with onset of effect within 2 days
and maximum effect at about 1 week. The effect of these drugs is evidenced by a fall in

serum Ca2* while urinary Ca?* decreases. With use of bisphosphonates, a large proportion

of patients will have return of Ca?* to normal range regardless of the cause of
hypercalcemia.

Pamidronate is more effective than etidronate because of its longer duration of action
and effect on hypercalcemia. Pamidronate is given as a single dose of 60 or 90 mg

intravenously over 24 hours, with 60—100% of patients having normal serum Ca?* 10-13
days later. The higher dose is given for more severe hypercalcemia > 13.5 mg/dL).
Patients with renal insufficiency should be given a smaller dose of pamidronate. Side
effects of pamidronate are minor, and the effect may last for up to 2 weeks, though the



calcium—lowering effect may be shorter and less pronounced in patients with
hypercalcemia of malighancy. Newer bisphosphonates, including oral agents, are used
mostly for mild hypercalcemia or to prevent osteoporosis or hypercalcemia.

Calcitonin (calcitonin—salmon, 4 IU/kg intramuscularly as a starting dosage) has a slight
and short—term effect but can be used in the initial phase of therapy. It is nontoxic and
acts most quickly of all of these agents. Calcitonin promotes renal excretion of calcium,
inhibits bone resorption, and inhibits gut absorption of calcium. The effect of calcitonin

diminishes within a few days, but other treatments are likely to be effective by then.

Plicamycin blocks bone resorption of calcium. It can be given to any patient with
hypercalcemia but is used most often in hypercalcemia of malignancy. The usual dose is

25 ug/kg in 50 mL DsW intravenously over 3-6 hours. CaZ? begins to decline at about 24

hours and normalizes in about 60% of patients. Plicamycin should not be used in the
presence of severe renal or liver failure or thrombocytopenia. It is much less used since
the advent of bisphosphonates.

D. Other Therapy

Hemodialysis is effective in lowering serum Ca?t in patients who have inadequate renal
function or who cannot tolerate forced diuresis. Corticosteroids have a role in
hypercalcemia mediated by elevated vitamin D (in granulomatous disorders) and in
multiple myeloma. The effect is not immediate, as corticosteroids probably decrease
absorption of calcium from the gut by interfering with vitamin D activation. Gallium nitrate
works by inhibiting bone resorption but without affecting osteoclast activity directly. While
intravenous sodium phosphate has a predictable calcium—lowering effect, this treatment is
rarely used at present because of the precipitation of calcium phosphate in soft tissues.
On the other hand, oral sodium phosphate therapy is effective in forming insoluble calcium
phosphate deposits in the gut.
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ACID-BASE HOMEOSTASIS & DISORDERS
PATHOPHYSIOLOGY

Arterial pH is largely determined by the relative concentrations of bicarbonate (HCO3")
and carbon dioxide (CO,) in the blood. The former is controlled principally by renal

conservation or excretion of bicarbonate and hydrogen ion, the latter largely by pulmonary
ventilation. Decreased arterial pH is called acidemia and increased arterial pH alkalemia.
The disturbances responsible for these changes are acidosis and alkalosis, respectively,
and these changes are defined as “metabolic” (not due to an increase or decrease in

CO,) or “respiratory” (due to primary increase or decrease in CO5).

Acid—Base Buffering Systems

The major acid—base buffering system in the blood involves carbon dioxide and
bicarbonate anion. Carbon dioxide, bicarbonate, and carbonic acid are interconverted
according to the following reaction:

H* + HCOz <= HzCOz < COz + Hz0

The relationship between the species that define pH is known as the
Henderson—Hasselbalch equation:

[HCOZ ]
Q.03 ¥ Pacoz

pH = 6.1 + |og

Under normal conditions, the balance between these components is tightly controlled.
Within 95% confidence limits, the pH of the arterial blood is between 7.35 and 7.43. For
PaCO,, the limits are 37 mm Hg and 45 mm Hg. Bicarbonate concentration normally

varies between 22 meq/L and 26 meq/L. If hydrogen ions are added to the blood, the
reaction shifts rightward, with production of CO, and water. Normally, the CO5 so

produced is rapidly eliminated by the lungs.

The bicarbonate—carbon dioxide buffering system is the major extracellular buffer. Other
minor extracellular buffer systems also contribute to stabilization of the pH. After
extracellular buffering occurs, a second intracellular phase takes place over the next
several hours. The main intracellular buffer systems include hemoglobin, protein, dibasic
phosphate, and carbonate in bone. The ratio of extracellular to intracellular buffering is
approximately 1:1 unless the acid load is very large or continues over a long period of
time. Contribution by both the extracellular and intracellular buffers means that an
exogenous acid load (or deficit) has a volume of distribution approximately equal to that
of the total body water (50-60% of ideal body weight).

Finally, both bicarbonate and CO, act as a “dynamic” buffering system. For usual buffers,
the addition or removal of hydrogen ion, for example, is countered by corresponding
opposite effects of the buffer components. This minimizes pH change at the expense of
consumption of some of the buffer components, limiting the maximum buffering capacity.



For the bicarbonate-CO, system, however, physiologic mechanisms greatly increase the

buffer capacity. For example, metabolic acidosis can be countered by decreased arterial
PaCO, whereas a respiratory acidosis is countered by increased serum bicarbonate.

Because the lungs can eliminate a vast amount of CO, per day, this serves as a very

powerful buffering system. Similarly, the kidneys can eliminate bicarbonate if necessary or
can regenerate bicarbonate.

Renal Handling of Bicarbonate

The kidneys perform two major functions in acid—base homeostasis. First, they reclaim
filtered bicarbonate by secreting hydrogen ions. Within the cells of the proximal tubule,
carbonic anhydrase converts CO, and water into protons and bicarbonate ions. The

bicarbonate is returned to the blood while the hydrogen is secreted into the proximal
tubule, where it combines with tubular bicarbonate to reform CO5 and water. The result is

a net reclamation of bicarbonate; 80—85% is reabsorbed in the proximal convoluted tubule,
with lesser amounts in the loop of Henle (5%), the distal tubule (5%), and the collecting
system (5%).

In addition to bicarbonate, the salts of other acids are filtered by the glomeruli. The
formation of these acids in the body, along with their hydrogen ions, results in an
equimolar decrease in bicarbonate. The most important of these salts is monohydrogen
phosphate. When hydrogen ion, secreted by the proximal tubules, combines with

monohydrogen phosphate, it forms dihydrogen phosphate (Hy PO,47), which is a weak acid
with a pK, of 6.8. The lowest pH attainable in the proximal tubule is approximately 4.5.
Because the pK, of this acid is within the tubular physiologic range, it can be reformed

and excreted. When acids can be excreted by this process, they are referred to as
titratable acids. The net effect is the regeneration of a bicarbonate anion.

On the other hand, acids with pK,'s lower than 4.5 (such as sulfuric acid, which is formed

as a metabolic product of some proteins) cannot be regenerated in this way. Therefore,
excess hydrogen ions secreted into the proximal tubule must be excreted in conjunction
with another buffer to permit the continued formation of bicarbonate by the tubular cells.
The tubular cells deaminate glutamine, and ammonia diffuses into the proximal tubules.
Ammonia can react with hydrogen ion produced in the distal tubule to form ammonium
ion. Ammonium excretion can increase from its normal level of 35 meq/d to over 300
meq/d in the face of severe acidemia. Hydrogen ion secretion in the proximal and
collecting tubules is directly proportionate to luminal buffer concentration and PaCO, and

inversely proportionate to blood pH. Three to 5 days are required before maximum
excretion of ammonium is achieved. As ammonium excretion increases, plasma
bicarbonate concentration rises, as does urinary pH. Because a greater absolute quantity
of hydrogen ions can be excreted in buffered (ammonium—-rich) urine, urinary pH does not
always reflect the extent of renal acidification. Both ammonia production and proton
secretion in the proximal tubules are increased by acidemia and decreased by alkalemia.

Loss of acidic fluids (e.g., in vomiting) or increase in alkali (e.g., antacid ingestion) in the
body results in a reduction in hydrogen ion concentration and an increase in bicarbonate
and pH. About two—thirds of the alkaline load is buffered in the extracellular space, while
only one—third enters the intracellular compartment. At the same time, there is a modest
shift of potassium into the cells, resulting in a decline in potassium concentration of
approximately 0.4-0.5 meqg/L for each 0.1 unit increase in pH. The acute response to an

infusion of bicarbonate is an increase in PaCO,, which results from combination with H™,
and the release of CO,. The pulmonary response to chronic alkalemia is inhibition of the
respiratory drive. This causes a rise in PaCO, of about 0.5 mm Hg for each 1 meq/L
increase in the plasma bicarbonate concentration.



The kidney is able to excrete large amounts of excess bicarbonate under normal
physiologic conditions. Increased concentration of bicarbonate in the glomerular
ultrafiltrate, in combination with elevated pH of the blood perfusing the cells of the
proximal tubules, decreases renal reabsorption and creates alkaline urine. Titratable acid
and ammonia excretion are rapidly reduced. Both hypovolemia (volume contraction
alkalosis) and hypokalemia can compromise the kidney’s ability to excrete bicarbonate.
Three mechanisms may be responsible: (1) Decreased GFR caused by hypovolemia, in
conjunction with an elevated bicarbonate concentration, produces a normal amount of
filtered bicarbonate, resulting in normal reabsorption; (2) proximal tubular reabsorption of

HCO3;™ may be stimulated by hypovolemia and hypokalemia; and (3) increased aldosterone

concentration, produced by hypovolemia, may generate and sustain increased bicarbonate
reabsorption.

Respiratory Acid—Base Changes

Chemoreceptors normally maintain the PaCO, between 37 mm Hg and 45 mm Hg. Lung

disease, chest wall abnormalities, neurologic disease, or trauma may interfere with
pulmonary excretion of COy and cause hypercapnia. An acute rise in PaCO, produces a

fall in blood pH within several minutes. Initial control is by nonbicarbonate buffering of the
resultant hydrogen ion, but bicarbonate falls because of a mass action effect. The
concentration falls by about 0.25 meq/L for each 1 mm Hg decrease in PaCO, and

increases by 0.1 meqg/L for each 1 mm Hg increase in PaCO, during acute respiratory
acidosis. Eventually, the kidneys respond to the rise in CO, concentration by increasing
bicarbonate reabsorption from the proximal tubules, compensating for the rise in PaCO».
Plasma bicarbonate concentration increases by an average of 0.5 meq/L for each mm Hg
increase in PaCO, during chronic hypercapnia. Chronic hypercapnia stimulates ammonia
production and increases urinary ammonium excretion. Occasionally, pH becomes slightly
alkaline due to excessive renal bicarbonate production and retention.

Hypocapnia appropriately increases urinary bicarbonate excretion and transiently reduces
urinary net acid secretion. The increased excretion of bicarbonate also results in
kaliuresis and a decline in serum potassium concentration. In the steady state, the plasma
bicarbonate concentration falls by about 0.5 meqg/L for each mm Hg decrease in PaCO,.

Classification of Acid—Base Disorders

Acid—base disorders are classified according to whether there is a primary abnormality in
plasma bicarbonate concentration, plasma PaCO,, or both. Abnormal pH due to altered

bicarbonate concentration with PaCO5 changes in response to the primary disorder is
referred to as either metabolic acidosis or metabolic alkalosis. When the defect in pH is
due primarily to altered PaCO,, the condition is referred to as either respiratory acidosis
or respiratory alkalosis. A change in HCO3™ brings about a compensatory change in
PaCO,, and a primary change in PaCO, stimulates a compensatory adjustment in serum

HCO3™. The compensatory changes may take minutes (PaCO,) or hours to days (HCO3")
to reach a steady—state.

Simple acid—base disorders occur when there is a primary change either in the
bicarbonate concentration or in the PaCO,, with an appropriate (normal) secondary
change in the other parameter (Table 2—15 and Figure 2-5). When values do not follow
these rules, a complex (mixed) acid—base disorder exists. Mixed acid—-base disorders
include all possible combinations. For example, a patient may develop metabolic acidosis
and respiratory acidosis simultaneously. Another patient may have a combination of
respiratory alkalosis and metabolic acidosis. Some patients who have toxicity from
excessive salicylates will develop metabolic acidosis along with respiratory alkalosis.




It is helpful in evaluating acid—base disorders to follow some general rules. First, simple
disorders are identified by the direction of the pH change. That is, any patient with a low
pH (acidemia) must have at least metabolic acidosis, respiratory acidosis, or both. If both

PaCO, and HCOg3 contribute to either acidemia or alkalemia, then the patient must have

two (or more) problems. Third, because compensatory mechanisms are never sufficient to
restore the pH to normal, any patient with a normal pH (about 7.40) and appreciably

abnormal PaCO, and HCO3 must have at least two primary acid—base disturbances. For

example, acidemia with a decreased HCO3™ concentration and a reduced PaCO, is most
often a simple metabolic acidosis with respiratory compensation. However, if the pH is
very close to 7.40, then respiratory compensation is abnormally excessive and a second
primary disturbance, respiratory alkalosis, should be suspected.

of a patient’s position on the diagram will help suggest if a mixed acid—base problem is
present. The areas shown represent 95% confidence intervals for single acid—base
problems (labeled). If a point falls outside an area, then it is unlikely to be a single
acid—base problem, and a mixed acid—base disturbance (two or more processes) should be
suspected. General rules for the identification and verification of disorders are listed in
Tables 2—15 and 2—16.

The next several sections will discuss both primary and compensated disorders.

Rose BD, Post TW: Clinical Physiology of Acid-Base and Electrolyte Disorders, 5th ed.
McGraw—Hill, 2001.

1991;40:961-73.
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METABOLIC ACIDOSIS

5 ESSENTIALS OF DIAGNOSIS

- Decreased serum HCO3™ with appropriately decreased PaCO, (simple metabolic
acidosis).

- Evidence that low serum HCOj3™ is primary problem (and not due to compensation for
hypocapnia)

- May present with peripheral vasodilation; depressed cardiac contractility in severe
acidosis; fatigue, weakness, stupor, coma.

General Considerations

Metabolic acidosis occurs when there is a primary reduction in serum bicarbonate
concentration, often accompanied by a compensatory decrease in PaCO,. The degree of
PaCO, depression depends slightly upon whether the condition is acute or chronic with
more complete respiratory compensation. The kidneys’ response is to increase
reabsorption of bicarbonate, unless the cause of the low bicarbonate is a renal tubular
defect It;ading to bicarbonate wasting or inability to reabsorb bicarbonate (renal tubular
acidosis).

A useful classification scheme for metabolic acidosis involves calculation of the “anion



gap.” The anion gap is calculated as:
Anion gap = [Ma*] - ([HCOz] + [CI°])

The normal value for the anion gap is 12 &= 4 meqg/L. It can be shown that the anion gap
is equal to the difference between “unmeasured” anions and “unmeasured” cations. In
normal subjects, unmeasured anions in—clude albumin (2 meq/L), phosphate (2 meqg/L),
sulfate (1 meq/L), lactate (1-2 meg/L), and the salts of weak acids (3—4 meq/L). The
predominant unmeasured cations include calcium (5 meg/L), magnesium (2 meq/L), and
certain cationic immunoglobulins.

The anion gap widens with either a reduction in unmeasured cations or, more commonly,
when there is an increase in unmeasured anions. In patients with metabolic acidosis, an
increase in the anion gap suggests that there are strong acids present which dissociate
into hydrogen ion and an anion. The hydrogen ion reacts with bicarbonate to form CO,

and water. The former is eliminated in the expired gas. The result is an increase in
unmeasured anion and an increase in the anion gap. On the other hand, failure to generate
sufficient bicarbonate is often associated with an increase in chloride concentration as
the predominant anion. In these patients, the metabolic acidosis does not generate an
unmeasured anion; therefore, the anion gap does not widen. This classification scheme
divides states of metabolic acidosis, therefore, into those with an increased anion gap and
those without an increase in the anion gap. The latter are often called hyperchloremic
metabolic acidosis.

While challenged by some investigators, an additional calculation may be helpful as well.
Because the increase in the anion gap must be due to the addition of a highly dissociated
anion to the plasma (a strong acid), the increase in the anion gap must be equal to the fall
in serum bicarbonate. Thus, adding the numerical increase in anion gap to the measured
serum bicarbonate estimates the serum bicarbonate “before” the anion gap acidosis
occurred. If the result is lower than normal (22-26 meq/L), then a preexisting low serum
bicarbonate can be assumed (metabolic acidosis or chronic respiratory alkalosis). On the
other hand, if the calculated value is > 26 meg/L, then the preexisting serum bicarbonate
can be assumed to be high (chronic respiratory acidosis or metabolic alkalosis). This
estimate is not perfect, but if the clinical situation fits it may allow the identification of
mixed acid—base disturbances that might otherwise be missed.

Normal Anion Gap Metabolic Acidosis

Hyperchloremic metabolic acidosis occurs from one of four mechanisms: (1) dilution of
extracellular buffer (bicarbonate) by bicarbonate—free solutions; (2) addition of net
hydrochloric acid; (3) a defect in mechanisms of renal acidification; or (4) renal excretion
of large quantities of nonchloride anions with reabsorption of chloride.

Dilutional acidosis occurs when patients are rapidly infused with solutions devoid of
buffer. A common scenario is the use of normal saline to resuscitate a trauma victim or
patient with hypovolemic shock. This produces a reduction in the concentration of
bicarbonate by dilution. Dilutional acidosis is usually mild and does not produce a plasma
bicarbonate concentration < 15 meq/L. Renal mechanisms usually correct the situation by
excreting excess acid or by natriuresis and diuresis to normalize the extracellular volume
and plasma bicarbonate concentration.

Administration of dilute hydrochloric acid for treatment of severe metabolic alkalosis is
rarely needed, but excess hydrochloric acid will result in hyperchloremic metabolic
acidosis. More commonly, bicarbonate is lost as a result of gastrointestinal losses in the
form of diarrhea or alkaline fluid from fistulas. Regeneration of bicarbonate in the gut
accounts for the net addition of hydrogen ion to the blood without adding an unmeasured
anion. When such losses of bicarbonate are severe, extracellular volume depletion,



electrolyte imbalances, and stimulation of aldosterone and renin ensue. In response to
such conditions, renal net acid excretion increases, with a tendency for urine pH to rise
because of ammonium production.

Failure of the normal mechanisms of urinary acidification results in increased bicarbonate
loss. This condition, renal tubular acidosis, produces metabolic acidosis because the
kidneys are unable to compensate for normal acid production or because of failure to
reabsorb normal amounts of filtered bicarbonate. At least four types of renal tubular
acidosis exist, differentiated on the basis of the primary tubular abnormality. The major
the carbonic anhydrase inhibitor and diuretic acetazolamide is given. With this drug,
proximal tubular bicarbonate reabsorption is inhibited; the net result is metabolic acidosis
with inappropriate loss of renal tubular bicarbonate, a drug—induced renal tubular acidosis.

Patients with diabetic ketoacidosis will almost always present with anion gap metabolic
acidosis (see below). Because, however, the anions of the keto acids B—hydroxybutyrate
and acetoacetate are readily excreted in the urine, the anion gap may not persist in
patients who are able to maintain adequate glomerular filtration. Thus, a small fraction of
those with diabetic ketoacidosis will present with an anion gap increase that is smaller
than the decrease in serum bicarbonate, evidence for both an anion gap and non—anion
gap metabolic acidosis. This observation is much more common during the treatment and
correction of diabetic ketoacidosis, in which as many as 80% of such patients will have a
non—anion gap metabolic acidosis. The mechanism is the urinary loss of anions of the keto
acids while bicarbonate regeneration is too slow to correct for the earlier loss of
bicarbonate. Several days are sometimes required for the bicarbonate to return to normal.

Anion Gap Metabolic Acidosis

The major causes of high anion gap metabolic acidosis are listed in Tables 2-18 and 2—19.
Except for uremia, they all occur acutely and are due to overproduction of an acid that
dissociates into a hydrogen ion and an “unmeasured” anion. Unlike the situation in renal
tubular acidosis, renal mechanisms for acid handling are intact unless otherwise impaired
but are unable to keep pace with the extent of acid production.

A. Lactic Acidosis

Lactic acidosis may occur in a number of situations among critically ill patients, including
shock, diabetes, renal failure, liver disease, sepsis, drug intoxication, severe volume
depletion, and hereditary metabolic abnormalities (such as G6PD deficiency). Transient
lactic acidosis is a feature of grand mal seizures. Patients with liver disease will have
difficulty removing lactate. Thiamin deficiency has been reported as an association.
Metformin may cause lactic acidosis rarely. Identification and correction of the underlying
process is essential to the management of this disorder. Specific therapy of this and
other causes of metabolic acidosis will be discussed subsequently.

B. Ketoacidosis

Ketoacidosis occurs most commonly as a result of poorly controlled diabetes mellitus,
occasionally in those with heavy ethanol consumption in the absence of food intake, and
during starvation. In all cases, keto acids (B—hydroxybutyrate and acetoacetate)
accumulate. With diabetic ketoacidosis, glycosuria, osmotic diuresis, extracellular volume
contraction, hyperreninemic hyperaldosteronism, kaliuresis, magnesuria, and phosphaturia
occur. When a patient has discontinued food intake but continues to drink ethanol,
B—-hydroxybutyrate and lactate accumulate more than acetoacetate. Glucose metabolism
usually remains normal, and blood glucose concentrations are usually only minimally
elevated. Starvation produces mild ketoacidosis accompanied by mild renal wasting of
sodium, chloride, potassium, calcium, phosphate, and magnesium. In all three conditions,
unmeasured anions accumulate and cause elevation of the anion gap.

C. Uremia



When the glomerular filtration rate falls below 20 mL/min, filtration of organic acids is
impaired. Plasma bicarbonate concentration falls to about 15 meq/L, producing an excess
anion gap of approximately 10 meq/L. When chronic renal deficiency develops,
hyperchloremic metabolic acidosis may occur initially due to impaired ammonia generation,
followed eventually by a high anion gap acidosis from inability to excrete fixed acids. A
mixed metabolic acidosis is not uncommon with renal failure.

D. Poisons

Ingestion of ethylene glycol (radiator antifreeze), methanol (wood alcohol), and excessive
salicylic acid may give rise to anion gap metabolic acidosis. Ethylene glycol is oxidized by
alcohol dehydrogenase to glycolic acid, which is the major acid anion found in the blood.
Further oxidation produces oxalic acid with resultant sodium oxalate crystals precipitating
in the urine. Lactic acid may be present if circulatory shock develops. Methanol is
oxidized to formaldehyde and formic acid. Although salicylate is itself a weak acid, it
probably produces its major effect by inducing simultaneous lactic acidosis. The

Clinical Features

A. Symptoms and Signs

The physical findings associated with mild acidemia are nonspecific and may reflect the
underlying disease or associated conditions. As acidosis worsens, increased tidal volumes
(Kussmaul respiration) provide partial respiratory compensation. Peripheral vasodilation
occurs and produces palpable cutaneous warmth. Paradoxical venoconstriction increases
central pooling and may result in pulmonary edema. Cardiac contractility decreases below
a pH of 7.10 and may result in reduced blood pressure. Central nervous system
depression produces fatigue, weakness, lethargy, and ultimately stupor and coma.
Nonspecific complaints of abdominal pain are common.

B. Laboratory Findings
Laboratory abnormalities vary depending upon the cause of the acidosis and the degree of
compensation.

When hyperchloremic acidosis is secondary to gastrointestinal bicarbonate loss,
hypovolemia—induced renin and aldosterone secretion causes an associated hyperkalemia.
Findings associated with each of the renal tubular acidosis (RTA) syndromes are detailed

the presence of increased urinary ammonium excretion in the former. Because tests for
. . . . . . +
urinary ammonium are not always available, calculation of the urine anion gap ([Na'] +

[K"] - [CI"]) may be helpful. The normal urine anion gap is negative because of the
presence of an unmeasured cation, ammonium. The urine anion gap becomes more
negative as the ammonium concentration increases, which should be the case if the
hyperchloremic metabolic acidosis is caused by diarrhea or some other extrarenal
mechanism. On the other hand, the urine gap remains close to zero or becomes positive
when there is no ammonium excretion, which occurs in all types of RTA.

In patients with an increased anion gap metabolic acidosis, the unmeasured anion can
sometimes be identified. Serum lactate levels are elevated (> 2-3 meq/L) when lactic
acidosis is the cause of a high anion gap acidosis. Diabetic ketoacidosis is associated with
hypokalemia, hypomagnesemia, hypophosphatemia, and hyperglycemia. The ratio of keto
acids present depends on the plasma redox potential (NADH:NAD ratio). Because the
commonly used nitroprusside reaction measures only the acetoacetate concentration,
tests for ketones may be falsely negative if the B—hydroxybutyrate:acetoacetate ratio is
very high. Alcoholic ketoacidosis presents with similar laboratory findings with the
exception that glucose concentration is only minimally elevated. Because
B-hydroxybutyrate is the predominant keto acid in this situation, routine testing for
ketones may vield a negative result. Following starvation, decreased serum



concentrations of sodium, chloride, potassium, calcium, phosphate, and magnesium may be
present.

ingested toxic alcohols is present. Of note, isopropyl alcohol ingestion is associated with
ketonemia but does not cause metabolic acidosis. When uremia is the cause, increases in
serum potassium, serum urea nitrogen, and serum creatinine are typically observed.

Differential Diagnosis

The history of the present illness and careful questioning regarding drug intake and use
are essential in determining the cause of the acidosis. When ingestion is suspected,
microscopic examination of the urine looking for oxalate crystals may aid in the diagnosis
of ethylene glycol ingestion. Similarly, visual impairment, nausea and vomiting, and
disordered central nervous system functioning are characteristic of methanol ingestion. A
history of insulin requirement and use—along with the blood glucose concentration—aids in
the diagnosis of diabetic ketoacidosis. Differentiation between hyperchloremic acidosis
and renal tubular acidosis is aided by calculation of the urine anion gap and the presence
or absence of diarrhea.

Treatment

A. Assessment of the Need for Therapy

Whenever metabolic acidosis is present, a diligent search should be made for its
underlying cause. Therapy directed toward treatment of the primary disorder should
always be instituted. Correction of fluid and electrolyte disturbances is key in patients
with diabetic ketoacidosis or with lactic acidosis due to hypovolemic, septic, or
cardiogenic shock and in patients with various toxic ingestions.

There are few data supporting improved patient outcome with treatment directed
specifically at the metabolic acidosis in patients with anion gap acidosis, including diabetic
ketoacidosis and lactic acidosis. However, there are few or no randomized trials in
patients with very severe acidemia. Thus, when acidemia is acute and the pH falls below
7.00, therapy should be considered. For pH values between 7.00 and 7.20, the need to
treat should be individualized based on such considerations as the patient’s basic physical
state and the presumed cause of the disturbance. There is experimental evidence that
bicarbonate therapy of acute lactic acidosis may promote further lactate production and
actually worsen the situation. Furthermore, bicarbonate buffering yields considerable
carbon dioxide that produces local respiratory acidosis. However, because severe acidosis
acts as a myocardial and circulatory depressant, treatment should be considered if there
is evidence of circulatory impairment and other factors have been addressed.

When acidosis is chronic, as with uremia or the renal tubular acidosis syndromes, the
need for treatment should be based on the patient’s overall status and the presence of
signs and symptoms related to the acidosis rather than upon the absolute arterial pH
itself.

B. Treatment
Intravenous sodium bicarbonate is the preferred agent for treatment of severe acute
metabolic acidosis. It is most commonly supplied in 50 mL ampules containing 44.6 meq of

HCOj3". The amount of bicarbonate required is based upon the degree of acidemia.

Because the administered base will partition equally between intracellular and
extracellular spaces, dosing is based on total body water (approximately one—half the total
body weight) and the extent of the acidemia. Typically, one—half of the bicarbonate
required to completely correct the deficit is administered acutely, with the rest given by
slow intravenous infusion over the ensuing 8—12 hours. For example, if a 70—kg patient



has a bicarbonate concentration of 14 meqg/L, the amount of bicarbonate administered
acutely can be calculated as follows:

[HCOR] deficil = Mormel concentration = Present concentration = (24 = 14) = 10 meg/L
Distribution volume = Total body weight ® 05 =702 03 =351L
Umse = DelIIL « stribution & o Lo correcy fEld Lhe delicile e 10K 32 8 2w | 53 meg

Some laboratories routinely calculate base deficit from blood gas values. The base deficit
is an approximation of base depletion secondary to metabolic causes. The base deficit is
usually reported as a positive number. It is negative when a base excess is present. The
base deficit can be used to calculate the amount of bicarbonate required according to the
following equation:

[HCOz] required = Base deficit x 0.4 x Body weight (kg)

The amount required to completely correct the deficit is then halved to arrive at an
appropriate acute bolus dose.

Because of the considerable intracellular buffering of hydrogen ion in severe acidosis, the
bicarbonate volume of distribution can be underestimated. Thus, the improvement in pH
may be less than expected. However, because of the risks of excessive bicarbonate
therapy and the greatest benefit seen in correcting severe acidosis, the goal is to correct
pH to more than 7.20, and often to much less than that (see below)

Bicarbonate must be administered with extreme care in patients with potentially

compromised respiratory status because the combination of HCO3™ with H* will yield H,O
and CO,. If hypoventilation is present, acute respiratory acidosis may occur. Furthermore,

if the acidosis is chronic or well compensated by respiratory mechanisms, rebound
alkalosis can follow bicarbonate administration. Because bicarbonate is administered as
the sodium salt and given in high concentration, both volume overloading and
hyperosmolality can result.

Current Controversies & Unresolved Issues

No issue in critical care medicine is currently more controversial and less resolved than
the administration of bicarbonate in acute metabolic acidosis. Animal studies support both
a benefit of bicarbonate in severe acidosis and numerous complications of such therapy.
Human studies are limited because, although inconclusive, they fail to randomize patients
with severe acidosis. It is very likely that the outcome of patients with metabolic acidosis
is more closely linked to the underlying disease than to the severity of acidemia. In the
words of some investigators, there is no evidence that bicarbonate therapy improves the
outcome for any patient with an acute anion gap metabolic acidosis (diabetic ketoacidosis
or lactic acidosis).

A small increase in pH in patients with severe metabolic acidosis can be associated with
significant improvement in the function of physiologic systems. Because a patient with a
very low serum bicarbonate (2—4 meq/L) will have a substantial increase in pH when the
bicarbonate reaches 6—8 meq/L, one approach is to treat only those who have very
severe metabolic acidosis with only a relatively small amount of sodium bicarbonate. In
theory, this patient will have the greatest potential benefit with the least generation of
carbon dioxide and risks of volume overload and osmotic excess.

Another approach has been to use non—-CO,—generating buffering agents. A mixture of

carbonate and bicarbonate has been given experimentally. This product, called carbicarb,
generates less CO, for the degree of buffering, but clinical experience is limited. There



are studies using THAM—tris(hydroxymethyl) aminomethane—as a buffering agent. This
compound, which also does not produce CO, during use, may be a useful alkalizing agent

if further studies demonstrate its value.
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METABOLIC ALKALOSIS

5 ESSENTIALS OF DIAGNOSIS

- Alkalemia with increased serum [HCO37].

- Lethargy and confusion progressing to seizures in severe cases.
- Ventricular and supraventricular arrhythmias.
* Altered oxyhemoglobin binding increases PaCO, and decreases PaO,.

General Considerations

Metabolic alkalosis consists of the triad of increased [HCOj3], increased pH, and

decreased serum chloride concentration. Because the decline in chloride does not equal
the rise in bicarbonate, the anion gap always increases. The principal causes of metabolic
alkalosis include (1) addition of bicarbonate to the plasma, (2) loss of hydrogen ion, (3)
volume depletion, (4) chronic use of chloruretic diuretics, and (5) potassium depletion.

Pathophysiology

A. Addition of Bicarbonate

Addition of bicarbonate is an unusual cause of metabolic alkalosis but may occur with
prolonged administration of high amounts of alkali (milk—alkali syndrome) or after therapy
with solutions that contain bicarbonate, carbonate, acetate, lactate, or citrate. In normal
adults, up to 20 meqg/kg/d of bicarbonate may be administered without significantly
altering serum pH. When calcium and vitamin D intakes are high, as in the milk—alkali
syndrome, nephrocalcinosis causes renal insufficiency and diminishes GFR. This reduced
renal capacity permits the retention of bicarbonate and increases pH. High concentrations
of acetate in hyperalimentation fluids may be an unsuspected cause in critically ill
patients. When the GFR is normal, elevated serum bicarbonate results in the presentation
of increased bicarbonate to the proximal tubules, which reduces bicarbonate reabsorption




and causes bicarbonaturia.

B. Vomiting
The most common cause of loss of hydrogen ion is vomiting. Prolonged emesis is one of

the most common causes of metabolic alkalosis among critically ill patients. Nasogastric
suction will result in the same syndrome. Parietal cells produce hydrochloric acid from
carbonic acid. For each proton secreted into the gastric lumen, one molecule of

bicarbonate is returned to the blood. Chloride accompanies H" secretion to form
hydrochloric acid. Both hydrogen and chloride are lost in the vomitus, resulting in both
alkalosis and volume contraction. Reduction in blood volume causes the secretion of
renin, which produces kaliuresis in an attempt to retain sodium and chloride. Both the
hypovolemia and the hypokalemia cause GFR to fall. Decreased GFR and hypokalemia
allow complete conservation of the filtered bicarbonate rather than the appropriate
excretion of bicarbonate as a result of alkalemia. Thus, urine may be paradoxically acid
when it should be alkaline. The defect is best repaired by expanding the extracellular
volume and by providing potassium. When sodium chloride and potassium are given, GFR
increases and appropriate renal excretion of bicarbonate begins.

C. Volume Depletion

Many cases of chronic metabolic alkalosis are accompanied by extracellular volume
depletion, and volume depletion may generate and certainly maintains metabolic alkalosis.
In response to volume depletion, renin and aldosterone production are increased and
result in kaliuresis and hypokalemia. Furthermore, because hydrogen ion secretion by the
a—intercalated cells of the collecting tubules is sensitive to the concentration of
aldosterone, hyperreninemia also increases bicarbonate reabsorption in the distal tubules.
Thiazide and loop diuretics are important causes of volume depletion and metabolic
alkalosis, but there are important additional factors with these drugs. Sodium delivery to
the distal tubule is increased, resulting in increased hydrogen and potassium secretion. As
circulating volume falls, renin secretion further enhances renal hydrogen and potassium
losses. Hypokalemia stimulates ammoniagenesis and increases ammonium excretion. Thus,
new bicarbonate is generated and metabolic alkalosis is created and sustained by the
combined effects of increased distal tubular sodium delivery, elevated aldosterone levels,
and hypokalemia. Administration of saline and potassium increases GFR and repairs the
hypokalemia, permitting excretion of the accumulated bicarbonate.

There has been an ongoing debate about the specific role of chloride ion compared with
volume repletion (regardless of the exact solution). Earlier experiments seemed to
demonstrate that replacement of volume deficit with non—chloride—containing solutions
led to prompt bicarbonaturia and resolution of the metabolic alkalosis. However, more
recently, administration of chloride—containing solutions corrected the alkalosis
(bicarbonaturia) despite insufficient volume, suggesting a key role for chloride. This is why
some patients W|th metabolic alkaI03|s who have volume deplet|on and hypokalemia are
variably termed “volume-responsive” or “chloride—responsive.

D. Potassium Depletion

Potassium depletion results in a shift of hydrogen ions into the cells, raising pH. However,
potassium depletion increases renal ammonia generation, stimulating bicarbonate
generation and reabsorption. The combination of potassium depletion and
mineralocorticoid excess appears to amplify the metabolic alkalosis effect.

E. Other Causes

Some nonreabsorbable anions (salts of penicillin and carbenicillin) promote tubular
secretion of hydrogen and potassium by increasing luminal electronegativity. The
metabolic alkalosis produced can be repaired readily by administering saline and
potassium. A related cause is particularly common in the intensive care unit and follows
carbohydrate refeeding after starvation ketoacidosis. During the period of starvation, renal
production of bicarbonate in response to the acidemia helps to maintain pH. However,




when refeeding is instituted, ketones are converted into bicarbonate, thereby producing
metabolic alkalosis. Coexisting potassium and volume depletion will maintain the alkalosis
unless sodium chloride and potassium are provided.

Other common causes of metabolic alkalosis, categorized by physiology and response to
critical care will present with hypervolemia, potassium deficiency, and primary
hypersecretion of aldosterone. The increased mineralocorticoid level serves to cause
sodium retention with volume expansion, produce kaliuresis, and increase hydrogen ion
secretion, which generates metabolic alkalosis and subsequently enhances bicarbonate
reabsorptive capacity. A phenomenon known as “mineralocorticoid escape” occurs and
leads to an equilibrium state of hypertension, hypokalemia, and metabolic alkalosis.
Because aldosterone levels are high and the plasma volume is expanded, this disorder is
not responsive to saline administration. Management is best directed toward determining
the cause of the increased aldosterone secretion. Rarely, adult patients with undiagnosed
Gitelman’'s syndrome will be seen in the intensive care unit. The defect is located in the
thiazide—sensitive NaCl cotransporter in the distal tubule, resulting in a thiazide
diuretic—like syndrome of hypokalemia, metabolic alkalosis, hypocalciuria, and
hypomagnesemia.

Clinical Features

A. Symptoms and Signs

Symptoms and physical findings associated with mild metabolic alkalosis are nonspecific
and are usually related more closely to the underlying disorder than to the acid—base
disturbance itself. Review of the patient’s medical record with particular attention to
medications received and net negative fluid balances reported will often aid in determining
the origin of alkalemia. On physical examination, a difference between supine and sitting
blood pressures may reveal hypovolemia. Hypertension suggests hypervolemia. When both
hypertension and metabolic alkalosis are present, a history of glucocorticoid or
mineralocorticoid use or endogenous aldosterone production should be considered.

A decrease in minute ventilation is usually noted in moderate cases of metabolic alkalosis.
If preexisting pulmonary disease is present, CO5 retention may result in severe
hypercapnia. As alkalemia progresses, the ionized calcium concentration decreases and
produces neuromuscular findings similar to those of hypocalcemia. Initial lethargy and
confusion give way to obtundation and seizures as the alkalemia worsens. Patients may
complain of paresthesias and muscle cramps. The Chvostek and Trousseau signs may be
present. In severe cases, respiratory muscle paralysis may develop.

Alkalemia acts as a negative inotropic substance, with the change in blood pressure
dependent upon the degree of hypo— or hypervolemia. Furthermore, the increase in pH
lowers the arrhythmia threshold, with supraventricular and ventricular arrhythmias
predominating. There are no electrocardiographic abnormalities specific for alkalemia,
though the presence of arrhythmias should alert the clinician to the potential severity of
the acid—base disturbance.

B. Laboratory Findings
Review of arterial blood gases is the critical step in the laboratory diagnosis of metabolic

alkalosis. An increase in serum [HCO3™] may be present with either chronic respiratory

mixed acid—base disorder is present.

Once it has been determined that a simple metabolic alkalosis is present, further
evaluation will determine the cause of the disorder. Serum potassium is almost always
decreased. The magnitude of total body potassium depletion cannot be estimated



precisely from the serum potassium. Hyponatremia is common in hypovolemic disorders,
which are ultimately responsive to saline infusion.

A useful distinction can be made be separating metabolic alkalosis into those that are
“chloride—sensitive” (sometimes called volume— or saline—responsive) and those that are
“non—chloride—sensitive.” Chloride— or volume—sensitive patients are volume—depleted,
hypokalemic, and will respond to chloride or volume administration (see above). The latter
group is usually volume—overloaded and will worsen or fail to improve with
chloride—containing solutions or volume repletion.

These groups can be distinguished by measurement of urine chloride. Volume contraction
usually results in concentrated urine with a low sodium concentration. However, if
metabolic alkalosis develops, high renal tubular bicarbonate concentrations may carry
sodium out in the urine. Thus, there is a paradoxically high urine sodium and fractional
excretion of sodium despite volume depletion. However, urine chloride concentrations can

be relied upon in this situation. A low urine [CI"] (< 10 meqg/L) indicates potential
volume—responsive or chloride—responsive metabolic alkalosis. On the other hand,
diuretics will confuse this picture because both urine sodium and urine chloride will be
increased in spite of hypovolemia. Hypomagnesemia from gastrointestinal and renal losses
is occasionally observed in this situation.

When primary hyperaldosteronism is the cause of metabolic alkalosis, urinary sodium and
chloride output are approximately equal to intake and in the range of 100-200 meq/L.
Volume expansion and hypertension are usually present.

Differential Diagnosis

Once a high serum bicarbonate is identified, the most important distinction must be made
between metabolic alkalosis and chronic respiratory acidosis with renal compensation.
Diuretic therapy may superimpose additional metabolic alkalosis on top of chronic

respiratory acidosis, which further increases the [HCO3™] and may actually result in an

alkaline pH. Consideration of the patient’s history and diuretic use will aid in the
differential. Noting increased concentrations of sodium and chloride in the urine prior to
discontinuation of diuretic therapy is another useful tool. When simple metabolic alkalosis
is present, the distinction between chloride—responsive and chloride—unresponsive
disorders must be made.

Treatment

It has become clear that alkalemia in critically ill patients is associated with poor
outcome, just as acidemia is linked to decreased survival. The underlying disease in all
situations must be addressed to slow or reverse the cause of metabolic alkalosis. The
decision to treat is based both on the severity of alkalemia and the risks of complications.

A. Saline—Responsive Metabolic Alkalosis

Mild alkalemia (pH 7.40-7.50) is well tolerated and does not require treatment unless
preexistent cardiac or pulmonary disease complicates the situation. If the alkalemia
worsens (pH > 7.60) or if findings consistent with cardiac, pulmonary, or neuromuscular
complications appear, treatment is indicated.

The key to therapy is restoration of normal circulating blood volume and repair of the
associated hypokalemia. Potassium replacement can be estimated from the extent of the
potassium deficit. The volume of normal saline required should be infused so that one—half
of the deficit is replaced within 8 hours and the remainder within the ensuing 16 hours. As
discussed above, there is evidence that chloride—containing solutions stimulate a more
marked bicarbonaturia, leading to more rapid correction of the alkalosis. Therefore,
volume repletion should be preferentially with NaCl and KCI solutions.



In unusual situations, acetazolamide, an inhibitor of carbonic anhydrase, can be used to
correct metabolic alkalosis as long as the patient is not volume—depleted. This situation is
rarely encountered, and the drug will exacerbate both volume depletion and hypokalemia.
Acetazolamide, 250-500 mg, can be given orally and repeated if necessary with close
monitoring of serum potassium. Very rarely, if alkalemia is extremely severe, dilute
hydrochloric acid (0.1 mol/L) can be infused into a central vein. The quantity required can
be calculated from the serum bicarbonate concentration. Assuming that the volume of
distribution of bicarbonate is that of total body water (one—half of body weight), the
amount of HCI required is calculated as follows:

HCI required (meq) = ([HCO3 | - 24) x 0.5 x Weight (kg)

One—half the calculated dose should be given over the first 4-8 hours, with the remainder
infused over the next day. Several other acidifying agents have been used, including
ammonium chloride, arginine monohydrochloride, and lysine monohydrochloride. The latter
two should not be given because of the very high risk of hyperkalemia, sometimes fatal,
associated with large and rapid shifts of potassium out of the cells.

B. Saline—Resistant Metabolic Alkalosis

These disorders are rarely encountered and may result from reversible (drug—induced)
causes or unchecked endogenous secretion of aldosterone. In both cases,
mineralocorticoids lead to sodium retention and potassium excretion despite high
extracellular volume and hypokalemia. Retention of bicarbonate is due to the combination
of potassium depletion and increased generation of hydrogen ion in the renal tubules.

Therapy of these disorders should be aimed at identifying the source of the aldosterone
or other mineralocorticoid. When the condition follows excessive administration of
mineralocorticoids, their use should be stopped. If the patient has excessive aldosterone
secretion from an adrenal adenoma, medical management with an inhibitor of aldosterone
(spironolactone) may play a role until more definitive therapy can be planned.

Engl J Med 1998:338:107-11.

Fine A: Application of principles of physiology and biochemistry to the bedside: Metabolic
alkalosis and hypokalemia. Clin Invest Med 1990:13:47-52.

Galla JH: Metabolic alkalosis. J Am Soc Nephrol 2000:11:369-75.

RESPIRATORY ACIDOSIS

5 ESSENTIALS OF DIAGNOSIS

- Acidemia with increased PaCO, and near—normal (acute) or appropriately elevated

[HCO3~] (chronic)

- Fatigue, weakness, confusion, and headaches.
- Decreased cardiac contractility, pulmonary artery hypertension.
- Splanchnic vasodilation.

General Considerations

Respiratory acidosis results from an increase in the blood level of dissolved CO, that,
after solution, dissociates into hydrogen ion and bicarbonate. The major problem in acute



hypercapnic states is that increased quantities of dissolved CO, rapidly produce tissue
acidosis because CO, diffuses easily into tissues and cells. This is of particular

importance at the blood—brain barrier, where pH of cerebrospinal fluid falls rapidly after an
acute increase in PaCO,.

Hypercapnia is usually attributed to lung disease, such as chronic obstructive pulmonary
disease. However, hypercapnia can be produced either by an increase in the production of
CO, without a compensatory rise in elimination or by constant production with decreased
elimination. The second mechanism is usually operative in patients with chronic
obstructive or restrictive pulmonary disease, in those with a severely deformed chest wall
or neuromuscular weakness, after trauma, and following anesthesia, where either the
respiratory mechanics or the drive for CO, elimination are compromised.

Increased CO, production is not uncommon because CO, output follows metabolic rate
and patients in the critical care unit are frequently hypermetabolic. What is unusual,
however, is failure of the ventilatory control mechanisms to respond to the increase in
CO, production by stimulating ventilation and maintaining PaCO, at a constant value.
When sepsis intervenes, continued metabolism of mixed fuel substrates elevates the
respiratory quotient and results in further enhancement of CO5 production relative to

oxygen consumption.

An acute change in PaCO5 produces a blood pH change within approximately 10 minutes.
There is a small rise in serum bicarbonate concentration due to “mass action” shifts. The
predicted response of [HCO3_] is a fall of approximately 0.25 meq/L for each 1 mm Hg
increase in PaCO,. More marked changes in serum bicarbonate concentration suggest
than an additional or mixed acid—-base disturbance is present.

Chronic hypercapnia (beginning at about 30 minutes) stimulates renal ammonia
production, increases urinary ammonium excretion, and causes chloruresis, both because
of an increase in local PaCO, and because of the fall in pH. Urine pH decreases

appropriately as newly generated bicarbonate is added to the blood. An increase in
bicarbonate absorptive capacity also occurs, so that increased quantities of filtered
bicarbonate are completely reabsorbed. Once equilibrium has been reached (after several
days), the plasma bicarbonate concentration should increase by about 0.5 meq/L for each
1 mm Hg increase in PaCO,. Arterial pH may actually become slightly alkalemic because

of the avid retention of bicarbonate; this is one situation in which “complete” correction
may occur and might not represent a mixed acid—base disturbance.

Clinical Features

A. Symptoms and Signs

There are no symptoms or signs specific to mild respiratory acidosis. Findings are usually
related to the underlying cause. When airway obstruction is the cause, patients may
present with shortness of breath and labored breathing. If respiratory center depression is
the cause, slow and shallow or even apneustic breathing may be noted. If there is a
history of chronic obstructive pulmonary disease, an acute exacerbation with wheezing or

hyperpnea (increased minute ventilation) despite hypercapnia (alveolar hypoventilation).

In cases of marked respiratory acidosis, fatigue, weakness, and confusion are present. In
milder cases, patients may complain of headache. Physical findings are nonspecific and
include tremor, asterixis, weakness, incoordination, cranial nerve signs, papilledema, retinal



hemorrhages, and pyramidal tract findings. The syndrome of pseudotumor cerebri
(increased cerebrospinal fluid pressure and papilledema) may be reproduced by
respiratory acidosis. Coma begins at levels of CO, that vary from 70 mm Hg to 100 mm
Hg depending on arterial pH (pH < 7.25) and the rate of increase of PaCO,. It is critical to
remember that almost all patients with hypercapnia will have concomitant hypoxemia
unless they receive supplemental oxygen.

B. Laboratory Findings
Respiratory acidosis is manifested by acidemia and elevated PaCO, in the presence of an

hydrogen ion secretion are stimulated, urine pH falls paradoxically. In chronic respiratory
acidosis, serum pH may be very close to normal as bicarbonate concentration rises in
compensation. A mild increase in potassium secretion occurs, though hypokalemia is not
inevitable.

Treatment

The key to management of respiratory acidosis is correction of its primary cause (see

mechanical ventilation or noninvasive positive—pressure ventilation.

Restoration of pH and PaCO, should take place over several hours if the respiratory

acidosis is chronic to prevent alkalemia. The compensatory increase in serum bicarbonate
in response to hypercapnia may take hours to days to be eliminated if the PaCO, is

immediately corrected to normal. This results in a form of “metabolic alkalosis” that
requires renal elimination of bicarbonate to a normal value. In many patients,
overcorrection of chronic hypercapnia to normal is not advised because these patients
have poor lung or ventilatory function. When mechanical ventilation is removed, they will
be unable to maintain sufficient ventilation to keep the PaCO, at the lower level, resulting

in recurrence of severe acute respiratory acidosis.
Current Controversies & Unresolved Issues

Acute hypercapnia and respiratory acidosis can almost always be effectively reversed by
increasing minute ventilation until the underlying disorder can be treated (COPD,
neuromuscular weakness, etc.). It is now recognized that excessively high tidal volume,
respiratory rate, or both may be associated with damage to the lungs, prolonged
hospitalization, and increased mortality. Therefore, low tidal volume and low pressure
hypercapnia in some of these patients. The bulk of the evidence from large studies
suggests that hypercapnia is well tolerated and rarely associated with complications. In
fact, recent studies have suggested that hypercapnia is not merely a consequence that
must be tolerated but that it may actually be instrumental in improving outcomes of
patients with acute lung injury (ARDS).

Therefore, while there have been limited studies of the effects of ameliorating the fall in
pH during so—called permissive hypercapnia, it remains to be seen if preventing the fall in
pH with bicarbonate or other buffers is beneficial, hazardous, or neither.

Kallet RH et al: The treatment of acidosis in acute lung injury with tris—hydroxymethyl
aminomethane (THAM). Am J Respir Crit Care Med 2000:161:1149-53.

Laffey JG, Engelberts D, Kavanagh BP: Buffering hypercapnic acidosis worsens acute lung
injury. Am J Respir Crit Care Med 2000:161:141-6.

Potkin RT, Swenson ER: Resuscitation from severe acute hypercapnia: Determinants of



tolerance and survival. Chest 1992:102:1742-5.

RESPIRATORY ALKALOSIS

5 ESSENTIALS OF DIAGNOSIS

* Alkalemia with decreased PaCO, and normal or appropriately decreased HCO3™.
- Anxiety, irritability, vertigo, and syncope.

- Flattened ST segments or T waves.

- Tetany in severe cases.

General Considerations

Because of normal regulation of carbon dioxide in the blood, a primary decrease in the
concentration of dissolved CO, indicates respiratory alkalosis. By definition, alveolar

hyperventilation is synonymous with hypocapnia. The most common causes of
hyperventilation include hypoxemia, central nervous system disorders, pulmonary disease,
and excessive mechanical ventilation. Patients who are anxious, pregnant, have liver
failure, or are toxic from salicylates will often hyperventilate. In the intensive care unit,
hyperventilation may be an early feature of sepsis. Primary hyperventilation must be
distinguished from compensation for metabolic acidosis. In both situations, PaCO, is

reduced and serum HCOg3™ is low. The difference is that in respiratory alkalosis, low
PaCO, is primary and pH is above normal, whereas in metabolic acidosis pH is in the

acidic range and low HCO3™ represents the primary disturbance.

The principal compensatory response is renal elimination of bicarbonate. It takes several
hours to days to complete the response. Hypocapnia itself reduces bicarbonate
reabsorption from the proximal tubule. Hydrogen ion secretion in the collecting tubule is
also decreased. The increased delivery of sodium bicarbonate from the proximal tubule
produces a marked kaliuresis with some degree of sodium excretion and chloruresis. In
the steady state, plasma bicarbonate concentration falls by about 0.5 meq/L for each mm
Hg decrease in PaCO, during chronic respiratory alkalosis. The arterial pH is therefore

corrected toward normal but not to normal.
Clinical Features

A. Symptoms and Signs

Severe hyperventilation may result in tetany clinically indistinguishable from the
hypocalcemic variety except that total serum calcium and the ionized fraction of calcium
are normal. Hyperventilation may also decrease blood pressure and cerebral perfusion,
which can cause increased irritability, anxiety, and an inability to concentrate.
Occasionally, awake patients will complain of vertigo and experience syncope. Other
features are those of the underlying disorder leading to respiratory alkalosis. Patients with
severe damage to the mid brain may have central neurogenic hyperventilation. Prolonged
respiratory alkalosis may have adverse effects on patients with head injury, despite
transient reduction in intracranial pressure acutely.

B. Laboratory Findings
The hallmark of respiratory alkalosis is the presence of alkalemia (pH > 7.44) and

decreased PaCOj in the presence of normal or decreased HCO3 . The extent of serum
bicarbonate reduction depends on the duration of the respiratory disorder and the

the respiratory alkalosis is simple or combined with other disorders (mixed). Most patients



with compensated or chronic respiratory alkalosis will have a decline in serum bicarbonate
of 0.5 meqg/L for each 1 mm Hg decrease in PaCO,. Mild hyponatremia and hypochloremia

are often present. Hypophosphatemia due to excess renal phosphate wasting seems to be
more marked with respiratory alkalosis than in metabolic alkalosis.

For patients with central neurogenic hyperventilation, evaluation may include CT or MRI
of the head. Drug ingestions (particularly salicylates) can be investigated with a toxicology
screen or blood measurements.

C. Electrocardiography and Electroencephalography

Electrocardiographic changes may include ST segment or T wave flattening or inversion.
Alterations in the QRS complex have also been reported. Electroencephalographic studies
are usually normal but may show an increase in the number of slow high—voltage waves.

Differential Diagnosis

The most important differential is metabolic acidosis with respiratory compensation. As
described above, in metabolic acidosis the blood pH is less than 7.38, while respiratory
alkalosis is associated with alkalemia. Mixed or combined disturbances are often seen with
respiratory alkalosis—notably salicylate overdose, which may cause primary metabolic
acidosis and primary respiratory alkalosis simultaneously.

Treatment

A. Correction of Underlying Disorder

The key to treatment is identification and management of underlying disorders such as
sepsis or liver failure. If the patient is hypoxemic, the inspired oxygen concentration may
need to be increased. Anemia may also be contributory and may be helped by blood
transfusion. Other potentially reversible causes include sepsis and liver failure.

B. Mechanical Ventilation

Probably the most common cause of respiratory alkalosis among critically ill patients is
iatrogenic mechanical hyperventilation. Strict attention to routine blood gases and
examination of trends over several days will usually disclose this problem. If the ventilator
has been set to deliver excessive minute ventilation and the patient is not triggering the
machine, reducing the respiratory rate and tidal volume will cause a marked and
predictable fall in pH. One reasonable goal is to reduce minute ventilation just until the
patient begins to develop adequate spontaneous ventilation. At this point, pH is likely to
be near normal.

On the other hand, if the patient is triggering the mechanical ventilator, ie, choosing the
respiratory rate, then he or she is generating the primary drive for hyperventilation. In
most of these cases, changing the settings on the ventilator will not affect the patient’s
spon—taneous respiratory rate. Hyperventilation can sometimes be moderated by
increasing paradoxically the inspiratory flow rate or tidal volume. Clinicians often select an
intermittent mandatory ventilation mode, thinking that respiratory alkalosis will be
minimized; controlled trials have shown that this does not work. Lengthening the
ventilator circuit tubing to add dead space should not be done because of the risk of
increasing work of breathing. In rare circumstances, severe respiratory alkalosis that
cannot be managed in any other way may require paralyzing the patient and controlling
the PaCO, and pH precisely.

Laffey JG, Kavanagh BP: Carbon dioxide and the critically ill—too little of a good thing?
Lancet 1999:354:1283-6.

Muizelaar JP et al: Adverse effects of prolonged hyperventilation in patients with severe
head injury: a randomized trial. J Neurosurg 1991:75:731-9.




Rose BD, Post TW: Clinical Physiology of Acid—-Base and Electrolyte Disorders, 5th ed.
McGraw—Hill, 2001.
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Table 2-1. Factors affecting body sodium balance.
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Table 2-2. Hypovolemia (decreased effective intravascular volume).
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Table 2-2. Hypovolemia (decreased effective intravascular volume).




Table 2-3. Fluids for intravenous replacement of extracellular volume or water deficit.

[Na'] [osm] Crystalloids
(meq/L) (mosm/L)
0.9% NaCl (normal saline) 154
5% dextrose in 0.9% NaCl 154 Glucose, 50 g/L
Ringer's lactate 109 K* Ca2+, lactate’
5% dextrose in water? 0 Glucose, 50 g/L
0.45% NaCl 77
5% dextrose in 0.45% NaCl 77 Glucose, 50 g/L

K" 4 meaqg/L, Ca?* 3
meq/L, lactate 28 meq/L.

2Not recommended for rapid correction of intravascular or extracellular volume deficit.
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Table 2—3. Fluids for intravenous replacement of extracellular volume or
water deficit.




Table 2—4. Replacement guidelines for gastrointestinal fluid loss.]

Volume
Replacement,
mL (per L lost)

NaHCO3
DsW (meq/L)
250 20 250 20 750

Ancrease supplement if K* depleted; add urinary K" loss.

3Standard ampule (some, 7.5% NaHCO3, 44.6 me/q Na")
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Table 2—4. Replacement guidelines for gastrointestinal fluid loss.




Table 2-5. Hypervolemia (increased extracellular volume).
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Table 2—6. Range of urinary water excretion with normal solute
load.
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Table 2—-6. Range of urinary water excretion with normal solute load.




Table 2-7. Disorders of water balance: Hyponatremia.
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Table 2-7. Disorders of water balance: Hyponatremia.




Table 2—-8. Disorders of water balance: Hypernatremia.
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Table 2—8. Disorders of water balance: Hypernatremia.




Table 2-9. Serum and total body potassium regulation by renal excretion and extracellular:intracellular

distribution.

Examples

Facilitated by:
Increased Na' reabsorption in distal nephron

Increased Na* delivery to distal nephron
Increase in poorly reabsorbable anions

. + .
Increased intracellular K' concentration
Magnesium depletion

Impaired by:
Decreased K™ filtration

Decreased Na* delivery to distal nephron

Inhibition of K' secretion decreased aldosterone

Increased plasma insulin level
Catecholamines (beta—adrenergic agonists)

Metabolic alkalosis

Decreased plasma insulin level
Beta—adrenergic blockade

Metabolic acidosis (hyperchloremic) chloride, parenteral nutrition

Depolarizing neuromuscular blockade

Volume depletion, aldosterone
Loop diuretics, thiazides

Carbenicillin, bicarbonate, keto acids,
inorganic anions

. + . . .
Increased intracellular K* distribution

Amphotericin B, cisplatin,
aminoglycosides

Renal insufficiency

Volume depletion with proximal Na*
reabsorption

Amiloride, spironolactone, triamterene
trimethoprim,

Exogenous insulin, hyperalimentation

Bronchodilators, decongestants,
theophylline

Vomiting, volume depletion

Diabetes mellitus
Propranolol

Ammonium chloride, lysine hydrochlori
arginine hydro—

Succinylcholine
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Table 2—-9. Serum and total body potassium regulation by renal excretion and

extracellular:intracellular distribution.







Table 2-10. ICU patients at risk for hypophosphatemia.
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Table 2—-10. ICU patients at risk for hypophosphatemia.




Table 2-11. ICU patients at risk for hyperphosphatemia.
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Table 2—-11. ICU patients at risk for hyperphosphatemia.




Table 2-12. Risks for hypomagnesemia in ICU patients.
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Table 2—-12. Risks for hypomagnesemia in ICU patients.




Table 2-13. Risks for hypocalcemia in ICU patients.
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Table 2-13. Risks for hypocalcemia in ICU patients.




Table 2-14. Risks for hypercalcemia in ICU patients.
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Table 2-14. Risks for hypercalcemia in ICU patients.




Table 2—-15. Identification of acid—base disorders.
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Table 2—-15. Identification of acid—base disorders.




Table 2-16. Physiologic response of pH, Pcoy, and HCO3™ in

acid—base disorders.1

1Adapted from Cogan MG, Rector FD Jr: Acid—based
disorders. Pages 457-517 in: The Kidney, 3rd ed. Brenner
BM, Rector FC (editors). Saunders, 1986.
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Table 2-16. Physiologic response of pH, Pco,, and HCOg in acid-base

disorders.1




Table 2—-17. Hyperchloremic, normal anion gap metabolic acidoses.!

Distal H*
Secretion
Proximal H+ Urinary NH* .+
GFR Secretion® Titrat?tile AcAEd Treatn
Proximal H' ? <55 Zero or positive II. Classical dis
secretion
Distal NH3 delivery Normal <55 Zero or positive IV. Generalized

2HCO3_ reabsorption during HCO3™ loading.

3Fractional excretion of bicarbonate >15% during bicarbonate loading; usually associated with Fanconi’s ¢
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Table 2—17. Hyperchloremic, normal anion gap metabolic acidoses.




Table 2-18. Normochloremic, high anion gap metabolic acidoses.!

Acid Treatment?
Lactic acid Treat underlying disorder

B-Hydroxybutyric acid,acetpacetoc acid Insulin, saline (K*, phosphate, Mg2+ repletic

Glucose and saline (K", phosphate, Mg2+ re

Carbohydrate

Salicylate acid Alkaline diuresis, hemodialysis

Glycolic acid Ethanol, thiamine and pyridoxine, ECV exp:
hemodialysis

Formic Acid Ethanol, ECV expansion, hemodialysis

Organic acids NaHCO3; (1-3 mg/kg/d)



Table 2-19. Causes of normochloremic, high anion gap
metabolic acidosis.’
1Adapted from Cogan MG, Rector FD Jr: Acid—based

disorders. Pages 457-517 in: The Kidney, 3rd ed. Brenner
BM, Rector FC (editors). Saunders, 1986.
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Table 2-19. Causes of normochloremic, high anion gap metabolic acidosis.




Table 2—20. Causes of metabolic alkalosis.
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Table 2-20. Causes of metabolic alkalosis.




Table 2-21. Causes of respiratory acidosis.
Chronic

Airway obstruction
Chronic obstructive pulmonary disease

Respiratory center depression
Chronic sedative overdose
Obesity (Picwickian syndrome)
Brain tumor

Neurogenic causes

Multiple sclerosis

Muscular dystrophy

Amyotrophic lateral sclerosis
Myxedema

Posttraumatic diaphragmatic paralysis
Phrenic nerve injury

Restrictive defects
Hydrothorax or fibrothorax
Ascites

Obesity
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Table 2-21. Causes of respiratory acidosis.
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Figure 2—-1. Clinical and laboratory approach to the diagnosis of hyponatremia.

Document Bibliographic Information:
¢ Location In Book:

e CURRENT CRITICAL CARE DIAGNOSIS & TREATMENT - 2nd Ed. (2003)
2. Fluids, Electrolytes, & Acid—Base — Frederic S. Bongard, MD, & Darryl Y. Sue,
MD
FIGURE(S)
Figure 2-1




hi
Yon g HTRTRNET e
T SR YOI
¥
ih T PRI el
e el B Vel m ey
Mlgarn g

Pofpuria o

b

Fan e TE T, T
B el B i ] b

Mz = Beard

i

W s

| CaEiidl e crig e
|
oy B My g v
bwicen pieng AH
» 30 < 22
HiRET s
Chili el | Pt it

Figure 2—-2. Clinical and laboratory approach to the diagnosis of hypernatremia.
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Figure 2-3. Clinical and laboratory approach to the diagnosis of hypokalemia.
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Figure 2—4. Clinical and laboratory approach to the diagnosis of hyperkalemia.

Document Bibliographic Information:
¢ Location In Book:

e CURRENT CRITICAL CARE DIAGNOSIS & TREATMENT - 2nd Ed. (2003)
2. Fluids, Electrolytes, & Acid—Base — Frederic S. Bongard, MD, & Darryl Y. Sue,
MD
FIGURE(S)
Figure 2—4




ra [HDD5 ] imass

At

Figure 2-5. Acid—base nomogram. Shown are the 95% confidence limits of the normal
respiratory and metabolic compensations for primary acid—base disturbances.
(Reproduced, with permission, from Cogan MG, Rector FC Jr: Acid—base disorders. In: The
Kidney, 3rd ed. Brenner BM, Rector FC Jr [editors]. Saunders, 1986.)
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3. Transfusion Therapy — Elizabeth D. Simmons, MD
INTRODUCTION

The discovery of the ABO and Rh blood groups and the development of nontoxic
anticoagulant—preservative solutions for blood storage during the first half of the 20th
century made it possible for human blood to be widely used as lifesaving therapy in
critically ill patients. Subsequent refinements in cross—matching and the development of
sophisticated screening tests for transmissible diseases have made blood transfusion a
safe and often lifesaving form of therapy. Because of the wide range of potential adverse
effects of transfusion therapy, however, the clinician must have a clear understanding of
the indications, efficacy, and complications of blood component therapy.

BLOOD COMPONENTS
INTRODUCTION

and individual components are selected for transfusion based on the needs of the patient.
Blood component therapy is superior to whole blood replacement because it concentrates
those portions of blood a patient needs, thereby increasing efficiency and minimizing
volume and subsequent transfusion requirements—as well as increasing the efficiency of
blood banking by putting donated blood to maximal and optimal use.

RED BLOOD CELLS

Homologous packed red blood cells from volunteer donors are transfused most often.
Leukocyte—poor red cells are prepared by a variety of techniques to remove at least 70%
of leukocytes. Washing red cells in saline removes most plasma proteins and some
leukocytes and platelets. Red blood cells frozen in liquid nitrogen with glycerol as a
cryoprotective agent can be stored for up to 10 years. Extensive washing after thawing
removes most plasma proteins and cellular debris. Neocytes (young red blood cells) can
be prepared by differential centrifugation or cell separators and have a longer circulating
life span than standard red cells, but they are rarely used. Directed donations of red blood
cells from ABO—- and Rh—compatible individuals who are appropriately screened may be
substituted for homologous red cells at the patient’s request. Autologous red blood cells
may be collected preoperatively, by perioperative blood salvage, or by acute
normovolemic hemodilution to decrease homologous red cell use.

Indications

Red blood cell transfusions are indicated to promote oxygen delivery in patients who are
actively bleeding, for symptomatic anemia unresponsive to conservative management, or
when time does not permit alternative treatment. Red blood cell transfusions may also be
useful for improving the bleeding tendency of a severely anemic patient with platelet
dysfunction (eg, uremia) or severe thrombocytopenia.

The decision to transfuse red blood cells should be made only after consideration of
several factors. The age and general condition of the patient and the presence of
coexisting cardiac, pulmonary, or vascular conditions will influence the patient’s ability to
tolerate acute blood loss or chronic anemia. The degree and chronicity of the anemia are
also important determinants of the physiologic responses to anemia. Finally, the cause of
the anemia must be considered, as alternative therapy (eg, iron sulfate, vitamin By,



folate, or epoetin alfa [erythropoietin] may eliminate the need for transfusions altogether.

A. Chronic Hypoproliferative Anemia

Chronic anemia is accompanied by several physiologic adaptations that enhance oxygen
delivery despite a reduced red cell oxygen—carrying capacity. Increased cardiac output,
increased intravascular volume, and redistribution of blood flow to vital organs maintain
organ function. Tissue extraction of oxygen occurs over a wide range of hemoglobin
concentrations and is enhanced by a rightward shift in the oxyhemoglobin dissociation
curve (due to increased erythrocyte 2,3-DPG production and the Bohr effect). Additional
responses to anemia include increased erythropoietin production and early release of
young red blood cells into the circulation. These adaptive responses allow most individuals
to tolerate severe decreases in oxygen—carrying capacity. Therefore, red blood cell
transfusions are rarely necessary for patients with chronic anemia who have hemoglobin
concentrations above 7 g/dL, and transfusions may result in circulatory overload if given
rapidly or in excessive quantity.

B. Acute Blood Loss

In contrast, physiologic responses may be inadequate to maintain organ function and
hemodynamic stability when faced with acute blood loss, even with apparently normal
hemoglobin concentration, since it takes time for mobilization of extracellular fluid into the
intravascular space and for increased production of erythrocyte 2,3-DPG. However, a
healthy young person generally tolerates 500-1000 mL of acute blood loss without red
blood cell transfusion, and intravascular volume can be repleted with crystalloid solutions.
Acute blood loss of 1000-2000 mL usually can be managed with volume replacement
alone, but red cell transfusions are occasionally necessary. More than 2 L of acute blood
loss will usually require red blood cell transfusion. Other clinical factors are important. For
example, because of the vasodilatory effects of anesthesia, intraoperative blood loss of
more than 500 mL may require red cell transfusion to maintain hemodynamic stability, and
burn patients often require vigorous blood product support because of volume depletion
through denuded body surfaces.

C. High—Risk Patients

Any condition that impairs the patient’s ability to increase intravascular volume, heart
rate, stroke volume, or blood flow will result in poor tolerance of chronic anemia or acute
blood loss. Older patients or those with impaired cardiac function may not be able to
generate the necessary increase in cardiac output to maintain tissue perfusion. Patients
with coronary artery disease especially may not tolerate a decrease in oxygen—carrying
capacity because the rise in myocardial oxygen demand accompanying increased cardiac
output may exceed the supply. Vascular disease may impair the ability to increase blood
flow to vital organs, such as the brain. Diuretic use, gastrointestinal losses, or
redistribution of extracellular fluid volume will decrease intravascular volume, resulting in
decreased blood flow and thus decreased tissue oxygenation. In these circumstances,
transfusion may be necessary in a symptomatic patient at higher hemoglobin
concentrations than in a normal individual with adequate physiologic reserves. The use of
objective scoring systems (such as the APACHE II—Acute Physiologic and Chronic Health
Evaluation II—and the multiorgan dysfunction scores) to stratify patients according to
severity of illness may be useful for determining which critically ill patients may benefit
from a restrictive transfusion approach.

Studies have demonstrated that patients younger than 55 years of age with less severe
illness may have improved outcomes using a lower hemoglobin threshold (< 7 g/dL) for
transfusion compared with more liberal use of transfusion (< 10 g/dL). Exceptions include
those with acute myocardial ischemia or acute bleeding. This lower threshold for
transfusion also appears to be at least as safe even in older patients and those with more
severe disease.

D. Hemolytic Anemia
Red cell transfusions are indicated in the management of some patients with a variety of




severe and symptomatic hemolytic anemias. Patients with markedly symptomatic
antibody—mediated hemolytic anemias may require red cell transfusion until definitive
therapy can become effective. Autoantibodies are often reactive with all donor red cells
in vitro, such that cross—matching is impossible. Transfusion of ABO— and Rh—compatible
red cells is usually safe in these patients; the blood bank can perform an extended
cross—match to identify units with the least degree of in vitro hemolysis. Patients with
cold-reacting antibodies (usually IgM) should receive blood through a blood warmer if
transfusion is necessary.

E. Sickle Cell Anemia

Patients with sickle cell anemia may require red cell transfusion (and, in selected cases,
partial or complete exchange transfusion) for management of specific complications,
including splenic sequestration and aplastic crises (with rapidly falling hemoglobin
concentration), recurrent priapism, chronic unremitting osteomyelitis, severe leg ulcers,
pneumonia, or pulmonary sequestration crises. Red cell transfusion is also indicated for
such patients undergoing major surgery, particularly those undergoing orthopedic
procedures. Simple preoperative transfusion to achieve hematocrit levels of about 30%
appears to be as effective as regimens aimed at reducing the fraction of hemoglobin S to
30% of total hemoglobin (by exchange transfusion or multiple transfusions over time) and
is associated with fewer transfusion—related complications. Patients with sickle cell
anemia are not candidates for autologous donation and transfusion.

Exchange transfusion is also indicated in the management of acute central nervous
system infarction or hemorrhage (followed by chronic transfusion therapy to prevent
recurrent strokes). Chronic prophylactic transfusion reduces the risk of initial stroke in
children with sickle cell disease who have abnormal cerebrovascular blood flow on Doppler
ultrasonography; however, alloimmunization (even with phenotypically—matched,
leukodepleted red blood cells), iron overload, and infections complicating chronic
transfusion programs have limited the acceptance of this approach. Furthermore, the
duration of transfusion required to prevent stroke is unclear.

Routine transfusion during pregnancy should be avoided. Patients with severe,
symptomatic sickle cell anemia or those suffering recurrent painful crises may require
periodic transfusion during pregnancy. Likewise, routine transfusion is not indicated in the
management of painful vaso—occlusive sickle cell crises, and should be reserved for those
patients with symptomatic anemia. Patients with sickle cell anemia appear to be unusually
susceptible to the development of alloantibodies (see Complications of Transfusion, on
page 87), which limits the utility of chronic transfusion programs. The use of blood from
racially matched donors that has been screened for selected minor blood group antigens
may prevent alloimmunization in patients requiring chronic transfusion therapy, but this
approach awaits confirmation.

E. Perioperative Transfusion

Transfusion is rarely indicated for patients undergoing noncardiac surgery who have
hemoglobin values > 7-8 g/dL and no risk factors for myocardial ischemia. However,
elderly patients with hematocrits < 28% (hemoglobin of approximately 9 g/dL) may be at
risk for myocardial ischemia during surgery, especially if tachycardia is present. In these
patients—and others at risk for myocardial ischemia—a hemoglobin < 10 g/dL probably
warrants transfusion.

F. Unacceptable Indications

Red blood cell transfusions should not be used to enhance a patient’s general sense of
well being, to promote wound healing, or to expand vascular volume when oxygen—carrying
capacity is adequate.

RED BLOOD CELL TRANSFUSION REQUIREMENTS




There is no single hemoglobin threshold that is universally appropriate for determining
transfusion requirements. The amount of red blood cells to be transfused should be
determined by the clinical status of the patient rather than by the hemoglobin
concentration. In patients who are actively bleeding, crystalloid volume repletion is
essential. Hemodynamic instability, symptoms and signs of impaired organ function, rate of
blood loss, and response to transfusion should be used to determine how much blood
should be transfused. Patients with chronic anemia should receive only the amount of red
blood cells necessary to reverse symptoms and signs. Patients with self-limited anemia
(eg, transient blood loss, hemolysis, or marrow suppression) or those for whom alternative
therapy is available (eg, nutritional deficiencies, anemia of renal failure) should receive red
blood cells only when an immediate need for increased oxygen—carrying capacity is
present such as during myocardial ischemia, heart failure, impaired central nervous
system oxygenation, hypotension, or other evidence of tissue hypoxia. The patient should
be reevaluated after each unit of red blood cells is transfused rather than given an
arbitrary or predetermined number of units. Volume overload following red blood cell
transfusion in patients with chronic severe anemia may eliminate any benefit of increasing
the oxygen—carrying capacity and must be monitored carefully.

When untreatable chronic anemia is present (eg, bone marrow failure or chronic severe
hemolytic anemia), red blood cell transfusions must be given conservatively to delay
long—term treatment complications such as alloimmunization, infections, and iron overload.
Red blood cell transfusions may be administered more liberally in the treatment of anemia
associated with severe thrombocytopenia or platelet dysfunction (eg, acute leukemia or
uremic bleeding episodes), because the salutary effect of increased hematocrit on platelet
function may decrease platelet transfusion requirements and lessen clinical bleeding.

PLATELETS

on the underlying condition of the patient (eg, acute, reversible thrombocytopenia versus
chronic thrombocytopenia) as well as the local availability of supplies. Pooled random
donor platelets or single—donor platelets obtained by apheresis are the usual products
transfused for correction of severe thrombocytopenia. Filtration or irradiation with
ultraviolet B of pooled donor platelets depletes them of donor leukocytes, and these are
equally effective strategies for preventing alloantibody—mediated refractoriness to platelet
transfusions. This leukodepletion is appropriate for patients likely to require repeated
platelet transfusions (eg, acute leukemia, aplastic anemia, and other bone marrow failure
states). Leukocyte depletion performed shortly after collection of platelets may also
decrease the risk of febrile reactions by preventing in vitro accumulation of cytokines,
which are released during storage. Single donor platelets decrease the total number of
donor exposures and may reduce the risk of transfusion—transmitted infections but do not
appear to offer additional benefit over filtration or irradiation for prevention of
alloimmunization.

Product availability will often determine whether pooled platelets or single donor platelets
are transfused. Whenever possible, ABO type—specific platelets should be used; however,
because platelets have a limited storage period, they are not always available. A
decreased response to platelet transfusion may result from the use of ABO—incompatible
platelets, but the most significant risk occurs when ABO—-incompatible plasma is infused
(ie, type O donor, type A or B recipient), resulting in hemolysis (estimated risk
1:9000-1:6600). Apheresis units may increase this risk by increasing the dose of
incompatible plasma. If type—specific platelets are not available, pooled platelets are
preferable to single—donor platelets. Washing the platelets to remove plasma may help to
minimize exposure to incompatible plasma. Although platelets do not carry Rh antigens,
platelets from Rh—negative donors should be used for transfusion in Rh—negative women
of childbearing years to prevent sensitization from contaminating red blood cells.



Indications

Platelet transfusions are indicated for treatment of bleeding associated with
thrombocytopenia or intrinsic platelet dysfunction. Platelet transfusions are also indicated
in the management of massive bleeding if severe thrombocytopenia develops. Patients
undergoing cardiopulmonary bypass may require platelet transfusions if excessive bleeding
occurs because of thrombocytopenia and decreased platelet function induced by the
bypass procedure. Other surgical procedures in thrombocytopenic patients generally
require prophylactic platelet transfusions to maintain adequate perioperative platelet
counts for at least 3 days (> 50,000/uL for major procedures; > 30,000/uL for minor
procedures). Prophylactic platelet transfusions are also indicated for severely
thrombocytopenic (eg, < 5000-10,000/uL platelets) patients undergoing intensive
chemotherapy for acute leukemia; the threshold for transfusion may be higher in the
presence of fever, infection, or drugs that cause platelet dysfunction.

Factors that determine the risk of serious bleeding due to thrombocytopenia include the
cause and severity of thrombocytopenia, the presence of vascular defects, the functional
status of the patient’s platelets, and the presence of other hemostatic defects. Severe
anemia may also contribute to bleeding in patients with thrombocytopenia or platelet
dysfunction. Because of the increased functional capacity of younger platelets in patients
with decreased platelet survival, decreased production of platelets carries a higher risk of
serious bleeding at any given platelet count than thrombocytopenia due to destruction,
consumption, or hypersplenism. Typical bleeding manifestations related to the level of

platelet count, other contributing factors to bleeding should be investigated.

The risk of bleeding in patients with disorders of platelet function likewise depends on the
cause and severity of the disorder and whether vascular defects, other hemostatic
abnormalities, or severe anemia is present. Bleeding time is the most widely used test of
platelet function, and, although it is useful in the diagnosis of certain disorders (eg, von
Willebrand's disease, hereditary platelet disorders), prolonged bleeding time in the absence
of a history of bleeding is not a reliable predictor of subsequent bleeding. A prolonged
bleeding time in the absence of thrombocytopenia or severe anemia in a bleeding patient,
however, may indicate the presence of platelet dysfunction.

The efficacy of platelet transfusions can be assessed by observing a sustained rise in
platelet count in a patient who has stopped bleeding. Patients with thrombocytopenia due
to decreased production of platelets are most likely to experience a significant, sustained
increase in platelet count following platelet transfusion. Patients with increased
destruction of platelets and those who have hypersplenism usually do not achieve a
significant increase in platelet count after transfusion, and any increase that occurs is
usually transient. Similarly, patients with massive platelet consumption due to bleeding will
have a suboptimal increase in plate— let count following transfusion. Hemorrhage due to
platelet dysfunction can be controlled with platelet transfusions only if the defect is
intrinsic to the platelet (aspirin ingestion, cardiopulmonary bypass, inherited platelet
disorders), rather than extrinsic (eg, von Willebrand's disease or uremia).

Platelet transfusions are minimally useful in the treatment of thrombocytopenia due to
decreased platelet survival and should not be given unless severe life—threatening
bleeding occurs. They are also ineffective in the treatment of bleeding due to platelet
dysfunction caused by extrinsic factors such as von Willebrand’s disease or uremia.
Platelet transfusions may be harmful in patients with thrombotic thrombocytopenic
purpura—hemolytic uremic syndrome (TTP-HUS) despite the presence of
thrombocytopenia, presumably due to accelerated thrombosis in vital organs. Because
platelet survival is short in this disorder, platelet transfusions are usually ineffective for
controlling hemorrhage. The diagnosis of TTP—HUS should be suspected in a patient with
severe thrombocytopenia and hemolysis with schistocytes on peripheral blood smear
(microangiopathic hemolytic anemia), with or without associated central nervous system



dysfunction, renal dysfunction, or fever. Patients with heparin—associated
thrombocytopenia may also suffer increased thrombotic complications if platelets are
transfused. Platelet transfusions should be administered to these patients only when the
risk of death from bleeding outweighs the potential risk of clinical deterioration from
transfusion.

Platelet Transfusion Requirements

The quantity of platelets to be transfused depends on the source of the platelets, the
cause and degree of thrombocytopenia, and the observed response to transfusions. The
usual initial amount transfused is six to eight units of random donor platelets or one

single—donor apheresis product. Platelet packs should contain a minimum of 5.5 X 10°
platelets per unit.

The response to platelet transfusions should be determined by obtaining a platelet count
1 hour after transfusion and daily thereafter and by observing the effect on control of
bleeding. The 1-hour count should increase by about 5000—10,000 per unit of random
donor platelets, or 30,000—-50,000 per unit of single—donor platelets. Stored homologous
platelets survive about 3 days in thrombocytopenic patients. The 1-hour count and
subsequent platelet survival will be reduced in patients with increased destruction or
hypersplenism. These measurements will help determine the magnitude of the benefit to
be expected from subsequent transfusions. If only a minimal response occurs or if the
platelet rise is short—lived, subsequent prophylactic transfusions should be withheld.
However, in patients with severe thrombocytopenia due to destruction or hypersplenism
who have serious bleeding, platelet transfusions may be warranted. In any patient, if
clinical bleeding does not improve despite platelet transfusion, other causes of bleeding
should be evaluated and the utility of subsequent platelet transfusions in such patients
reassessed.

The underlying cause of thrombocytopenia or platelet dysfunction should be determined
so that specific therapy to reverse the process can be given if available. Alternatives to
platelet transfusions in bleeding patients with thrombocytopenia or platelet dysfunction
are set forth in Table 3—-2.

PLASMA

by separating plasma from red blood cell collection of whole blood or during
plasmapheresis) and freezing it within 6 hours after collection at =18 ° C or colder. It can
be stored for up to 1 year and is thawed over 20—30 minutes prior to administration.
Activities of coagulation factors are adequate for 24 hours after thawing. Fresh plasma
and plasma recovered from outdated blood products are used for preparation of plasma
derivatives (immuno—globulin, cryoprecipitate, albumin, coagulation factor concentrates)
and are otherwise not usually available for patient use.

Cryoprecipitate—poor plasma is the supernatant plasma remaining after preparation of
cryoprecipitate and contains adequate quantities of all coagulation factors except
fibrinogen, factors VIII and XIII, and von Willebrand factor. Solvent—detergent treatment of
plasma (S/D plasma) inactivates lipid—enveloped viruses and has been recently licensed
by the FDA to minimize the risk of transfusion—transmitted infections in the management
of coagulopathies and thrombotic thrombocytopenic purpura. Numerous other derivatives

therapeutic uses.
Indications

The major indication for FFP is correction of coagulation factor deficiencies in patients



with active bleeding or who require invasive procedures. Isolated congenital factor
deficiencies (eg, factors II, V, VII, X, XI, or XIII) may be treated with FFP if no specific
concentrate is available. Multiple acquired factor deficiencies complicate severe liver
disease and disseminated intravascular coagulation and, if associated with significant
bleeding, may be treated with FFP. However, excessive volume expansion or decreased
survival of coagulation factors may decrease the usefulness of FFP in these conditions.
Vitamin K deficiency and warfarin therapy result in a functional deficiency of factors II,
VII, IX, and X, and parenteral vitamin K administration will reverse these deficiencies
within about 24 hours. If immediate correction is necessary because of active bleeding,
FFP can be given. Massively bleeding patients requiring transfusion of red blood cells
greater than 100% of normal blood volume in less than 24 hours may become deficient in
multiple coagulation factors, and FFP is indicated if a demonstrable coagulopathy
develops following massive transfusion and bleeding continues. However, bleeding in such
patients is more often due to thrombocytopenia than coagulation factor deficiencies, so
prophylactic administration of FFP is not usually indicated.

Other indications for treatment with FFP include antithrombin III deficiency in patients at
high risk for thrombosis or who are unresponsive to heparin therapy; severe
protein—losing enteropathy in infants; severe C1 esterase inhibitor deficiency with
life—threatening angioedema; and TTP-HUS.

Plasma exchange therapy, with removal of undesirable plasma substances and reinfusion
of normal plasma, appears to be effective alone or as an adjunct in the management of
cryoglobulinemia, Goodpasture’'s syndrome, Guillain—Barre syndrome, homozygous familial
hypercholesterolemia, and posttransfusion purpura. Plasma exchange may be of value in
some patients with chronic inflammatory demyelinating polyneuropathy, cold agglutinin
disease, autoimmune thrombocytopenia, rapidly progressive glomerulonephritis, and
systemic vasculitis. Rarely, patients with alloantibodies, pure red cell aplasia, warm
autoimmune hemolytic anemia, multiple sclerosis, or maternal—fetal incompatibility may
benefit from therapeutic plasma exchange.

Fresh frozen plasma should not be administered for reversal of volume depletion or to
counteract nutritional deficiencies (except severe protein—losing enteropathy in infants)
because effective alternatives are available. Purified human immunoglobulin has replaced
FFP in the treatment of humoral immunodeficiency. Patients with coagulation factor
deficiencies who are not bleeding or not in need of invasive procedures should likewise
not be treated with FFP. Patients with mild coagulation factor deficiencies (ie,
prothrombin time < 16—18 seconds, partial thromboplastin time < 55-60 seconds) are
unlikely to have bleeding in the absence of an anatomic lesion, and even with surgery or
other invasive procedures these patients may not have excessive bleeding. Therefore,
prophylactic administration of FFP should be discouraged in such cases.

Plasma Transfusion Requirements

ABO type—specific FFP should be used to prevent transfusion of anti—A or anti—B
antibodies. Rh—negative donor plasma should be administered to Rh—negative patients to
prevent Rh sensitization from contaminating red blood cells (particularly important for
women of childbearing years).

The amount of FFP must be individualized. In the treatment of coagulation factor
deficiencies, the appropriate dose of FFP must take into account the plasma volume of
the patient, the desired increase in factor activity, and the expected half-life of the
factors being replaced. The average adult patient with multiple factor deficiencies requires
two to nine units (about 400— 1800 mL) of FFP acutely to control bleeding, with smaller
guantities given at periodic intervals as necessary to maintain adequate hemostasis.
Control of bleeding and measurement of coagulation times (prothrombin time and partial
thromboplastin time) should be used to determine when and if to give repeated doses of
FFP. Smaller amounts of FFP are usually sufficient for treatment of isolated coagulation



factor deficiencies.

Plasma infusion and plasma exchange for treatment of TTP—-HUS usually necessitate very
large quantities of FFP—up to ten units per day (or even more)—for several days until the
desired clinical response is achieved. The precise dose of FFP required to treat
hereditary angioedema is unknown; two units is probably adequate, and a concentrate is
now available to treat C1 esterase inhibitor deficiency.

CRYOPRECIPITATE

Preparation

When fresh frozen plasma is thawed at 4 ° C, a precipitate is formed. This
cryoprecipitate is separated from the supernatant plasma and resuspended in a small
volume of plasma. It is then refrozen at =18 ° C and kept for up to 1 year. The
supernatant plasma is used for preparation of other plasma fractions (coagulation factor
concentrates, albumin, and immunoglobulin). Each bag of cryoprecipitate (about 50 mL)
contains approximately 100—250 mg of fibrinogen, 80—100 units of factor VIII, 40-70% of
the plasma von Willebrand factor concentration, 50-60 mg of fibronectin, and factor XIII at
one and one—half to four times the concentration in FFP.

Indications

Cryoprecipitate is indicated in patients with severe hypofibrinogenemia (< 100 mg/dL) for
treatment of bleeding episodes or as prophylaxis for invasive procedures. It may be useful
in the treatment of severe bleeding in uremic patients unresponsive to desmopressin and
dialysis. Cryoprecipitate can also be used to make a topical fibrin glue for use
intraoperatively to control local bleeding and has been used in the removal of renal stones
when combined with thrombin and calcium.

Purified factor VIII concentrates or recombinant factor VIII products are preferred over
cryoprecipitate in the management of hemophilia A because of the lower risk of infectious
disease transmission as well as fewer other complications (eg, allergic reactions to other
plasma or cryoprecipitate constituents). Antihemophilic factor/ von Willebrand factor
complex (human), dried, pasteurized (Humate—P), a concentrate rich in von Willebrand
factor, is now preferred over cryoprecipitate in the treatment of von Willebrand’s disease
when treatment with desmopressin is inadequate or unsuitable. Likewise, factor XIII
concentrate is available for treatment of bleeding due to factor XIII deficiency.

Cryoprecipitate is not indicated for bleeding due to thrombocytopenia; for bleeding due to
multiple coagulation factor deficiencies unless severe hypofibrinogenemia is present; or
for bleeding due to unknown cause. It is not indicated for treatment of patients with
deficiencies of factors VIII, XIII, or von Willebrand factor in the absence of bleeding or the
need for invasive procedures.

Administration

ABO type—specific cryoprecipitate is thawed and pooled into the desired quantity and
administered intravenously by infusion or syringe. In treatment of bleeding due to
hypofibrinogenemia, the goal of therapy is to maintain the fibrinogen concentration above
100 mg/dL. Two to three bags per 10 kg body weight will increase the fibrinogen
concentration by about 100 mg/dL. Maintenance doses of one bag per 15 kg body weight
can be given daily until adequate hemostasis is achieved. When hypofibrinogenemia is due
to increased consumption (eg, DIC), larger and more frequent doses may be required to
control bleeding.

GRANULOCYTES



ABO—-compatible donors stimulated several hours before collection with cortico— steroids.
Granulocytes have decreased function if refrigerated or agitated, so these concentrates
should be given as soon as possible after collection (preferably within 6 hours; never after
24 hours). Granulocytes do not survive prolonged storage and so must be prepared before
each transfusion.

Indications

The indications for granulocyte transfusions are controversial. Severe neutropenia (<
500/ulL) is associated with a marked increase in the risk of bacterial and fungal infections.
Most authorities agree that granulocyte transfusions are most likely to be helpful in
patients with documented bacterial infections unresponsive to antibiotics accompanied by
prolonged severe neutropenia when bone marrow recovery is expected in 7-10 days or in
patients with congenital severe granulocyte dysfunction complicated by life—threatening
fungal infections. Granulocyte transfusions may also be of value in the treatment of
neonatal sepsis, though this remains controversial.

Granulocyte transfusions are not helpful for preventing infections in neutropenic patients,
in treating infections associated with transient neutropenia, or in treating fevers and
neutropenia not associated with doc— umented infection. Patients who are unlikely to
recover bone marrow function (aplastic anemia or refractory acute leukemia) appear to
derive less benefit than patients who will ultimately recover (eg, acute leukemia following
successful chemotherapy). Granulocyte transfusions should be used with caution in
patients receiving amphotericin B or in those with pulmonary infiltrates because of the
potential for adverse pulmonary events.

Administration

Granulocytes should be administered as soon as possible after collection from a
corticosteroid—stimulated ABO—compatible donor. The minimal dose recommended is 2-3

x 1010 granulocytes per transfusion, infused slowly under constant supervision. Daily
transfusions should be administered for at least 4 days and perhaps longer until the
infection is controlled.

Complications

Granulocyte transfusions are associated with numerous adverse effects, including febrile
reactions (25-50%), alloantibodies (HLA and neutrophil-specific), CMV infections if
granulocytes from seropositive donors are given to seronegative patients, pulmonary
reactions, and graft-versus—host disease (preventable with irradiation of the product).
These complications—as well as the development of more effective antibiotics and more
effective antileukemic therapy—have diminished the occasions for use of granulocyte
transfusions over the last decade. Human recombinant cytokines, such as granulocyte
colony—stimulating factor (filgrastim; G-CSF) and granulocyte macrophage
colony—stimulating factor (sargramostim; GM-CSF) can be used to decrease the severity
and duration of neutropenia in patients receiving chemotherapy for nonmyeloid
malignancies and even in selected patients with myeloid malignancies.

COAGULATION FACTORS

Available coagulation factor products, indications, dosing, alternatives, and complications
are discussed in Ch

BLOOD COMPONENT ADMINISTRATION




INFORMED CONSENT

Before elective transfusion of any blood component is undertaken, the patient should be
informed of the benefits of transfusion, the potential risks of transfusion, and the
alternatives to transfusion. The patient should be given the opportunity to ask questions
about the recommended transfusion, and consent should be obtained before proceeding.
Informed consent should also be obtained from competent patients in emergency
situations. Many states have passed laws requiring informed consent prior to elective
transfusion, including providing the patient with the option of autologous donation where
appropriate (usually for elective surgical procedures).

PATIENT IDENTIFICATION

The identity of the patient should be verified when obtaining specimens for cross—match,
and blood collected should be immediately labeled with the patient’'s name and hospital
identification number, dated, and signed by the phlebotomist. At the time of transfusion,
the label on the unit should be compared with the name and identification number on the
patient’s bracelet. There should be no discrepancies in spelling or medical record number.
Rigid adherence to these practices eliminates the great majority of major acute hemolytic
transfusion reactions.

PREPARATION OF BLOOD COMPONENTS

Potential donors are screened with a questionnaire prior to donation to eliminate donors
with identifiable risk factors for complications in both the donor and the recipient. After
collection, donor blood is screened for the presence of infectious diseases or their
markers, including VDRL, hepatitis B surface antigen and core antibody, hepatitis C,
HIV-1 and 2 antibodies, HIV-1 p24 antigen, HTLV—-1 and -2, and occasionally
cytomegalovirus. The ABO and Rh types of donor and recipient red blood cells are
determined, and the sera of both donor and recipient are screened for clinically significant
alloantibodies to the major red cell antigens. If donor red blood cells appear to be
Rh—negative, they are typed further to exclude a weakly reactive Rh—positive variant

(weak D, DY). Recipient serum is incubated with donor red blood cells to detect antibodies
that may react with donor red cells (the “cross—match”). Some patients have
autoantibodies that react with virtually all red blood cells. In these situations, the in vitro
cross—match should be performed with multiple type—specific donor samples to find red
cells with the least in vitro incompatibility.

ADMINISTRATION

All blood components should be administered through a standard blood filter to trap clots
and other large particles into any accessible vein or central venous catheter. When
leukocyte—depleted red blood cells or platelets are desired, third—generation
leukoreduction filters may be used if filtration has not been performed in the laboratory.
Red blood cells should not be administered by syringe or by automatic infusion pump
because forcible administration may cause mechanical hemolysis, but other cellular
components and plasma derivatives may be administered by pumps. Nothing should be
added to the blood component (eg, medications, hyperalimentation) or administered
through the same line as the component. Only physiologic saline solution should be
administered through the same line and may be used to dilute red blood cells and thus
promote easier flow. Hypotonic solutions (5% dextrose in water) may cause hemolysis, and
solutions containing calcium (Ringer’s lactate) may initiate coagulation. These should not
be administered through the same line with blood components.

Blood components should be administered slowly for the first 5—10 minutes while the
patient is under observation, and the patient should be periodically reassessed throughout
the transfusion process for adverse effects. Blood components should not be kept at



room temperature for more than 4 hours after the blood bag has been opened. If a slower
infusion rate is necessary to avoid circulatory overload, the unit may be divided into
smaller portions. Each portion should be refrigerated until used, and each can then be
administered over 4 hours. Catheter size should be sufficiently large to allow blood to be
administered within the 4—hour time period (generally 20 gauge or larger). Use of very
small gauge catheters will impede flow, especially of packed red blood cells, and should be
reserved for pediatric patients, who require much smaller volumes of blood. A blood
warmer should be used for transfusion of patients with cold—-reacting antibodies to
prevent acute hemolysis.

COMPLICATIONS OF TRANSFUSION
RED CELL ANTIBODY-MEDIATED REACTIONS

Acute Reactions

Acute hemolytic transfusion reactions are almost always due to human error, resulting in
transfusion of incompatible blood, and are preventable by rigid adherence to a
standardized protocol for collection, labeling, storage, and release of all blood involved in
transfusion. When incompatible red blood cells are transfused, recipient antibodies
directed against donor red cells may cause acute intravascular hemolysis. ABO
incompatibility is most common, because anti—A and anti—B antibodies are naturally
occurring, but other antibodies due to prior sensitization can cause acute hemolytic
reactions.

Acute hemolytic transfusion reactions range in severity from mild, clinically undetected
hemolysis to fulminant, fatal events. Back pain, chest tightness, chills, and fever are the
most common complaints in conscious patients. If the patient is unconscious (eg, under
general anesthesia), hypotension, tachycardia, or fever may be the first clues, followed by
generalized oozing from venipuncture and surgical sites. Since the severity of acute
hemolytic transfusion reactions is related to the amount of incompatible blood given, it is
vital to recognize early warning symptoms and signs to minimize sequelae of such a
transfusion.

Complications of acute hemolytic transfusion reactions include cardiovascular collapse,
oliguric renal failure, and disseminated intravascular coagulation. Massive immune complex
deposition, stimulation of the coagulation cascade, and activation of vasoactive
substances are the main pathophysiologic mechanisms underlying these complications,
with subsequent decreased perfusion and hypoxia resulting in tissue damage. The degree
of damage is related to the dose of incompatible blood received.

Any transfusion complicated by even apparently mild findings such as fever or allergic
symptoms, should be stopped. The identity of the patient and the label on the unit should
be verified quickly. If the patient has never been transfused or has never had any adverse
reaction to prior transfusions, even a minor febrile reaction should prompt an evaluation
for incompatibility. The remainder of the unit of blood and additional samples
(anticoagulated and coagulated) from the patient should be sent to the blood bank for
repeat cross—match and direct antiglobulin testing. Patient plasma and urine should be
examined for hemoglobin. It may be useful to check serum bilirubin and haptoglobin levels
for evidence of hemolysis.

If acute hemolysis has occurred, the patient should be managed with aggressive
supportive care. Vital signs should be monitored and intravenous volume support provided
to maintain adequate blood pressure and renal perfusion for at least 24 hours following
acute hemolysis. Loop or osmotic diuretics may be used in combination with intravenous
fluids to maintain renal perfusion and urine output over 100 mL/h. Renal and coagulation
status should be monitored clinically and with appropriate laboratory tests. Disseminated



intravascular coagulation may occur and occasionally requires treatment with factor
replacement. It is important to remember that an adverse reaction to an incompatible unit
of red blood cells does not obviate the initial need for the transfusion. Therefore,
transfusion with compatible red cells should be undertaken to provide the
oxygen—carrying capacity the patient required prior to the transfusion.

In a patient who had been previously transfused and has had prior febrile reactions, the
decision to evaluate each subsequent febrile reaction may be difficult. At a minimum,
verification of the identity of the unit and the patient should always be performed.
Whether to initiate the entire evaluation for hemolysis will depend upon the clinical
circumstances. When in doubt, it is safer to stop the transfusion and perform a complete
evaluation before continuing. Alternatively, if judged safe to continue without further
evaluation, antipyretics may be used to lessen or prevent subsequent reactions.

Delayed Reactions

Hemolysis occurring about 1 week after red blood cell transfusion may occur when the
initial cross—match fails to detect recipient antibodies to donor red cell antigens. Prior
sensitization by transfusion or pregnancy to red blood cell antigens other than ABO may
result in a transient rise in antibodies directed against those antigens. The antibody titer
may wane to undetectable levels in as little as a few weeks. A second exposure prompts
an anamnestic rise in antibody titer to a level sufficient to cause hemolysis.

The clinical manifestations of delayed hemolytic transfusion reactions are generally mild,
with a fall in hematocrit accompanied by a slight increase in indirect bilirubin and lactic
dehydrogenase levels about 1 week after transfusion. A repeat cross—match will
demonstrate a “new” antibody. With some exceptions, hemolysis is extravascular and
mild, without the serious sequelae that may follow acute hemolytic reactions. No specific
therapy is necessary, but if clinically indicated, further transfusion should be given with
red blood cells negative for the antigen. The blood bank should maintain a permanent
record of the antibody, and all future red cell transfusions should be with antigen—negative
blood. The patient should be informed of the antibody and of the need for screening of all
future transfused red cells to avoid another such reaction. The patient should also be
monitored for the development of other antibodies following subsequent transfusions.

Alloimmunization

Alloantibodies to red blood cell antigens other than ABO may occur in some recipients of
red blood cell transfusions. Since there are over 300 red blood cell antigens, virtually all
red blood cell transfusions expose the recipient to foreign antigens. Most antigens are not
immunogenic, however, and rarely result in development of alloantibodies. Factors that
influence the development of alloantibodies include the immunogenicity of the antigen, the
frequency of the antigen in the population, the number of transfusions given, and the
tendency of the recipient to form antibodies.

Because of the time required for the primary antibody response, alloantibodies do not
complicate the sensitizing transfusion. Subsequent cross—match procedures will detect
most clinically significant alloantibodies, but the development of multiple alloantibodies
may make it difficult to find compatible units for transfusion—dependent recipients.
Delayed hemolytic transfusion reactions may occur if the antibody is not detectable at
the time of subsequent cross—match procedures. Red blood cell phenotyping may be
useful for transfusion—dependent patients who demonstrate a tendency for antibody
formation. When significant differences in the frequency of antigens exist between donor
and recipient populations, empiric transfusion of red cells negative for certain antigens
may be useful (eg, Duffy antigen—negative red cells for sickle cell patients) to prevent
alloimmunization.



INFECTIOUS COMPLICATIONS OF TRANSFUSIONS

Current transfusion techniques minimize the risk of transmission of many potential

4). The major factors that decrease the risk of transmission of
osed, sterile system of collection of blood, proper storage and
preservation of blood products, and screening. Screening includes obtaining historical
information from potential donors to identify risk factors for infectious diseases and
performing tests to identify carriers of known transmissible agents and those at high risk
of being carriers. Current screening tests include VDRL, hepatitis B surface antigen and
core antibody, hepatitis C antibody, HIV-1 and HIV-2 antibodies, HIV-1 p24 antigen, and
antibodies to HTLV-1 and -2 and sometimes cytomegalovirus. Current screening
practices reduce the incidence of but do not eliminate entirely the transmission of
infectious disease by blood transfusion. Characteristics of agents transmissible by blood
include the ability to persist in blood for a prolonged period in an asymptomatic potential

clinical features of transfusion—transmitted infectious diseases.

NONHEMOLYTIC, NONINFECTIOUS COMPLICATIONS

Nonhemolytic, noninfectious transfusion reactions account for more than 90% of adverse
effects of transfusions and occur in approximately 7% of recipients of blood components.

CURRENT CONTROVERSIES & UNRESOLVED ISSUES
PERIOPERATIVE TRANSFUSION

The need for transfusion in the perioperative period should be determined by individual
patient characteristics and by the type of surgical procedure rather than by hemoglobin
level alone. Chronic mild to moderate anemia does not increase perioperative morbidity
and by itself is not an indication for preoperative red blood cell transfusion. Intraoperative
and postoperative blood loss should be managed first with crystalloids to maintain
hemodynamic stability. Red blood cells should not be administered unless there is
hemodynamic instability or the patient is at high risk for complications of acute blood loss
(eg, coronary or cerebral vascular disease, congestive heart failure, or significant valvular
heart disease). Patients who are at high risk or are unstable should be transfused on a
unit—by—unit basis to maintain adequate perfusion of vital organs and to stabilize vital
signs. It is reasonable to transfuse stable perioperative patients who have hemoglobin
values around 7-8 g/dL if there are no significant risk factors for ischemia; in patients
who are elderly, unstable, or at higher risk for ischemia, a higher threshold (eg, 10 g/dL) is
probably safer.

Alternatives to homologous red blood cell transfusions in the perioperative period include
autologous red blood cells donated in advance of elective surgery, acute normovolemic
hemodilution, and intraoperative blood salvage. Preoperative autologous red blood cell
donations are desirable whenever elective surgery likely to require red blood cell
transfusion is planned and the patient is medically suitable for donation. Epoetin alfa
(erythropoietin) use may enhance collection in patients with anemia or those likely to
require large amounts of red blood cell transfusions. However, autologous donation is not
without problems. Although autologous donation may decrease the use of allogeneic blood
from an ever—decreasing donor pool, thus reserving it for emergencies, about half of the
autologous blood collected is discarded, which is both wasteful and costly. Preoperative
autologous donation may increase the risk of ischemic events, thereby outweighing the
potential decrease in infectious risks, particularly in patients undergoing cardiovascular
bypass surgery. In addition, collection of autologous blood preoperatively increases the
risk of postoperative anemia and may actually increase the need for perioperative
transfusion. Transfusion of autologous blood is also associated with some of the same



risks as allogeneic blood (administrative errors leading to ABO mismatch and hemolysis,
bacterial contamination, volume overload, and reactions to preservatives). Therefore,
criteria for transfusion of autologous units should be the same as those for transfusion of
homologous red cells to avoid these unnecessary potential complications.

Acute normovolemic hemodilution may be suitable for patients undergoing surgical
procedures with a significant risk of intraoperative bleeding (more than 20% of blood
volume) who have baseline hemoglobin levels greater than 10 g/dL and who do not have
severe ischemic heart disease or critical aortic stenosis. Phlebotomy with volume
replacement by crystalloid is performed immediately after anesthetic induction. Blood lost
intraoperatively results in loss of fewer red cells because of the lowered hematocrit, and
subsequent reinfusion of the phlebotomized blood can restore oxygen—carrying capacity if
necessary. Perioperative allogeneic transfusion requirements following acute
normovolemic hemodilution or preoperative autologous donation appear to be about the
same when compared directly in certain types of surgery, but there are some advantages
favoring hemodilution. It is less costly because no testing is performed on the blood; the
risks of bacterial contamination related to storage or ABO mismatch due to administrative
error are reduced because the blood never leaves the operating room; and surgery does
not have to be delayed to allow time for autologous donation.

Intraoperative blood salvage may be indicated for patients undergoing procedures with
substantial blood loss or when transfusion is impossible (eg, patients who refuse blood
transfusions and patients with rare blood groups or multiple red blood cell alloantibodies).
Reinfusion of blood salvaged from the surgical field can reduce the requirement for
standard homologous and autologous blood transfusions. Relative contraindications
include the presence of infection, amniotic fluid or ascites in the operative field,
malignancy, or the use of topical hemostatic agents in the field from which blood is
salvaged. It has not been demonstrated, however, that use of salvaged blood decreases
the need for allogeneic transfusion, and it may be expensive if automated cell-washing
devices are used. The main value of intraoperative salvage is that blood is immediately
available if rapid blood loss occurs.

Postoperative salvage from chest or pericardial tubes or from drains may also provide
blood for autologous transfusion if persistent bleeding occurs. However, because the fluid
collected is dilute (therefore providing a small volume of red cells for reinfusion), depleted
of coagulation factors, and may contain cytokines, it is not clear how effective or safe
reinfusion of recovered fluid is. Clinical trials have yielded conflicting results about the
benefits of this procedure.

DIRECTED DONATIONS

Transfusions from ABO— and Rh—compatible family members or friends are frequently
requested because of concerns about the safety of homologous transfusion. There is no
evidence that directed donations are safer than volunteer donations, however, and some
evidence exists that they may be less safe because blood from directed donors has a
higher prevalence of serologic markers of infections than blood from volunteer donors.
The patient and potential directed donors should be informed of the increased risk of
transmission of infectious disease when directed donations are used. If the patient
accepts this risk, potential donors should be given every opportunity to inform the blood
bank of any conditions that would preclude use of their blood. Directed donations are not
available immediately for transfusion because laboratory screening procedures are the
same as for volunteer donor blood and require about 72 hours to complete. Blood donated
from first—degree relatives should be irradiated prior to transfusion to prevent
graft—versus—host disease, which can occur when the donor and recipient are closely
HLA-matched.

INCREASING BLOOD PRODUCT SAFETY



Several strategies have been proposed and implemented in order to decrease further the
risk of transfusion— related infections. Solvent/detergent—treated pooled plas—ma is now
commercially available for treatment of coagulopathies and thrombotic thrombocytopenic
purpura. Viruses with lipid envelopes are inactivated; however, there is concern that use
of these products will result in transmission of viruses that do not have lipid envelopes.
Plasma can be frozen and stored for a year, allowing for retesting beyond the window
period between infection and serologic conversion of plasma donors prior to releasing the
units for transfusion. Inactivation of viruses by exposure to psoralen and ultraviolet A
irradiation (PUVA) can reduce the levels of HIV and hepatitis viruses, inactivate bacteria,
and eliminate the problem of immunomodulation due to transfused lymphocytes. However,
any toxicity from exposure of blood products to psoralen derivatives must be determined
before this approach can be recommended. In addition, viability of platelets may be
affected by PUVA.

Exposure of blood products to gamma irradiation (2500 cGy) results in inactivation of
donor leukocytes, rendering them incapable of participation in the immune response.
Graft—versus—host disease, a rare complication of blood transfusion that can occur in
immunocompromised hosts or when the donor and recipient are closely related, can be
prevented by irradiation of cellular blood components prior to transfusion.
Alloimmunization, which can lead to poor response to subsequent platelet transfusions,
can also be prevented with irradiation.

PATIENTS WHO REFUSE BLOOD TRANSFUSION

Even after extensive counseling regarding the risks and benefits of transfusion, some
patients refuse some or all blood products even under life—threatening circumstances.
Courts have affirmed the right of individuals to refuse medical care in part (eg,
transfusions) without relinquishing the right to receive other care. This is true also for
surrogate decision makers for adults who are not competent to make their own medical
decisions. In such situations, it is important to determine how adamant the patient is in
refusing to accept blood products and to have the patient affirm that refusal in writing if
possible, even if death is imminent. Patients who have previously refused blood products
should not be transfused if subsequently unable to give consent (eg, under general
anesthesia). In an emergency, courts have generally granted permission to physicians to
transfuse a patient over a family member’s objections if no prior refusal by the patient
has been documented and the patient is incompetent to give consent. It is preferable to
avoid transfusions, however, rather than to obtain court permission to transfuse against a
patient’s or the family’'s wishes. Every effort should be made to treat existing anemia or
acute blood loss with alternative therapy— volume expansion, erythropoietin (epoetin alfa),
and (hematinics iron, vitamins)—whenever possible. Careful surgical technique, meticulous
hemostasis, and reliance on aggressive volume support have eliminated the need for
transfusion during many major surgical procedures in patients who refuse blood
transfusion therapy.

EPOETIN ALFA (ERYTHROPOIETIN)

Recombinant human erythropoietin is available (as epoetin alfa) for the treatment of
anemia due to renal disease, for AIDS patients on zidovudine therapy with
transfusion—dependent anemia, and for anemia associated with cancer or cancer
chemotherapy. It may also be useful in the treatment of the anemia of chronic disease.
Erythropoietin may be useful to augment autologous donations of red blood cells
preoperatively even in the absence of anemia and may decrease the need for transfusion
perioperatively when autologous blood is not collected. Because the cost of the drug is
substantial, patient selection and modification of dosage will improve cost—effectiveness
of this therapy. Those who will benefit most from preoperative erythropoietin treatment
have baseline hematocrits between 33% and 39%, with expected blood loss of 1000—3000



mL. If more blood loss is anticipated, autologous donation in addition to erythropoietin
may be needed to prevent preoperative polycythemia. Erythropoietin therapy may also
improve the efficacy of acute normovolemic hemodilution. Its use reduces the need for
red cell transfusion and significantly decreases the total amount of blood transfused in
critically ill patients with anemia. It does not appear to influence other outcomes, including
mortality or other serious events.

MASSIVE TRANSFUSION

Administration of a volume of blood and blood components equal to or exceeding the
patient’s estimated blood volume within a 24—hour period is accompanied by
complications not often seen during transfusion of smaller volumes.

Deficiencies of platelets and clotting factors may occur, especially if extensive tissue
injury or disseminated intravascular coagulation is present. However, prophylactic
replacement with platelets or fresh frozen plasma results in unnecessary transfusions for
many patients. It is preferable to base the decision to replace platelets and clotting
factors on clinical criteria such as a generalized bleeding diathesis and laboratory
abnormalities (platelet count and clotting times).

Clinically significant citrate (anticoagulant) intoxication is rare even with massive
transfusions. Prophylactic calcium administration is not indicated, with the possible
exception of patients with severe hepatic or heart failure in whom citrate metabolism may
be impaired. Hyperkalemia occurs rarely following even massive blood transfusion. In fact,
hypokalemia occurs more frequently as a result of metabolic alkalosis, which occurs as
citrate is metabolized to bicarbonate. Interventions should be based on serum potassium
levels. Although banked blood is acidic, massive transfusion does not complicate the
lactic acidosis present in a patient with severe blood loss because improved tissue
oxygenation results in metabolism of lactate and citrate to bicarbonate. Therefore,
prophylactic administration of sodium bicarbonate is inadvisable in the massively
transfused patient. The clinical significance of the low 2, 3-DPG found in stored red blood
cells appears to be minor, since many other factors determine tissue oxygenation,
including pH, tissue perfusion, hemoglobin concentration, and temperature. There appears
to be no advantage in transfusing fresh red blood cells over stored cells.

Hypothermia may result from massive transfusion of refrigerated blood and may impair
cardiac function. Warming of blood prior to transfusion is recommended to prevent this
complication. Microembolization of particulate debris in stored blood probably does not
have any clinical significance. The use of microaggregate filters rather than standard
blood filters has not been proved to be beneficial.

A significant potential hazard of massive transfusion is unrecognized acute hemolytic
transfusion reaction. Many of the clinical sighs and symptoms observed in the acutely
bleeding patient are identical to those of an acute hemolytic event. Most fatal hemolytic
transfusion reactions occur in emergency settings, both because of the difficulty in
recognizing such reactions and because of the higher potential for human error in
emergency situations. Strict attention to details of specimen labeling and patient
identification and recognition of signs such as hemoglobinuria, fever, and generalized
oozing from DIC can minimize the risks and complications of such reactions.

BLOOD SUBSTITUTES

Two main types of synthetic red—cell substitutes are under development—cell-free
hemoglobin solutions and perfluorocarbon emulsions (synthetic oxygen carriers)—primarily
for use in trauma or in patients undergoing surgery with or without acute normovolemic
hemodilution. These compounds can be stored at room temperature for prolonged periods
of time; they do not depend upon blood group compatibility for their therapeutic utility;



and they can be treated so as to eliminate viruses without compromising function. The
usefulness of these products in clinical practice remains to be demonstrated, and
considerations of cost and blood supply will be important determinants of the role of
artificial blood in the management of bleeding and anemia.

Recently, embryonic stem cells have produced human blood cells (hematopoietic stem
cells), which could eventually lead to a new source of cells for blood transfusion. These
cells were produced from one of the stem cell lines currently available for federally
funded research under the current administration. It will be many years before it will be
known if this development will be of any practical value in transfusion medicine.

PRETRANSPLANT TRANSFUSION THERAPY

Pretransplant blood transfusion may improve allograft survival in patients undergoing
organ transplantation. Use of HLA-related blood donors in particular may induce immune
tolerance to donor antigens that may decrease transplant rejection. However, better
methods of immunosuppression of transplant recipients have decreased the clinical
importance of pretransplant blood transfusion. In contrast, blood transfusion prior to bone
marrow transplantation—particularly in patients with aplastic anemia—appears to decrease
its success, especially if HLA-related donors are the source of blood.

USE OF NON-CROSS-MATCHED BLOOD IN EMERGENCY SITUATIONS

In the absence of unusual antibodies, complete cross—matching takes approximately
30-60 minutes. In most cases of acute hemorrhage, initial management with crystalloid is
sufficient to maintain perfusion and hemodynamic stability. Occasionally, a delay in red
blood cell transfusion poses a substantial risk to the patient, as in sudden massive blood
loss or less massive blood loss occurring in a patient with myocardial or cerebral
ischemia. In these circumstances, transfusion with non—cross—matched type O,
Rh—negative blood or ABO—compatible blood tested with an abbreviated cross—match
(5—-20 minutes) may be necessary. Since Rh—negative blood is often in short supply,
Rh—positive blood may be given to women beyond childbearing years or to males if
emergent transfusion is required. If the recipient’s blood type is known, unmatched blood
of the same group may be used. Patients with group AB blood may receive either group A
or group B cells. Type—specific plasma is preferred when plasma transfusion is necessary
since naturally occurring anti—A or anti-B antibodies (or both) are present in plasma from
all donors except those with type AB red cells, independent of prior sensitization. When
type—specific plasma is not available, patients with type O blood can receive plasma of
any type, but patients with types A and B can only receive plasma from AB donors.
Patients with type AB blood can only receive type—specific plasma.

The disadvantages of using non—cross—matched blood include the possible transfusion of
incompatible blood due to clinically significant antibodies to blood groups other than ABO,
transfusion of anti—A and anti—B antibodies from plasma accompanying type O,
Rh—negative red blood cells, and depletion of the supply of group O blood. Whenever
possible, transfusion of cross—matched, type—specific blood should be used. ABO
group—specific partially cross—matched blood is preferred over type O blood to avoid
transfusion of ABO—incompatible plasma. Non—cross—matched type O blood should be
reserved for truly extreme emergencies. A blood sample from the patient should always
be obtained prior to any transfusion for complete cross—matching for subsequent
transfusions and to aid in the evaluation of transfusion reactions.

CONSERVATION OF BLOOD RESOURCES

Conserving blood resources is one of the goals of the National Blood Resource Education
Program of the National Institutes of Health. Recently, several controlled clinical trials
examining the impact of transfusion on outcomes in a wide variety of clinical settings



have been performed. These trials serve to promote rational use of blood products for the
benefit of patients as well as protecting the limited supply of blood from waste. These
trials have clearly influenced transfusion practices in well-defined clinical situations.
There are many situations, however, where no empiric data exist and the clinician must
determine the benefits of transfusion on an individualized basis. Massive repeated
transfusion in patients with uncorrectable vascular defects or who are terminally ill—and
platelet and plasma transfusions for patients without demonstrated response to such
transfusions—may deplete the blood supply without substantially improving the outcome
for those patients.

The medical team caring for a patient with massive uncontrollable bleeding or a terminal
illness should make every effort to discuss the limits of care with the patient and family
members, to establish long—term treatment goals and expectations, and to decide when
continued blood transfusion is no longer of benefit to the patient. In addition, family
members should be strongly encouraged to donate blood to help replace some of the
units used. Ineffective therapy should not be given prophylactically (eg, daily platelet
transfusions in patients with consumptive thrombocytopenia without bleeding, or plasma
therapy for patients with multiple severe coagulation deficiencies not corrected with large
doses of plasma).
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Table 3-1. Blood component therapy.
Indications for Transfusion

Promote oxygen delivery for
patients with active bleeding or
severe anemia; improve

Prevent nonhemolytic
transfusion reactions due to
platelet or white blood cell
antigens in previously
sensitized patients; prevent
HLA sensitization in potential
transplant recipients or those
requiring chronic platelet
transfusions; may reduce risk
of CMV transmission.

Substitute for homologous RBC
in patients sensitive to a
plasma component; avoid
transfusion of anti—A and
anti—B antibodies when
O—negative blood is used in
patients who are type A, B, or
AB.

Preserve autologous RBC;
maintain store of rare blood
types.

Increase efficacy of individual
transfusion for patients with
transfusion—dependent anemia.

After screening and informed
consent, may be substituted for
volunteer RBC at patient
request.

Decrease or eliminate need for
homologous RBC in patients
undergoing elective surgical
procedures or obstetric
delivery.

Treat or prevent bleeding
associated with severe
thrombocytopenia or platelet
dysfunction; replace platelets
lost with massive bleeding;
treat excessive bleeding
associated with
cardiopulmonary bypass.

Decrease exposure to
infectious agents.

Prevent alloimmunization to
HLA antigens in patients
requiring repeated platelet
transfusions.



Treat bleeding associated with
thrombocytopenia in patients
who are refractory to platelet
transfusions due to HLA
sensitization.

Correct coagulation factor
deficiencies in bleeding patients
or those who require invasive
procedures if concentrated or
recombinant product not
available; treat TTP/HUS,
protein—losing enteropathy in
infants; antithrombin III
deficiency; C—1 esterase
inhibitor deficiency.

Correct coagulation factor
deficiencies other than VIII, XIII,
fibrinogen, vWF; may be
indicated for treatment of
refractory TTP.

Correct severe
hypofibrogenemia; may be
useful for treatment of bleeding
associated with uremia.

Treat severe bacterial
infections unresponsive to
antibiotics in patients with
prolonged, severe neutropenia
or congenital neutrophil
dysfunction; may be indicated
in the management of neonatal
sepsis.
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Table 3-2. Alternatives to platelet transfusions.
Possible Indications
Life—threatening bleeding in

Treatment of bleeding in ITP in
Rh—positive patients.

Bleeding associated with platelet
dysfunction, uremia, von Willebrand
disease.

Excessive bleeding without evidence of
thrombotic diathesis or hematuria.

Bleeding associated with uremic
platelet dysfunction.

Severe anemia associated with
thrombocytopenia or platelet
dysfunction.

Bleeding in anemic, uremic inpatients

ITP, possibly thrombotic
thrombocytopenic purpura—hemolytic
uremic syndrome (TTP-HUS)

Refractory ITP, severe hypersplenism,
possibly TTP

Refractory ITP
Refractory ITP
Refractory ITP
Refractory ITP
Refractory ITP
TTP-HUS

Severe thrombocytopenia following
chemotherapy
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Table 3-3. Therapeutic products derived from plasma.
Therapeutic Use

Prevent surgical oozing with topical use

Hypoalbuminemia in nephrotic syndrome

Hemophilia A

Von Willebrand's disease

Coagulation inhibitors

Factor VIII inhibitors

Hemophilia B

Factor XIII deficiency

Thrombosis in AT III deficiency

Angioedema

Prevent lung damage in aj—antitrypsin

deficiency

Severe protein C or S deficiency

Immunodeficiency states; immune
cytopenias, Kawasaki syndrome,
Guillain—Barre syndrome, dermatomyositis

Passive immunization against hepatitis A,
measles, poliomyelitis, chickenpox, rubella

Document Bibliographic Information:
¢ Location In Book:

e CURRENT CRITICAL CARE DIAGNOSIS & TREATMENT - 2nd Ed. (2003)
3. Transfusion Therapy — Elizabeth D. Simmons, MD
TABLE(S)
Table 3—3. Therapeutic products derived from plasma.




Table 3-4. Infectious complications of transfusion therapy.

Clinical
Significance/Incidence

Rarely transmitted because
of short period of viremia
and lack of carrier state (1
in 1,000,000 units
transfused).

Estimated risk is 1 in 10,000
units transfused. Infection
clinically insignificant
except in pregnant women,
patients with hemolytic
anemia or who are
immunocompromised.

Rarely transmitted because
of immunity acquired early
in life.

Clinically significant
transfusions complication in
low—birth—weight neonates
or immunocompromised
hosts. Preventable by use
of CMV-seronegative
donors for all blood
component therapy or by
leukodepletion.

Estimated risk is 1 in
250,000 to 1 in 2,000,000
units transfused. Blood
stored for more than 14
days and noncellular
components are not
infectious. Twenty to forty
percent of recipients
receiving infected blood
become infected with virus;
infection may lead to T cell
lymphoproliferative disorder
or myelopathy after long
latency period. Donors are
screened for both viruses.

Estimated risk is 1 in 30,000
to 1/150,000 units
transfused. Usually causes
anicteric and asymptomatic
hepatitis 6 weeks to 6
months after transfusion.
Ten percent become
chronic carriers at risk for
cirrhosis. All donors
screened with surface
antigen and core antibody.



Cotransmitted with
hepatitis B, found primarily
in drug abusers or patients
who have received multiple
transfusions. Superinfection
of hepatitis B surface
antigen carriers may result
in fulminant hepatitis or
chronic infectious state.
Screening for hepatitis B
eliminates the majority of
infectious donors.

Previously the leading
cause of posttransfusion
hepatitis; donors are now
screened, with estimated
risk 1 in 30,000 to 1 in
250,000. Infection may be
asymptomatic but 85%
become chronic, 20%
develop cirrhosis, and 1-5%
develop hepatocellular
carcinoma.

Viremia may be present in
1-2% of donors, but no clear
evidence that virus causes
disease. Coinfection with
HIV associated with
prolonged survival. No
approved screening test.

Screening program has
been highly successful in
eliminating
transfusion—associated HIV
disease; high risk donors
excluded from donation; all
donors tested for HIV
antibody and p24 antigen.
Estimated risk is 1 in
200,000 to 1 in 2,000,000
units transfused. Most
recipients of infected blood
develop HIV infection.

Closed, sterile collection
techniques, use of
preservatives and
refrigeration, and natural
bactericidal action of blood
ensures extremely low risk,
but improper storage or
contamination with
pathogens that survive
refrigeration may result in
serious bacterial infection.



Asymptomatic carriers of
certain bacteria may
transmit infection; Yersinia
enterocolitica is most
common (1 in 65,000 units
of red blood cells) and is
highly fatal. Other
organisms (salmonella,
brucella) associated with
chronic carrier state are
transmitted less often.
Platelet concentrates carry
higher risk (1 in 12,000) due
to high storage temperature
(most common organisms
are staphylococcus,
klebsiella, serratia); pooled
platelets have greater risk
than single—donor apheresis
units.

Short viability period (96
hours) in storage and donor
screening with VDRL/RPR
virtually eliminates
possibility of transmission.

Borrelia burgdorferi viable
much longer than
Treponema pallidum, but
the period of blood culture
positivity is associated with
symptoms that preclude
donation. No reported cases
from transfusion.

Rare complication in USA
because of exclusion from
donation of asymptomatic
individuals who have
traveled to endemic areas
within 1 year, or who have
history of malaria or use of
antimalarial prophylaxis, or
who are former residents of
endemic areas for 3 years.
Unexplained fever 7-50
days after transfusion
should prompt consideration
of post—transfusion malaria.

Babesiosis

Toxoplasmosis
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Table 3-5. Noninfectious complications of transfusion.

Clinical Manifestations.,
Pathogenesis, Prevention, and
Treatment Strategies

Occurs in 0.5-3% of transfusion.
Rigors or chills followed by fever
during or shortly after transfusion
due to prior sensitization to WBC
or platelet antigens, or to
pyrogenic cytokines released
during storage. Prevent with
antipyretics or leukocyte depletion
of blood components.

Noncardiogenic pulmonary edema
with fevers, chills, tachycardia,
and diffuse pulmonary infiltrates
shortly after transfusion, due to
leukocyte incompatibility.
Resolved in 1-4 days; rarely
results in respiratory failure.
Occurs in 1:5000 transfusions.

Occurs in 1-3% of transfusions.
Urticaria, pruritus, bronchospasm,
or frank anaphylaxis due to
recipient sensitization to a cellular
or plasma element. Rarely, due to
allergy to medication donor is
taking. If severe, evaluate
recipient for IgA deficiency (2% of
population). Leukocyte depletion
or washed red cells may be
necessary for subsequent
transfusions.

Common following transfusion for
chronic anemia or when patient
has impaired cardiovascular
reserve. Prevent by transfusing
only when clearly indicated, using
the minimum amount of blood
required to reverse symptoms,
and carefully reassessing patient
after each unit. Treat with oxygen,
diuretics, and, rarely, phlebotomy
(save units for reinfusion if
necessary).

Transfusing with more than one
blood volume or red blood cells
with dilute platelets and
coagulation factors. Replacement
indicated only for clinical bleeding.

Due to citrate intoxication
following massive transfusion.
Treat only if symptomatic.



May occur in patients with
preexisting renal insufficiency and
hyperkalemia or in neonates. Use
of fresh blood or washed red cells
decreases potassium load for
these patients.

After massive transfusion of
refrigerated blood, hypothermia
may cause cardiac arrhythmias.
Refrigerated blood may accelerate
hemolysis in patients with cold
agglutinin disease. Prevent by
warming blood.

Mechanisms and clinical
significance unclear for
immunosuppression that follows
transfusion; enhances results
following renal transplantation;
possible deleterious effect on
outcome after colorectal cancer
surgery; possible increased
susceptibility to bacterial
infections.

Immunocompetent donor T
lymphocyctes may engraft if the
recipient is markedly
immunosuppressed or if closely
HLA-related. Symptoms and signs
include high fever, maculopapular
erythematous rash, hepatocellular
damage, and pancytopenia 2—-30
days after transfusion. Usually
fatal despite treatment with
immunosuppressives. Prevent by
irradiating all blood components
with 2500 cGy for
immunocompromised recipients or
when donor is first—degree
relative.

Multiple transfusions in the
absence of blood loss lead to
excess accumulation of body iron
with cirrhosis, heart failure, and
endocrine organ failure. Prevent
by decreasing total amount of red
cells given, using alternatives to
red cells whenever possible, using
neocytes, and modifying diet to
decrease iron absorption. Iron
chelation indicated for patients
with chronic transfusion
dependence if prognosis is
otherwise good.



Acute severe thrombocytopenia
about 1 week after transfusion
due to alloantibodies to donor
platelet antigen (usually P1A1).
Self-limited, but treatment with
steroids, high—dose IgG,
plasmapheresis, or exchange
transfusion recommended to
prevent central nervous system
hemorrhage. Platelet transfusions
are ineffective even with
compatible platelet. Pathogenesis
poorly understood.

Increased supply of complement
may accelerate hemolysis in
paroxysmal nocturnal
hemoglobinuria or make
angioedema worse in patient with
C esterase inhibitor deficiency.

Increased blood viscosity may
occur in patients with
Waldenstrom’s macroglobulinemia,
polycythemia, or leukemia with
high white blood cell count.
Sudden deterioration may follow
platelet transfusion in patients
with TTP/HUS or heparin—induced
thrombocytopenia.
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4. Pharmacotherapy — Jennifer H. Cupo Abbott, PharmD, &
Maria [ Rudis, PharmD

INTRODUCTION

Design of optimal pharmacotherapeutic regimens for the critically ill patient is a significant
challenge for the clinician. The frequent occurrence of renal failure and hepatic failure
complicates drug dosing. The complexity of the drug regimen in critically ill patients makes
them more susceptible to adverse drug events and interactions.

A basic knowledge of pharmacokinetics and pharmacodynamics is essential for monitoring
a drug’s therapeutic and toxic effects. Pharmacokinetics is the movement of a drug
through the body over time and is defined by the following: absorption, distribution,
metabolism, and elimination. Pharmacodynamics is the relationship between drug
concentration and drug effect. Both pharmacokinetic and pharmacodynamic changes
occur in critical illness. This chapter will review the principles of pharmacokinetics and
pharmacodynamics as well as the mechanisms of the different types of drug interactions.

PHARMACOKINETIC PARAMETERS

In clinical practice, the most important pharmacokinetic parameters are half-life,
clearance, and volume of distribution. The disposition of a parenterally administered drug
is dependent upon both clearance (CL) and the volume of distribution (V). Clearance is
the rate at which a drug is eliminated from the body. Volume of distribution is a
proportionality constant, a theoretical volume that relates the concentration in the plasma
to the amount of drug in the body. The elimination half-life (#1/2) depends on the above
independent variables and is described by the following mathematical relationship:

f1/2 =(0.693 ¥ Wy /CL)

Hence, either decreased clearance or an expanded volume of distribution will result in an
increased pharmacologic half-life. A practical understanding of this mathematical
relationship is essential for developing optimal dosing regimens.

PHARMACOKINETIC CONSIDERATIONS
ABSORPTION

Drug absorption is influenced by a variety of factors, including the site of absorption, the
amount metabolized before reaching the systemic circulation (“first-pass effect”), and
drug interactions. In critical illness, the site of absorption is of utmost importance. The
extent of oral absorption—bioavailability—may be diminished as a result of low cardiac
output or shunting of blood from the mesentery or peripheral circulation. Therapeutic
“failures” may be due to inadequate bioavailability rather than absence of effect at the
intended receptor site. One example is lack of anticipated antihypertensive effect after
administration of an oral calcium channel blocker. This often necessitates conversion to a
continuous infusion with either diltiazem or nicardipine for more predictable and controlled
blood pressure response.

In general, the intravenous route is preferred and subcutaneous or intramuscular
administration should be avoided. In patients with peripheral edema or hypoperfusion
states (eg, septic shock), either intramuscular or subcutaneous administration is
unsatisfactory because of the potential for erratic or decreased absorption.
Subcutaneous administration of insulin may yield inadequate or variable insulin delivery



and result in uncontrolled hyperglycemia. Conversely, hypoglycemia may occur with
improvement of perfusion and subcutaneous absorption. Similarly, subcutaneous
administration of low—molecular—-weight heparins often results in inadequate absorption
and anticoagulation, with potential failure of prevention or treatment of deep venous
thrombosis or pulmonary embolism in the critically ill.

Intravenous administration circumvents these problems in the critically ill patient.

DISTRIBUTION

The distribution of drugs in the body depends on factors such as blood flow, body
significantly increase a patient’s volume of distribution, and insufficiently effective drug
concentrations may result. For drugs with extensive tissue distribution, eg, digoxin, the
volume of distribution is approximately 500 L. Thus, it is unlikely that changes in fluid
status can significantly affect the distribution of digoxin. Conversely, tobramycin has a
volume of distribution of about 0.3 L/kg of ideal body weight. An 80 kg patient would have
a volume of distribution for tobramycin of 24 L. When that patient is given a 240 mg dose
of tobramycin, the serum level would be 240 mg/24 mL (10 mg/mL). However, if this
patient gains 15 L of fluid, the new volume of distribution would be 39 L. The same dose
would then yield a serum level of about 6—7 mg/mL (240 mg/39 L), which is inadequate
for treating serious infections such as nosocomially acquired pneumonia.

Body composition and the lipophilicity of a given drug are also important factors to
consider. In general, lipophilic agents such as diazepam readily distribute into fat. For
these agents, dosing should be based on total body weight. Since most agents used in the
ICU setting are not lipophilic, such as pressors and most antimicrobials, it may be more
accurate to use ideal body weight in dosing calculations.

Protein binding is another important determinant of distribution. Only the unbound
fraction of a drug can diffuse or be transported into tissues. Thus, the influence of protein
Phenytoin, for example, is a highly protein—bound drug (about 90%) that is used in the
critical care setting. The remaining 10% circulates as unbound or “free” drug and is the
fraction responsible for the pharmacologic effect. If a patient with normal albumin has a
phenytoin level of 12 mg/L, the free fraction would be 1.2 mg/L. However, with decreased
serum albumin, as is found in patients with central nervous system trauma or those with
end-stage liver disease, less serum protein is available to bind phenytoin. The laboratory
reports total phenytoin concentrations, which includes bound and unbound drug. In a
patient with hypoalbuminemia, the total phenytoin level will be unchanged, but the
percentage of “free” drug (ie, pharmacologically available) will increase. For example, a
patient with a serum albumin of 2 mg/dL and a measured phenytoin plasma concentration
(Cmeas) of 12 mg/L has more free drug, resulting in an adjusted phenytoin plasma
concentration (Cadj) of 24 ug/mL.

Crmeas _ 1200 /ml
(D2YAlb+00  (0.2) (2.0 mg/fdL) + 0.1

Cadj = = 24pg/mL

The uremia accompanying renal failure also displaces phenytoin from its binding sites
since endogenous competitors for binding accumulate. It is important to recognize that
malnourished patients and those with renal failure will have a lower than normal
“therapeutic range” for phenytoin. (Similarly, the adjusted total plasma phenytoin
concentration may be calculated using the following equation: Cadj = Cmeas/[(0.1)(Alb) +
0.1]). For this reason, it is clinically more relevant to monitor free phenytoin
concentrations or to use these values in calculation of dosage adjustments.

DRUG CLEARANCE (ELIMINATION)



With limited exceptions, most pharmacologic agents are eliminated either renally or
hepatically. Since multi—organ dysfunction and fluid overload are commonly encountered
in critically ill patients, drug accumulation and toxicity are of concern. Specific dosage
adjustment is often required in the setting of renal or hepatic impairment. Some of the
Most antimicrobials—including the aminoglycosides, vancomycin, and several beta—lactams
and fluoroquinolones—are eliminated primarily via the kidney. Although some dosage
adjustment is needed when these antimicrobials are used in critically ill patients with
acute renal failure, one should have a high threshold for dosage adjustment given the low
risk:benefit ratio. Since these patients are often infected with organisms that have
marginal drug susceptibilities, ongoing assessments of renal function and clinical status
are necessary to make certain that underdosing does not occur. Another drug with
primarily renal elimination used in the critical care setting is enoxaparin, a
low—molecular—-weight heparin. Although there are no clear dosage adjustment
recommendations at this time, recent evidence suggests that it is prudent to decrease
the dose of enoxaparin by up to 50% in patients with renal impairment. Others have
advocated avoiding use of enoxaparin in patients with an estimated creatinine clearance
of less than 30 mL/min to reduce the likelihood of drug accumulation and subsequent
bleeding events. Some drugs have mixed routes of elimination and require both renal and
hepatic function for proper clearance. Vecuronium is an example of a drug with mixed
renal and hepatic elimination of the parent drug and its active metabolite. In ICU patients
with renal or hepatic insufficiency, monitoring of the depth of neuromuscular blockade and
adjustment of vecuronium dosing with a peripheral nerve stimulator helps to individualize
therapy and minimize accumulation of both the parent drug and its active metabolite,
3—hydroxydesacetylvecuronium—which has 30—50% of the pharmacologic activity of the
parent drug—and to prevent adverse drug events such as prolonged neuromuscular
blockade.

Renal Dysfunction

When the serum creatinine level is known, an estimate of creatinine clearance can be
obtained to assist with dosage adjustment using the following equation:

(140 - &ge) ® Weight {in kq)

T2 % Serum creatinine

Although this equation is frequently used in ICU patients, it has not been validated in that
patient population. In situations where a more accurate determination of renal function is
necessary, a 6—hour urine collection for measured creatinine clearance is advised.

For patients requiring hemodialysis, it is essential to know the extent to which drugs can
be removed by dialysis. Knowledge of pharmaceutical properties such as hydrophilicity,

drug that fits the above criteria. Tobramycin concentrations decline by 30—-50% following a
3—hour dialysis session. Conversely, drugs with extensive tissue distribution such as
digoxin or the calcium channel blockers are not affected by dialysis. Other important
considerations for drug clearance include the duration and type of dialysis. Short dialysis
sessions are less likely to remove significant amounts of drug. New forms of dialysis are
more efficient and remove drugs previously thought to be minimally dialyzable.
Hemodialysis with high—flux filters removes significant amounts of vancomycin.
Continuous renal replacement therapy is a much more efficient process than conventional
hemodialysis and equates to a creatinine clearance of approximately 30 mL/min. It is
essential to review the medication regimen closely when patients are dialyzed with
high—flux filters or are switched from hemodialysis to continuous renal replacement, since
the dosage of many drugs will have to be increased.



Hepatic Dysfunction

the degree of hepatic dysfunction is difficult, since no quantitative equations exist. In
general, laboratory tests of hepatic synthetic function (prothrombin time, serum albumin,
conjugated bilirubin) are the ones most predictive of drug elimination. For drugs
metabolized by the liver, route of metabolism is important in determining the effects of
liver disease on drug clearance. Some enzyme systems are remarkably well preserved
even in end—stage liver disease. Drugs such as lorazepam that are metabolized primarily
by conjugation with glucuronic acid are minimally affected in cirrhosis, so little dosage
adjustment is required. For drugs whose clearance depends on oxidative metabolism
(metronidazole, theophylline, opioids, sedative—hypnotics), cirrhosis reduces their
elimination. Generally speaking, acute liver disease (eg, hepatitis) does not significantly
alter drug clearance.

THERAPEUTIC DRUG MONITORING

Agents with a narrow therapeutic index have small differences between therapeutic and
Examples of agents with low therapeutic indices are the aminoglycosides, digoxin,
theophylline, and phenytoin. Although the reported dosage ranges for these agents are
considered to be therapeutic, they are intended to serve merely as a guide. Some
patients may experience toxicity with levels at mid range, and some may require levels
above the therapeutic range to achieve a therapeutic effect. One example of a drug with
a revised therapeutic range is theophylline. Given that toxicity was readily seen at the
upper end of the previously recommended therapeutic range (10-20 mg/L), the more
appropriate goal is 8—-10 mg/L.

It is imperative to know when the sample was drawn relative to the timing of the previous
dose to accurately assess and interpret serum drug concentration values. The clinician
can then decide if sufficient time has elapsed to allow for the distribution phase of the
drug, to decide if the sampling time is valid, and to assess whether the drug is at steady
state concentration (not often achieved in ICU patients). Digoxin is an example of a drug
that needs sufficient time for distribution from the blood to the tissue compartments. If a
serum digoxin level is obtained within 2 hours after an intravenous dose, the level will be
predictably elevated, and any clinical decision based on this level would be inappropriate.
In the case of digoxin, it is best to take samples 4 hours after an intravenous dose or 6
hours after an oral dose to obtain an accurate assessment of levels once distribution is
complete. Vancomycin is an example of a drug for which peak and trough levels were
formerly advocated. However, given that the peak level is not associated with any
measure of efficacy and that a peak level may appear falsely elevated if obtained during
the distribution phase, only vancomycin trough levels are currently recommended. Drug
distribution is also of concern following dialysis. It is important to allow at least 3 hours to
elapse after dialysis to obtain drug levels to allow for redistribution of drug from other
tissues into the main compartment (eg, intravascular space). This is illustrated also in the
case of hemodialysis for a toxic ingestion of lithium. A lithium level of 10 meg/mL
(therapeutic level is 0.5-2 meq/L) obtained before dialysis may decrease to 1 meqg/L
immediately after hemodialysis. However, a third level obtained 3—4 hours after dialysis
may rebound to a toxic level of 5 meqg/L, showing evidence of redistribution from the
central nervous system back into the main compartment. This indicates the need for a
longer or more frequent hemodialysis.

Aminoglycosides are another class of drugs for which recommendations for obtaining
levels have recently been revised. With the advent of once—daily dosing strategies, there
is little utility for measuring a peak aminoglycoside level that will appear transiently
elevated. It is more relevant clinically to obtain a level 10—14 hours after administration as



a surrogate marker for drug accumulation. Thus, although this level may be slightly higher
than the previously acceptable trough range for aminoglycosides (< 2 mg/L), it is still
therapeutic given the extended dosing interval. Finally, for many drugs, daily levels are
inappropriate and may lead to improper dosage adjustments. Since digoxin and phenytoin
possess half-lives in the range of 40 hours, levels should be ordered twice weekly as
opposed to once daily.

DRUG INTERACTIONS

Given the number of drugs prescribed for critically ill patients, the potential for drug
interactions is high. Drug interactions may occur as a result of pharmacodynamic,
pharmaceutical, or pharmacokinetic effects. Pharmacodynamic interactions may enhance
or antagonize a drug’s effects depending on the pharmacology of the drugs involved.
Pharmaceutical interactions can result from a number of causes, one of which is the
relationship between two drugs. Pharmacokinetic interactions may occur because of a
decrease in absorption, changes in distribution, or altered drug clearance.

Pharmacodynamic drug interactions can result in synergistic, additive, or antagonistic
pharmacologic effects. A beneficial additive effect would be observed in a patient with
poorly controlled hypertension who receives a second antihypertensive agent from a
different class and then achieves optimal blood pressure control. Another example of an
additive or synergistic pharmacologic effect is the concomitant use of opioid analgesics
with benzodiazepines. This combination is useful to optimize sedation and analgesia in the
ICU. It may also be associated with an increased risk of respiratory depression (of limited
importance in mechanically ventilated patients) or hypotension, particularly in hypovolemic
patients. Synergistic combinations are noted when the resultant pharmacologic effect
with combination therapy is greater than the expected sum of drug effects. This
phenomenon occurs infrequently and is best described for antimicrobial combinations. A
beta—lactam antimicrobial (eg, piperacillin or ceftazidime) in combination with an
aminoglycoside is more effective than a beta—lactam plus a fluoroquinolone and results in
a lower incidence of acquired bacterial resistance in the treatment of infections with
aerobic gram—negative organisms. On the other hand, antagonism may be encountered
when beta—blockers reverse the pharmacologic benefit of beta—agonists in patients with
chronic obstructive pulmonary disease. While some beta—blockers such as atenolol are
more cardioselective at lower doses, they still have the potential to antagonize
bronchodilators such as albuterol and salmeterol. The concomitant use of antimicrobials
from the same class also carries the potential for antagonism. For example, some
beta—lactams induce production of chromosomal beta—lactamase. The combination of a
strong inducing beta—lactam such as imipenem with a labile compound (eg, piperacillin) for
the treatment of infections due to enterobacter species has been shown to produce
antagonism in vitro and in animal models of infection. Hence, double beta—lactam
combinations that include a weak and a strong inducer should be avoided.

Pharmaceutical Interactions

Pharmaceutical interactions may be caused by drug incompatibilities or drug adsorption to
catheters and to intravenous administration materials. For example, intravenous
administration of nitroglycerin requires special equipment to decrease the likelihood of
adsorption. The complexity of drug regimens in the critically ill patient coupled with limited
intravenous access makes intravenous drug compatibility a significant issue. Although a
great deal is known about the compatibility of drug combinations, there are still many
potential combinations for which no such information is available.

Pharmacokinetic Interactions



Although pharmacokinetic interactions occur as a result of alterations in drug absorption,
distribution, metabolism, or elimination, the effects on drug metabolism are the most
clinically significant. A commonly seen absorption interaction occurs when
fluoroquinolones are administered concomitantly with multivalent cations (eg, antacids),
causing decreased quinolone bioavailability. Similarly, enteral feeding should be withheld 2
hours before and after the administration of oral phenytoin formulations because of the
decreased and delayed absorption of phenytoin that occurs.

Drug interactions due to altered distribution may also occur. When two drugs compete for
binding sites on plasma proteins or tissues, the unbound or free serum concentration of
one or both drugs may increase. Although this theoretically may increase a drug’s effect,
the enhanced pharmacologic effect is usually transient as more unbound drug is now
available for elimination by the liver and kidney. Thus, the clinical significance of
protein—binding displacement interactions is minimal.

Pharmacokinetic drug interactions due to altered metabolism involve the cytochrome
P450 enzyme system that is responsible for oxidative metabolism. More than 30
isoenzymes have been identified, but the primary ones responsible for drug metabolism
are CYP3A4, CYP2D6, CYP1A2, and the CYP2C subfamily. While a comprehensive list of
drugs that are metabolized by these pathways is beyond the scope of this chapter, some
practical examples can be presented. A drug may be a substrate for, an inducer to, or an
inhibitor of these enzymes. Inhibition is a result of competitive binding between a
substrate and an inhibitor at the enzyme’s binding site. This interaction is dependent on
several factors, including the substrate’s affinity for the enzyme, the concentration of the
enzyme required for inhibition, and the half-life of the inhibitor drug. The end result of this
interaction is an increased concentration of the substrate drug. Conversely, enzyme
induction occurs when the synthesis of cytochrome P450 enzymes is stimulated. Few
drugs are known to be enzyme inducers, and carbamazepine, phenobarbital, phenytoin,
and rifampin are the most common inducer agents. Chronic ethanol abuse typically
induces hepatic cytochrome enzymes, and this is why frequent administration of larger
doses of anxiolytics such as diazepam and midazolam and analgesics such as morphine
are required for this group of critically ill patients. The immunosuppressants cyclosporine
and tacrolimus are both eliminated via the cytochrome P4503A4 system. Their
metabolism can either be inhibited (eg, erythromycin or some azole antifungals) or
induced (eg, phenobarbital or phenytoin). In either situation, therefore, frequent monitoring
of cyclosporine or tacrolimus blood concentrations is necessary to ensure that increased
side effects or organ rejection does not occur. [t may be more prudent to choose an
alternative agent and avoid the interacting combination.

ADVERSE EFFECTS & DRUG TOXICITIES

Drugs may adversely affect all organ systems, but the kidney, liver, central nervous
system, and vascular system are most frequently affected. In critically ill patients with
multiple medical problems, it can be quite difficult to isolate drug toxicity as the sole
cause of organ failure.

Nephrotoxicity

Nephrotoxicity in critically ill patients may be due to drug—induced causes or to
hypoperfusion. Because the mortality rate for intensive care patients with acute renal
failure approaches 80%, efforts should be directed at removing all potential causes of
nephrotoxicity. Adequate fluid resuscitation and maintenance of renal perfusion is of
paramount importance for preventing prerenal acute renal failure. Although low doses of
dopamine have been used empirically for this purpose, recent controlled trials have
demonstrated the failure of low—dose dopamine to improve renal perfusion, prevent acute
renal failure, or avoid the need for hemodialysis in all critically ill patients, including those



with septic shock (regardless of vasopressor use). Thus, the use of low—dose dopamine
should be abandoned.

Despite adequate preventive measures, up to 20% of all cases of acute renal failure may
be associated with drug toxicity. Drug—induced toxicity may take the form of acute
tubular necrosis, interstitial nephritis, or glomerulonephritis. Of those drugs associated
with acute tubular necrosis, the most notable are the aminoglycosides and amphotericin
B. With once—daily dosing of aminoglycosides (5-7 mg/kg/d) and proper therapeutic drug
monitoring, the incidence of acute tubular necrosis is significantly reduced. However, if
renal insufficiency does develop, it is important to adjust the aminoglycoside dosing
regimen to conventional dosing with lower daily doses at extended intervals to prevent
drug accumulation. The novel amphotericin B formulations as well as the newly developed
antifungals (eg, echinocandins) to be used in combination with amphotericin B may
provide some alternatives to conventional amphotericin B dosing and its predictable
nephrotoxicity. Interstitial nephritis and glomerulonephritis are due to hypersensitivity
reactions or immune complex formation. The most common cause of drug—induced
interstitial nephritis is methicillin, and for this reason it is replaced with either oxacillin or
nafcillin at most institutions.

Hepatotoxicity

While a variety of drugs have been associated with altered liver function tests, these
changes are usually reversible upon discontinuation of the offending agent. Since acute
hepatic injury is classified according to morphology, drug—induced hepatic injury may
cause either direct hepatocellular necrosis, cholestasis, or a mixed presentation of both
clavulanic acid, as well as trimethoprim and sulfamethoxazole may also increase the
possibility of hepatotoxic reactions. This may occur because one agent alters the
metabolism of the other, leading to the production of toxic metabolites. Phenytoin induces
both hepatic necrosis and cholestasis in association, producing an immune response
manifested by a rash, eosinophilia, atypical lymphocytosis, and serum IgG antibodies
against phenytoin.
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Table 4-1. Protein binding.
Protein—Bound
90-95%
93-96%
94-97%
93%
84-98%
96%
95%
91-99%
90-92%
> 90%
90%
90%
94-97%
70-90%
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89-94%
90%
90%
84-91%
60-90%
90%
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Table 4-4. Drugs requiring dosage adjustment in severe

hepatic insufficiency.

Antimicrobials
Acetaminophen
Opioids
Salicylates
Antiarrhythmics
Lidocaine
Quinidine
Verapamil
Anticonvulsants
Phenobarbital
Phenytoin
Antihypertensives
Hydralazine
Labetalol
Nitroprusside

Cefoperazone
Ceftriaxone
Chloramphenicol
Clindamycin
Erythromycin
Isoniazid
Metronidazole
Nafcillin

Rifampin
Sedative—hypnotics
Chlordiazepoxide
Diazepam
Midazolam
Miscellaneous
Haloperidol
Theophylline
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Table 4-5. Therapeutic ranges for drugs commonly used in
critical care.

Therapeutic Range
Peak: 25-35 mg/L
Amiodarone Gentamicin, tobramycin
1=2 ug/
1-5 mg/L
10-30 mg/L
10-20 mg/L
4-8 mg/L
<30 mg/L
100-300 mg/L
8-10 mg/L
Trough: 5-15 mg/L
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Table 4-6. Pharmacodynamic interactions.
Effect

Gentamicin and neuromuscular blocking agents Additive CNS
Gentamicin and ampicillin Increased activity vs pseudomonas

Propranolol and (or beta—agonist)
Extended—spectrum penicilin and imipenem (vs
E cloacae, P aeruginosa, citrobacterspecies)
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Table 4-7. Nephrotoxic drugs.
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Table 4-8. Hepatotoxic drugs.
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5. Intensive Care Anesthesia & Analgesia — 7a/—Shion Lee, MD
PHYSIOLOGIC EFFECTS OF ANESTHESIA IN THE CRITICALLY ILL
INTRODUCTION

Many critically ill patients undergo surgery and anesthesia before or after admission to
the ICU. To take care of these patients perioperatively, an understanding of the
physiologic effects of anesthesia is essential.

Anesthetics produce their primary effects by acting on the central nervous system. They
also elicit a variety of physiologic changes throughout the body. The physiologic reserve
of critically ill patients is limited because of concurrent or preexisting pathophysiologic
disorders. Such individuals are thus more susceptible to physiologic derangements than
normal and more apt to develop complications during the recovery period.

Recovery from the influences of anesthesia requires careful observation and specialized
management. Since patients may be labile and vulnerable during this stage, they may stay
in the postanesthetic care unit (PACU) until they have regained consciousness. The
function of the PACU is to provide close monitoring of vital functions and to ensure
prompt recognition of problems due to anesthesia and surgery. The same functions can
be served in the ICU as well.

Benumof JL: Respiratory physiology and respiratory function during anesthesia. In:
Anesthesia, 3rd ed. Miller RD (editor). Churchill Livingstone, 1990.

Gal TJ: Respiratory physiology during anesthesia. In: Thoracic Anesthesia, 2nd ed. Kaplan
JA (editor). Churchill Livingstone, 1991.

Knight AA et al: Perioperative myocardial ischemia: Importance of the preoperative
ischemia pattern. Anesthesiology 1988:68:681-88.

Nunn JF: Applied Respiratory Physiology, 3rd ed. Butterworths, 1987.

Stoelting RK: Pharmacology and Physiology in Anesthesia Practice, 2nd ed. Lippincott,
1991.

Warner DO et al: Pulmonary resistance during halothane anesthesia is not determined
only by airway caliber. Anesthesiology 1989:70:453-60.

ANESTHESIA & THE AIRWAY

Soft Tissue Obstruction

Under the influence of residual anesthesia and muscle relaxant effects, airway obstruction
is a common and potentially catastrophic complication in the immediate postanesthesia
period. It usually results from soft tissue obstruction by the tongue and laryngopharyngeal
structures when recovery from neuromuscular function is incomplete. It can be detected
by physical signs and symptoms with or without abnormal blood gas measurements.
Management includes hyperextension of the head, chin lift—jaw thrust maneuvers,
insertion of an oropharyngeal or nasopharyngeal airway, or positive—pressure ventilation.

Laryngospasm

As the patient is emerging from anesthesia, the vocal cords are sensitive and prone to



develop spasms if blood or secretions accumulate in the area of the larynx. This may
result in hypoxia, hypercapnia, and respiratory arrest if not corrected promptly. Suctioning
corrects the problem in most cases. If spasms persist, positive—pressure ventilation by
mask with or without small doses (10-20 mg) of succinylcholine may be necessary.
Endotracheal reintubation is seldom required.

Laryngoedema

Edema of the laryngeal structures may occur following extubation after anesthesia. It is
usually due to use of an oversized endotracheal tube or traumatic intubation, fluid
overload, or allergic reaction. In women, it may be caused by preeclampsia. It usually
responds best to high humidity and nebulized racemic epinephrine. Cortico— steroids may
be beneficial.

Aspiration

Recovery of laryngopharyngeal function may be incomplete after anesthesia with muscle
relaxant drugs. Prolonged placement of the endotracheal tube may further aggravate the
situation. With an incompetent larynx, aspiration may occur following vomiting or
regurgitation.

CARDIOVASCULAR EFFECTS OF ANESTHESIA

Anesthesia may disrupt homeostatic regulation of the cardiovascular system by a variety
of mechanisms.

Inhalation Anesthesia

A. Blood Pressure Response

All currently used inhalation anesthetics (halothane, enflurane, isoflurane, desflurane, and
sevoflurane) cause dose—dependent reduction in mean arterial blood pressure. The
decrease in blood pressure is primarily due to a decrease in cardiac output by myocardial
depression with halothane and enflurane and a decrease in peripheral vascular resistance
with isoflurane, desflurane, and sevoflurane.

B. Cardiac Effects

All inhalation anesthetics shift the left ventricular function curve downward and to the
right, indicating depression of myocardial contractility. This may be due to a direct action
of anesthetics on cardiac cells or on postganglionic receptors on the myocytes. The

drugs may inhibit the slow Na*™-Ca?* channels and reduce Ca?" influx. The degree of
depression varies with different agents and concentrations. There is a consistent
decrease in stroke volume as well as cardiac output, while the heart rate response may
vary. All agents decrease the slope of phase 4 and phase 0 depolarizations and increase
the action potential duration at minimum alveolar concentrations.

C. Peripheral Resistance Effects

All inhalation agents cause vasodilation and decrease peripheral resistance, but to
different degrees. This effect may be due to the direct vasodilating effects on vascular
smooth muscle as well as the result of decrease in sympathetic vasoconstrictor tone.

Anesthetics may interfere with the movement of Ca?" across the vascular endothelial
membranes and within the smooth muscle cells.

D. Cardiovascular Reflexes

Inhalation anesthetic agents depress homeostatic reflex regulation of the cardiovascular
system. The baroreceptor reflex is attenuated or blocked via either a central or a
peripheral effect. The cardiac chronotropic response is also blunted by higher anesthetic
doses.




Narcotic Anesthesia

A. Cardiac Effects

Depression in myocardial contractility has been demonstrated in a variety of isolated
heart muscle preparations using different opioids in concentrations much higher than
those attained clinically. Opioid receptors may not be involved in this effect. It is not
preventable with naloxone pretreatment.

With the exception of meperidine, opioids cause bradycardia by stimulation of vagal
preganglionic neurons in the medulla oblongata. They may also cause direct depression of
the sinoatrial node at very high doses. Bradycardia can be reversed by naloxone or
atropine.

B. Peripheral Resistance Effects

Aside from histamine release, morphine may cause vasodilation of both resistance and
capacitance vessels through direct local effects on vascular smooth muscle or the central
vasomotor center. The degree of this effect is determined by the specific opioid, the rate
of injection, the baseline status of the patient, and compensatory responses. The vascular
effects of morphine may not involve opioid receptors or narcotic action. Clinically,
opioid—induced vasodilation occurs predominantly in patients who are critically ill or in
those with underlying cardiac disease with elevated sympathetic tone.

Anesthesia with opioids in high doses (morphine, 1-3 mg/kg; fentanyl, 50-150 ug/kg)
normally causes little hemodynamic change and is well tolerated by patients with poor
cardiovascular function. However, the potential risk of myocardial depression and
peripheral vasodilation by opioids should not be underestimated. Adding nitrous oxide or
benzodiazepines to high doses of fentanyl may produce hypotension due to myocardial
depression or peripheral vasodilation.

Regional Anesthesia

Local anesthetic agents inhibit the excitation—conduction process in peripheral nerves. In
sufficient tissue concentration, they may affect the heart and smooth muscles of blood
vessels, resulting in hemodynamic depression.

A. Direct Effects

All local anesthetics produce a dose-related decrease in velocity of atrial conduction,
atrioventricular conduction, and ventricular conduction. Lidocaine decreases the maximum
rate of depolarization, action potential duration, and effective refractory period.
Bupivacaine, etidocaine, and tetracaine, which are highly potent local anesthetics, tend to
decrease conduction velocity through various parts of the heart at relatively low
concentrations. Extremely high concentration of local anesthetics will depress
spontaneous pacemaker activity in the sinus node, resulting in sinus bradycardia and
sinus arrest.

All local anesthetics essentially exert a dose—dependent negative inotropic action. High
doses of bupivacaine are cardiotoxic. A biphasic peripheral vascular effect of local
anesthetic agents may be observed, with vasoconstriction followed by vasodilation in high
concentration.

B. Indirect Effects

Spinal or epidural anesthesia is associated with sympathetic blockade that may result in
profound hypotension due to peripheral vasodilation. The higher the spinal level of the
blockade, the lower the blood pressure.

Below the T5 dermatomal level, epidural anesthesia is not usually associated with
significant cardiovascular changes. From T5 to T1, it produces about a 20% decrease in



blood pressure. At T1 or above, bradycardia and a fall in cardiac output may develop as a
result of blockade of cardiac sympathetic accelerator nerves. In addition to peripheral
vasodilation, myocardial contractility is depressed. Hypovolemic patients are more
susceptible to sympathetic blockade; profound hypotension may occur when the preload
is too low. High epidural anesthesia may decrease coronary and hepatic blood flow and
may alter normal autoregulation of cerebral and renal blood flow as well.

ANESTHESIA & THE RESPIRATORY SYSTEM

Inhalation Anesthesia

A. Control of Ventilation

In general, all volatile anesthetics decrease ventilation in a dose-related manner. When
the patient is allowed to breathe spontaneously, the decrease in tidal volume reflects the
depth of anesthesia. Although anesthesia reduces metabolism and thus CO, production, it

also increases dead space. Postoperative hypoventilation may occur under the residual
effect of anesthesia on the respiratory center with resultant hypercapnia and hypoxemia.

With the exception of ether, all inhalation anesthetics cause not only a rise in resting
PaCO, but also a diminished responsiveness of ventilation to added CO,. This shifts the

CO, response curve downward and to the right, causing hypoventilation in the immediate

postanesthesia period. Doxapram, which produces respiratory stimulation via peripheral
carotid chemoreceptors, may be useful, but mechanical ventilation until the residual
anesthesia effect completely wears off is the best treatment.

In general, inhalation anesthetics depress the hyperventilation response to hypoxemia by
acting directly on the carotid body. This hypoxic ventilatory response is impaired in a
dose—related manner; however, the dose required is much smaller than that required for
depressing the hypercapnic ventilatory response. In the immediate postoperative period,
the patient may fail to respond to hypoxemia by increasing ventilation because of
impairment of this defense mechanism by residual anesthetic agent.

1. Response to loading and stimulations—In a conscious person, inspiratory effort
increases when external resistance is imposed. This response is markedly depressed by
anesthesia. Under the influence of anesthetics, patients with chronic obstructive
pulmonary disease, in particular, may fail to increase ventilation when airway resistance is
increased.

Ventilation increases with surgical stimulation during anesthesia. When all stimulation
ceases at the conclusion of the procedure, spontaneous breathing may diminish or stop.

2. Apnea threshold—The apnea threshold is the PaCO, level at which spontaneous
ventilatory effort ceases. The difference between the PaCO, during spontaneous

breathing and during apnea is generally a constant value of 5-9 mm Hg, independent of
anesthetic depth. When PaCO, is too low as a result of prolonged hyperventilation during

anesthesia, postoperative hypoventilation or apnea can occur and lead to hypoxemia.

3. Posthyperventilation hypoxemia— Following prolonged anesthesia with hyperventilation,
the body stores of CO, are depleted. Refilling CO, stores leads to low PaCO, and

hypoventilation. Hypoxemia may occur if supplemental oxygen is not provided.

B. Mechanics of Respiration

General anesthesia and muscle paralysis have a significant impact on respiratory
mechanics that may lead to impaired gas exchange.

1. Functional residual capacity—With induction of general anesthesia, functional residual
capacity is reduced by about 500 mL within 30 seconds. The mechanisms of this effect




remain unclear. Increased elastic recoil of the lung, decreased outward recoil of the chest
wall, and peripheral alveolar atelectasis due to absorption or hypoventilation in the
dependent portions of the lung are the most likely underlying mechanisms. Other
possibilities include trapping of gas distal to the closed airways, increased activity of
expiratory or decreased activity of inspiratory muscles, and increased thoracic or
abdominal blood volume, alone or in combination.

Twenty—four hours after recovery from anesthesia—particularly following upper abdominal
surgery—functional residual capacity continues to fall to the lowest value (70-80% of the

preoperative level). It takes about 7-10 days to return to the preoperative volume. When

closing capacity exceeds functional residual capacity, regions with a low

ventilation—perfusion ¢#/1) ratio develop, leading to atelectasis, shunting, and impaired gas
exchange. Widening of the alveolar—arterial PO, gradient and some degree of hypoxemia

are not uncommon in the immediate postoperative period.

2. Compliance of the lung and chest wall— The compliance of the total respiratory system
and lungs is reduced. The pressure—volume curve shifts rightward, following induction of
general anesthesia. This may be due to decrease in functional residual capacity, increase
in recoil of the lung, and paralysis of the diaphragm. The reduction in total compliance
results in a necessity for greater airway pressures to inflate the lungs to a given volume
under anesthetic influence. A restrictive ventilatory pattern with impaired gas exchange
may occur during the recovery period.

3. Airway resistance—Following induction of general anesthesia and endotracheal
intubation, pulmonary resistance may be doubled. The size of the airway may be altered
by the decrease of lung recoil, and bronchial smooth muscle tone may be diminished by
some anesthetics. The pressure—flow relationship is affected, and dynamic compliance is
also decreased.

4. Intrapulmonary gas distribution— Changes in the vertical pleural pressure gradient
secondary to alterations in the shape or pattern of chest wall motion during anesthesia
may influence the intrapulmonary distribution of inspired gas. In contrast to the awake
state, preferential ventilation of the nondependent lung occurs in patients under general
anesthesia. This redistribution does not depend on the use of muscle paralytic agents.

Abnormal gas distribution and oy mismatching may exist when there is a residual effect
of anesthetics or muscle relaxant.

5. Postoperative vital capacity—The characteristic pulmonary function profile following
abdominal or thoracic surgery is a restrictive pattern with markedly reduced inspiratory
capacity and vital capacity. Patients usually breathe with a shallow volume at a higher
rate and cough ineffectively. The vital capacity is reduced by 50-70% of preoperative
values immediately after upper abdominal surgery and remains depressed for 7-10 days.
Only moderate or minimal reduction in vital capacity is observed following extremity
surgery. If not improved, this defect of pulmonary mechanics may lead to atelectasis and
pneumonia during the postoperative period. Although residual effects of anesthetics and
muscle relaxants may have some contribution during the immediate postoperative period,
the reduction of vital capacity appears to be more related to surgical pain and the noxious
reflex, which limit excursion of the diaphragm more than the anesthesia itself.

6. Diaphragmatic function—Normally, the muscles of the chest wall, the diaphragm, and
the abdominal muscles have important roles in the regional distribution of inhaled gases.
Anesthesia and muscle paralysis have a significant impact on the mechanics of the chest
wall, particularly the diaphragm, causing irregularities of gas distribution and exchange.
Both anesthesia and muscle paralysis move the diaphragm cephalad in the recumbent and
decubitus positions at the end of expiration. This is of greatest significance for the
dependent parts of the diaphragm, for which abdominal pressure has the greatest
influence. While displacement of the diaphragm during spontaneous inspiration is maximal



in dependent regions and minimal in nondependent regions, the relationship is reversed
during paralysis with mechanical ventilation. Regional gas volume and distribution are in
proportion to diaphragmatic movement. In states of anesthesia and paralysis, the
anteroposterior diameters of both the rib cage and the abdomen decrease while the
transverse diameters increase. Compliance of the rigid thoracic compartment increases
and that of the abdomen and diaphragm decrease. The persistent tonic activity of the
diaphragm throughout expiration is also abolished, and the motion of the diaphragm
becomes passive. In contrast to active breathing, displacement of the diaphragm and the
associated gas distribution will be different. Mismatch of ventilation and perfusion may be
exaggerated.

C. Pulmonary Gas Exchange

Under general anesthesia, oxygen consumption normally decreases by approximately 10%.
This may decline to 25% of normal depending on the fall in body temperature. It is raised
substantially if shivering occurs. The production of CO, fluctuates with oxygen
consumption. While it is not uncommon to mechanically hyperventilate a paralyzed patient,
hypoventilation usually occurs during anesthesia with spontaneous breathing. Diffusing
capacity for carbon monoxide remains unaltered, indicating that transfer across the
alveolar—capillary membrane is not affected. Studies on gas exchange indicate the
occurrence of ventilation—perfusion mismatching during anesthesia. The increase in

P(A-a)O, gradient may be due to increased perfusion of regions with low %/l ratio or

increased shunt (or both). The increase in alveolar dead space appears to be a result of
the relative maldistribution of ventilation.

D. Pulmonary Circulation

Normally, hypoxic pulmonary vasoconstriction is a powerful physiologic response. The
mechanism is triggered by regional alveolar hypoxia (low PAO, or low P

0,), which causes precapillary pulmonary arterial constriction. The increase of vascular

tone in the hypoxic area diverts blood flow to areas of higher oxygen tension. This
optimizes ventilation—perfusion matching in the lung and thus reduces venous admixture
and maintains better gas exchange. All three currently used inhalation anesthetics inhibit
hypoxic pulmonary vasoconstriction in a dose—dependent manner. This special effect of
volatile agents may contribute to the inefficiency of oxygen exchange during anesthesia.

E. Diffusion Hypoxemia and Absorption Atelectasis

At the conclusion of inhalation anesthesia, when the patient starts to breathe
spontaneously, diffusion hypoxemia may occur. Since nitrous oxide is 30 times more
soluble than nitrogen, it will rapidly diffuse from the pulmonary capillary blood and dilute
the inspired alveolar air. This causes a reduction in PaO, that can be corrected with

supplemental oxygen.

When high concentrations of oxygen are used during anesthesia, the lung units with low
ventilation/perfusion ratios may become unstable and collapse. This absorption
atelectasis may widen the PAO,—Pa0, gradient, particularly when ventilation is shallow

and inadequate.
Narcotic Anesthesia

All opioid agonists produce a dose—dependent depression of ventilation by acting on the
central respiratory center. The ventilatory effects of opioids include a decreased
respiratory rate, decreased minute ventilation, increased arterial CO, tension, and
decreased ventilatory response to CO,. Although equianalgesic doses of opioids are likely

to produce equivalent depression of ventilation, the peak effects and durations are
determined by the pharmacokinetics of each drug. Depression of ventilation is augmented
and prolonged in elderly and debilitated patients and in the presence of other central
nervous system depressants. Airway reflexes are blunted, as is the hypoxic ventilatory



response. Additionally, fentanyl may cause chest wall rigidity and compromise ventilatory
function.

Regional Anesthesia

Diaphragmatic function is usually preserved even with high spinal anesthesia as long as
the cervical portion of the spinal cord is not involved. With paralysis of the thoracic cage,
the patient may appear to experience an incoordinate breathing pattern with paradoxic
abdominal respiration even though ventilatory function is well maintained at the 75—-85%
level. The blockade of intercostal nerves leads to abdominal muscle paralysis that may
limit the ability to cough and clear secretions. When anesthetics reach the cervical region
or fourth ventricle, total apnea develops.

ANESTHESIA & BODY TEMPERATURE

Hypothermia may occur with general anesthesia. Not only are the thermoregulatory
centers depressed by anesthetic agents, but the interior and exterior of the body are also
exposed to a cool environment for hours. In addition, the peripheral vasodilatory effect
associated with most types of anesthesia can aggravate heat loss and further decrease
body temperature. Although hypothermia lowers total body oxygen consumption, severe
depression may be fatal. Other complications of hypothermia include myocardial
dysfunction, cardiac dysrhythmia, coagulopathy, and acidosis. Shivering during recovery
may increase oxygen consumption as much as fourfold. During rewarming, circulatory
collapse can occur if adequate fluid replacement is not provided to offset increased
vascular capacitance.

EFFECTS OF NEUROMUSCULAR BLOCKADE

Neuromuscular blocking agents are commonly used in anesthesia to facilitate surgical
procedures. Because of paralysis or weakness of skeletal muscles, such blockade has a
significant influence on ventilation and airway maintenance if a residual effect persists
during the recovery period. Neuromuscular blocking agents are classified as depolarizing
or nondepolarizing depending on their effects at the neuromuscular junction. Depolarizing
agents form strong attachments to the postsynaptic cholinergic receptor and result in
persistent depolarization and paralysis. Nondepolarizing drugs bind competitively to
postsynaptic cholinergic receptors and prevent acetylcholine from activating sodium
channels. Residual neuromuscular blockade must be antagonized before
extubation—otherwise, airway patency as well as respiratory function may be
compromised postoperatively. If not completely reversed, residual neuromuscular
blockade may persist into the recovery period. Recovery is monitored by peripheral nerve
stimulators utilizing a train—of—four test. There are essentially two patterns of blockade:
(1) Phase 1 (depolarizing) block is produced by succinylcholine and is associated with
sustained tetanus, equal train—of-four responses (muscle responses to four consecutive
2-Hz electrical nerve stimuli), and absence of posttetanic potentiation, which refers to
enhanced twitch responses after tetanic stimulation. (2) Phase 2 block is caused by
nondepolarizing agents or the prolonged use of succinylcholine and is characterized by
tetanic fade, fade of the train—of—four responses and posttetanic potentiation. Both can
recover spontaneously. Nondepolarizing agents may be reversed with anticholinesterases
such as edrophonium, neostigmine, or pyridostigmine. Persistent phase 1 block requires
continuos ventilatory support.

AIRWAY MANAGEMENT
INTRODUCTION

In the ICU, airway management is a common challenge in daily practice. For critical care
physicians, its importance cannot be overemphasized. A variety of techniques must be



mastered, ranging from merely lifting the chin to emergency tracheostomy. Physicians
confronted with airway problems must decide whether to intervene. This requires rapid
assessment of several factors such as the duration of hypoxia, the current status of the
airway and ventilation, the presence of jaw—clenching, cervical spine stability, prior
difficulties with intubation, and available equipment and skills. Contingency plans for
various potential airway emergencies must be in place and familiar to all ICU personnel.
The risk of irreversible hypoxic damage should always dictate priorities in the decision
algorithm. Gloves and goggles are indicated for personal protection during manipulations
of the airway.

SECURE A PATENT AIRWAY

Partial or complete obstruction of the airway results in ventilatory failure, hypoxemia,
hypercapnia, and death. The first priority in management of any critically ill patient is
establishment of airway patency. In the ICU, this may be accomplished urgently for
cardiopulmonary resuscitation or electively for mechanical ventilation.

Mechanical Maneuvers

Whenever the airway is compromised at the pharyngolaryngeal area due to tongue or soft
tissue occlusion, the chin lift—jaw thrust maneuver is useful initially to maintain patency,
particularly in conjunction with insertion of oral or nasal airways. These techniques for
temporary opening of the airway can be performed easily in any unconscious patient.
They are commonly followed by mask ventilation and endotracheal intubation.

It is essential to exclude cervical spine injury by appropriate x—rays at the time of a
patient’s arrival in the unit so that further neurologic damage can be avoided in case
emergent intubation is required. Neck lift and head tilt maneuvers are contraindicated in
patients with cervical spine injury. Chin lifting or jaw thrusting may be performed while the
neck is maintained in the neutral position.

Clearing of vomitus, secretions, blood, and foreign bodies should be done immediately
when necessary to ensure an open airway. If the risk of aspiration is high and the spine is
stable, the patient should be placed in the lateral position. Adequate suction devices,
including large—bore rigid and flexible cannulas, should always be available.

Atrtificial Airways

Artificial airways are useful when the obstruction is above the laryngopharynx. They keep
the tongue from falling back and aid in removal of secretions from the posterior pharynx.
Oropharyngeal and nasopharyngeal airways are commonly used. Selection of an airway of
appropriate size is required to achieve optimal effect. Oral airways may prevent
undesirable clenching of the teeth. Nasal airways are usually better tolerated by agitated
and semiconscious patients. Lubrication with local anesthetics prior to airway insertion
can be helpful. Nasal airways are contraindicated in patients with suspected basilar skull
fractures or coagulopathies because they may cause severe bleeding from the nasal
mucosa.

Intermediate Airways

Intermediate airways include the esophageal obturator airway, the esophageal gastric tube
airway, the pharyngeal—tracheal lumen airway, and the esophageal—-tracheal combitube.
The first two are designed to occlude only the esophagus, whereas the latter two can be
inserted into either the trachea or the esophagus. These devices are designed to
establish an airway rapidly, but they fail to control the airway completely. Because of the
latter shortcoming, they are not often used in the ICU.



ENDOTRACHEAL INTUBATION

Endotracheal intubation is indicated if the chin lift—jaw thrust maneuver fails to establish
or secure a patent airway; if the patient is obtunded and aspiration is a concern; if
positive—pressure mechanical ventilation is required; if tracheobronchial secretions cannot
be cleared; or if complete control of the airway is desirable. In critically ill patients, use of
the esophageal obturator airway and its variants should be limited to situations in which
endotracheal intubation has been unsuccessful and no other methods are available.

Any maneuver involving movement of the neck should be avoided in cases of confirmed or
suspected cervical spine injury. However, if the patient sustains apnea or severe
hypoxemia in spite of conservative management, immediate endotracheal intubation may
become necessary. Oral endotracheal intubation may be attempted if stability of the neck
can be maintained. The risk of further damage must be balanced by the overall risk to the
patient’s life due to failure to secure an airway. If time permits, fiberoptic nasotracheal
intubation should be the first choice in such situations. Blind nasotracheal intubation is
the alternative when a skilled operator with the necessary equipment for fiberoptic
intubation is not available or when the oral approach is contraindicated, impossible, or
difficult. Nevertheless, a careful orotracheal approach is common practice.

SPECIAL CONSIDERATIONS IN AIRWAY MANAGEMENT

Neuromuscular Blocking Agents

At the time of intubation, jaw clenching induced by neurologic dysfunction in various
disease states can obstruct the oral passage and prevent not only access to the larynx
but also clearing of secretions, vomitus, blood, and foreign bodies. Even though jaw
clenching will usually subside when severe hypoxia develops, the risk of irreversible
cerebral damage is very high if a patent airway cannot be established immediately. Rather
than attempting intubation with force, neuromuscular blocking agents are indicated to
overcome jaw clenching and facilitate intubation.

Time Factors

Irreversible brain damage can result within minutes if apnea is not corrected. The period
of apnea that can be sustained without brain damage depends on the degree of
preoxygenation and the patient’s oxygen consumption, hemoglobin concentration, cardiac
output, and functional residual capacity. Patients with low reserves can tolerate only brief
periods of apnea. Without preoxygenation, the customary maximum interval of allowable
apnea during intubation is 30 seconds. The interval can be extended to minutes in a
healthy young person who has been preoxygenated. Ventilation with a mask that provides
100% oxygen is strongly recommended before attempts at reintubation are repeated.
Prolonged and multiple attempts at intubation can injure the airway and cause
decompensation of the cardiorespiratory system, including hypoxemia, arrhythmia,
bradycardia, asystole, laryngospasm, bronchospasm, and apnea. An oxygen saturation
monitor (pulse oximeter) and atropine should be available.

Endotracheal Tube Size

In adults, cuffed endotracheal tubes of different internal diameters (6.5-9 mm) should be
available. Tubes with diameters of 7-8 mm are usually appropriate for females, whereas
slightly larger tubes (7.5-8.5 mm) are appropriate for males. A slightly smaller tube (by 0.5
mm in each case) is usually adequate for nasal intubation. Tubes that are too large will
cause laryngeal injury, particularly after prolonged intubation; tubes that are too small will
increase airway resistance and the work of breathing. An endotracheal tube with a
minimum internal diameter of 8 mm is advisable if bronchoscopy is anticipated. The cuff
should be checked for any leak beforehand. After tube placement, the cuff should be



inflated with the minimum volume necessary to prevent air leak around the tube. Breath
sounds should be checked bilaterally immediately after tube placement, and the position
of the tube should be checked by x—ray. When the tube is correctly placed, it is secured
with tape and a bite block or oral airway to protect it from damage or crimping.

Improper Positioning

Esophageal placement of the endotracheal tube, if unrecognized, is a lethal complication.
Unfortunately, esophageal intubation may not be detected immediately. Auscultation of
breath sounds bilaterally is useful but not always reliable. Absence of breath sounds,
increasing abdominal girth, or gurgling during ventilation in conjunction with desaturation
and cyanosis should alert one to the possibility of esophageal intubation. End-tidal CO,

measurement has become the best means of confirming proper placement of the
endotracheal tube in most instances. A flexible fiberoptic bronchoscope, if available, is
also helpful to ensure proper positioning under direct vision.

If a tube that is too long is inserted, main stem bronchus intubation results. This occurs
most commonly on the right side. If unrecognized, one—sided intubations can cause
atelectasis of the opposite lung, hypoxemia due to shunting, and an increased risk of
barotrauma of the ipsilateral lung. Asymmetric breath sounds and chest movements are
common findings. The tube should be withdrawn about 2—3 cm beyond the point where
equal breath sounds are first heard. Chest radiographs are useful to confirm tube
placement but do not always exclude main stem intubations.

Other than esophageal and main stem bronchus intubations, complications following nasal
endotracheal intubation include epistaxis, nasal necrosis, retropharyngeal laceration,
mediastinal emphysema, and intracranial placement of the tube. Nasal sinusitis is common
and may be a cause of sepsis.

Persistent Air Leak

Persistent air leak around an endotracheal tube may result in hypercapnia and hypoxemia
secondary to inadequate ventilation. The leak may be due to damage to the balloon itself
or to the pilot balloon. Other causes include tracheomalacia or malposition of the cuff at
or above the vocal cords. Repositioning the tube or replacement with a tube of
appropriate size is required.

Surgical Airway

When endotracheal intubation is impossible or has failed after several attempts, operative
creation of an airway becomes imperative. Options include needle cricothy— rotomy,
surgical cricothyrotomy, and tracheostomy. Jet ventilation may be used initially with
needle cricothy— rotomy; however, adequate alveolar ventilation is not ensured, and a
formal airway is usually required in less than 45 minutes. Surgical cricothyrotomy will
rapidly stabilize and secure the airway, but pressure effects will lead to necrosis if the
endotracheal tube is not removed within several days.

Airway Management in Patients Requiring Prolonged Ventilation

The use of high—volume, low—pressure cuffs has greatly reduced the incidence of tracheal
injury from intubation. However, damage to the laryngeal area has been a continuing
problem. Tubes with high—pressure, low—compliance cuffs should be avoided or replaced.
Monitoring of the cuff pressure is useful but not reliable, since it does not reflect the
lateral tracheal wall pressure and may fluctuate when high pressures are used to
overcome poor lung compliance. Conversion to a tracheostomy is indicated when
endotracheal intubation is prolonged and laryngeal damage is a concern. Other relative
indications include patient comfort, easier nursing care, and facilitation of suction.



The time limit for change is debated. Three weeks is the empiric limit.
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PAIN MANAGEMENT IN THE ICU
INTRODUCTION

Pain control in the ICU has improved significantly over the last decade with greater
understanding of neurophysiologic mechanisms, anatomic pathways, causes of pain
perception, and clinical pharmacology. In a sense, pain serves as a means for detection of
tissue damage, for prevention of further harm, and for promotion of healing through rest.
Postoperative or posttraumatic pain, however, may have no such useful purpose and may
in fact be detrimental and cause complications in many organ systems. The goal of pain
management in the ICU is to minimize discomfort and promote faster recovery of normal
function.

ANATOMIC PATHWAYS & PHYSIOLOGY OF PAIN

Pain is perceived through the nociceptors at nerve endings throughout the body. The
impulses in response to mechanical, thermal, and certain chemical stimuli are transmitted
through A d and C fibers to the neuraxis at the dorsal horn of the spinal cord. The
marginal layer cells in lamina I and the wide—dynamic—range neurons in lamina V are
activated and send projections to the nociceptive areas of the thalamus. The
spinothalamic tract is the predominant but not the only pathway. Others project to the
reticular formation, midbrain, hypothalamus, and limbic forebrain structures. Impulses
finally reach the cortex, where perception of pain is completed. Cells in the substantia
gelatinosa modulate both segmental and descending input and exert an inhibitory effect
on thalamic projection cells in the dorsal horn. Some visceral pain may pass through
visceral afferents.

PATHOPHYSIOLOGY OF PAIN

Perception of pain at the neuraxis provokes both segmental reflexes and central
responses. Segmentally, it causes a marked increase in local skeletal muscle tension,
which not only impairs normal function but also intensifies pain. Centrally, the sympathetic
nervous system is activated, and this leads to an increase in overall sympathetic tone,
thereby increasing cardiac output, blood pressure, and cardiac work load. Cardiac
metabolism—as well as whole body metabolism—and oxygen consumption are augmented.
Tachypnea, ileus, nausea, bladder hypotonicity, and urinary retention are not uncommon.

Pain itself—as well as the associated anxiety and apprehension—also aggravates the
hypothalamic neuroendocrine response. There are increased secretions of catabolic
hormones such as catecholamines, ACTH, cortisol, ADH, aldosterone, and glucagon.



Secretion of anabolic hormones such as insulin and testosterone is decreased. Persistent
pain, if uncorrected, will result in a catabolic state and negative nitrogen balance.

PAIN & RESPIRATORY DYSFUNCTION

The incidence of postoperative pulmonary complications varies from 5% to 28%. Most of
these complications are related to inappropriate control of postoperative pain. Pulmonary
function can be significantly affected depending on the site and extent of surgery or
trauma. Derangement of ventilation—perfusion relationships occurs, followed by abnormal
gas exchange and hypoxemia. Surgery and postoperative pain cause involuntary splinting
and reflex muscle spasm of the abdominal and thoracic muscles. Excursions of the
diaphragm are markedly limited, particularly when ileus develops. Furthermore, in an
attempt to minimize pain, the patient refrains from deep breathing and coughing.
Pulmonary status deteriorates, and some patients progress to atelectasis and pneumonia.
When narcotics are given in sufficient quantity, respiratory depression results. Apnea can
occur in severe cases. Adequate monitoring and therapeutic facilities should always be
available.

ANALGESIA WITH OPIOIDS
Intravenous Opioid Analgesia

Opioid analgesics alone or in combination with adjuvant agents such as nonsteroidal
anti—inflammatory drugs have been conventionally used for pain relief. They are effective
if properly prescribed. However, patients are frequently undertreated. The minimum
effective analgesic dosage varies widely in different patients. Therefore, the dose of
opioid should be individualized and titrated as needed.

The absorption of opioids following intramuscular or oral administration is variable. The
intravenous route is usually appropriate for patients in the ICU because an effective
plasma concentration level can be achieved promptly. Not uncommonly, small doses (3-5
mg) of morphine or other equally potent opioids are given for pain relief. Continuous
infusion of small doses of morphine (0.1 mg/min) avoids peaks and valleys in plasma
concentration and provides effective relief of pain in most instances.

Patient—controlled analgesia (PCA) allows the patient to self-administer a preset amount
of opioid intravenously as needed. A lock—out interval can be set to prevent overdosage.
PCA permits the patient to titrate his or her own analgesic requirements and maintains a
relatively steady level of minimum effective analgesic concentration. PCA is generally well
accepted by patients. Overall, it provides smoother and more adequate analgesia
accompanied by relief of fear and anxiety. It improves pulmonary function in postoperative
patients, reduces nocturnal sleep disturbances, and decreases the overall drug
requirement. The patient must be thoroughly instructed about the device in order to
maximize its advantages.

The ideal agent for PCA in the ICU should have a rapid onset, a predictable efficacy, a
relatively short duration of action with minimal side effects (particularly on
cardiopulmonary function), and no tendency to cause tolerance or dependency. A typical
prescription of PCA with morphine is a loading dose of 2-=10 mg over 15-30 minutes,
followed by a patient—triggered bolus (1-2 mg) via the PCA pump programmed with a
lock—out interval of 5—15 minutes. This regimen may be changed according to the
patient’s responses. Total doses and effective therapeutic concentrations cannot be
predicted. Individualization is necessary.

The combination of PCA with continuous infusion has the advantage of providing a
baseline plasma level of analgesic while allowing titration of boluses to overcome varying
acute changes in the threshold of pain perception.



Epidural & Intrathecal Opioids

The use of epidural and intrathecal opioids for pain relief in the ICU has increased
recently. Epidural and intrathecal narcotics act mainly on spinal receptors and produce
long—lasting pain relief with relatively small amounts of drug. The major advantage of this
modality over local anesthesia is that sympathetic and motor nerves are not blocked.

Morphine, a highly hydrophilic drug, has been shown to spread rostrally to reach the
fourth ventricle and brain stem in about 6 hours following epidural administration. There
are two phases of respiratory depression. The earlier phase reflects the rise of serum
levels through absorption from epidural veins. It commonly occurs 20—45 minutes after an
injection. The second phase coincides with rostral spread and appears approximately 6—10
hours after injection. It causes a decrease in respiratory rate. The risk of delayed
respiratory depression rises greatly if opioid is given systemically at the same time.

Fentanyl, a lipophilic agent, also travels cephalad through the cerebrospinal fluid, but
extends less than morphine. When given by lumbar epidural catheter, it may not be
equianalgesic with morphine for thoracic pain. It tends to have fewer side effects than
morphine, and most can be reversed with naloxone. These include nausea and vomiting
(17-34%), pruritus (11-24%), and urinary retention (22-50%).

Epidural morphine has a relatively slow onset, prolonged action, and delayed occurrence
of respiratory depression. Fentanyl has a rapid onset and short duration of action and is
not uncommonly used for continuous epidural infusion. The addition of epinephrine to
epidural narcotics is not recommended because of the increased incidence of side
effects.

Intermittent epidural administration of opioids has the drawback of peak and trough
concentrations, so that patients may suffer unacceptable pain before adequate analgesia
is restored. Continuous infusion, PCA, or a combination of both may provide better pain
control in certain situations.

The epidural route has been used more commonly than the intrathecal route for
postoperative pain control. Potential risks, complications, and monitoring requirements are
similar for the two techniques. Because of spinal cord toxicity, not all drugs used
epidurally are safe for intrathecal use. Compared with regional anesthesia, epidural or
intrathecal narcotics provide highly effective pain relief with no direct effects on
hemodynamics and motor function. However, they may be less effective than regional
anesthesia in blocking nociceptive perception and the associated metabolic and
neuroendocrine reactions.

LOCAL ANESTHETIC ANALGESIA

Postoperative or posttraumatic pain control can also be managed with long—acting local
anesthetics. Brachial plexus block, intercostal block, intrapleural block, and local
infiltration of the wound area are available. When feasible, continuous infusion may be
more effective and reliable.

Regional Analgesia

Regional analgesia with local anesthetic agents generally provides better pain relief than
opioids because anesthetic agents block both the afferent and the efferent pathways of
the reflex arc. This minimizes neuroendocrine and metabolic responses to noxious stimuli.
Nevertheless, when local anesthetics are administered epidurally or intrathecally, care
must be exercised to minimize side effects such as hypotension and limb paralysis or
weakness secondary to sympathetic and somatic nerve blockade. A proper combination of



opioids and local anesthetics may achieve the ideal goal of adequate analgesia with
minimum metabolic and physiologic changes.

Local Anesthetic Agents

Local anesthetics produce both sensory and motor block when a sufficient quantity is
deposited near neural tissue. They are used in the ICU to provide anesthesia and
analgesia through regional, field, nerve block, or intravenous techniques.

Local anesthetics are classified as esters or amides depending on the chemical bond of
their alkyl chain. The actions of local anesthetics are affected by multiple factors,
including lipid solubility, pK,, protein binding, metabolism, and local vasoactivity. Onset of

block depends on availability of the nonionized form of the drug, which is determined by
its pK, and the tissue pH. The extent of binding to membrane protein and the time of
direct contact with the nerve fiber affect its duration of action. Epinephrine (1:200,000) is
frequently added to local anesthetic solutions to reduce their absorption and prolong the
duration of action through local vasoconstriction.

Allergic reactions to local anesthetics are rare and more likely to occur with esters than
with amides. High plasma concentrations of local anesthetics from either excessive
absorption or inadvertent overdose lead to severe side effects. Hypotension, direct
myocardial depression, arrhythmias, and cardiac arrest are potentially lethal
complications. Perioral numbness, restlessness, vertigo, tinnitus, twitching, and seizures
are common manifestations that involve the nervous system.

A. Lidocaine

Lidocaine is currently the most widely used local anesthetic in the ICU because it has a
low incidence of side effects, a rapid onset of action, and an intermediate duration of
action. It has a volume of distribution of 90 L, a clearance rate of 60 L/h, a distribution
half-life of 57 seconds, and an elimination half-life of 1.6 hours. It is metabolized in the
liver by oxidative dealkylation.

Lidocaine is used to provide pain control in spinal, epidural, caudal, nerve, and field blocks
and in Bier block anesthesia (intravenous regional block). Lidocaine in concentrations of
2—4% has been used topically in the nose, mouth, laryngotracheobronchial tree, esophagus,
and urethra. Lidocaine concentrations of 0.5-1.5% are used for local infiltration. An
intravenous bolus of lidocaine (1.5 mg/kg) is useful to attenuate the increase of
intracranial pressure and blood pressure during laryngoscopy and endotracheal intubation.

Systemic toxicity occurs when plasma concentrations of lidocaine are above 5-10 ug/mL.
Doses of 6.5 mg/kg can cause central nervous system toxicity.

B. Bupivacaine

Bupivacaine, commonly used in obstetric anesthesia, is highly protein—bound and
produces intense analgesia of prolonged duration but is relatively slow in onset. It has a
volume of distribution of 72 L, a clearance rate of 28 L/h, a distribution half-life of 162
seconds, and an elimination half-life of 3.5 hours. It is primarily metabolized in the liver.

Bupivacaine is commonly used in epidural anesthesia and for intercostal nerve blocks.
Central nervous system toxicity occurs with plasma concentrations of 1.5 ug/mL.
Clinically, doses exceeding 2 mg/kg may cause systemic toxicity. Cardiac toxicity due to
severe myocardial depression may be fatal. Other less commonly used agents include

C. Ropivacaine
Ropivacaine, newly introduced, is one of the amide group of local anesthetics. It is 94%
protein bound with a steady state volume of distribution of 41 &= 7 L and is extensively




metabolized in the liver. Approximately 37% of the total dose is excreted in the urine.
Unlike most other local anesthetics, the presence of epinephrine has no major effect on
either the time of onset or the duration of action. At blood concentrations achieved with
therapeutic doses, changes in cardiac conduction, excitability, refractoriness, contractility,
and peripheral vascular resistance are minimal. Ropivacaine may cause depression of
cardiac contractility. Although both are considerably more toxic than lidocaine, the
cardiac toxicity of ropivacaine is less than that of bupivacaine.

NONSTEROIDAL ANTI-INFLAMMATORY DRUGS

Nonsteroidal anti—inflammatory drugs (NSAIDs) are a group of compounds with
heterogeneous structures that relieve pain, lower fever, and decrease inflammatory
reactions. The mechanism of their actions remains unclear but may involve an inhibitory
effect on prostaglandin synthesis. They are useful for management of mild to moderate
pain. Compared with opioids, they have both the advantages and the disadvantages of
analgesia but without producing changes in sensorium or ventilatory depression without
the possibility of dependency. NSAIDs cause platelet dysfunction and prolong bleeding
time. They may produce gastric erosions and hemorrhage. Other adverse effects include
interstitial nephritis, renal hypoperfusion, somnolence, nausea and vomiting, and
palpitations.

Until recently, because of a lack of parenteral formulations, the use of NSAIDs in the ICU
was limited. The advent of ketorolac tromethamine, which can be given parenterally, has
made this class of agents more conveniently available for critically ill patients.

Ketorolac tromethamine has no direct effect on opiate receptors. It is a potent analgesic
with a ceiling effect. Intramuscular doses of 30—90 mg have analgesic efficacy comparable
to that of 10 mg of morphine. After intramuscular injection, maximum plasma
concentrations are achieved within 45—60 minutes.

Ketorolac tromethamine is highly protein—bound and metabolized primarily by hepatic
conjugation. Excretion is through the kidney. It is nonaddicting and has no effect on
ventilation. Its side effects are similar to those of other NSAIDs. It should be avoided in
patients with renal dysfunction and bleeding tendencies.
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ANALGESIA & ANESTHESIA FOR BEDSIDE PROCEDURES

Excision of Eschar in Burn Patients; Wound Debridement & Dressing Changes

The first excision may be performed without anesthesia on the fifth or sixth day following
the burn. This is carried to the point of pain or bleeding and identifies the areas of
second— and third—degree burn. Anesthesia with intramuscular ketamine in a dose of 3—4
mg/kg provides a satisfactory condition for subsequent excisions. The patient is usually
semiresponsive, while respiratory function and the gag and cough reflexes are preserved.
Emergence nightmares may occur and can be reduced by giving diazepam or midazolam
(intramuscularly or intravenously) during induction of and emergence from ketamine
anesthesia. Increased sympathetic activity following ketamine administration may be
beneficial in critically ill patients with circulatory depression.

Cardioversion

In cases of elective conversion such as atrial flutter or atrial fibrillation, there is usually
sufficient time to premedicate the patient to provide a period of amnesia or hypnosis.
Intravenous diazepam, 5—10 mg, or midazolam, 2—-3 mg, is effective and safe. Methohexital,
a short—acting barbiturate, 1 mg/kg intravenously, is also useful. Thiopental (50-100 mg)
and propofol (0.5—-1 mg/kg) have also been used. Narcotics alone are not sufficient.
Supplemental oxygen and equipment for intubation and ventilation should be available.

MUSCLE RELAXANTS IN INTENSIVE CARE
INTRODUCTION

Their major drawbacks are the lack of titratable agents and the difficulty with bolus
techniques. This, coupled with inadequate monitoring, may result in inappropriate blockade
and markedly delayed recovery. Newly introduced bedside intravenous pumps and
intermediate—acting nondepolarizing agents have redefined their role in intensive care
management. Recent reports of prolonged paralysis, muscle weakness from
neuromuscular junction dysfunction, and muscle atrophy following long—term treatment
with neuromuscular blocking agents should alert the clinician to serious potential
consequences. Whenever prolonged use of neuromuscular blocking agents is planned, the
balance of benefits and complications should be carefully assessed.

There are some circumstances in critical care in which neuromuscular blocking agents are
indicated but not indispensable. These include endotracheal intubation, postoperative
rewarming with shivering, the presence of delicate vascular anastomoses, the need for
protection of wounds with tension, tracheal anastomosis, increased intracranial pressure,
insertion of invasive vascular catheters in agitated patients, and the facilitation of
mechanical ventilation. In other specific areas (neurosurgical intensive therapy,
management of tetanus, and severe status epilepticus), neuromuscular agents can either
provide protection of the patient or facilitate procedures and management.
Neuromuscular blocking agents in these situations are beneficial but not essential. If
adequate sedation and analgesia are provided, the need for relaxants is frequently
diminished. In most instances, muscle relaxation is required only when sedation and
analgesia fail to achieve adequate ventilation or other therapeutic goals. Anxiety,



apprehension, and confusion, together with pain and discomfort, often make patients
agitated, combative, and more apt to fight against the ventilator. It is essential to provide
appropriate levels of sedation and pain relief before and after a trial of neuromuscular
blocking agents. Adequate intravenous administration of narcotics, either by bolus or by
continuous infusion, accompanied by benzodiazepines, usually obviates the need for
neuromuscular blocking agents.

Once paralysis is induced, the feeling of total dependency and helplessness can lead to
extreme anxiety and fear. This psychosomatic impact must not be ignored. Sedation with
narcotics or benzodiazepines is mandatory.

MUSCLE RELAXANTS IN MECHANICAL VENTILATION

Only rarely does a mechanically ventilated patient require neuromuscular blockade.
Therapy should be instituted to make certain the patient is properly sedated and free
from pain before blockade is considered. The use of muscle relaxants is indicated for
patients who have very poor thoracic or lung compliance, those who are fighting the
ventilator, and those at increased risk of barotrauma from high airway pressures. If total
control of ventilation is required with modalities such as inverted I:E ratio or high minute
volume ventilation, muscle relaxants may be required.

Before initiating neuromuscular blockade, the patient—ventilator system should be
thoroughly reviewed and evaluated. Any sudden development such as pulmonary edema,
pneumothorax, or an obstructed endotracheal tube can cause contraction of the
respiratory muscles, resulting in uncoordinated asynchronous breathing. On the other
hand, the ventilator settings may no longer be appropriate. Adjustments in tidal volume,
inspiratory flow rate, ventilator triggering sensitivity, or mode of ventilation often can
avoid the need for neuromuscular blockade.

If there is no apparent change in the patient’s clinical status and if adjustments in the
mechanical ventilator fail to improve the situation, attention should be directed to the
need for adequate sedation and analgesia.

DEPOLARIZING AGENTS

Succinylcholine

Succinylcholine is the only clinically available depolarizing neuromuscular blocking agent in
the United States. It has a uniquely rapid onset (30-60 seconds) and a short duration of
action (5—10 minutes). It acts as a false transmitter of acetylcholine by avidly binding to
postsynaptic cholinergic receptors, resulting in persistent depolarization and muscle
paralysis. Succinylcholine also stimulates all cholinergic receptors, including autonomic
ganglia, postganglionic cholinergic nerve endings, and the acetylcholine receptors of the
vascular system, which causes changes in blood pressure and heart rate. A peculiar
bradycardia may occur after repeated bolus doses of succinylcholine, especially in
children, when the interval of injections is shorter than 4-5 minutes. Use of
succinylcholine in a hypoxic patient may cause irreversible sinus arrest. Muscle
fasciculations from sustained depolarization following succinylcholine can increase serum

K" by 0.5-1 meq/L and produce arrhythmias. This induced hyperkalemia is enhanced after
burns, with paraplegia or hemiplegia, following skeletal muscle trauma, and with upper
motor neuron injury following trauma or cerebrovascular accidents. Succinylcholine should
be avoided under these situations and between 1 week and 6—12 months after injury.
Severe fasciculations may also increase intragastric pressure, resulting in regurgitation
and aspiration. Succinylcholine may also trigger malignant hyperthermia.

Succinylcholine is rapidly hydrolyzed by pseudocholinesterase in the plasma to
succinylmonocholine, a relatively inactive metabolite. In patients with low levels of



pseudocholinesterase or atypical cholinesterase enzyme, prolonged relaxation can occur.
Furthermore, when very large doses of succinylcholine are used, a type Il competitive
block may develop.

Succinylcholine is used in the ICU mainly for endotracheal intubation, especially when jaw
clenching or muscle tone make laryngoscopy difficult or impossible. The usual dose of
succinylcholine is 1-2 mg/kg intravenously. This drug is particularly useful in critically ill
patients with a full stomach, for whom a rapid— sequence intubation technique is needed.

NONDEPOLARIZING NEUROMUSCULAR BLOCKING AGENTS

Nondepolarizing neuromuscular blocking agents bind in a competitive manner principally to
postsynaptic cholinergic receptors at the neuromuscular junctions, where they prevent
depolarization by acetylcholine.

Pancuronium

Until recently, pancuronium bromide, a bisquaternary aminosteroid, has been the principal
muscle relaxant used in critical care. It is a long—acting nondepolarizing agent,
water—soluble, highly ionized, and excreted mainly through the kidney. Its clearance
depends upon the glomerular filtration rate. It is also metabolized and broken down into
less active hydroxyl metabolites in the liver. The elimination half-life of pancuronium is
90-160 minutes, which is greatly prolonged by hepatic or renal failure.

Pancuronium is administered intravenously as a bolus of 0.1 mg/kg. Onset of complete
relaxation is 3—5 minutes, and the duration of action is 45—-60 minutes. Unlike
monoquaternary relaxants, pancuronium causes histamine release. In large doses, because
of vagolytic and sympathomimetic effects, it may cause increases in heart rate and blood
pressure. Prolonged paralysis can occur after relatively large doses of pancuronium,
particularly in patients with renal or hepatic dysfunction.

Atracurium

Atracurium is a nondepolarizing muscle relaxant with an intermediate duration of action. It
has the unique property of being hydrolyzed through the Hoffman degradation mechanism.
Renal or hepatic disease does not prolong its short elimination half-life (19 minutes).
Laudanosine, its metabolite, causes cerebral irritation in high doses in several animal
species. This has not been noted clinically, however, even after prolonged use of
atracurium. The route of laudanosine elimination is not certainly known, but it seems that
renal failure itself will not affect metabolic accumulation significantly.

For intravenous administration, 0.5 mg/kg is given in adults. The onset of action is 1.5-2
minutes, with peak relaxation in 3—5 minutes. The duration of action is 20—60 minutes.
There are no cumulative effects.

Administration of atracurium should be slow and adequate in amount, because rapid
intravenous injection with a large bolus may result in histamine release and hypotension.
Clinically, in most instances, recovery is rapid and complete once the infusion is stopped.
Because of its relatively mild cardiovascular and cumulative effects, atracurium by
continuous infusion appears to be useful when prolonged neuromuscular blockade is
required.

Vecuronium
Vecuronium is a shorter—acting monoquaternary steroidal analog of pancuronium. It is

classified as an intermediate—duration nondepolarizing muscle relaxant. Because it causes
no vagolytic effects and does not provoke histamine release, its use is associated with



marked cardiovascular stability. The metabolism and excretion of vecuronium are mainly
through the liver, though about 15-25% is excreted by the kidneys. The elimination
half-life is 70 minutes. The metabolite 3—desacetyl vecuronium has about half the potency
of the parent compound.

The intravenous dose of vecuronium for adults is 0.1 mg/kg. Onset of action is 2-3
minutes; peak relaxation occurs within 3—5 minutes; and the duration of action is 25-30
minutes. Continuous infusion of vecuronium is recommended for prolonged paralysis in
patients with cardiovascular instability. A lower dose should be used in patients with
hepatic or renal failure. In patients with cardiac failure, modification of the dose is not
required.

In patients with normal renal and liver function, recovery of neuromuscular function
occurs rapidly when the infusion is stopped even after large doses. However, in patients
with renal and hepatic failure, the effect may be more variable and the duration of action
unpredictable.

Rocuronium

Depending on the dose, rocuronium is a nondepolarizing neuromuscular blocking agent
with a rapid to intermediate onset. With rocuronium 0.6 mg/kg, good to excellent
intubating conditions can be achieved within 2 minutes in most patients. The duration of
action of rocuronium at this dose is approximately equivalent to the duration of other
intermediate—acting neuromuscular blocking drugs. Generally there are no dose-related
changes in mean arterial pressure or heart rate associated with injection. The rapid
distribution half-life is 1-2 minutes, and the slower distribution half-life is 14—-18 minutes.
Rocuronium is eliminated primarily by the liver. Patients with liver cirrhosis have a marked
increase in volume of distribution, resulting in a plasma half-life approximately twice that
of patients with normal liver function. Currently, rocuronium is commonly used to replace
succinylcholine when rapid—sequence intubation is heeded and succinylcholine is
contraindicated.

Other Nondepolarizing Neuromuscular Blocking Agents
Doxacurium, pipecuronium, and mivacurium are nondepolarizing neuromuscular blocking
agents. Mivacu— rium is unique because of its short duration of action (15-20 minutes).

Doxacurium and pipecuronium are as long—acting as pancuronium but are associated with
better cardiovascular stability. Clinical experience with their use in the ICU is limited.

COMPLICATIONS OF USE OF MUSCLE RELAXANTS

Psychosomatic Effects

When paralysis is imposed without adequate explanation and sedation, severe
psychosomatic stress and crisis may result. If both muscle relaxants and sedatives are
appropriately titrated, the goal of management can be maintained in a cooperative and
well-sedated but easily arousable patient.

Suppression of Cough Reflex

When all the respiratory muscles are paralyzed, the cough reflex is suppressed.

Endotracheal suctioning may provoke no response or only an ineffective cough. Retention
of secretions can precipitate atelectasis and lead to pneumonia.

Neuromuscular Dysfunction & Prolonged Paralysis

When controlled ventilation is indicated, prolonged use (more than 48 hours) of



neuromuscular blocking agents is often necessary. Aside from delayed recovery from
paralysis, there is evidence that some degree of neuromuscular dysfunction can occur.
Clinically, these types of neuromuscular dysfunction range from generalized weakness,
paresis, and areflexia to persistent flaccid paralysis for days or months. There are
generally no sensory disturbances after discontinuation of relaxants.

Long periods of iatrogenic immobilization lead to disuse atrophy. Pathologic changes of
motor endplates and muscle fibers have been demonstrated. Electrodiagnostic studies
show evidence of neurogenic and myopathic abnormalities as well as transmission
disturbances at the neuromuscular junction. Unless strongly indicated, the duration of
relaxation should be as short as possible. Range of motion exercises may help to prevent
atrophy and contracture.

MONITORING WITH A PERIPHERAL NERVE STIMULATOR

Without objective monitoring of responses, overdosing of muscle relaxant is not
uncommon. During surgical anesthesia, train—of—four stimuli are used to detect the degree
of muscle relaxation. In the ICU, paralysis with total ablation of twitches of a train—of—four
is usually not necessary. The use of peripheral nerve stimulators is helpful to titrate the
requirement of neuromuscular blocking agents.

REVERSAL OF NEUROMUSCULAR BLOCKADE

While there is no specific antagonist for depolarizing agents, nondepolarizing
neuromuscular blockade can be reversed with intravenously administered
anticholinesterase drugs. The commonly used anticholinesterases include edrophonium
(0.5 mg/kg), neostigmine (0.05 mg/kg), and pyridostigmine (0.2 mg/kg). Anticholinergic
agents such as atropine (0.01 mg/kg) or glycopyrrolate (0.008 mg/kg) are usually given
simultaneously to offset the stimulation of muscarinic receptors.

Durbin CG Jr: Neuromuscular blocking agents and sedative drugs: Clinical uses and toxic
effects in critical care units. Crit Care Clin 1991:7:489-505.

Griffiths RB, Hunter JM, Jones RS: Atracurium infusion in patients with renal failure on an
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SEDATIVE-HYPNOTICS FOR THE CRITICALLY ILL
INTRODUCTION

Critically ill patients are constantly exposed to an unusual and frequently noxious
environment that includes pain, noise, tracheal suctioning, sensory overload or
deprivation, isolation, immobilization, physical restraints, lack of communication, and sleep
deprivation. These unpleasant experiences can lead to anger, frustration, anxiety, and
mental stress. This may result in a diagnosis of ICU psychosis unless organic and
pharmacologic causes are excluded.

Sedative—hypnotic medications are frequently used to calm the patient or induce sleep for



therapeutic or diagnostic purposes. Because of associated side effects, stable
cardiopulmonary function must be assured prior to administration. Furthermore, because
individual responses may vary greatly among patients—and even in the same patient at
different stages of illness—dosage should be carefully adjusted. The conventional
categories of sedative—hypnotic agents are the benzodiazepines, barbiturates, and
narcotics. The ideal agent for use in the ICU should have a rapid onset of action, a
predictable duration of action, no adverse effects on cardiovascular stability or
respiratory function, a favorable therapeutic index, no tendency toward accumulation in
the body, ease of administration, and available antagonists.

BENZODIAZEPINES

) produce sedation, anxiolysis, and muscle relaxation. They
also have anticonvu ctivity. Flumazenil is the specific antagonist for
benzodiazepines in a dosage of 1 mg slowly intravenously up to a total dose of 3 mg.

Diazepam

Diazepam binds to specific benzodiazepine receptors in cortical limbic, thalamic, and
hypothalamic areas of the central nervous system, where it enhances the inhibitory
effects of ?—aminobutyric acid (GABA) and other neurotransmitters. Following an
intravenous dose, its onset of action is within 1-2 minutes. Maximum effect is achieved in
2-5 minutes, and the duration of action is 4-6 hours. Diazepam is initially redistributed
into adipose tissue and is metabolized in the liver by microsomal oxidation and
demethylation. Its active metabolites are excreted by the kidney with a half-life of 45
hours. The intramuscular route should not be used because of poor bioavailability from
unpredictable absorption. Abscesses may form at the injection site.

Diazepam is used to produce sedation and amnesia for reduction of anxiety and
unpleasant stress. It is also useful for anticonvulsion, muscle relaxation, cardioversion,
endoscopy, and management of drug or alcohol withdrawal.

For relief of anxiety in adults, a bolus injection of 2-10 mg is given slowly intravenously.
This can be repeated every 3—4 hours if necessary. When used for cardioversion, 5—15 mg
is administered intravenously 5—10 minutes before the procedure. For status epilepticus,
5-10 mg is administered intravenously and repeated every 10—15 minutes up to a
maximum dose of 30 mg. For acute alcohol withdrawal, 5—10 mg is given intravenously
every 3—4 hours as necessary.

Diazepam can cause prolonged dose—related drowsiness, confusion, and impairment of
psychomotor and intellectual functions. Paradoxic excitement can occur. Hypotension,
bradycardia, cardiac arrest, respiratory depression, and apnea have been associated with
rapid parenteral injection, particularly in elderly and debilitated patients. Allergic reactions
have been reported. Irritation at the infusion site and thrombophlebitis may occur.

Lorazepam

Lorazepam acts on benzodiazepine receptors in the central nervous system and
enhances the chloride channel gating function of GABA by promoting binding to its
receptors. The resulting increase in resistance to neuronal excitation leads to anxiolytic,
hypnotic, and anticonvulsant effects. Lorazepam is highly lipid—soluble and protein—bound.
It can be administered both intravenously and intramuscularly. The onset of action
following intravenous injection is within 1-5 minutes, with a peak at 60-90 minutes. The
duration of action is 6—10 hours. Seventy—five percent of the dose is conjugated in the
liver and excreted in the urine. The elimination half-life is 12—-20 hours.

Lorazepam is useful for the management of anxiety with or without depression, stress,



and insomnia. It can be used for preoperative sedation as well as status epilepticus.

The common dosage for intravenous or intramuscular administration is 0.04 mg/kg.
Normal maximum doses are 2 mg intravenously and 4 mg intramuscularly. The dose needs
to be individualized to minimize adverse effects. For status epilepticus, 0.5-2 mg may be
given intravenously every 10 minutes until seizures stop.

Side effects of drowsiness, ataxia, confusion, and hypotonia are extensions of the drug’'s
pharmacologic effects. Cardiovascular depression, hypotension, bradycardia, cardiac
arrest, and respiratory depression have been associated with parenteral use of lorazepam,
especially in elderly and debilitated patients. Caution and adjustment of doses are
required when administering this drug to patients with liver or kidney dysfunction.

Midazolam

Midazolam, an imidazole benzodiazepine derivative, exerts its sedative and amnestic
effect through binding of benzodiazepine receptors. It is two to three times as potent as
diazepam. Its onset of action begins within 1-2 minutes after an intravenous or
intramuscular dose. Its duration of action is 0.5-2 hours. Midazolam reaches its peak of
action rapidly (3—5 minutes) and has a plasma half-life of 1.5-3 hours. Its high lipid
solubility results in rapid redistribution from the brain to inactive tissue sites, yielding a
short duration of action. Metabolism is by hepatic microsomal oxidation with renal
excretion of glucuronide conjugates. The drug’s half-life can be extended up to 22 hours
in patients with liver failure. It is water soluble and can be administered intravenously or
intramuscularly. Pain and phlebitis at injection sites are less frequently seen than with
other benzodiazepines.

Midazolam is indicated for sedation, creation of an amnesia state, anesthesia induction,
and anticonvulsant treatment. It has become the benzodiazepine of choice for sedation in
the ICU. Midazolam can be administered intravenously or intramuscularly at a rate of 0.1
mg/kg to a maximum dose of 2.5 mg/kg. Alternatively, intermittent doses of 2.5-5 mg may
be given every 2-3 hours. A rate of 1-20 mg/h or 0.5-10 ug/kg/min can be used for
continuous intravenous infusion.

Midazolam may cause unexpected respiratory depression or apnea, particularly in elderly
and debilitated patients. In combination with some narcotics, midazolam may cause
myocardial depression and hypotension in relatively hypovolemic patients. Monitoring of
cardiopulmonary function is required.

BARBITURATES

The barbiturates possess sedative—hypnotic activities without analgesia.
Thiopental

This ultra—short—acting barbiturate is a potent coma— inducing agent. It blocks the
reticular activating system and depresses the central nervous system to produce
anesthesia without analgesia. It quickly crosses the blood—brain barrier and has an onset
of action within 10—15 seconds after an intravenous bolus, a peak effect within 30-40
seconds, and a duration of action of only 5—10 minutes. This initial effect on the central
nervous system disappears rapidly as a result of drug redistribution. Thiopental is
metabolized by hepatic degradation, and the inactive metabolites are excreted by the
kidney. The elimination half-life is 5—12 hours but can be as long as 24-36 hours after
prolonged continuous infusion. In sufficient doses, thiopental can cause deep coma and
apnea but poor analgesia. It also produces a dose—related depression of myocardial
contractility, venous pooling, and an increase in peripheral vascular resistance. Thiopental
reduces cerebral metabolism and oxygen consumption.



Thiopental is used for induction of general anesthesia but is also useful for sedation,
particularly in patients with high intracranial pressures or seizures. It is also useful for
short procedures such as cardioversion and endotracheal intubation.

For induction of anesthesia, an intravenous bolus of 3—5 mg/kg is given over 1-2 minutes.
Individual responses are sufficiently variable so that the dose should be titrated to patient
requirements as guided by age, sex, and body weight. In cases with cardiac, hepatic, or
renal dysfunction, dose reduction is required. Slow injection is recommended to minimize
respiratory depression. Convulsions can usually be controlled with a dose of 75-150 mg.
When continuous infusion is required, the maintenance dose is 1-5 mg/kg/h in 0.2% or
0.4% concentration. After prolonged continuous use, thiopental will become a long—acting
drug.

Side effects of thiopental include respiratory depression, apnea, myocardial depression
with hypotension, laryngospasm, bronchospasm, arrhythmias, and tissue necrosis with
extravasation. Thiopental is contraindicated in patients with porphyria or status
asthmaticus and in those with known hypersensitivity to barbiturates.

OPIOIDS (NARCOTICS)

effects.
Opioid Agonists

Opioid agonists acting at stereospecific opioid receptors at the level of the central
nervous system are associated with dose—related sedation in addition to their pain—
relieving effects. Titration to patient response is advisable. Alterations in sensorium such
as nervousness, disorientation, delirium, and hallucinations can occur. It is essential to
maintain a balance between the patient’s comfort and level of awareness. Opioids can
cause peripheral vasodilation, but their use has rarely been associated with clinically
significant cardiovascular effects. Unlike local anesthetics, opioids do not block noxious
stimuli via the afferent nerve endings or nerve conduction along peripheral nerves.

Opioid agonists include morphine, fentanyl, sufentanil, alfentanil, and meperidine as well as
other drugs. Each produces particular pharmacologic effects depending on the types of
receptors stimulated.

A. Morphine
Morphine, a pure agonist of opioid receptors, produces analgesia through its action on the

central nervous system. It can also induce a sense of sedation and euphoria. Its volume of
distribution is 3.2-3.4 L/kg; its distribution half-life is 1.5 minutes; and its elimination
half-life is 1.5 hours in young adults. Elimination is prolonged up to 4-5 hours in the
elderly. It has an onset of action within 1-2 minutes, a peak action at 30 minutes, and a
duration of action of 2—3 hours. Morphine is metabolized primarily in the liver by
conjugation with glucuronic acid. It is excreted principally through glomerular filtration.
Only 10-50% is excreted unchanged in the urine or in conjugated form in the feces.

Morphine is widely used for management of moderate to severe pain. A variety of
administration routes are available. These include the epidural, intrathecal, intramuscular,
and intravenous routes (by bolus injection such as PCA). Morphine is also very useful for
sedation, particularly in patients with some pain. Other indications are myocardial
infarction and pulmonary edema.

Since absorption following intramuscular or subcutaneous administration is unpredictable,
the intravenous route is preferable in critically ill patients. The initial intravenous dose is



3-5 mg. This may be repeated every 2—3 hours as necessary to titrate effect. For
maintenance, it can be given by continuous infusion at a rate of 1-10 mg/h.

Morphine causes respiratory depression through direct action on the pontine and
medullary respiratory centers. It decreases the response to CO, stimulation. Respiratory

depression, which is dose—dependent, occurs shortly after intravenous injection but may
be delayed following intramuscular or subcutaneous administration. In therapeutic doses,
morphine produces little change in the cardiovascular system other than occasional
bradycardia and mild venodilation. It also causes nausea and vomiting, bronchial
constriction, spasm at the sphincter of Oddi, constipation, and urinary urgency and
retention. In patients with renal, hepatic, or cardiac failure, smaller doses at less frequent
intervals may be necessary. Respiratory depression can be treated with naloxone, 0.4-2
mg intramuscularly or intravenously.

B. Meperidine

Meperidine, a phenylpiperidine derivative opioid agonist, is one—tenth as potent as
morphine and has a slightly faster onset and shorter duration of action. Meperidine is
metabolized in the liver by demethylation to normeperidine, which is an active metabolite.
It has a distribution half-life of 5—15 minutes, an elimination half-life of 3—4 hours, and a
duration of action of 2—4 hours. Meperidine can cause direct myocardial depression and
histamine release. It may increase the heart rate via a vagolytic effect. Overdosage of
meperidine may depress ventilation. Compared with morphine, meperidine produces less
biliary tract spasm, less urinary retention, and less constipation. It is useful as an
analgesic for short procedures that produce moderate to severe pain. It is also used to
induce sedation.

For intravenous administration, the initial dose is 25—50 mg every 2—-3 hours as necessary.
For intramuscular injection, 50-200 mg is given initially and repeated every 2—3 hours if
required. Ventilatory depression can be reversed with naloxone. Other side effects include
histamine release, hypotension, nausea and vomiting, hallucinations, psychosis, and
seizures.

C. Fentanyl
Fentanyl, a highly lipid—soluble synthetic opioid agonist, crosses the blood—brain barrier

easily. It is 75—125 times more potent than morphine as an analgesic. It has a rapid onset
of action (< 30 seconds), a short duration of effect, a plasma half-life of 90 minutes, and
an elimination half—time of 180—-220 minutes. Initially, fentanyl is redistributed to inactive
tissue sites such as fat and muscle. It is eventually metabolized extensively in the liver
and excreted by the kidneys.

When fentanyl is administered in repeated doses or by continuous infusion, progressive
saturation occurs. As a result, the duration of analgesia—as well as ventilatory
depression—may be prolonged. Fentanyl does not cause histamine release and is
associated with a relatively low incidence of hypotension and myocardial depression. It
has been widely used in balanced anesthesia for cardiac patients.

Fentanyl is indicated for short painful procedures such as orthopedic reductions and
laceration repair. The initial intravenous dose is 2-3 ug/kg over 3-5 minutes for analgesia.
The dosing interval is 1-2 hours. A reduced dose and an increase in dosing interval may
be necessary in hepatic or renal diseases.

Ventilatory depression is a potential complication following fentanyl. Muscle rigidity,
difficult ventilation, and respiratory failure can develop and call for administration of
naloxone.

D. Sufentanil
Sufentanil, a thienyl analog of fentanyl, has high affinity for opioid receptors and an



analgesic potency five to ten times that of fentanyl. Its lipophilic nature permits rapid
diffusion across the blood—brain barrier followed by quick onset of analgesic effect. The
effect is terminated by rapid redistribution to inactive tissue sites. Repeated doses of
sufentanil can cause a cumulative effect. Sufentanil has an intermediate elimination
half—time of 150 minutes and a smaller volume of distribution. It is rapidly metabolized by
dealkylation in the liver. Metabolites are excreted in urine and feces.

Sufentanil is given intravenously in doses of 0.1-0.4 ug/kg to produce a longer period of
analgesia and less depression of ventilation than a comparable dose of fentanyl. Sufentanil
may cause bradycardia, decreased cardiac output, and delayed depression of ventilation.

E. Alfentanil

Alfentanil, a highly lipophilic narcotic, has a more rapid onset and a shorter duration of
action than fentanyl. The onset of action after intravenous administration is 1-2 minutes.
Because of the agent’s low pH, more of the nonionized fraction is available to cross the
blood—brain barrier. The serum elimination half-life of alfentanil is about 30 minutes
because of redistribution to inactive tissue sites and metabolism. The drug is metabolized
in the liver and excreted by the kidney.

Continuous intravenous infusion of alfentanil does not lead to a significant cumulative
effect. Alfentanil does not cause histamine release and thus tends not to cause
hypotension and myocardial depression. It can be used in patients with chronic
obstructive pulmonary disease or asthma. Respiratory depression can occur with large
doses.

The initial dose for intravenous injection is 10—15 ug/kg over 3-5 minutes, repeated every
30 minutes as needed. For maintenance, continuous infusion is given at a rate of 25—-150
ug/kg/h. Reduction of dosage and increase in dosing interval are required in hepatic and
renal dysfunction. Muscle rigidity and respiratory depression may develop following
administration of alfentanil.

Opioid Agonist—Antagonists

Opioid agonist—antagonists bind to opioid receptors and produce limited pharmacologic
responses to opioids. They are effective analgesics but lack the efficacy of subsequently
administered opioid agonists. The advantage of this group of drugs is the ability to provide
analgesia with limited side effects, including ventilatory depression and physical
dependence.

A. Butorphanol

Butorphanol, acting on different opioid receptors, has agonist and antagonist effects. It
may be used for control of acute pain. However, in comparison with equianalgesic doses
of morphine, it may cause similar ventilatory depression. It is metabolized in the liver to
an inactive form that is largely eliminated in the bile. The onset of analgesia is within 10
minutes following intramuscular injection; peak activity is within 30—60 minutes; and the
elimination half-life is 2.5-3.5 hours. Following intravenous doses, butorphanol may
increase mean arterial pressure, pulmonary wedge pressure, and pulmonary vascular
resistance. It is useful for postoperative or traumatic pain of moderate or severe degree.

For the average adult, the usual intravenous dose is 0.5—-2 mg every 3—4 hours as
required. Butorphanol may also be given by intramuscular injection in a dosage of 1-4 mg
every 3—4 hours as indicated. Side effects include dizziness, lethargy, confusion, and
hallucinations. Butorphanol may increase the cardiac workload, which limits its usefulness
in acute myocardial infarction or coronary insufficiency and congestive heart failure.

B. Buprenorphine
Buprenorphine, is derived from the opium alkaloid thebaine. It has 50 times the affinity of
morphine for the mu receptors and is a powerful analgesic drug. It is highly lipid—soluble




and dissociates slowly from its receptors. After intramuscular administration, analgesia
occurs within 15—30 minutes and persists for 6—8 hours, with a plasma half-life of 2—3
hours. Two—thirds of the drug is excreted unchanged in the bile and one—third in the urine
as inactive metabolites. A buprenorphine dose of 0.3—0.4 mg is equivalent to 10 mg of
morphine.

Buprenorphine is indicated for the control of moderate to severe pain such as that of
myocardial infarction, cancer, renal colic, and postoperative or posttraumatic discomfort.
For intramuscular or intravenous administration, 0.3-0.4 mg of buprenorphine is given
every 6—8 hours as needed. Drowsiness, nausea, vomiting, and depression of ventilation
are common side effects. The duration of ventilatory depression may be prolonged and
resistant to antagonism with naloxone.

OPIOID ANTAGONISTS

Pure opioid antagonists act by a competitive mechanism in which they bind to receptors,
making them unavailable to the agonist. Naloxone is the single agent used clinically.

Naloxone

Naloxone, a synthetic congener of oxymorphone, competitively displaces opioid agonists
from the mu receptors and thus reverses opioid—induced analgesia and ventilatory
depression. Following intravenous administration, naloxone has a rapid onset of effect
(within 2 minutes) and a relatively short duration of action (30-45 minutes). For this
reason, repeated doses or continuous infusions are usually required for sustained
antagonist effects. Naloxone is metabolized in the liver by conjugation, with an elimination
half-life of 60—90 minutes. Naloxone is most commonly used for the treatment of
opioid—induced ventilatory depression and opioid overdosage.

Intravenous doses of 1-4 ug/kg are given to reverse opioid—induced ventilatory
depression. Boluses of 0.4-2 mg (intravenously, intramuscularly, or subcutaneously) may
be repeated every 2—-3 minutes up to a total dose of 10 mg. Continuous infusion of 5
ug/kg/h may reverse ventilatory depression without affecting analgesia.

Reversal of analgesia, nausea, and vomiting can occur following naloxone administration
when given to antagonize ventilatory depression. Larger doses of naloxone have been
associated with increased sympathetic activity manifested by tachycardia, hypertension,
pulmonary edema, and cardiac arrhythmias.

HALOPERIDOL

Haloperidol, a butyrophenone antipsychotic agent, produces rapid tranquilization and
sedation of agitated or violent patients. The mechanism of action is unclear, though it may
be related to antidopaminergic activity. Onset of action is 5—20 minutes when haloperidol
is given intravenously or intramuscularly. Peak action is at 15—45 minutes, though the
duration of effect is highly variable (4-12 hours). Haloperidol is metabolized in the liver
and excreted through the kidneys. The plasma half-life is 20 hours. Haloperidol causes
few hemodynamic or respiratory changes.

For control of agitated patients, administration begins with intravenous or intramuscular
doses of 1-2 mg. This dosage can be increased to 2-5 mg every 8 hours. The dose may
be doubled every 30 minutes until the patient is calmed. Maintenance dosage depends on
individual response. As much as 50 mg over 1-2 hours has been used.

Haloperidol can cause extrapyramidal reactions and is absolutely contraindicated in
patients with Parkinson's disease. Other complications include neuroleptic malignant
syndrome, hypotension, seizures, and cardiac arrhythmias. Haloperidol may also



antagonize the renal diuretic effect of dopamine.

INTRAVENOUS ANESTHETICS
Propofol

Propofol, an isopropylphenol, is increasingly used for sedation and induction of general
anesthesia. Following intravenous administration, it produces unconsciousness within 30
seconds. In most cases, recovery is more prompt and complete than recovery from
thiopental and without residual effect. Redistribution and liver metabolism are responsible
for rapid clearance of propofol from the plasma. Elimination seems not to be affected by
renal or hepatic dysfunction. The plasma half-life is 0.5—-1.5 hours. Propofol has been used
by continuous infusion without excessive cumulative effect. Hemodynamically, it may
cause hypotension, especially in hypovolemic or elderly patients or those with heart
failure. Propofol can produce transient ventilatory depression or apnea following rapid
intravenous boluses.

In the ICU, propofol may be used for brief procedures such as cardioversion, endoscopy,
and endotracheal intubation and for sedation of agitated, anxious patients. The dosage for
sedation is 1-3 mg/kg/h; for anesthesia, the dosage is 5—15 mg/kg/h.

Propofol may cause ventilatory and cardiovascular depression, particularly if given rapidly
or in large amounts. It has been noted to increase the prothrombin time.

Ketamine

Ketamine, a phencyclidine derivative, produces dissociative anesthesia with profound
analgesia and hypnosis. In contrast to inhalation anesthetics, ketamine is characterized by
slightly increased skeletal muscle tone, normal pharyngeal and laryngeal reflexes with a
patent airway, and cardiovascular stimulation secondary to sympathetic discharge. It has
a rapid onset of action (intravenously, < 1 minute; intramuscularly, 15-30 minutes). Its
volume of distribution is 3 L/kg and its distribution half-life is 15-45 minutes. Ketamine is
eliminated by hepatic biotransformation, with a plasma half-life of 2—-3 hours. With doses
lower than those needed for dissociative anesthesia, ketamine induces analgesia
comparable to that achieved with the opioids. It also produces bronchodilation.

In the ICU, ketamine is useful as a sole anesthetic or analgesic agent for relatively short
diagnostic and surgical procedures that do not require muscle relaxation. It has been used
for treatment of persistent status asthmaticus. It is one of the agents of choice for the
care of burn patients. An intravenous dose of 2 mg/kg or an intramuscular dose of 10
mg/kg may be used to produce surgical anesthesia. For maintenance, 10-30 ug/kg/min is
given by continuous infusion. Ketamine at a dosage of 0.2-0.3 mg/kg produces analgesia
with little change in the level of consciousness. It is particularly useful in patients who
have cardiovascular depression and are in constant pain.

Transient emergence hallucinations, excitement, and delirium have been associated with
ketamine administration in 5—30% of patients. Stimulation of the cardiovascular system
may cause tachycardia, hypertension, and increased myocardial oxygen consumption.
Other side effects include nystagmus, nausea, paralytic ileus, increased skeletal muscle
tone, and slight elevation in intraocular pressure. Severe respiratory depression or apnea
may occur following rapid intravenous administration of high doses. Ketamine is
contraindicated in patients with increased intracranial pressure because it augments
cerebral blood flow and oxygen consumption.
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MALIGNANT HYPERTHERMIA

5 ESSENTIALS OF DIAGNOSIS

- History of exposure to agents known to trigger malignant hyperthermia.

- Development of muscle rigidity.

- Signs of hypermetabolic activity with hyperthermia.

- Confirmation by muscle biopsy with caffeine—halothane contracture test.

General Considerations

Malignant hyperthermia is a syndrome characterized by a paroxysmal fulminant
hypermetabolic crisis in both skeletal and heart muscle. Massive heat is generated and
overwhelms the body’s normal dissipation mechanisms. It is a complication uniquely
associated with anesthesia. Almost any anesthetic agent or muscle relaxant may trigger
malignant hyperthermia. Halothane and succinylcholine are the most common offenders.
Malignant hyperthermia can occur at any time perioperatively—before, during, or after the
induction of anesthesia.

The incidence of malignant hyperthermia is difficult to assess because of various regional
distributions. It is estimated to occur in 1:50,000 adults and 1:15,000 children undergoing
general anesthesia.

Pathophysiology

Malignant hyperthermia is a genetically predisposed syndrome transmitted as an
autosomal dominant with reduced penetrance and variable expressivity. The precise cause
has not been fully elucidated. The central pathophysiologic event is a sudden increase in

intracellular Ca2* concentration in skeletal and perhaps also cardiac muscles triggered by
causative agents. This may be due to any of the following mechanisms, singly or in

combination: increased release of Ca2* from the sarcoplasmic reticulum, inhibition of
calcium uptake in the sarcoplasmic reticulum, defective accumulation of calcium in
mitochondria, excessive calcium influx via a fragile sarcolemma, and exaggeration of
adrenergic activity.

The excessive myoplasmic calcium activates ATPase and phosphorylase, thus causing
muscle contracture and a massive increase in oxygen consumption, CO, production, and
heat generation. The toxic concentrations of calcium within mitochondria uncouple
oxidative phosphorylation that leads to increased anaerobic metabolism. The production
of lactate, CO, and heat is accelerated. Membrane permeability increases when the ATP

level eventually falls. This allows K, Mg2+, and PO42_ to leak from and calcium to flow
into myoplasm. As a result, severe respiratory and metabolic acidosis develops followed
by dysrhythmias and cardiac arrest. Rhabdomyolysis, hyperkalemia, and myoglobinuria are
common consequences of muscle damage.



Clinical Features

A. Symptoms and Signs

Unexplained tachycardia (96%) and tachypnea (85%) are usually the earliest and most
consistent—but nonspecific—signs of malignant hyperthermia. The patient may also
present with profuse sweating, hot and flushed skin, mottling and cyanosis, arrhythmias,
and hypertension or hypotension. During anesthesia, the canister of CO, absorbent is

overheated. Evidence of increased muscle tone may appear in the form of marked
fasciculations or sustained muscle rigidity.

A rapid rise of body temperature (1 ° C per 5 minutes) is a classic but relatively late sign.
The magnitude and duration of fever directly affect the mortality rate. Conventionally, the
diagnosis of malignant hyperthermia is based on the clinical triad of (1) a history of
exposure to an agent or stress known to trigger the episode, (2) development of muscle
rigidity, and (3) signs of hypermetabolic activity with hyperthermia. However, 20% of
patients may never manifest any perceptible hyperthermia or muscle rigidity. Signs of
pulmonary edema, acute renal failure, myoglobinuria, disseminated intravascular
coagulation, and cardiovascular collapse may occur subsequently.

B. Laboratory Findings

Respiratory and metabolic acidosis with hypercapnia is the characteristic finding on
arterial blood gas analysis. Clinically, a sudden marked increase in end-tidal CO, is the
best early clue to the diagnosis. Hypoxemia, hyperkalemia, hypermagnesemia,
myoglobinemia, hemoglobinemia, and increases in lactate, pyruvate, and creatine kinase
may be seen.

C. Special Tests
The diagnosis can be confirmed by muscle biopsy with the caffeine—halothane contracture
test. Clinically, rapid resolution after treatment with dantrolene is highly suggestive.

Complications

Treatment

Early diagnosis and prompt drug treatment cannot be overemphasized. To be effective,
dantrolene must be given before tissue ischemia occurs. Hyperthermia must be controlled
as quickly as possible. Standard supportive and cooling measures should be started
immediately and simultaneously with administration of dantrolene.

The treatment of malignant hyperthermia should proceed as follows:

(1) Immediately discontinue all possible triggering agents if any are still in use.

(2) Perform intubation and start hyperventilation with 100% oxygen.

(3) Initiate active cooling by internal and external measures; use intravenous refrigerated
saline, iced saline lavage of the stomach or rectum, surface cooling with a thermal
blanket, ice or alcohol, and fans.

(4) Dantrolene sodium is the only specific drug for treatment of malignant hyperthermia. A
hydantoin derivative, it acts by inhibiting the release of calcium from sarcoplasmic

reticulum. Intravenous dantrolene should be started at a rate of 1-2 mg/kg. Repeat the
same dose every 15-30 minutes up to 10-20 mg/kg, if necessary, until signs of



improvement become evident. Response is indicated by slowing of the heart rate,
resolution of arrhythmia, relaxation of muscle tone, and decline in body temperature.
Because retriggering may occur, dantrolene should be continued for 24-48 hours.

(5) Fluid resuscitation, diuretics, procainamide, and bicarbonate should be used as
indicated.

(6) Continue to monitor the patient closely.
Prognosis

The mortality and morbidity rate, high 2 decades ago (70%), is now much lower (10%)
because of earlier diagnosis and effective treatment.
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Table 5—1. Commonly used anesthetics.

Half-Life Maximum
(hours) Single Dose
35 3 mg/kg
Etidocaine Epidural, caudal, 1.6
infiltration, nerve block
Mepivacaine Epidural, caudal, Esters

infiltration, nerve block Procaine

45 (7! mg/ke

Spinal, infiltration, nerve
block
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Table 5—2. Commonly used muscle relaxants.

Time of

Loading Dose Onset Complications
1-2 mg/kg 0.5-1 min Vagolytic, prolonged
0.1 mg/kg 3 min Minimal histamine

release

0.5 mg/kg 1.5-2 min Weak histamine release
0.1 mg/kg 2-3 min None
0.05 mg/kg 4 min None
0.15 mg/kg 3 min None
0.15 mg/kg 2 min Weak histamine release
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Table 5—-3. Commonly used benzodiazepines.

Intravenous Diazepam 4-6 hours
Dose
0.04 mg/kg Midazolam 0.5-2 hours
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Table 5—4. Commonly used intravenous opioids.

Usual Initial Morphine 2-3 hours
Intravenous
Dose
25-50 mg/kg Fentanyl 0.5-1 hours
0.1-0.4 pg/kg Alfentanil 30 minutes
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Table 5-5. Late complications of malignant hyperthermia.
Complication

Increase in myocardial oxygen
consumption, decrease in
myocardial contractility,
decrease in cardiac output,
hypotension, dysrhythmia, and
cardiac arrest.

Pulmonary edema.

Cerebral edema and hypoxia,
convulsion ,of, coma, brain
death, and increased
sympathetic activity.

Acute renal failure,
myoglobinuria, and
hemoglobinuria.

Disseminated intravascular
coagulopathy, hemolysis.

Increased hepatic enzyme
activity.

Muscle edema and necrosis.
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6. Nutrition — John A. Tayek, MD
NUTRITION & MALNUTRITION IN THE CRITICALLY ILL PATIENT
INTRODUCTION

In the critically ill patient, nutritional status plays a key role in recovery. The extent of
muscle wasting and weight loss in the ICU is inversely correlated with long—term survival.
However, because conventional parenteral nutritional therapy of malnourished critically ill
patients has not been demonstrated to produce anabolism, blunting of the catabolic state
may be the more effective strategy. The use of conventional nutritional support and the
role of newer nutritional adjunctive techniques utilized in the critical care setting will be
discussed in this chapter.

METABOLIC & NUTRITIONAL CHANGES DURING CRITICAL ILLNESS

Acute Phase Response

The acute phase response to sudden illness or trauma is one of the most basic features
of the body’s defenses against injury. Phylogenetically, this response could be considered
the most primitive one that occurs, and it is similar for insults due to trauma, burns, or
infections. It includes alterations in amino acid distribution and metabolism, an increase in
acute phase globulin synthesis, increased gluconeogenesis, reductions in serum iron and
zinc levels, and increased serum copper and ceruloplasmin levels. Fever and negative
nitrogen balance follow as a consequence of these changes.

Changes in levels of cytokines and hormones occur as part of the acute response. For
example, an infectious process in the lung will attract monocytes that will be transformed
into macrophages at the site of infection. These macrophages will secrete proteins known
as cytokines and other peptides that attract other white blood cells and initiate the
inflammatory response common to many types of injury. These cytokines include tumor
necrosis factor—a (TNFa) and interleukins 1-16. TNFa and other cytokines circulate to the
liver, where they inhibit albumin synthesis and stimulate the synthesis of acute phase
proteins, including (1) C—reactive protein, which promotes phagocytosis and modulates
the cellular immune response; (2) al—antichymotrypsin, which minimizes tissue damage
from phagocytosis and reduces intravascular coagulation; and (3) a2—-macroglobulin, which
forms complexes with proteases and removes them from circulation, maintains antibody
production, and promotes granulopoiesis. TNFa and some of the interleukins also circulate
to the brain, where they are responsible for induction of fever and initial stimulation of
adrenocorticotropic hormone release with a subsequent rise in serum cortisol. Recent
data from studies of cultured fetal adrenal cells suggest that TNFa can inhibit the P450
enzymes responsible for cortisol synthesis, thereby inhibiting the overall cortisol response
in acute injury or severe sepsis.

Hormonal Changes

A. Insulin Resistance

As a result of severe injury, many patients develop the syndrome of insulin resistance
with hyperglycemia even though they had no history of diabetes prior to the injury. Both
the injury response and the septic state are associated with a decrease in whole body
glucose oxidation and an increase in the fasting hepatic glucose production rate.
Conversely, both the injury response and the septic state are associated with an increase
in fatty acid oxidation and plasma fatty acid appearance rates. Triglyceride hydrolysis is
much greater than fat oxidation, so that albumin—bound fatty acids are used partially for
energy production but most are utilized for reesterification of substrate back to




triglyceride.

The rise in serum cortisol is one of the many factors responsible for the development of
insulin resistance. Insulin resistance is easy to diagnose because the injured patient will
develop an elevated blood glucose level (> 160 mg/dL) while being provided with a modest
amount of glucose solution or during usual alimentation, either enterally or parenterally. In
addition to cortisol, elevations in catecholamines, glucagon, and growth hormone in the
injured patient also contribute to the development of insulin resistance. Increased
catecholamine levels are a direct response to the injury via secretion of these hormones
by the adrenal gland and sympathetic ganglia throughout the body. Glucagon levels
increase in response to the injury. Like the glucagon response, the increase in growth
hormone secretion is not well understood, but it occurs in most types of injury. Growth
hormone is known to be a potent inhibitor of glucose uptake in skeletal muscle and may
be one of the major contributors to the insulin resistance that occurs as part of the injury
response. Growth hormone may also increase hepatic glucose production. One possible
cause of the increase in growth hormone is a reduction in insulin—like growth factor—1
(IGF-1) levels in the critically ill patient. Reduced levels of IGF-1 would, via the feedback
loop to the pituitary, increase growth hormone secretion and, together with exogenous
glucose administration, cause hyperglycemia. A decrease in IGF—1 is not always noted in
severe injury, so that abnormalities in IGF—binding proteins or other factors may be
responsible for the elevated growth hormone levels noted in injury.

B. Thyroid Hormones
As a normal response to injury, the body’s ability to convert the stored form of thyroid
hormone, thyroxine (T,), into the active form, triiodothyronine (T3), becomes impaired.

There is increased conversion of T4 to an inactive thyroid hormone known as reverse T3
(rT3) rather than T3. This may have evolved as an energy—saving response during severe
injury or illness to reduce the known contribution of T3 to increased resting energy
expenditure. Thus, the syndrome of low T3 (“sick euthyroid syndrome”) seen in acute
illness is an adaptive strategy that reduces the normal effects of T3 on resting energy
expenditure.

In clinical trials, normalization of T3 values by replacement of thyroid hormone in critically
ill patients has had no beneficial effect on clinical outcome.

Catabolism & Urine Urea Nitrogen

As part of the injury response resulting in protein breakdown, critically ill adult patients
may lose about 16-20 g of nitrogen (in the form of urea) in the urine per day—compared
with about 10-12 g/d in normals. In some septic patients, losses have been noted to be
as high as 24 g of urinary urea nitrogen per day. The loss of 1 g of urinary urea nitrogen is
equal to the nitrogen contained in 6.25 g of protein. This amount of protein is equal to
approximately 1 oz of lean body mass. As one can calculate, the loss of 16 g of nitrogen
as urinary urea is therefore equal to the loss of about 1 Ib of skeletal muscle or lean body
mass per day.

Specific areas of lean body mass loss may result in functional impairment of the
respiratory muscles (including the diaphragm), heart muscle, and gastrointestinal mucosa,
thus contributing to the development of respiratory failure, heart failure, and diarrhea.
Rapid development of malnutrition can occur in the critically ill patient as a result of
these large daily losses of lean body mass. The patient who enters the ICU at 100% of
ideal body weight (IBW) will usually not survive a weight loss greater than 30%. However,
because large changes in intravascular and extravascular fluid may occur in critically ill
patients, body weight needs to be correlated with loss in lean body mass (estimated from
urinary creatinine) to confirm that any weight changes are not just due to changes in fluid
volume.



The injury response is associated with an increase in both protein synthesis and protein
degradation as determined by either stable or radioactive amino acid tracer infusion
studies. In contrast to increased whole body protein synthesis, skeletal muscle protein
synthesis is usually reduced, so that the increased whole body protein synthesis may be
due to production of acute phase proteins, leukocytes, complement, and immunoglobulins.
Leukocytes have a 4— to 6—hour half-life during infection, so that adequate nutritional
support is important for their replacement and function. It has been estimated that the
average adult can break down and resynthesize up to 400 g of protein per day.

Conventional Total Parenteral Nutrition & Loss of Lean Body Mass

It has been demonstrated that conventional total parenteral nutrition (TPN) given at a
rate of 39 kcal/kg/d and 1.8 g/kg/d of protein did not stop the loss of lean body mass in
acute illness. Despite this aggressive feeding regimen, critically ill patients lost an average
of 24 g of nitrogen (1.5 Ib of lean body mass) per day over a 10—day period, resulting in a
15-Ib loss of lean body mass. These patients were able to increase the fat content of
their bodies by about 5 Ib over this same period, but they were unable to increase lean
body mass. It was concluded that conventional TPN in this study was able to ameliorate
the overall nitrogen and lean body mass loss but was not able to produce a net protein
anabolism. Because of the inability of conventional TPN to stop progressive loss of lean
body mass in acute illness, several anabolic agents (insulin, anabolic steroids, and growth
hormone) are currently being studied to see if they can prevent the loss of lean body
mass and its functional consequences.

NUTRITIONAL ASSESSMENT & PREDICTION OF OUTCOME

Nutritional Markers

Conventional nutritional assessment in the critically ill patient is of limited value. Daily
weights in critically ill patients are helpful more for the determination of fluid changes and
less for the determination of actual loss of lean body mass. The 24—hour urine urea
nitrogen measurement is the single best determination of the severity of the injury
response, but it cannot be used in those who have oliguric renal failure. Daily
measurement of urine urea nitrogen is inexpensive and provides a good marker of
catabolism that may not be detected from systemic signs such as tachycardia, tachypnea,
or fever. Unfortunately, the severity of the catabolic response to injury is the same in
malnourished and nonmalnourished patients. Therefore, the absolute urine urea nitrogen
content does not indicate who is initially more malnourished.

Serum Albumin

The serum albumin level is one of the best predictors of malnutrition because it provides
the clinician with an index of visceral and somatic protein stores in most medical
illnesses. Exceptions include anorexia nervosa, severe edema, and congenital
analbuminemia (rare). However, the serum albumin level rarely increases during most
hospital stays because of albumin’s 21-day half-life. Thus, while serum albumin is a
marker of initial nutritional status, serum transferrin (7-day half-life) responds more
rapidly to nutritional support, and serum transferrin is preferred for sequential
measurements.

Albumin is a 584—amino—acid protein with a net negative charge of 19, permitting
transport of many compounds. A large portion of the plasma’s calcium, magnesium, zinc,
bilirubin, many drugs (anticoagulants, antibiotics, etc.), and free fatty acids are transported
bound to albumin. Approximately 40% of whole body albumin reserves (4-5 g/kg) are
intravascular, and albumin is responsible for about 76% of the colloid oncotic pressure of
the plasma. Patients with normal serum albumin levels have less wound edema, and the



inflammatory phase of wound healing is shortened.

A. Causes of Hypoalbuminemia

Except for the rare patient with analbuminemia, hypoalbuminemia results from an increase
in plasma volume; an increase in skin, urine, or stool losses of albumin; an increase in
albumin degradation, or a reduction in albumin synthesis. Bed rest is associated with an
approximately 7% increase in plasma volume and an equal reduction in serum albumin. In
patients who are hypoalbuminemic, plasma volume can increase by 18% with bed rest.
Because the skin stores approximately 20% of the total albumin mass, excessive losses of
albumin occur with burns and subsequent exudative losses. Massive losses of protein can
occur in the nephrotic syndrome, in which 60% to as much as 90% of the protein lost in
the urine is albumin. Gastrointestinal losses of protein can vary markedly, and the amount
of albumin normally degraded and lost in the stool is not known. A third factor
contributing to the development of hypoalbuminemia is impaired albumin synthesis in the
liver. Albumin is synthesized in the hepatocyte as a larger precursor, preproalbumin,
containing 24 additional amino—terminal amino acids referred to as the “signal peptide.”
The preproalbumin undergoes two sequential cleavages within the rough endoplasmic
reticulum within 3—6 minutes after initial formation and is transported to the Golgi
apparatus within 15—-20 minutes for subsequent vesicular release. Albumin synthesis is
inhibited by severe protein and calorie deprivation, ethanol, severe liver disease,
malabsorption, early forms of injury, burns, infections, cancer cachexia, and aging.

B. Albumin Synthesis

The rate of albumin synthesis (normally 150 mg/kg/d) is stimulated by (1) reduction in
colloid oncotic pressure; (2) antibiotic treatment; (3) glucocorticoid therapy in cirrhosis;
and (4) amino acid administration. Albumin synthesis was increased to 350 mg/kg/d in a
small group of patients with idiopathic tropical diarrhea following 2 weeks of tetracycline
therapy. In a small group of patients with cirrhosis, prednisolone, 60 mg daily for 2 weeks,
was associated with an increase of albumin synthesis from 130 mg/kg/d to 260 mg/kg/d.

In one study, albumin synthesis is more stimulated (240 mg/kg/d) after 300 kcal of amino
acid administration than after 400 kcal of glucose administration (160 mg/kg/d).
Furthermore, albumin synthesis is higher (360 mg/kg/d) when providing a total of 700
kcal/d rather than only 300 kcal/d (albumin synthesis rate 240 mg/kg/d) for the same
protein intake (1 g/kg/d).

There is a positive correlation between albumin synthesis rate and serum concentrations
of leucine, isoleucine, valine, and tryptophan. It appears that the albumin synthesis rate in
cancer cachexia is also responsive to isonitrogenous amounts of a branched chain—
enriched amino acid solution. In one study, cancer patients increased albumin synthesis
from 100 mg/kg/d to 190 mg/kg/d as a result of increased administration of leucine,
isoleucine, and valine (branched chain amino acids). These observations imply that
providing a diet rich in tryptophan, leucine, isoleucine, and valine may stimulate albumin
synthesis.

Nutritional Predictors of Outcome

date have shown that a below—normal serum albumin level can be used to predict disease
outcome in many groups of patients. Thirty—day mortality rates for a total of 2060
consecutive medical and surgical admissions were reported at a Veterans Affairs hospital.
The investigators found that 24.7% of the patient population had a low albumin, defined as
= 3.4 g/dL. The 30-day mortality rate for hypoalbuminemic patients was 24.6%, as
opposed to 1.7% in patients with normal serum albumin levels. The investigators also
demonstrated an excellent correlation between serum albumin levels and 30—day mortality
rates. A 1 g/dL drop in serum albumin levels (eg, from 3.5 g/dL to 2.5 g/dL) translated
into a 33% increase in mortality risk. Patients with an average albumin level of 1.8 g/dL
had a mortality rate of 65%. It is interesting to note that 15 hypoalbuminemic patients in



this study were provided with TPN, and only one of these patients died (7% mortality
rate).

The relationship between albumin concentration and mortality is not linear. In 13,473
patients on hemodialysis, for example, mortality increased in an exponential fashion as
serum albumin decreased. If one set the risk for death equal to 1 at an albumin of 4.25
g/dL, then the risk for death (odds ratio) increases 12.8—fold for patients with an albumin
< 2.5 g/dL. In contrast, the odds ratio for death falls to 0.47 if serum albumin

concentration > 4.4 g/dL. A simplified formula for estimating risk of death is:
128/(a|bumin3), where albumin is in grams per deciliter. An albumin of 4 g/dL has a

a large group (54,215) of preoperative patients, there was also an exponential increase in
30—day mortality as albumin decreased. For example, 30—day mortality was 1% in patients
with normal concentration (albumin > 4.6 g/dL), and mortality increased to 29% with an
albumin of < 2.1 g/dL.

An APACHE II score of 20 at the author’s institution is associated with an approximately
50% mortality rate. However, APACHE Il is poor at predicting outcomes in malnourished
patients who are receiving parenteral nutritional support. APACHE III, a later version of
this ICU prognostic scoring system, includes serum albumin as a variable, thereby
factoring in the presence or absence of malnutrition.

In addition to the use of serum albumin, the patient’s caloric intake predicts survival.
Patients provided with an adequate caloric intake (1632 kcal/d versus 671 kcal/d) have
an eightfold reduction in mortality (11.8% versus 1.5%). At the same albumin concentration
(< 3 g/dL), survival is longer in those who have a normal caloric intake. This is also true
for patients with advanced liver cirrhosis.

In summary, APACHE III score, serum albumin concentration, and caloric intake in
critically ill patients provide the clinician with tools to help predict recovery or demise.
Albumin levels should be monitored at regular intervals (weekly), and caloric intake should
be determined daily in patients who are ill and at risk for malnutrition. Once
hypoalbuminemia is documented, it is not an ideal indicator of nutritional repletion, since it
returns to normal slowly (half-life 21 days) and lags behind other laboratory indices of
nutritional status such as transferrin (half-life 7 days), prealbumin (half-life 1 day), IGF-1
(half-life 20 hours), and retinol-binding protein (half-life 4 hours). Albumin replacement
itself does not reverse the metabolic process that the hypoalbuminemic state represents.
The reduced level of protein reserves in the patient and the severity of the metabolic
injury are the two most important determinants of serum albumin level.

FEATURES OF MALNUTRITION IN CRITICAL ILLNESS
Symptoms & Signs

It is important to ask patients if they have been able to maintain appetite and body weight
over the last several months. A history of recent hospitalization is important because of
the common development of protein malnutrition during a hospital stay. Physical
examination should include an estimate of muscle mass, noting especially a loss of
temporalis muscle mass, “squaring off  of the deltoid muscle, and loss of thigh muscle
mass. Measurement of body weight should be standard on all ICU admissions, and weight
should be followed on a daily basis. Daily weights are facilitated in the ICU by use of beds
with built—in scales. Although it can be argued that body weight is not a good marker of
nutritional status in the ICU—and this may be true for many patients—body weight is also
useful as a marker of changes in fluid status.

Laboratory Findings



Up to 50% of hospitalized surgical and medical patients have either hypoalbuminemic
malnutrition or marasmic—type malnutrition. Hypoalbuminemic (protein) malnutrition is
diagnosed by finding reduced serum albumin, transferrin, prealbumin, or retinol-binding
protein levels. Serum albumin is most commonly used. Marasmic malnutrition is identified
in anyone who has lost 20% or more of usual body weight over the preceding 3—6 months
or who is at less than 90% of ideal body weight. Of these two types of malnutrition,
hypoalbuminemic malnutrition is the most common, and its presence in one study was
associated with a fourfold increase in dying and a 2.5—fold increased risk of developing a

a significant increase in mortality rate in a variety of types of patients and diseases.
Delayed Hypersensitivity

Delayed hypersensitivity as measured by skin testing is frequently abnormal or absent
(anergic) in patients with hypoalbuminemic malnutrition. When five appropriate antigens
are used for testing delayed hypersensitivity in such patients, failure to respond to more
than one antigen was associated with an 80% 2—year mortality rate compared with an
overall 35% mortality rate. In another study of over 500 patients, anergy was associated
with a fivefold increase in numbers of deaths in trauma patients and a sixfold increase in
those numbers in septic patients.

Lean Body Mass

The use of body weight as an index of muscle mass in ICU patients is very difficult
because of fluid shifts that occur in the extracellular compartment. Body weight can be
divided into three compartments: extracellular mass, lean body mass, and fat mass.
Extracellular fluid is known to increase as a result of critical illness even in well nourished
individuals, but the degree of increase in extracellular fluid is greater in the malnourished.
Much of this is accounted for by fluid shifts into the extracellular space because of
reduced plasma colloid oncotic pressure.

Lean body mass is the sum of skeletal muscle, plasma proteins, skin, skeleton, and
visceral organs, with the skin and skeleton accounting for 50% of the total. There are no
convenient markers to determine loss of nitrogen from skin or skeleton. The plasma
proteins account for only 2% of the lean body mass, but measurement of plasma proteins
can reflect the overall status of the lean body mass compartment. The viscera account
for about 12% of the lean body mass, and decreases in size of some organs (gut atrophy,
cardiac atrophy) are noted in critically ill patients. Unfortunately, there is no convenient
marker of loss of lean body mass from the visceral organs.

The skeletal muscles account for 35% of lean body mass and provide the major storage
area for amino acids needed during illness. Urinary creatinine is related to the size of the
skeletal muscle mass. A standard way to assess the size of the skeletal muscle mass is
to determine the creatinine—height index by collecting a 24—hour urine and comparing the
value to normal tables of creatinine excretion for age, sex, and height. A simpler way is to
divide the 24-hour creatinine excretion by the patient’s usual body weight obtained from
the history. The normal value for an adult man is 23 mg/kg of ideal body weight; the
normal value for a woman is 18 mg/kg. A creatinine—weight index 10% less than normal
would be consistent with a 10% loss in muscle mass. For example, if the usual weight for a
woman was 50 kg, her 24—hour urine collection should contain 900 mg of creatinine. A
value of 810 mg/24 h would reflect minimal loss of muscle mass. A value of 20% less than
normal would classify patients as having mild muscle loss; a 20—30% loss would classify
them as having a moderate loss; and a 30% or greater reduction in the 24—hour urinary
creatinine would document severe muscle loss. The most accurate estimates result from
measuring urinary creatinine over a 3—day period and repeating the measurements at
intervals to document the loss of muscle mass over an extended period of time. Dietary
creatine and creatinine intake has only a minor influence (< 20%) on urinary creatinine in
the normally fed individual, and dietary influences will be very small in most critically ill



patients. However, impairment of renal function reduces normal creatinine excretion and
excludes the creatinine—height or creatinine—weight index as a marker of muscle mass.

Vitamins & Minerals

Many of the vitamins and minerals act as cofactors for essential processes in health and
illness. The requirements for health have been well established and are published as the

ill patient are not well documented.

Reduced levels of vitamin C, vitamin A, copper, manganese, and zinc are associated with
poor wound healing. Abnormally low levels of minerals are known to occur as part of the
cytokine—mediated inflammatory response and may also occur secondary to poor oral
intake, increased requirements, and excessive urinary and stool losses in the critically ill
patient.

A. Folate

In large studies of critically ill patients, 12-52% have been noted to have reduce folate
levels. Not all of these will have folate deficiency because serum levels fall rapidly, despite
normal tissue stores, when folate intake is restricted. Alcohol intake has a similar effect
of falsely lowering folate levels. A prospective randomized clinical trial demonstrated that
critically ill patients given only replacement doses of approximately 0.3 mg/d of folate
continued to demonstrate decreased serum and red cell folate levels. A few of these
patients developed severe hematologic disturbances that were reversed with
administration of larger amounts of folate. Most of the patients who were given 50 mg of
folate per week and all of the patients given 5 mg of folate per day demonstrated an
increase in serum and red cell folate, and all patients who were initially deficient in folate
were restored to normal serum folate status.

B. Vitamin A and Vitamin C

Critically ill patients, especially those with sepsis, can have significant reductions in
plasma levels of vitamin A and vitamin C. A recent study in healthy elderly patients
demonstrated that approximately 20% have reduced vitamin C levels (< 0.5 mg/dL) and
10% have a reduced serum vitamin A level (< 33 ug/dL). The administration of multiple
vitamins and minerals containing 80 mg of vitamin C and 15,000 IU of vitamin A daily for 1
year resulted in a significant reduction in the number of days of infection—related illnesses
(48 = 7 to 23 = 5 days per year; mean = SEM). The multiple vitamin and mineral
supplement improved the lymphocyte response to phytohemagglutinin and the natural
killer cell activity. Vitamin A treatment in premature infants reduces the development of
chronic lung disease or death (from 62% to 55%).

While plasma levels of vitamin C do reflect whole body stores, plasma levels of vitamin A
may not be the best marker of actual deficiency states. Liver vitamin A measurements
may be a better marker. Patients who die of infectious diseases have an 18-35%
incidence of severe reduction of liver vitamin A. In other studies, serum vitamin A (retinol)
levels are low in 30—-92% of patients with serious infections. The mechanism for this loss
may be via excessive urinary losses of vitamin A. Patients with pneumonia, sepsis, and
severe injury can lose vitamin A (retinol) in the urine on a daily basis in an amount greater
than the recommended dietary intake of vitamin A (5000 IU vitamin A). In contrast to
what is noted in serious infections, trauma patients who die within 7 days after
hospitalization have only a 2% incidence of severe liver vitamin A deficiency.

Several prospective randomized clinical trials have demonstrated that the administration
of vitamin A to children who have measles or other infectious illnesses can reduce the
mortality rate by up to 50%. Similar data are not available for adults. Nevertheless,
because serum vitamin A levels are frequently reduced in critically ill patients who have
serious infections, critically ill patients should start receiving the RDA of vitamin A upon
admission.



In addition to the changes in folate, vitamin A, and vitamin C, excessive losses of several
other vitamins have been observed in patients receiving medications that interfere with

C. Magnesium
Normal levels for magnesium were determined by measuring serum magnesium in

hospitalized patients, some of whom were probably alcoholics. Hypomagnesemia occurs in
34-44% of patients receiving TPN. Severe depletion is associated with cardiac
arrhythmias and sudden death. Alcoholics are commonly found to have poor magnesium
intake and also to have excessive urinary magnesium losses. For this reason and because
of recent data on the antiarrhythmic effects of magnesium, the commonly used normal
values for serum magnesium levels should probably be increased from 1.7-2.3 mg/dL to
2-2.6 mg/dL. Isolated bacteremia in otherwise healthy men is associated with a 60 mg (5
meq) magnesium loss in the urine per day. Large losses can occur in conditions such as
ulcerative colitis, where the stool can contain up to 12 meq/L and urinary losses can be
as much as 25 meqg/d. Large urinary losses can also be seen in patients receiving
aminoglycosides, diuretics, and amphotericin B, to mention a few medications commonly
used in the ICU. Furthermore, large quantities of magnesium can be found in some of the

D. Phosphate
Hypophosphatemia occurs in 35—45% of patients receiving TPN. Severe hypophosphatemia

results in cardiac standstill and sudden death. Recent data have demonstrated rapid and
life—threatening reductions in serum phosphate associated with live—donor liver
transplantation. Phosphate is an intracellular anion that must be administered in very
large quantities to both the donor and the recipient. The profound hypophosphatemia is
probably due to the rapid regeneration of the liver that is known to occur over the first
few weeks after transplantation.

E. Zinc

Serum zinc levels drop as an early response to infection and injury. There are minor
tissue stores of zinc in skin, bone, and intestine, but zinc is redistributed to liver, bone
marrow, thymus, and the site of injury or inflammation in the critically ill patient. This
redistribution is mediated by IL—1 and other cytokines secreted from macrophages. In one
study of sepsis, low serum zinc (< 70 ug/dL) was found in 100% of patients. In burn injury,
approximately 60—70% of patients have a reduced serum zinc level. The administration of
approximately 50 mg of zinc a day to these patients was associated with normalization of
the zinc level after 3 weeks of feeding. A study in healthy elderly patients demonstrated
that approximately 15% have a reduced serum zinc level (< 67 ug/dL). The administration
of 14 mg of zinc per day for 1 year resulted in a significant reduction in the number of
days of infection—related illnesses (48 = 7 to 23 = 5 days per year; mean = SEM).

Zinc supplementation in the critically ill patient is needed for cell mitosis and cell
proliferation in wound repair. It has also been demonstrated that 600 mg of zinc sulfate
(136 mg of elemental zinc) orally daily will improve wound healing in patients who had a
serum zinc level upon admission of < 100 ug/dL. In this double—blind study, the healing
rate increased more than twofold in those randomized to receive zinc supplementation. In
note that intestinal fluids may contain up to 17 mg of zinc per liter, so that the
replacement rate of zinc should take into account the abnormal sources of zinc loss as
well as the routine nutritional requirements.

F. Copper
Serum copper and ceruloplasmin increase with severe injury or sepsis. Cytokines are

believed to be responsible for these changes. The reasons for these increases are not
known.



G. Iron

Serum iron levels fall as a result of the cytokine—mediated response to infection or injury.
The iron is stored in the Kupffer cells of the liver until the inflammation wanes. This is
probably a beneficial effect, since many microbes use iron as a source of energy.
Therefore, iron administration should be restricted in patients with serious infections, as
iron therapy in one double—blind study demonstrated an increase in infectious episodes. In
liver transplantation, patients who receive a liver high in iron concentration have an
increased incidence of fatal infections (24% versus 7%) and reduced 5-year survival rates
(48% versus 77%).

Engelman DT et al: Impact of body mass index and albumin on morbidity and mortality
after cardiac surgery. J Thorac Cardiovasc Surg 1999:118:866—73.

Gibbs J et al: Preoperative serum albumin level as a predictor of operative mortality and
morbidity: results from a National VA Surgical Risk Study. Arch Surg 1999:134:36—42.

Tayek JA et al: Improved protein kinetics and albumin synthesis by branched chain amino
acid—enriched total parenteral nutrition in cancer cachexia, a prospective randomized
crossover trial. Cancer 1986:58:147-57.

NUTRITIONAL THERAPY
ASSESSMENT OF NUTRITIONAL NEEDS

Catabolism in Critical Illiness

The best marker of catabolism is the determination of urine urea nitrogen loss that
occurs in the critically ill patient. Approximately 80% of the total urine nitrogen appears as
urinary urea nitrogen, and this test can be performed at the cost of a single urea
determination. A classification of catabolism is based upon the urine urea nitrogen loss
over a 24—hour period plus approximately 2 g of nitrogen lost as creatinine, creatine,
ammonia, and amino acids and approximately 2 g in skin, stool, and respiratory losses
(though losses > 2 g can occur in thermal injury and severe diarrhea). Urinary loss of less
than 6 g of urea nitrogen is normal; loss of 6—12 g/d is mild, 12-18 g/d moderate, and
more than 18 g/d is severe catabolism. As mentioned above, 1 g of urea nitrogen in the
urine is equal to 6.25 g of nonhydrated protein or 1 oz of lean body mass. Therefore, the
loss of 16 g of urea nitrogen in the urine per day is roughly equal to the loss of 1 Ib of
skeletal muscle per day. Although the mobilized amino acids that are broken down into
urea do not all come from the skeletal muscles, those muscles are the major source of
the amino acids utilized during the catabolic process that occurs in all critically ill patients
because they represent 50% of the fat—free body weight. In a patient with mild to
moderate catabolism, 12 g of urinary urea nitrogen loss plus 4 g of nitrogen loss from
other sources calls for replacement of about 100 g of nitrogen daily to maintain nitrogen
balance. For a 70-kg adult, this is approximately 1.5 g of protein (or amino acid)/kg/d. In
severely catabolic patients, protein requirements may be higher.

Energy Expenditure in the Critically Ill Patient

Resting energy expenditure (REE) is directly linked to lean body mass. REE is difficult to
determine precisely in the ICU without measuring oxygen consumption and carbon dioxide
production rates and without performing appropriate calculations for estimation of energy
expenditure. Various equations used to estimate REE without actual measurements are
not very accurate in critically ill patients. These equations, based on REEs in healthy
individuals, do, however, provide an approximation of the energy requirements. Using
these estimates, several authors have suggested that energy expenditure is increased by
30-100% above REE in critically ill patients. However, recent data based upon direct



measurements of energy expenditure in critically ill patients do not support the need for
higher estimates of energy requirements. Thus, more appropriate estimates would be
between 20% and 50% above predicted needs. A convenient estimate that takes REE and
added energy expenditure into account is to provide 30-35 kcal/kg/d (based on ideal
body weight) to patients with mild to moderately severe critical illness. In those with
severe pancreatitis, closed head injury, or thermal injury, caloric requirements may be
close to 40 kcal/kg/d.

Vitamins & Minerals

The recommended oral and intravenous vitamin intakes are listed in Table 6—2. The

exceptions to the routine intravenous amounts for both tables. These vitamin, mineral,
and trace mineral recommendations are for critically ill patients who do not have oliguric
renal failure or cholestatic liver disease. In acute oliguric renal failure, vitamins A and D
should be reduced or eliminated from the enteral or parenteral solutions. Potassium,
phosphorus, magnesium, zinc, and selenium should be reduced or eliminated. Iron and
chromium are known to accumulate in renal failure and should be removed from the
parenteral or enteral formulations.

Copper and manganese are excreted via the biliary tree, and intake should be reduced or
eliminated in patients with cholestatic liver disease to prevent toxicity. In comparison,
large amounts of electrolytes and minerals can be lost in gastrointestinal fluids and in

appropriate supplementation of the parenteral nutrition fluid.

ENTERAL & PARENTERAL NUTRITION

Choice of Enteral or Parenteral Feeding

In all clinical situations, if the gut is functional then the gut should be used as the route of
feeding. Gut atrophy predisposes to bacterial and fungal colonization and subsequent
invasion associated with bacteremia. Sepsis due to microbial translocation or endotoxin
translocation from the gut into the portal system is a frequent source of fever in those
who do not have an obvious source of infection. Utilization of the gastrointestinal tract
for feeding can reduce the incidence of bacterial translocation.

A recently published prospective randomized clinical trial of abdominal trauma patients
has demonstrated that the use of enteral nutrition is associated with maintenance of
serum albumin and a reduction in major infections from 20% to 3%. A study of over 200
abdominal trauma patients compared mortality rates of parenterally and enterally fed ICU
patients who had similar illness severity at admission. The group that could not tolerate
enteral feeding received total parenteral nutrition that averaged 35 kcal/kg/d and 1.2
g/kg/d of protein. The other group tolerated enteral feedings and received 30 kcal/kg/d
and 1.1 g/kg/d of protein. The overall mortality rate was significantly lower (51% versus
25%) in patients who tolerated enteral nutritional support. It appears that patients with
gastrointestinal intolerance may have a poorer clinical outcome even though they were
given appropriate parenteral nutritional support.

used since the majority of prospective studies have shown no benefit and one has shown
harm. However, recent evidence in malnhourished cancer patients demonstrated that
preoperative TPN reduces complications and may reduce mortality. Likewise,
postoperative TPN should not be routinely used since the majority of prospective trials
showed no benefit and some showed an increased rate of complications. This lack of
benefit and increased harm may be due to failure to maintain tight glucose control (< 110
mg/dL) in critically ill patients receiving TPN.



Enteral Nutrition

The feeding tube should be positioned in the small bowel up to the ligament of Treitz. This
is best achieved with the aid of fluoroscopy but can also be achieved by passage of the
feeding tube into the small bowel by a “corkscrew” technique after bending the distal tip
of the feeding tube to about 30 degrees with the wire stylet in place. Upon placement in
the stomach, the tube is rotated so that the tip can pass via the pylorus into the
duodenum. The infusion of enteral products into the small bowel will reduce the incidence
of aspiration because the infusion is below the pylorus. Patients with a cuffed
endotracheal tube have a smaller risk of aspiration, so that placement of a feeding tube
into the small bowel is less essential.

Supine patients had a 34% incidence of aspiration pneumonia, but the risk was only 8%
when patients were kept semirecumbent. The CDC recommends that ICU patients be
managed in this position to reduce the risk for nosocomial infections.

A. Protein

Protein is better absorbed in the peptide form than as free amino acids because of
specific transporters in the small intestines for amino acids, dipeptides, and tripeptides.
Supplementation of standard enteral feeding products with increased amounts of arginine
has been shown to enhance immune function, though published data in humans are very
limited. It is also important to point out that arginine is a precursor of nitric oxide, a
vasodilator substance that may be involved in mediating some of the effects of sepsis.
Branched chain—enriched amino acid enteral products have been shown to improve
mental function and reduce mortality rates in patients with hepatic encephalopathy.
Albumin synthesis is also stimulated by branched chain—enriched amino acids. However,
data to date do not demonstrate decreased morbidity or mortality rates in trauma or
sepsis patients randomized to receive branched chain—enriched amino acids as opposed
to conventional feeding.

B. Lipid

The lipid composition of enteral feeding products is becoming an important consideration
depending upon the type of disease. The use of omega—3 (fish oil) enriched fatty acids in
the enteral product has been associated with modification of the inflammatory response.
This effect may be related to increased arachidonic acid metabolism and decreased
omega—6 pathway fatty acid metabolism. Because most commercially available enteral
products that contain omega—3 fatty acids also have other additives such as arginine,
glutamine, and nucleotides, the benefits attributed to the use of an omega—3 enriched
fatty acid enteral diet await confirmation.

C. Enteral Feeding Products

A large variety of enteral feeding products are manufactured for use in the ICU and acute
medical care settings, including elemental formulas (amino acids, mono— and
oligosaccharides, and lipids), specialized products for certain critical care situations (renal
failure, liver failure), products containing fiber, and lactose—free nonelemental products
containing 1-2 kcal/ mL. These formulations vary in terms of ratio of nitrogen to
nonnitrogen calories, protein source, and concentration. They also vary in the amount and
source of fat, electrolyte concentration, and other constituents. Most hospitals select a
limited number of enteral feeding products for their formularies and have recommended
products for each clinical situation.

D. Recommended Enteral Feeding Formulas

Lactose—free formulas should be used for ICU patients. The infusion rate should not
exceed 30 kcal/h for the first 6—12 hours, and the rate should then be advanced as
tolerated. If the patient has a serum albumin < 2.5 g/dL, the enteral infusion rate should
be increased slowly (ie, every 24 hours).




The source of carbohydrate or protein appears not to be important except in patients
with hepatic encephalopathy, in whom a formula high in the branched chain amino acids
would be indicated. The addition of moderate amounts of glutamine may be helpful
because only a few formulas have added glutamine. Until additional data become available,
there are no specific recommendations for the source of fat calories in the enteral
feeding formula, such as omega—3 fatty acids, omega—6 fatty acids, or medium—chain
triglycerides.

Parenteral Nutrition

A. Central Versus Peripheral Parenteral Nutrition

The route of parenteral nutrition should be secondary to the principle of meeting the
individual patient’s calorie and protein goals. Peripheral parenteral nutrition (ie, given
through a peripheral vein) can be used in patients who can tolerate the daily 3—-L fluid
requirement necessary to obtain adequate calorie administration or in patients in the early
phase of enteral alimentation as a supplement. Currently, the permissible concentrations
of glucose, amino acids, and other nutrients delivered via peripheral vein alimentation are
limited by phlebitis caused by the high osmolality of the alimentation solution. Advances in
catheter technology may allow for peripheral administration of solutions of > 600 mosm/L
without damage to the vein. A solution of 900 mosm/L may be well tolerated and could
reduce the volume of peripheral alimentation fluid to 2 L/d. Even with this new
technology, patients requiring severe fluid restriction should receive central parenteral
nutrition (via a central venous catheter) using one of several fluid—restricted formulas

B. Placement of Catheters for Total Parenteral Nutrition

Central and peripheral venous catheters are composed of scarified polyvinylchloride,
standard polyvinylchloride, polyethylene, silicone, hydromer—coated polyurethane, standard
polyurethane, fluoroethylene, propylene, or Teflon. The lowest rate of thrombogenicity is
seen with the hydromer—coated polyurethane. The rate of thrombophlebitis is relatively
low when catheters are used in a central vein owing to the rapid rate of dilution of the
hyperosmolal solution. Peripheral venous access is associated with a higher rate of
thrombophlebitis, which is secondary to the high—osmolality solution infused into a small
vein. The size of the peripheral catheter is important, with the larger catheters having a
more frequent rate of thrombophlebitis. Recent data would suggest that the use of a
small silicone—coated catheter may increase the life span from 2 days to 5 days when
infusing a fluid of very high osmolality through a peripheral vein. Osmolality above 900
mosm/kg is not recommended for peripheral infusion.

Traditional aseptic technique is required for placement of central venous catheters. The
subclavian vein is the most commonly used site, followed by the internal jugular vein.
Central venous access can also be obtained by the use of a long venous catheter placed
in the upper arm vein and passed up near but not into the right atrium. Central catheters
can also lead to thrombosis as a result of improper placement in the subclavian vein. The
tip of the catheter should be positioned at the entry of the right atrium.

Heparin (1000 units/L) or hydrocortisone (5 mg/L) added to the TPN solution can reduce
the occurrence of thrombophlebitis resulting from peripheral administration of
hyperosmolar solutions. A nitroglycerin patch on the skin (5 mg) acts as a local
vasodilator and has also been associated with a reduction in thrombophlebitis.
Subcutaneous tunneling may help reduce the rate of catheter infection, but the best
precaution is optimal nursing care and the use of chlorhexidine as an antiseptic for skin
preparation.

Catheter—related infection is a major concern. The two most likely causes for
catheter—related infections are migration of bacteria down the catheter sheath and
trapping and growth of bacteria on the fibrin tip that accumulates at the distal end of the
catheter. Replacement of the catheter involves either exchange over a guidewire or



selection of a new site. If obvious infection is present at the original site, a new site must
be selected. If there is no obvious infection at the catheter site, the catheter may be
aseptically exchanged over a guidewire. The removed catheter tip should be sent for
culture, and, if bacteria grow over the next 24-72 hours, the exchanged catheter should
be discontinued and a new site selected. Central line placement has a 3—5% likelihood of
causing pneumothorax or some other serious complication. Changes of catheter sites
reserved solely for TPN usage are not needed on a regular basis but only when there is
evidence of local or systemic infection or other complication of the catheter.

The most common complication of TPN is catheter—related infection. In a pediatric
setting, 15% of patients may develop bacteremia or candidemia. Patients at highest risk
are those with diabetes mellitus. It has been estimated that catheter—related infections
occur in 3% of nondiabetic adults and in 17% of diabetic adults. The most serious
infections are due to candida species, with mortality rates as high as 34% despite
antifungal treatment.

C. Carbohydrate and Protein

Since the intravenous route is not the natural route for nutritional substrate
administration, it is important to provide adequate but not excessive amounts of protein,
carbohydrate, and fat on a daily basis. Most critically ill patients need 1.5 g/kg/d of
protein. The ideal body weight value should be used in calculating the daily protein
requirements. Dextrose administration to most critically ill patients should not exceed 3.5
mg/kg/min (5 g/kg/d). This generally translates into about 350 g of dextrose, or 2 L of
15% dextrose in a 70—kg adult. Administration of greater amounts of dextrose can result in
glucose intolerance, abnormal liver function tests, and fatty infiltration of the liver.

D. Lipid

Currently available intravenous fat emulsion products are derived from soybean or a
mixture of soybean and safflower oil. The products vary slightly in the amount of linoleic,
linolenic, and oleic acids. Each product is available in 10% and 20% concentrations, but the
20% product is the best choice because of its caloric density and the lack of imbalance in
the phospholipid—to—lipid ratio. Intravenous lipid can be administered as a separate 20%
concentration over 20-24 hours or—more commonly—as part of the TPN called “3 in 1”
with dextrose and amino acids. Maximum fat administration can be estimated at 2 g/kg/d
or 140 g/d (1260 kcal).

The use of intravenous fat administration in critically ill patients was initially very
controversial. Some of the early studies did not demonstrate any improvement in nitrogen
retention when glucose calories were exchanged for fat calories. Intravenous lipid
administration may still not be well utilized in the severely traumatized patient. On the
other hand, fat is well utilized in the noncatabolic patient, who can routinely receive and
utilize up to 50% of calories as fat.

The septic patient has a reduced ability to utilize calories provided as dextrose, so that
any amount of dextrose in excess of 350 g/d (1190 kcal) may not be utilized as energy
and could contribute to the development of fatty liver infiltration and mild elevation in
liver function tests. Because septic patients have an approximately threefold increase in
fat oxidation rate, fat calories may be readily utilized in these patients. As a precaution,
however, and because excessive amounts of intravenous lipids in animals contribute to an
increased incidence of sepsis and associated morbidity, a maximum of 60% of total
calories as intravenous fat is acceptable in most critically ill patients.

There is some interest in the use of peripheral administration of lipid, amino acids, and
dextrose in a single 3—L bag via a very small catheter. In theory, the catheter floats in the
vein, causing less luminal damage. An option used by some is to administer the peripheral
infusion of lipid emulsion for 18 of the 24 hours and to run in 5% dextrose over the 6—hour
resting period. This makes physiologic sense, since fasting will permit clearance of lipid
VLDL particles and allow for adaptation to the nonfed state.



Essential fatty acid requirements are estimated to be approximately 1-4% of total energy
requirements and should be in the form of linoleic acid. An elevation of the eicosatrienoic
acid (triene) to arachidonic acid (tetrane) ratio to = 0.4 is indicative of essential fatty acid
deficiency. Treatment of essential fatty acid deficiency requires approximately 10-20% of
total energy to be in the form of linoleic acid.

E. Parenteral Nutrition Solutions
Some standard parenteral nutritional formulas and those containing higher amounts of

nutrition solutions do not contain glutamine owing to the instability of this amino acid in
solution. Standard parenteral formulas also do not contain large amounts of arginine. Both
glutamine and arginine can be added to the parenteral formulas before administration, but
there is no convincing evidence that added arginine is helpful. Recent data would suggest
that glutamine may be a preferred fuel for enterocytes and lymphocytes. The use of
glutamine—enriched formulas can prevent postinjury expansion of the extracellular water
compartment in bone marrow transplant patients. There may also be a slight reduction in
the incidence of infection.

F. Recommendations for Ordering Central Parenteral Nutrition
Each hospital should have standard formulas for parenteral nutrition. Consider using
central parenteral nutrition formula with 15% dextrose, 5% amino acids, and 5% lipid

formulas are often required for use in critically ill patients. These solutions contain more
concentrated mixtures of amino acids. Special formulas may be useful in hepatic and renal
failure.

G. Recommendations for Peripheral Parenteral Nutrition

A standard solution is 3—-5% amino acid and 5—10% dextrose for peripheral vein
administration, eg, 3.5% amino acid and 5% dextrose. Three liters of this solution provide
105 g protein (amino acids) and about 930 kcal.

Using a microcatheter that allows for a higher—-osmolarity solution to be infused safely,
more calories can be given via a peripheral vein by adding 20% lipid. For ICU patients, a
solution of 5% amino acid, 5% dextrose, and 5% lipid contains 900 mosm/L. Two liters of
this formula provides 100 g of protein and 1640 kcal (55% of calories from lipid).

NUTRITIONAL SUPPORT IN SPECIFIC DISEASES
MALNUTRITION

Patients with a serum albumin < 2.8 g/dL, a 20% weight loss over the preceding 3 months,
or an ideal body weight less than 90% for height should be provided nutritional support
upon entry to the ICU. Other patients should be evaluated for the likelihood of being able
to ingest a minimum of 1500 kcal by the fifth day in the ICU. If this seems unlikely, it
would be appropriate to provide nutritional support early in the ICU stay.

CARDIOPULMONARY DISORDERS

Hypo—-oncotic Pulmonary Edema

Albumin provides about 78% of the total oncotic pressure in the plasma compartment, and
hypo—oncotic edema can be misdiagnosed as ARDS. In conformity with Starling’s law,
pulmonary edema may evolve as (1) hydrostatic edema (fluid overload), (2) increased
permeability of the epithelium, (3) hypo—oncotic edema (low plasma oncotic pressure from
decreased plasma protein), and (4) lymphedema. Capillary fluid exchange is based upon
the balance of forces moving fluid outward (hydrostatic pressure, negative interstitial



pressure, and interstitial colloid pressure) and the only force moving fluid inward (plasma
oncotic pressure). Therefore, the plasma proteins are the only force holding fluid inside
the capillaries. If a patient has isolated hypo—oncotic edema, with serum albumin < 2.5
g/dL, then a 25-50 g infusion of albumin over 24 hours may resolve the edema.

Pneumonia

Both lymphopenia (< 1000/uL) and hypoalbuminemia (serum albumin < 2.5 g/dL) are
predictors of poor prognosis in patients with pneumonia.

In hospitalized patients, the use of antacids or H, blockers is associated with an

increased incidence of nosocomial pneumonia, and use of sucralfate in place of antacids
or Hy blockers has been associated with a significantly lower rate of nosocomial infection.

The reduced incidence of nosocomial infections was also associated with a significant
reduction in mortality rate (from 46%—24%). The decrease has been thought to be due to
maintenance of gastric acidity to support the stomach’s overall bactericidal activity.
Although there is some controversy about increased risks of infection in patients
receiving Hy blockers in the ICU, current data also suggest that the rate of spontaneous

gastritis or gastrointestinal ulceration in the ICU patient was actually falling prior to the
increased use of these drugs for prophylaxis against upper gastrointestinal bleeding.

Emphysema

In malnourished patients with emphysema, energy expenditure is increased by as much as
23-26% above weight—matched controls. Unlike the preferred fat oxidation seen in sepsis,
patients with emphysema have an increase in protein and carbohydrate oxidation in the
fasting and fed states. Forced vital capacity and diaphragmatic mass and strength are
reduced in malnourished patients. Even though there are no prospective studies
demonstrating improved survival in patients with emphysema given aggressive nutritional
support, the ability to maintain respiratory muscle strength and mass during acute illness
should be beneficial.

Enteral nutrition should be used with caution, however, in patients with COPD due to
increased mortality. This may be due in part to the common practice of nursing patients
in the supine position (increased risk of aspiration pneumonia) instead of the safer
45—-degree upright position. Another risk may be due to the elevated blood glucose and
associated morbidity and mortality associated with patients on mechanical ventilators. If
nutritional support is provided, it must be done safely. Recent evidence suggests that
weight loss during hospitalization and a low body mass index increase the risk for
unplanned readmission to hospital.

Congestive Heart Failure

Many patients awaiting heart valve replacement have a combination of marasmic and
hypoalbuminemic malnutrition, placing them at a higher postoperative risk for subsequent
morbidity and mortality. Feeding these patients can improve cardiac function, but certain
precautions are necessary. A low—sodium intake is essential owing to the association of
sodium administration and fluid retention, resulting in cardiac failure. Because fatty acids
are used as cardiac muscle fuel, mixed—fuel nutritional support (lipid, carbohydrate, and
protein) may be preferable. Cardiac muscle that is ischemic derives all of its energy from
anaerobic metabolism, so that TPN with adequate glucose, potassium, and insulin may
optimize substrate delivery to areas limited to anaerobic glycolysis. Patients with severe
calorie or protein malnutrition (albumin < 2.5 g/dL) should be given adequate calories and
protein for about 1 week before cardiac surgery to optimize the recovery period. Patients
treated with diuretics (eg, furosemide) are at an increased risk for thiamin deficiency. The
loss of thiamin in the urine can increase the risk for high—output congestive heart failure
(wet cardiac beriberi).



GASTROINTESTINAL DISORDERS

Pancreatitis

Earlier work suggested that the benefits of parenteral nutrition were especially important
in patients with acute pancreatitis who were malnourished upon entry into the ICU.
However, nutritional status may be difficult to determine, since weight history and actual
weights are frequently not accurate owing to fluid accumulation in this disorder. Several
studies have evaluated the benefits of parenteral nutritional support in patients with
acute pancreatitis. In one study, the overall mortality rate was decreased from 21% to 3%
in patients who were able to receive an average of 37 = 1 (mean = SEM) versus 26 + 4
kcal/kg/d over a 29—day period. In a recently published report, the mortality rate in 67
patients was reduced from 38% to 13% if patients with acute pancreatitis received
parenteral nutritional support within 72 hours after admission. Other studies have not
demonstrated decreased mortality rates with administration of parenteral nutrition. Septic
complications are reduced in patients with acute necrotizing pancreatitis provided enteral
nutritional support as compared with those given TPN (28% versus 50%). Mortality in this
study was similar with TPN and enteral nutrition.

Hepatic Encephalopathy

A branched—chain—enriched amino acid formula has been shown to improve mental
recovery in almost all studies to date. A meta—analysis of six large studies demonstrated
that there was an improvement in overall survival if patients with liver disease are fed a
parenteral formula containing increased amounts of branched—chain amino acids. The
mortality rate in the branched—chain—enriched amino acid treatment group averaged 24%,
and in the control group it was 43%. In contrast to the beneficial effects noted in hepatic
encephalopathy, there is no evidence that high branched—chain—enriched nutritional
regimens reduce the mortality rate in trauma or in sepsis.

Alcoholic Hepatitis

One of the earliest studies of protein administration to patients with alcoholic hepatitis
was performed in 1948, and this study demonstrated an improved survival rate in patients
given protein and calories. One study has evaluated patients with alcoholic hepatitis who
were prospectively randomized to receive parenteral nutritional support with amino acid
solutions or the regular hospital diet. This small study demonstrated that morbidity and
mortality rates were reduced in patients given parenteral nutrition support. A more recent
study between enteral feeding and steroid therapy demonstrated a reduced 1-year
mortality in the enteral—treated group (37% versus 53%, P < .05). Survival in alcoholic
hepatitis was linked to the level of protein malnutrition. Thirty—day mortality rates ranged
from 2% in mild malnutrition to 15% in moderate malnutrition, and up to 52% in severe
malnutrition. Contrary to what is still written in most textbooks, the administration of 1
g/kg of protein is not associated with deterioration in mental status in patients with
alcoholic hepatitis. Increased nutritional intake has been associated with prolonged
survival.

Gastrointestinal Dysfunction

Absolute indications for parenteral nutrition include pseudo—obstruction, radiation
enteritis, massive small bowel obstruction, prolonged ileus, prolonged diarrhea, short
bowel syndrome, and hyperemesis gravidarum. Parenteral or enteral nutritional support
may be indicated for Crohn’s disease, Whipple's disease, abetalipoproteinemia, and
diarrhea associated with scleroderma. The benefits of parenteral nutrition in ulcerative
colitis are no greater than the use of bowel rest and hydrocortisone. However, the
potential benefit of parenteral nutrition is that the patient may be better nourished and



thus better able to tolerate colectomy if needed. Dysfunctional bowel, as mentioned
earlier, is predictive of a poor outcome. Methods to improve gastrointestinal function
should be utilized when absolute contraindications to bowel utilization are not present.
Osmotic diarrhea can sometimes be improved with the use of intravenous albumin
supplementation when serum albumin levels are < 2.5 g/dL.

Gastrointestinal Fistulas

Fistulas with a fluid output of at least 500 mL/d have been routinely treated with
parenteral nutrition and bowel rest. A recent study suggests that enteral nutrition can be
successful in patients with high—output fistulas but that these patients should be cared
for in a specialized unit where optimal conditions for artificial nutrition and local
management are in place.

RENAL DISORDERS

Acute Renal Failure

Although early studies of parenteral nutrition (amino acids and vitamins) compared with
dextrose infusion alone (no vitamins or amino acids) demonstrated better recovery in
patients with acute renal failure, subsequent studies have not consistently demonstrated
a clear benefit. The patient who develops acute renal failure with malnutrition should
receive enteral nutrition if the gut is functional and parenteral nutrition if it is not. The
combination of acute renal failure and severe malnutrition is associated with a 7.2—fold
increase in mortality.

Chronic Renal Failure

In chronic renal failure the relative risk for mortality increases logarithmically as albumin
decreases (Fig 1). The risk increases to 12.8—fold for serum albumin < 2.5 mg/dL. In
contrast, the r risk decreases to 0.47 when the serum albumin is > 4.4 g/dL. In
addition to serum albumin, serum ferritin is a marker of increase morbidity. Chronic renal
failure patients with serum ferritin levels > 500 g/mL have a 19—fold increase in sepsis
episodes compared with chronic renal failure patients who do not have as high an iron
load. Treatment with deferoxamine mesylate, an iron—chelating agent, reduces the sepsis
rate 24—fold. Selected renal failure patients and those with iron overload should be
carefully watched for a higher than expected incidence of infection. The increased use of
epoetin alfa (erythropoietin) has virtually eliminated the iron overload problem seen in
patients with chronic renal failure. However, methods to remove the excess iron storage
may be indicated to reduce the incidence of serious infections.

HEMATOLOGIC DISORDERS & CANCER

Bone Marrow Transplantation

Conventional nutritional therapy in bone marrow transplant patients in some studies can
increase the engraftment rate of the donor’s cell in the recipient’'s bone marrow, but in
some studies has shown no benefit. Early parenteral nutritional support rather than a
hospital diet in well-nourished bone marrow recipients can increase overall survival.
Recent evidence suggests that the use of glutamine—enriched parenteral nutritional
support after bone marrow transplantation improves nitrogen balance, reduces the
incidence of infection, and shortens the hospital stay by about 7 days.

Cancer Cachexia

A meta—analysis concluded that parenteral nutritional support does not improve survival
and may in fact increase the risk for infection in nonmalnourished cancer patients. A



possible source of error in interpretation of these results is that many of the studies did
not control for the severity of the malnutrition. In a few studies, the more severely ill and
malnourished patients were selected to receive parenteral nutritional support. Those who
were less ill or who could tolerate a hospital diet were given enteral support. Aggressive
nutritional support should be provided as routine care to the cancer cachexia patient,
using the gastrointestinal route if available.

Iron Deficiency Anemia

Critically ill patients are often found to be anemic. This is most often found to be anemia
of chronic infection (or illness). If iron deficiency anemia is diagnosed, the standard of
care has been to provide the patient with iron replacement after causes of iron deficiency
anemia are evaluated. Data from a prospective clinical trial have demonstrated, however,
that iron replacement is associated with a significant increase in rates of infection or
reactivation of malaria, brucellosis, schistosomiasis, and tuberculosis. Iron replacement
should therefore be confined to those who do not have a high risk for subsequent
infection and who do not have a current serious infection.

Thrombocytopenia

Sepsis and disseminated intravascular coagulation are the most common causes of
thrombocytopenia in ICU patients. Folate deficiency is relatively common in acute illness
and can be seen in approximately 19-52% of the ICU population. A small proportion of
cases of thrombocytopenia may actually be due to isolated deficiency of folate. Critically
ill patients who are not eating should be given 5 mg/d of folate to prevent
thrombocytopenia.

TRAUMA & POSTSURGERY

Severe Head Injury & Spinal Trauma

Closed head injury is one of the most highly catabolic illnesses in ICU patients. Urinary
urea nitrogen excretion can approach that seen in thermal injury. Several prospective
trials have evaluated the risks and benefits of parenteral and enteral nutritional support in
these patients. One early study demonstrated improved survival in parenterally fed
patients compared with nonfed controls. A second trial failed to demonstrate
improvement in survival over that of enterally fed patients. A clinical trial demonstrated
that TPN could improve morbidity but that the improvement in mortality was not
significant. Data to date support in general the notion that adequate nutritional support
(enteral or parenteral) will reduce morbidity in head injury patients. Recently, patients
given enteral feeding for non—traumatic coma were shown to have improved survival.
Enteral diets containing glutamine reduced the incidence of pneumonia (17% versus 45%),
bacteremia (7% versus 42%), and sepsis (3% versus 26%). The addition of arginine, omega—3
fatty acids, and nucleotides reduced infectious complications (6% versus 41%).

Abdominal Trauma

Enteral nutritional support compared with parenteral nutritional support is associated with
maintenance of serum albumin levels and a significant reduction in major infections from
20% to 3%. Patients who tolerate enteral feedings have better survival rates than those
who cannot tolerate enteral feeding and therefore must receive parenteral feeding.

Abdominal Wound Dehiscence & Wound Healing
Appropriate nutrient administration is important for rapid and safe wound closure.

Parenteral nutrition increases hydroxyproline levels and tensile strength in wounds.
Wound dehiscence is eight times more common with decreased vitamin C levels. This is



probably because vitamin C enhances capillary formation and decreases capillary fragility
and is essential for hydroxylation of proline and lysine in collagen synthesis. Vitamin A
enhances collagen synthesis and cross—linking of new collagen, enhances epithelialization,
and antagonizes the inhibitory effects of glucocorticoids on cell membranes. Manganese is
a cofactor in the glycosylation of hydroxylysine in procollagen. Copper acts as a cofactor
in the polymerization of the collagen molecule and in the formation of collagen
cross—links. Zinc supplementation also speeds up the wound healing rate. Vitamin, mineral,
and nutritional support are essential for prompt wound repair.

Burns

Parenteral nutrition may be indicated in the early management of burn patients who
develop burn—related ileus. After that time, the gut is the preferred route of feeding. In a
small study of 18 burned children, providing 4.9 g/kg/d of protein versus 3.9 g/kg/d
reduced the mortality rate from 44% to nil.

SEPSIS & MULTIPLE ORGAN FAILURE SYNDROME

Preoperative nutritional support of malnourished and nonmalnourished patients reduces
the rate of septic complications (wound infections, pneumonia, intra—abdominal abscess,
and sepsis), but the overall mortality rate has not been consistently affected. A study of
blunt abdominal trauma patients who were prospectively randomized to receive either
enteral or parenteral nutritional support has demonstrated a significant reduction in the
incidence of pneumonia (from 31% to 12%), intra—abdominal abscesses (from 13% to 2%),
and catheter sepsis (from 13% to 2%) in the group receiving enteral nutritional support.

The ability to provide adequate protein and calories to septic ICU patients has been
associated with adequate IL-1 production and a significant improvement in hospital
survival rates. Early enteral nutrition during sepsis does not prevent the development of
multiple organ failure. Treatment for this disorder remains supportive.

ENDOCRINE & METABOLIC DISORDERS
Diabetes Mellitus

Metabolic stress syndrome is a condition of elevated blood glucose (> 109 mg/dL) in the
ICU setting. The incidence of MSS ranges from 45-50% in patients receiving TPN to 99%
of patients on mechanical ventilation. Severe elevation in blood glucose (> 199 mg/dL)
occurs in 21-31% of patients on TPN. Nondiabetic ICU patients with a blood glucose >
109 mg/dL have a 3.9—fold increase risk of death, and a blood glucose > 144 mg/dL in
non—diabetics was associated with an increased risk for congestive heart failure or
cardiogenic shock. Diabetic patients with a glucose concentration > 179 mg/dL have a
1.7-fold increase in mortality. Survival in diabetic patients with acute myocardial
infarctions is improved with aggressive blood glucose control.

Metabolic stress syndrome is probably not due to caloric intake alone but to elevated
counterregulatory hormones and insulin resistance. Reducing caloric intake from 1400
kcal to 1000 kcal per day does not reduce the incidence of the syndrome. Aggressive
regular insulin administration to maintain blood glucose under 110 mg/dL in 765
mechanically ventilated patients reduced mortality by 43%. In this prospective randomized
trial, patients were randomized to either intensive insulin therapy or standard therapy.
The goal in the intensive therapy group was to maintain blood glucose concentrations
under 110 mg/dL. This was obtained with the intravenous administration of insulin.
Ninety—nine percent of patients required insulin at an average dose of 71 units of regular
insulin per day. Both groups were equally randomized according to age, gender, body mass
index, injury score, incidence of type 2 diabetes (13%), and incidence of cancer. The
intensive treatment group had a significant reduction in mean early morning blood glucose



(103 = 18 mg/dL versus 173 = 32 mg/dL; P< .001). Improved blood glucose control
reduced the incidence of bacteremia by 50%, the need for hemodialysis by 42%, and the
need for prolonged mechanical ventilation by 37% (P < .01). ICU mortality was reduced by
43‘%); (from 8.1% to 4.6%) and hospital mortality was reduced by 34% (from 10.9% to 7.2%; P<
.01).

Both type 1 and type 2 diabetic patients frequently have low levels of vitamin C. Type 1
diabetics also have a lower serum retinol (vitamin A) level than normal volunteers. The
exact mechanisms responsible for reduced serum vitamin C and vitamin A levels in these
patients are not known. In diabetic animals treated with vitamin A, abnormally low
hydroxyproline levels and decreased wound breaking strength return to normal. Type 1
diabetics also have reduced serum and white blood cell zinc levels and excessive losses
of zinc in the urine. Both type 1 and type 2 diabetics can have increased magnesium
losses in the urine and reduced serum magnesium levels.

Diabetics also have alterations in neutrophil function, putting them at an increased risk of
infection, including decreased adhesiveness, poor chemotaxis, decreased opsonization,
decreased phagocytosis, and decreased intracellular killing. The lymphocyte also behaves
differently in diabetics, especially if the patient is malnourished, and the lymphocyte count
is decreased in proportion to the degree of malnutrition. Diabetics have decreased
cell-mediated immunity with decreased lymphocyte transformation, reduced
macrophage—lymphocyte interaction, and an impaired delayed—type hypersensitivity. One
may be able to improve leukocyte dysfunction by maintaining excellent glucose control in
the diabetic with blood glucose < 200 mg/dL at all times. A blood glucose level below 250
mg/dL improves but does not correct white blood cell phagocytic function; improves but
does not correct granulocyte adherence; and improves but does not correct leukocyte
bacterial killing.

Diabetic patients receiving TPN frequently have serum electrolyte and glucose levels that
are difficult to control. Hyperglycemia is associated with an osmotic diuresis and loss of
sodium, potassium, and minerals (including trace minerals). Effective insulin administration
is important to optimize the administration of TPN to the diabetic patient. TPN should be
initiated in the diabetic patient with only 150 g of dextrose over the first 24 hours (eg, as
1 L of 15% dextrose at 40 mL/h or 1 L 25% dextrose with 5% amino acid at 24 mL/h).
Approximately one—third to one—half of the patient’s usual total daily subcutaneous insulin
dose should be added to the TPN solution. Additional subcutaneous insulin should be
administered using a “sliding scale” regimen written as a standing order, with the dose of
insulin based on bedside glucose measurements and serum glucose from venous blood
measured every 3—4 hours. After the first 24 hours, approximately half of the additional
regular subcutaneous insulin administered over the 24—hour period is then added to the
TPN solution prior to increasing the rate of TPN administration or the concentration of
dextrose.

The optimal intravenous insulin infusion rate may take 2—3 days to determine because of
the variable loss of insulin to different types of plastic and glass bottles used in hospitals.
However, once serum glucose is less than 140 mg/dL over a 24-hour period, the overall
rate of the TPN infusion or the dextrose concentration can be increased. If the rate of
the infusion is increased, there should be no need to alter the dextrose:insulin ratio in the
TPN solution. If the concentration of the dextrose is increased, the original ratio of
dextrose to insulin should be maintained in the TPN solution by adding insulin to the
bottle. To prevent hypoglycemia, it is advisable not to add excessive amounts of insulin to
the TPN solution. Insulin must be added to the TPN solution for any patient who has a
blood glucose > 140 mg/dL. The use of separate intravenous infusions of insulin and TPN
solution has been associated with severe hypoglycemia and death.

Immune—Enhancing Diet

The use of an immune—enhancing diet in severe trauma can reduce major infectious



complications (6% versus 41%) and hospital stay (18 days versus 33 days). A recent review
of these diets demonstrates that most of the benefit is in surgical patients, with a
reduction in infections of 33%, a reduction of time on the ventilator of 2.6 days, and a
reduction in the length of the hospital stay of 2.9 days.

Acute Hepatic Porphyria

This rare cause of abdominal pain is treated with dextrose, 500 g/d (2 L of 25% dextrose
at a rate of 80 mL/h).

NEW TREATMENT STRATEGIES FOR THE MALNOURISHED
CRITICALLY ILL PATIENT

Insulin

Prior to the development of severe malnutrition, critically ill patients without diabetes
frequently have elevated blood glucose due to metabolic stress syndrome. The syndrome
is due to insulin resistance and elevations in counterregulatory hormones. This response
may interfere with nutritional therapy. The metabolic abnormalities of insulin resistance
include glucose intolerance, increased hepatic glucose production, increased whole body
amino acid flux, and decreased whole body glucose utilization. Insulin resistance resulting
in the metabolic stress syndrome is type 2 diabetic in character, since the patients are
not insulinopenic but are insulin—resistant. The more severe the malnutrition or illness,
the greater the hepatic glucose production. Amino acid flux is also greater the more
severe the malnutrition or illness. Recognizing the presence of metabolic stress syndrome
in patients is important since insulin administration appears to be protein—sparing in
catabolic postinjury patients and reduces mortality in ICU patients when blood glucose is
maintained under 110 mg/dL. The use of insulin or other agents that reduce hepatic
glucose production in critical illness may be helpful in reducing protein breakdown from
the lean body mass for amino acid gluconeogenic precursors.

A randomized study of tight glycemic control with intravenous insulin intended to keep
blood glucose between 80 and 100 mg/dL (compared with conventional therapy with a
target blood glucose of 180-215 mg/dL) in postoperative cardiac surgery patients
resulted in lower mortality (4.6% compared with 8%), fewer bloodstream infections, less
need for hemodialysis, and shorter duration of mechanical ventilation. Of note is that only
a small proportion of patients had a history of diabetes. Hypoglycemia (blood glucose < 40
mg/dL) occurred in 5% of the intensively treated group and < 1% of the conventionally
treated patients. The median daily amount of insulin needed for tight control was 71 units
per day compared with 33 units per day for the others. While this study was on surgical
patients, these data support the beneficial effect of insulin and a considerably lower
target blood glucose for ICU patients than previously recognized.

Growth Hormone

Exogenous growth hormone in postoperative patients can significantly reduce and almost
abolish the loss of lean body mass over the postinjury period. In a prospective blinded
study, administration of growth hormone to burned children has been associated with an
improved healing time. In a retrospective state, growth hormone treatment increased
survival in adults with severe burns. However, the use of growth hormone was also
associated with an increase in insulin resistance and the need to administer an increased
insulin dose. Growth hormone probably improves wound healing by increasing protein
synthesis without increasing protein oxidation, so that there is a net protein deposition in
the body. However, small changes in nitrogen balance may represent a change in a labile
nitrogen pool that may be as large as 30—50 g. Studies documenting marked changes in
liver size during alimentation suggest that the liver accounts for much of the positive
nitrogen balance.



At present, use of growth hormone is restricted to those children who are growth
hormone—deficient. Growth hormone should not be used in critically ill patients because
mortality can increase 1.9—fold to 2.4—fold. Prospective double—blind trials are needed
prior to use of growth hormone in patients who are seriously ill.

Anabolic Steroids

Anabolic steroids have been used in several clinical trials of malnourished patients with
mixed results. Nitrogen balance has been shown to be improved in some but not all of the
clinical trials. The improved nitrogen balance was generally seen in patients with benign
diseases (hip replacement surgery, vagotomy, or pyloroplasty). In a prospective study of
burns, oxandrolone 20 mg/d reduced weight loss (3 kg versus 8 kg), nitrogen loss (4 g/d
versus 13 g/d), and healing time (9 days versus 13 days). On the other hand, oxandrolone
treatment in trauma patients failed to reduce nitrogen loss (17 g/d versus 19 g/d), length
of hospital stay (31 days versus 27 days), or length of ICU stay (17 days versus 15 days).
The mixed success of anabolic steroids in critically ill patients may be due to the
antianabolic effects of elevated counterregulatory hormones and insulin resistance,
reduced enteral food intake, or limited total dose of anabolic steroids.

Albumin

Normal serum albumin is associated with a shorter inflammatory phase of wound healing
and normal angiogenesis, collagen synthesis, and wound remodeling. Albumin levels < 2.5
g/dL represent a 50% loss in the normal plasma colloid oncotic pressure and may
contribute to gastrointestinal mucosal edema and diarrhea. A serum albumin level of 2.5
g/dL can be used to predict those patients who will develop diarrhea when fed by mouth.
In fact, several authors have found that up to 100% of patients with a serum albumin
below 1.5 g/dL have diarrhea with enteral feeding.

Limited clinical trials have demonstrated some benefit from albumin administration and
nutritional support in critically ill patients with noninfectious causes of diarrhea and in
nontraumatic hypovolemic shock such as septic shock. Less convincing evidence exists
for a beneficial effect of albumin administration in primary lung injury such as acute
respiratory distress syndrome (ARDS). This is probably because the permeability defect in
ARDS is due to an abnormal pore size and not a simple loss of normal plasma oncotic
pressure. A few cases of what appeared to be ARDS with low serum albumin levels have
resolved following restoration of a normal colloid oncotic pressure by continuous
administration of albumin until a normal level is reached. However, the use of albumin
should be restricted to specific indications until the clinician is able to measure oncotic
pressure and make certain that a very low level is responsible for the hemodynamic
changes seen in the lung.

Arguments against the use of intravenous albumin include its shorter half-life in the
critically ill patient than in normal individuals and the fact that it is rapidly lost into the
extracellular space. It is important to note that only 40% of the albumin pool is in the
plasma compartment, so that approximately 60% of the albumin administered is distributed
to the extracellular space (skin, gastrointestinal tract, etc.). If intravenous albumin is
administered, it is advisable to administer it with the TPN fluid or over a prolonged period
of time. Even though the 50 mL vial of 25% human albumin can be given as a rapid
intravenous infusion, one 50 mL vial of 25% albumin can rapidly expand the plasma
compartment by as much as 300 mL, which may be enough to cause a sudden onset of
pulmonary edema in susceptible patients.

Beta—Adrenergic Blockade

A small study showed that 2 weeks of propranolol given to children with 40% or more
third—degree burns resulted in lower heart rate, oxygen consumption, and energy



expenditure by about 20%. Propranolol increased protein synthesis and prevented net
whole body protein loss by approximately 10% over a 1-month period. Beta—adrenergic
blockade may be useful in decreasing metabolic demands, but this possibility awaits
confirmation in larger trials.
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Table 6—1. Serum albumin and increased mortality risk in various published studies.
Mortality, Relative Mortality

Normal Risk of Low
Serum Serum Albumin
n Albumin
500 1.3% 6.1
55 10.0% 7.6
243 4.7% 49
3.5 10.0% Malnutrition
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Table 6—2. Adult daily nutritional requirements (RDA, 1989).

Special
Oral Requirements

3300 IU 5000 + IU (serious infections)

400 IU

10 mg

100 pg

7 mg

0.2 mg 5 mg (ICU patient; thrombocytopenia)
1.5 mg 50 mg (alcoholics, Wernicke—Korsakoff)
1.8 mg

20 mg

2 mg

60 mg

2 ug

80 pg



Table 6—3. Adult daily nutritional requirement.

Special
Oral Requirements

1.5 g/kg 2-3 g/kg (thermal
injury)

20-25 kcal/kg

4% of kcal

60-150 meq

40-80 meq

40-100 meq

10-40 meq

10-60 mmol

5-20 meq

10-20 meq 50-100 meq (cardiac
arrhythmias, diarrhea)

3 mg 10-50 mg (diarrhea,
fistula, wounds)

1.5-3 mg

50-200 pg 40 pg (diarrhea, GI
losses)

75-250 ug

2-5 mg

40-120 pg 120-200 pg (thermal

injury, wounds)
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Table 6—4. Drug—induced nutrient deficiencies.
Nutrients Affected

Magnesium, zinc

Vitamin C

Phosphorus, phosphates

Vitamin C

Triglycerides, fat—soluble vitamins

Magnesium, zinc

Vitamin A, potassium

Sodium, potassium,

Folic acid, vitamin Bg

Vitamin Bg

Vitamin Bg, niacin

Sodium, potassium, magnesium

Vitamin Bg

Vitamin C, vitamin D,

Vitamin B,

Vitamin C, vitamin D, niacin

Vitamin C

Vitamin By

Vitamin K
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Table 6-5. Electrolyte and mineral content (meq/L) of body fluids.

Saliva 20-30 50

Na* cl™ MgZ*

100 120 09 Duodenal 5-10 10
fluid

140 100 6-12 Colonic fluids 30-70 30

50 40 1-13 Pancreatic 5 70-115
juice

145 100 1-2 Urine 30-70

11/2-2 . 20 times

times normal normal

Document Bibliographic Information:

e Location In Book:

e CURRENT CRITICAL CARE DIAGNOSIS & TREATMENT - 2nd Ed. (2003)

6. Nutrition — John A. Tayek, MD
TABLE(S)

Table 6-5. Electrolyte and mineral content (meg/L) of body fluids.




Table 6—6. Indications for total parenteral
nutrition (TPN).

Note: If the gastrointestinal tract is functional,
do not use TPN.
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Table 6—7. Some selected typical parenteral nutrition formulas.

Amino

Acids Calories

(g/L) (kcal/L)
50 710
35 310
70 994
100 910
35 990
27 1292
30 222

Each 1 g amino acids = 10 mosm; each 1 g dextrose = 5 mosm
Each 1% amino acids = 100 mosm; each 1% dextrose = 50 mosm

1Lipids are included in many of these formulas at 10-60% of total calories; these formulations are called
2Branched chain amino acids

3Contraindicated in renal failure and hepatic encephalopathy
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Figure 6—1. In patients undergoing hemodialysis, lower serum albumin is a predictor of
increased mortality. The risk of death (odds ratio) is approximately
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1. Imaging Procedures — Kathleen Brown, MD, Steven S.
Raman, MD, & Cindy Kallman, MD

INTRODUCTION

An unprecedented array of imaging options is now available to the physician in the ICU.
The choice of a particular imaging modality is occasionally difficult, based on
recommendations in the literature, local expertise, type of equipment available, and the
experience of the radiologists. Given the increasing emphasis on cost—effective practice,
clinicians and radiologists must maximize the diagnostic and therapeutic yield of
procedures while minimizing costs.

Optimal management of critically ill patients also requires close communication between
the critical care team and the diagnostic and interventional radiologist. An established
practice of daily ICU radiology rounds with the participation of the radiologist facilitates
this level of communication.

In a traditional model, all ICU films would be placed on a designated mechanical film
alternator within either the ICU or the radiology department. With rapid advances in
imaging options and telecommunications feasibility, new models for ICU imaging are being
developed. In one model, films are acquired electronically and displayed in a patient
archival and communications system (PACS) or on web—based servers. The PACS unit is
able to display plain radiographs, ultrasound studies, computed tomography (CT), and
magnetic resonance images (MRI). Suboptimal exposures may be corrected in part by
adjusting contrast and window levels. High—resolution monitors may be placed at
designated sites in the ICU and throughout the hospital. An ideal system would integrate
PACS with the hospital information system (HIS) and the radiology information system
(RIS) to display efficiently clinical and radiologic information. These systems could greatly
improve the efficiency of clinicians, nurses, and support staff.

TECHNIQUES FOR IMAGING OF THE CHEST

Most radiographic examinations in the ICU are obtained at the bedside utilizing
conventional analog or digital equipment. Other imaging methods, including ultrasound, CT,
nuclear medicine techniques, and MRI, are used to supplement plain film radiography.
Interventional procedures, either at the bedside or in the radiology suite, are also
frequently performed under imaging guidance.

Chest Radiographs

Chest radiographs are the most common imaging examination, accounting for
approximately 40% of the volume in a radiology department. As many as one—third of
these chest radiographs may be obtained at the bedside (portable radiographs), and in the
ICU almost all chest radiographs are taken using the portable technique. The utility and
effectiveness of routine daily portable chest radiographs has been studied, and—despite
limitations of the technique—these films play an important role in identifying and following
pulmonary and cardiac disorders in ICU patients. In addition, digital radiographic systems
are increasingly being used in the ICU for portable chest imaging. With these systems,
images are obtained using a stimulable phosphor imaging plate instead of film. The
exposed imaging plate is scanned, read, and processed by computer, and the image can be
transmitted to an ICU console or viewed as hard copy on a conventional view box.
Conventional radiographs may also be converted into digital format for transmission to
PACS or storage.



Ultrasound

Ultrasound examination at the bedside in the ICU is relatively inexpensive and does not
utilize ionizing radiation. In the thorax, ultrasound is most often used to evaluate and
localize pleural fluid collections, to determine whether such collections are free or
loculated, and as a guide to thoracentesis. Ultrasound is also helpful in clarifying
peridiaphragmatic processes, since the diaphragm is easily visualized, allowing
differentiation of supradiaphragmatic and infradiaphragmatic fluid collections. The greatest
utility of ultrasound, however, is in the evaluation of abdominal disease. Ultrasound
provides rapid assessment of hepatobiliary and genitourinary disease and may be used to
guide percutaneous drainage of intra—abdominal abscesses.

Computed Tomography

By virtue of transaxial imaging capabilities and improved contrast resolution, CT has been
shown to be very valuable in increasing diaghostic accuracy and guiding therapeutic
procedures for critically ill patients. Multidetector CT and spiral CT allow for more rapid
scanning of patients and have facilitated the use of CT for evaluation of vascular
disorders such as aortic dissection and pulmonary embolism. In one study evaluating the
utility of thoracic CT in critically ill patients, thoracic CT added clinically useful
information not available from plain radiographs in 70% of examinations. Similar findings
have been reported in the evaluation of abdominal disease. Transportation of the ICU
patient to the CT scanner requires coordinated effort from hospital personnel, including
ICU physicians and nurses, respiratory therapists, radiology technologists, and
radiologists. Careful monitoring during transport and during the procedure is essential and
must include arrhythmia monitoring and pulse oximetry.

Nuclear Scintigraphy

Nuclear scintigraphy has a number of applications in the critically ill patient. Myocardial
perfusion and infarct scanning in cardiac disease, ventilation—perfusion scanning in
patients with suspected pulmonary embolism, evaluation of gastrointestinal hemorrhage
and acute cholecystitis, and localization of occult infection are among the most common
indications for radionuclide imaging in the ICU patient.

Magnetic Resonance Imaging

MRI has supplanted CT in the evaluation of many disorders because it does not employ
ionizing radiation, because it provides excellent differentiation of vascular and nonvascular
structures without the use of intravenous contrast, and because it provides
cross—sectional images in multiple planes. However, in many cases, MRI is not feasible in
the evaluation of the critically ill patient because of interference caused by ferromagnetic
monitoring devices, the difficulty of adequately ventilating and monitoring patients within
the narrow MRI gantry, and long scan times.

Clin North Am 1996:34:1-20.

Maffessanti M, Berlot G, Bortolotto P: Chest roentgenology in the intensive care unit: an
overview. Eur Radiol 1998:8:69-78.

Miller WT Jr, Tino G, Friedburg JS: Thoracic CT in the intensive care unit: assessment of
clinical usefulness. Radiology 1998:209:491-8.

Schilling R: infoRAD: Computers for clinical practice and education in radiology.
Teleradiology, information transfer, and PACS: implications for diagnostic imaging in the
1990s. Radiographics 1993:13:683-6.




IMAGING OF SUPPORT & MONITORING DEVICES IN THE ICU
ENDOTRACHEAL & TRACHEOSTOMY TUBES

Both endotracheal intubation and tracheostomy may cause potentially serious
complications. Malpositioning of the endotracheal tube into the right main stem bronchus
occurs in approximately 9% of endotracheal intubations. Such malpositioning may lead to
atelectasis of the left lung, hyperinflation of the right lung, and possible pneumothorax.
The clinical assessment of tube location is frequently inaccurate, and a chest radiograph
should be obtained immediately following intubation. Tubes currently in use are usually
radiographically visible by virtue of a metallic wire or barium marker in the wall of the
tube. Periodic radiographs are required to exclude inadvertent displacement of the tube
by cough, suctioning, or the weight of respiratory apparatus.

Since endotracheal tubes are typically fixed in position at the nose or mouth, flexion and
extension of the neck may result in motion of the tube relative to the carina, with the
tube descending during flexion and ascending during extension. With the neck in neutral
position, the ideal position of the tube tip is 5—7 cm above the carina, which allows for a
tolerable change in tube position during flexion and extension. In 90% of patients, the
carina projects between the fifth and seventh thoracic vertebrae on the portable
radiograph; when the carina cannot be clearly seen, the ideal positioning of the
endotracheal tube is at the T2-T4 level. The balloon cuff should not be greater in
diameter than the trachea, since cuff overinflation can cause pressure necrosis of the
tracheal wall.

Inadvertent placement of the endotracheal tube into the esophagus is uncommon but may
be catastrophic when it does occur. Esophageal intubation may be difficult to diagnose on
the portable chest film because the esophagus frequently projects over the tracheal air
column. Gastric or distal esophageal distention, location of the tube lateral to the tracheal
air column, and deviation of the trachea secondary to an overinflated intraesophageal
balloon cuff are radiographic signs of esophageal intubation. The right posterior oblique
view with the patient’s head turned to the right allows ease of separation of the
esophagus and trachea and should be obtained in equivocal cases.

Intubation may result in injury to the trachea, with tracheal stenosis developing in
approximately 19% of patients following endotracheal intubation and approximately 65% of
patients with tracheostomy. In patients with translaryngeal intubation, the most frequent
sites of stenosis are the cuff site and the subglottic region.

Tracheostomy is typically performed in the patient who requires relatively long—term
ventilatory support. Although the surgical mortality rate is less than 2%, the long—term
complication rate may be as high as 60%. Pneumothorax, pneumomediastinum,
subcutaneous emphysema, hemorrhage, and tube malposition may occur as early
complications, whereas late complications include tracheal stenosis, tracheo—innominate
artery fistula, tracheoesophageal fistula, stomal infection, aspiration, and tube occlusion.
In addition, the incidence of nosocomial pneumonia is increased secondary to airway
bacterial colonization.
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CENTRAL VENOUS PRESSURE CATHETERS

Central venous pressure catheters are used frequently in the ICU patient for venous
access, especially for purposes of parenteral alimentation, monitoring central venous
pressure, and hemodialysis. Such catheters are visible on the chest radiograph, and
knowledge of normal thoracic venous anatomy is required to assess catheter location.
The subclavian vein, the internal jugular vein, and the femoral veins are the sites of
venous access used most often. Central venous lines inserted via a thoracic vein are
optimally positioned when the tip is past the valves in the subclavian or brachiocephalic
veins or within the superior vena cava. Union of the subclavian and internal jugular veins
to form the brachiocephalic vein usually occurs behind the sternal end of the
corresponding clavicle. Whereas the right brachiocephalic vein has a vertical course as it
forms the superior vena cava, the left brachiocephalic vein crosses the mediastinum from
left to right in a retrosternal position to enter the superior vena cava. Although seldom
obtained in ICU patients, the cross—table lateral view may be helpful to localize catheters
malpositioned in the internal mammary or azygos vein or in extravascular positions.

In a study of 300 central venous lines, approximately one—third of catheters were
incorrectly positioned at the time of the initial chest radiograph. The malpositioned
catheter tip may result in venous thrombosis or perforation as well as inaccurate venous
pressure readings. Positioning of the catheter tip within the right atrium may result in
cardiac perforation and tamponade, while a right ventricular location may result in
arrhythmias secondary to irritation of the endocardium or interventricular septum.

Complications of central venous catheterization include pneumothorax, hemothorax, and
perforation, which may result in pericardial effusion, hydrothorax, mediastinal hemorrhage,
). Less common complications
include air embolism and catheter fracture or . The incidence of pneumothorax
ranges between 1% and 12% and is higher with a subclavian approach than with an internal
jugular approach. Pneumothorax may be clinically occult, and a chest radiograph should be
obtained to exclude a pneumothorax following line placement. A radiograph should be
obtained even following an unsuccessful attempted line placement and is more critical
when contralateral venous cannulation is anticipated to avoid the development of bilateral
pneumothoraces.

Venous air embolism is an uncommon complication of central venous catheterization.
Radiographically, air in the main pulmonary artery is diagnostic, but other features include
focal oligemia, pulmonary edema, and atelectasis. Intracardiac air or air within the
pulmonary artery is easily seen on CT. Long—term complications of venous access
devices include delayed perforation, pinch—off syndrome, thrombosis, catheter knotting,
and catheter fragmentation. A gentle curve at the tip of the catheter may be a
forewarning of perforation. In one study, this was seen 4 hours to 7 days prior to clinical
or radiographic recognition of perforation, and the authors recommended prompt catheter
repositioning when this curved—tip sign was identified. In pinch—off syndrome, the catheter
lumen is compromised by compression between the clavicle and the first rib, leading to
catheter malfunction and possible catheter fracture. This is frequently first observed as
subtle focal narrowing of the catheter as it crosses the intersection of clavicle and rib. As
increasing numbers of chronically ill patients with long—term venous catheters—including
liver and bone marrow transplant recipients—are transferred to the ICU during their
hospital course, more such complications may be seen.

Chang TG, Funaki B, Szymski GX: Are routine chest radiographs necessary after
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PULMONARY ARTERY CATHETERS

The pulmonary artery catheter has enhanced the management of the ICU patient, allowing
monitoring of left atrial and left ventricular end—diastolic pressures and calculation of vital
data such as cardiac output and vascular resistance. Complications associated with their
use include arrhythmias, pneumothorax, vascular perforation, venous air embolism, and
catheter—related sepsis. Knotting, kinking, and coiling of the catheter also occur. In a
prospective study of pulmonary artery catheterization in 500 patients, a 24% overall
complication rate was noted, with serious complications (including sepsis, pulmonary
infarction, and cardiac arrhythmias) occurring in 4.4%.

Pulmonary infarction, thrombosis, pulmonary artery rupture, and infection represent other
major complications associated with indwelling pulmonary artery catheters. There is a 7%
incidence of pulmonary ischemic lesions due to direct injury from the use of pulmonary
artery catheters. The majority of these lesions are thought to be due to vascular
occlusion by the catheter itself. Continuous wedging of the catheter tip in a peripheral
pulmonary artery and central pulmonary artery obstruction by the inflated balloon were
cited as precipitating causes. In a smaller number of cases, emboli arose from peripheral
thrombosis around the catheter.

Pulmonary infarction secondary to a pulmonary artery catheter has a radiographic
appearance like that of infarction from other causes. Typically, a wedge—shaped

anticoagulation is not required. Resolution of consolidation usually occurs in 2—4 weeks.

Pulmonary artery rupture is a catastrophic complication of pulmonary artery
catheterization, with a reported mortality rate of 46%. The incidence is low—no more than
0.2% of catheter placements. Risk factors include pulmonary hypertension, advanced age,
and improper balloon location or inflation. The mortality rate increases in anticoagulated
patients. Pseudoaneurysm formation has been reported secondary to rupture or
dissection by the balloon catheter tip. This appears radiographically as a well-defined
nodule at the site of the aneurysm, but it may initially be obscured by extravasation of
blood into the adjacent air spaces. Chest radiographic findings often precede clinical
manifestations, and death due to rupture of pseudoaneurysm may occur weeks following
catheterization. The CT appearance of pulmonary artery pseudoaneurysm has been
described as a sharply defined nodule with a surrounding halo of faint parenchymal
density. Pulmonary artery pseudoaneurysm may now be treated in some patients with
transcatheter embolization rather than surgical resection.

Location of the catheter tip should be monitored with serial radiographs. Softening of the
catheter over time may result in migration of the catheter tip peripherally. Redundancy of
the catheter within the right heart favors peripheral migration, and the intracardiac loop
catheter is within the right or left main pulmonary artery, below the level of the left
atrium. This generally corresponds to the lower lobes in supine patients.
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INTRA-AORTIC BALLOON COUNTERPULSATION

Intra—aortic balloon counterpulsation is used to improve cardiac function in patients with
cardiogenic shock and in the perioperative period in cardiac surgery patients. The device
consists of a fusiform inflatable balloon surrounding the distal portion of a catheter that is
placed percutaneously from a femoral artery into the proximal descending thoracic aorta.
The balloon is inflated during diastole, thereby increasing diastolic pressure in the
proximal aorta and increasing coronary artery perfusion. During systole, the balloon is
forcibly deflated, allowing aortic blood to move distally and decreasing the afterload
against which the left ventricle must contract, thus decreasing left ventricular workload.
The timing of inflation and deflation is controlled by the ECG.

The tip of the balloon should ideally be positioned just distal to the origin of the left
subclavian artery at the level of the aortic knob, maximizing the effect on the coronary
arteries while reducing the possibility of occlusion of the left subclavian artery,
embolization to cerebral vessels, or occlusion of the abdominal vessels by the balloon.
Complications associated with the device are most often secondary to malpositioning of
the catheter and include obstruction of the subclavian artery and cerebral embolism.
Aortic dissection has been described, and an indistinct aorta on chest radiographs has
been suggested as an early clue to intramural location, requiring confirmation by
angiography. Balloon leak or rupture has also been described.

CARDIAC PACEMAKERS

Cardiac pacemakers can be inserted by three approaches: transvenous, epicardial, and
subxiphoid. Most often the transvenous approach is used, whereby wires are introduced
via the subclavian or jugular vein and fluoroscopically guided into the right atrium and
ventricle.

When viewed on a chest radiograph, the pacemaker lead should curve gently throughout
its course; regions of sharp angulation will have increased mechanical stress and enhance
the likelihood of lead fracture. Excessive lead length may predispose to fracture
secondary to sharp angulation or may perforate the myocardium, and a short lead can
become dislodged and enter the right atrium. Leads may also become displaced and enter
the pulmonary artery, coronary sinus, or inferior vena cava. When possible, a lateral chest
radiograph is recommended to confirm pacemaker lead location, with the electrodes
located at least 3 mm deep to the epicardial fat stripe. Other complications include
venous thrombosis or infection, either at the pulse generator pocket or within the vein.
Myocardium perforation may result in hemopericardium and cardiac tamponade.

AUTOMATIC IMPLANTABLE CARDIOVERTER DEFIBRILLATOR

The automatic implantable cardioverter defibrillator (AICD) is used for treatment of
ventricular tachyarrhythmias unresponsive to conventional antiarrhythmic drugs. The
device consists of a fine titanium mesh placed on the cardiac surface and attached to a



generator source that provides an electrical output in the event of ventricular arrhythmia.
Opaque marker wires delineate the margins of the mesh pad, and sensing electrodes are
also visible. Radiographs may be helpful in assessing the location of wires.

NASOGASTRIC TUBES

Nasogastric tubes are frequently used to provide nutrition and administer oral
medications as well as for suctioning gastric contents. Ideally, the tip of the tube should
be positioned at least 10 cm beyond the gastroesophageal junction. This ensures that all
sideholes are located within the stomach and decreases the risk of aspiration.
Complications of nasogastric intubation include esophagitis, stricture, and perforation.

Small-bore flexible feeding tubes have been developed to facilitate insertion and improve
patient comfort. However, inadvertent passage of the nasogastric tube into the
tracheobronchial tree is not uncommon, most often occurring in the sedated or
neurologically impaired patient. In patients with endotracheal tubes in place, low—pressure
high—volume balloon cuffs do not prevent passage of a feeding tube into the lower airway.
If sufficient feeding tube length is inserted, the tube may actually traverse the lung and
location may result in tension pneumothorax, and preparations should be made for
potential emergent thoracostomy tube placement at the time of removal. Although
fluoroscopic placement is advocated by some authors, at many institutions small feeding
tubes are used so frequently that fluoroscopic guidance is not feasible. Placement of the
tube in two stages may prevent malpositioning. In the two—stage procedure, the tube is
inserted initially to a predetermined length equaling the distance from the earlobe to the
xiphoid process. This distance is too short to penetrate the pleura if the tube has
inadvertently been placed in the airway. A radiograph of the chest is then obtained to
confirm the tube location, and if the tube is within the esophagus, it can be advanced into
the stomach. If the tube is situated endobronchially, it is immediately withdrawn and
repositioned. The stylet is withdrawn after a second film confirms the final location of the
tube in the stomach. The additional expense of two radiographs during tube placement is
more than justified by the reduced incidence of complications such as pneumothorax,
intrapulmonary feeding, and infection.

In addition to feeding tubes, balloon tamponade tubes occasionally are used for
nasogastric intubation in the treatment of bleeding esophageal and gastric varices. The
balloon can be easily recognized when distended, and correct positioning can be evaluated
radiographically. Esophageal rupture complicates approximately 5% of cases in which
balloon tamponade tubes are used.
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CHEST TUBES

Thoracostomy tubes (“chest tubes”) are used for the evacuation of air or fluid from the
pleural space. When chest tubes are used for relief of pneumothorax, apical location of



the tip of the tube is most effective, whereas a tube inserted to drain free—flowing
effusions should be placed in the dependent portion of the thorax. Chest radiographs,
ultrasound, or CT should be used to guide correct placement of the tube for adequate
drainage of a loculated effusion. Failure of the chest tube to decrease the pneumothorax
or the effusion within several hours should arouse suspicion of a malpositioned tube.
Tubes located within the pleural fissures are usually less effective in evacuating air or
fluid collections. An interfissural location is suggested by orientation of the tube along the
plane of the fissure on frontal radiographs and by lack of a gentle curvature near the site
of penetration of the pleura, indicating failure of the tube to be deflected anteriorly or
posteriorly in the pleural space. The lateral view may be confirmatory. Uncommonly,
thoracostomy tubes may penetrate the lung, resulting in pulmonary laceration and
bronchopleural fistula. Unilateral pulmonary edema may occur following rapid evacuation
of a pneumothorax or pleural effusion that is of long standing or has produced significant
compression atelectasis of lung.
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IMAGING IN PULMONARY DISEASES
ROUTINE DAILY CHEST RADIOGRAPHS: UTILITY & EFFICACY

Portable chest radiographs are frequently obtained on a daily basis on ICU patients and
as indicated by changes in the clinical situation. Several factors related to portable
radiography may lead to difficulty in evaluation of radiographs in a critically ill patient. The
equipment used for portable radiographs requires longer exposure time than standard
radiographs obtained in the radiology department, sometimes resulting in artifacts due to
respiratory, cardiac, and gross patient motion. Inadequate exposure may result from the
limited power output of portable equipment. Special attention must be paid to the multiple
monitoring devices required by the ICU patient, and considerable physical effort by the
technologists is required to transport portable equipment.

Limitations imposed by the portable technique often complicate image interpretation.
Almost all portable chest radiographs are taken with the patient supine and with the film
placed behind the back of the patient (anteroposterior) rather than in the conventional
upright, posteroanterior position used in the radiology department. Supine chest
radiographs result in decreases in lung volume and can alter the size and appearance of
the lungs, the pulmonary vasculature, and the mediastinum. Anteroposterior chest
radiographs cause cardiac magnification, making evaluation of true cardiac size more
difficult. Inspiratory films may be difficult to obtain because of respiratory distress, pain,
sedation, or alterations of mental status. These technical limitations complicate diagnostic
interpretation. Nonetheless, portable radiography continues to be a primary method of
imaging critically ill patients.

Several studies have examined the efficacy of chest radiography in the ICU setting. When
applied to imaging procedures, efficacy can be defined in three ways: (1) diagnostic
efficacy, or the influence of a test on diagnosis; (2) therapeutic efficacy, or the influence
of a test on management; and (3) outcome efficacy, or the influence of a test on eventual
patient outcome. Since patient outcome depends primarily on the underlying disease
process, few studies have been performed assessing the influence of chest radiography
on the outcomes of patients receiving care in the ICU. In one prospective study, the
diagnostic and therapeutic efficacy of chest radiography in a respiratory ICU was
evaluated. Overall, 35% of chest radiographic examinations demonstrated either new or
increased abnormalities or abnormalities of tube or catheter placement. Approximately
39% of routine and 50% of nonroutine films led to further diagnostic procedures, a change



in therapy, or adjustment of a tube or catheter (therapeutic efficacy). When catheter
position adjustments were excluded, a change in the diagnostic approach or therapy
occurred after 24% of routine examinations. Not surprisingly, films obtained following a
change in clinical condition had greater diagnostic efficacy than routine morning films,
with an impact on patient management in 43% of cases. In another prospective study, the
efficacy of bedside chest radiographs was investigated. Sixty—five percent of all
radiographs showed moderate or marked cardiopulmonary abnormalities or tube or line
malpositioning that affected clinical management. In a separate study, 45% of portable
chest examinations showed new radiographic findings.

The utility of daily radiographs may depend on the underlying disease process. In a
prospective study in ICU patients, clinically unsuspected abnormalities were observed on
17% of routine radiographs obtained on critically ill patients with pulmonary or complicated
cardiac disease but in only 3% of patients without pulmonary or complicated cardiac
disease. From these studies it would appear that chest radiographs obtained following an
interventional procedure or change in clinical status of the patient are the most useful
diagnostically. Routine daily radiographs are of greatest utility in patients with pulmonary
or complicated cardiac disease. The American College of Radiology Thoracic Expert Panel
concluded that daily chest radi— ographs are indicated on patients with acute
cardiopul-monary problems and those receiving mechanical ventilation. In patients
requiring cardiac monitoring or stable patients admitted for extrathoracic disease, an
initial admission film is recommended. Additional radiographs are indicated when new
support devices are placed or a specific question arises regarding cardiopulmonary status.
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ATELECTASIS

5 ESSENTIALS of RADIOLOGIC DIAGNOSIS

- Shift in position of a fissure or change in position of hila or mediastinum.
- Elevation of hemidiaphragm.

- Compensatory hyperexpansion of uninvolved lobes.

* Increased opacity of the atelectatic lung.

- Air bronchograms.

- Narrowing of rib interspaces.

General Considerations

Atelectasis is the most common pulmonary parenchymal abnormality seen in ICU patients.
Multiple factors contribute to the development of atelectasis. In the bedridden patient,
hypoventilation results in atelectasis of the dependent lung. Central neurogenic
depression, anesthesia, or splinting may decrease alveolar volume, reducing surfactant
and promoting diffuse microatelectasis. Bronchial obstruction from retained secretions
and mucous plugging may lead to postobstructive collapse of the distal lung, particularly in



patients with pulmonary infection or chronic airway disorders. In the intubated or
postoperative patient, other factors are contributory. A malpositioned endotracheal tube
with right main stem bronchial intubation can cause atelectasis of the nonventilated left
lung. Following cardiac surgery, left lower lobe collapse occurs frequently, owing in part to
the weight of the heart unsupported by pericardium, which compresses the left lower lobe
bronchus. Phrenic nerve paresis secondary to intraoperative cold cardioplegia results in
diaphragmatic elevation and is also thought to contribute to lower lobe atelectasis.

Radiographic Features

The radiographic appearance of atelectasis depends largely on the degree and cause of
lung collapse. Findings noted on the chest radiograph in atelectasis range from subtle
diminution in lung volume without visible opacification to complete opacification of a
segment, lobe, or lung. Dependent atelectasis occurring in supine patients may be
demonstrated on thoracic CT even in healthy individuals but is usually not appreciated on
plain chest radiography. Linear bands of opacity may be seen in “discoid” or “plate—like”
atelectasis, whereas patchy opacity is seen with atelectasis of lung subtended by a
segmental or subsegmental bronchus. With more extensive volume loss such as collapse
of an entire lobe or lung, radiographic signs include an increase in opacity of the
atelectatic lung; shift in the position of a fissure; change in the position of the

some cases, signs of volume loss may be absent because of exudation of fluid into the
atelectatic lung.

Air bronchograms are linear lucencies coursing through opacified lung and represent
patent bronchi and bronchioles surrounded by opacified air spaces. Air bronchograms are
radiographically nonspecific and occur in any disorder in which patent air—containing
bronchi are situated within consolidated lung, including atelectasis, pulmonary edema,
pneumonia, and hemorrhage. The presence of air bronchograms is also variable in
atelectasis and depends on the patency of the major airways and the cause of
atelectasis. Air bronchograms may be useful predictors of the effectiveness of
bronchoscopy in patients with lobar collapse. Patients without air bronchograms are more
likely to demonstrate improvement following fiberoptic bronchoscopy than those with air
bronchograms. The absence of air bronchograms in lobar collapse suggests that central
airways may be plugged by secretions which by virtue of their proximal location are
amenable to bronchoscopic removal. In contrast, the presence of air bronchograms
suggests that the collapse is more apt to be due to small airway collapse or peripheral
mucous plugs that are not effectively treated by therapeutic fiberoptic bronchoscopy.

The left lower lobe is the most frequent location of lobar atelectasis, with collapse
occurring two to three times more often in the left lower than in the right lower lobe. The
cause is uncertain, though many of the factors cited above are contributory. The
radiographic features of left lower lobe collapse include a triangular opacity in the
retrocardiac region and loss of definition of the descending aorta and left

Adequate penetration and patient positioning are important in assessing left lower lobe
disease. Left lower lobe collapse may be falsely diagnosed secondary to faulty radiologic
technique. Cephalic angulation of the radiographic beam by 10-15 degrees (lordotic
positioning) may cause projection of extrapleural fat onto the base of the left lung and
result in loss of tangential imaging of the apex of the hemidiaphragm and subsequent loss
of definition of the diaphragm in the absence of left lower lobe disease. In instances in
which patients are examined radiographically with even a small degree of lordosis, loss of
definition of the diaphragm therefore cannot be assumed to be secondary to left lower
lobe collapse. Ancillary findings, including depression of the hilum, crowding of vessels,
and air bronchograms, must be used to diagnose true left lower lobe disease.

Many other causes of parenchymal opacification may be confused with atelectasis,
including pneumonia and pulmonary infarction. In addition to other features previously



discussed, temporal sequence may be helpful in distinguishing atelectasis from other
causes of focal parenchymal opacification. Whereas atelectasis may appear within minutes
to hours and may also clear rapidly, pneumonia and infarction typically resolve over days
to weeks.
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PNEUMONIA

5 ESSENTIALS of RADIOLOGIC DIAGNOSIS

- May present as lobar pneumonia, bronchopneumonia, or interstitial pneumonia.

- Parapneumonic effusions and cavitation may be present.

- Hilar or mediastinal densities may lead to suspicion of obstruction due to cancer.

- In ICU patients, development of new or worsening parenchymal pulmonary infiltrates may
indicate nosocomial pneumonia, especially if accompanied by cavitation.

General Considerations

Patients with severe pneumonia complicated by sepsis, respiratory failure, hypotension, or
shock are frequently seen in the ICU. Some patients will have acquired pneumonia outside
of the hospital (community—acquired), but an important problem is that of nosocomial
pneumonia, defined as lower respiratory tract infection occurring more than 72 hours
after admission. Nosocomial pneumonia is the most common infection leading to death
among hospitalized patients. Factors contributing to the high incidence of
hospital-acquired pneumonias include endotracheal intubation or tracheostomy,
aspiration, and impaired host defenses. Prior antibiotic therapy promotes colonization of
the tracheobronchial tree.

Most radiologists sort the radiographic appearance of pneumonias into three categories
that may aid in differentiation: lobar (alveolar or air space) pneumonia, lobular pneumonia
(bronchopneumonia), and interstitial pneumonia. Lobar pneumonia is characterized on
x—ray by relatively homogeneous regions of increased lung opacity and air bronchograms.
The entire lobe need not be involved, and in fact, with early therapy, consolidation does
not usually affect the entire lobe. Pathologically, the infecting organism reaches the distal
air spaces, resulting in edema filling the alveoli. The infected edema fluid spreads
centripetally throughout the lobe via communicating channels to adjacent segments. Air
bronchograms are common. Streptococcus pneumoniae (pneumococcal) pneumonia is the
classic lobar pneumonia, though other organisms, including Klebsiella pneumoniae and
Legionella pneumophila, may produce an identical pattern. Since the airways are not
primarily involved, volume loss is not conspicuous. Indeed, expansion of the lobe may
occur in klebsiella or pneumococcal pneumonia.

Bronchopneumonia (lobular pneumonia) results from inflammation involving the terminal
and respiratory bronchioles rather than the distal air spaces. Since the process focuses in
the airways, the distribution is more segmental and patchy, affecting some lobules and
sparing others. Pathologically, there is less edema fluid and more inflammation of the
mucosa of bronchi and bronchioles. In bronchopneumonia, the consolidation is patchy,
sparing some segments while involving others. Mild associated volume loss may be
present. Air bronchograms are not as common a feature in bronchopneumonia as in lobar
pneumonia. The most common organisms producing classic bronchopneumonia are
Staphylococcus aureus and pseudomonas species.



Interstitial pneumonia is typically caused by viruses or Mycoplasma pneumoniae. In the
immunocompromised patient, Pneumocystis carinii is an important cause of interstitial
pneumonia. The pathologic process is primarily located in the interstitium, and the classic
radiograph reflects the interstitial process and demonstrates an increase in linear or
reticular markings in the lung parenchyma with peribronchial thickening and occasionally
septal lines (Kerley A and B lines). Although the pathologic process is primarily located in
the interstitium, proteinaceous fluid is exuded into the air spaces and consequently may
progress to a pneumonia that radiographically appears alveolar.

Radiographic Features

A. Plain Films

Although plain films cannot provide a specific microbial diagnosis in a patient with
pneumonia, radiology has a central role in both initial evaluation and treatment. The chest
radiograph documents the presence and extent of disease. Associated parapneumonic
effusions, mediastinal or hilar adenopathy, cavitation, and abscess formation—as well as
predisposing conditions such as central bronchogenic carcinoma—may be identified. Such
information can guide the clinician to a high—yield diagnostic procedure such as
thoracentesis or bronchoscopy, which may be necessary in a patient who cannot produce
adequate sputum for bacteriologic culture. The chest radiograph is also critical in
evaluating the patient’s response to therapy. Antibiotic therapy is frequently empiric, and
the chest radiograph may be the first indicator of failure of antibiotics and a need for
change in management. A pneumonia that does not clear despite antibiotic therapy should
raise the suspicion of central airway obstruction by a mass or foreign body or may
represent a bronchoalveolar cell carcinoma mimicking pneumonia.

Localization of the consolidation to a specific lobe is important not only to correlate with
the physical examination but also to guide the bronchoscopist when necessary. In
addition, different types of pneumonia may be more likely to occur in specific regions, eg,
reactivation tuberculosis in the apical and posterior segments of the upper lobes and the
superior segment of the lower lobes. The silhouette sign is useful in determining the site
of pneumonia. When consolidation is adjacent to a structure of soft tissue density (eg, the
heart or the diaphragm), the margin of the soft tissue structure will be obliterated by the
opaque lung. For example, right middle lobe consolidation may cause loss of the margin of
the right heart border, lingular consolidation may cause loss of the left heart border, and
lower lobe pneumonia may obliterate the diaphragmatic contour.

Intrathoracic nodal enlargement may be a useful diagnostic feature. Enlargement of the
hilar or mediastinal lymph nodes is uncommon in bacterial pneumonia and most viral
pneumonias. Tuberculosis, atypical mycobacterial infections, fungal infections such as
coccidioidomycosis and histoplasmosis, and viral infections such as measles and
infectious mononucleosis may be associated with adenopathy.

Pleural effusion occurs in up to 40% of patients with bacterial pneumonia. A
parapneumonic effusion consists of intrapleural fluid in association with pneumonia or lung
abscess. Empyema is defined as pus in the pleural space. Thoracentesis is required for
differentiation of a simple parapneumonic effusion from empyema, and the decision to
place a chest tube is dependent on the characteristics and the quantity of the effusion.
Pleural effusion is usually identified radiographically on a plain film, though ultrasound or
CT may be necessary in some cases.

1. Lung abscess and cavitation—Cavitation of pneumonia results from destruction of lung
Although often seen in pneumonias due to gram—negative organisms such a pseudomonas
and klebsiella, cavitation is rare in pneumococcal pneumonia. Pneumonias due to
Mycobacterium tuberculosis, atypical mycobacteria, and fungi and those due to anaerobes
and staphylococci also frequently cavitate. Cavitary lung abscesses must be distinguished
from bullae, pneumatoceles, cavitary lung cancers, and other lucent lesions. Most
abscesses have a wall thickness between 5 mm and 15 mm, allowing differentiation from



bullae and pneumatoceles, which usually have thin, smooth walls. Lung abscess is usually
surrounded by adjacent parenchymal consolidation, which may serve to differentiate
abscess from cavitary bronchogenic carcinoma. Complications of lung abscess include
sepsis, cerebral abscess, hemorrhage, and spillage of contents of the cavity into
uninfected lung.

In one review, 18% of lung abscesses were radiographically occult, with only nonspecific
lung opacities or nodules identified. In these patients, the diagnosis was made at surgery
or at postmortem examination. One reason lung abscesses were not identified was
probably failure to use a horizontal beam in obtaining the chest radiographs. With
semierect or supine positioning, air—fluid levels within the cavity were obscured. In cases
where erect chest films are unobtainable, decubitus or cross—table lateral views can be
obtained with a horizontal beam and may be diagnostic.

2. Nosocomial pneumonia—Definitive diagnosis of nosocomial pneumonia is difficult
because both the clinical features and the chest radiographic findings may be present in
other disease processes and because abnormalities on chest radiographs are often
present prior to development of hosocomial pneumonia. Clinical suspicion in patients with
underlying heart and lung disease is important. For example, the incidence of nosocomial
pneumonia is increased in patients with ARDS as well as in other patients with respiratory
failure. In a multi—institutional study of pneumonias in patients admitted to the ICU, a 31%
risk of developing pneumonia followed intubation. Since virtually all intubated patients
develop colonization of the tracheobronchial tree by approximately 48 hours after
intubation, sputum cultures may be unreliable. Fever and leukocytosis are nonspecific.
The overall mortality rate in this study was 40%; the mortality rate was 47% in nosocomial
pneumonia versus 17% in community—acquired pneumonia. A bacteriologic diagnosis was
made in only 38% of nosocomial pneumonias, with the majority caused by gram—negative
aerobic bacteria. S aureus is also an important pathogen in nosocomial pneumonias in
tertiary care centers.

Radiographically, nosocomial pneumonia is heralded by the development of new or
worsening parenchymal opacities, usually multifocal. Since nosocomial pneumonias are
most often due to aerobic gram—negative organisms or staphylococci, abscesses and
pleural effusions may develop. Development of cavitation helps to distinguish nosocomial
pneumonia from other causes of parenchymal opacification such as atelectasis, lung
contusion, or pulmonary edema.

B. Computed Tomography

The cross—sectional imaging plane and superior contrast resolution make CT useful in the
evaluation of complicated inflammatory disease. Cavitation, which may be obscured on
plain films, is easily identified on CT. Localization of parenchymal disease facilitates the
direction of invasive studies such as bronchoscopy or open lung biopsy. Superimposed
pleural and parenchymal processes are more easily differentiated on CT than on plain

be difficult to evacuate, and CT may serve to guide thoracentesis, chest tube placement,
or percutaneous drainage of large lung abscesses.

Empyema and lung abscess are more easily distinguished on CT than on conventional
radiographs. In one study, CT was able to correctly localize 100% of inflammatory thoracic
lesions of the lung or the pleura. Separation of thickened visceral and parietal pleural
surfaces (“split pleura sign”) and compression of lung were specific for empyema and
were not identified in any cases of lung abscess. Other useful findings included wall
characteristics, with smooth uniform walls seen in empyema and thick irregular walls more
commonly seen in lung abscess. The size and shape of the lesion were less helpful;
though lung abscesses generally tended to be round—as opposed to lenticular in
empyemas—this finding was not absolute. The administration of intravenous contrast
facilitates differentiation of pleural and parenchymal disease, since the lung parenchyma
will enhance with contrast whereas the pleural effusion will retain its low attenuation.
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ASPIRATION PNEUMONIA

5 ESSENTIALS of RADIOLOGIC DIAGNOSIS

- Consolidation in dependent regions of the lung, varying with position of patient at time of
aspiration, but may be multilobar and bilateral.

+ Cavitation and abscess formation may be seen, but pleural effusions are infrequent.

* May lead to necrotizing pneumonia and lung abscess.

- Aspiration of gastric contents may result in noncardiogenic pulmonary edema, cavitation,
and atelectasis.

General Considerations

Aspiration pneumonia results from endotracheal aspiration of oropharyngeal or gastric
secretions. Aspiration is thought to be a common occurrence in the healthy adult, with
the incidence during sleep estimated to be as high as 45%. Small-volume aspirates are
cleared by physical entrapment and coughing along with the mucociliary elevator action of
the respiratory epithelium. Inactivation by IgA antibodies and opsonization and ingestion of
bacteria by phagocytic cells play a role as well. Although organisms are present in
pathogenic numbers even in small-volume aspirates, normal individuals are able to clear
these organisms without sequelae.

Several clinical conditions predispose patients to aspiration. Depressed levels of
consciousness secondary to medications, alcoholic excess, seizures, anesthesia, or
neurologic disease result in impaired upper airway reflexes. Endotracheal intubation
increases the rate of aspiration, with both high—volume, low—pressure cuffs and uncuffed
or low—volume, high—pressure tubes implicated. The incidence of aspiration is even higher
in patients with tracheostomies as compared with endotracheal tubes. Nasogastric and
feeding tubes, gastric distention, gastroesophageal reflux, hiatal hernia, decreased
esophageal mobility, and vomiting have all been cited as predisposing factors for
aspiration. Bacterial colonization of gastric secretions also plays a role in the
development of aspiration pneumonia. Although gastric acidity prevents significant
bacterial colonization, antacid therapy for prophylaxis for stress ulcers may change



gastric pH, resulting in increased bacterial colonization of gastric secretions.

Aspiration pneumonia occurs when a normal host aspirates a large amount of
contaminated matter, overwhelming host defenses, or when smaller amounts are aspirated
in a patient with impaired defenses. Aspiration pneumonia is caused by mixed anaerobic
and aerobic infection, with up to 80% of cases caused by multiple organisms. The
organisms responsible for the pneumonia vary with the clinical
setting—community—acquired, nursing home, or hospitalized patients—and reflect
colonization of the upper airway. Aerobic bacteria associated with community—acquired
aspiration pneumonia are mostly streptococci, whereas gram—negative organisms,
particularly klebsiella and Escherichia coli, are seen more often in nosocomial infection.
The major anaerobic organisms include Fusobacterium nucleatum, peptostreptococcus,
Bacteroides melaninogenicus, and Bacteroides intermedius.

There are three general clinical patterns that may be seen following aspiration: (1)
respiratory compromise followed by rapid clinical and radiographic improvement; (2) rapid
clinical and radiographic progression; and (3) transient stabilization followed by protracted
worsening of clinical and radiographic status, with bacterial superinfection or ARDS.

Aspiration of acidic gastric contents resulting in an acute pulmonary reaction with
pulmonary edema is sometimes called Mendelson’s syndrome. Manifestations depend on
the volume, pH, and distribution of the aspirate. The absorption of acid by the pulmonary
vasculature and subsequent pulmonary injury are almost immediate and lead to
consolidation, alveolar hemorrhage, and collapse with transudation of fibrin and plasma
into the alveoli. Aspiration of a combination of acid and gastric particulate material
produces a more severe injury pattern than either acid or gastric particulate matter alone.

Radiographic Features

Aspiration pneumonia results in consolidation in dependent regions of the lung. The
location of the pneumonia will vary according to the patient’s position at the time of
aspiration. In the supine patient, the superior segments of the lower lobes, the posterior
segment of the right upper lobe, and the posterior subsegment of the left upper lobe are
involved—whereas in the upright patient, the basal segments of the lower lobes are more
often affected, particularly on the right. The more obtuse angle between the trachea and
the right main stem bronchus compared with the angle of the trachea and the left main
stem bronchus results in a higher percentage of right—sided abnormalities in the supine
infection with anaerobes, cavitation and abscess formation may be seen. Effusions are
infrequent.

Complications of simple aspiration pneumonia include necrotizing pneumonitis and lung
abscess. Necrotizing pneumonia results in multiple small cavities within the involved lung
and may extend into the pleural space, leading to empyema. Lung abscess radiographically
appears as a cavitary lesion within a focus of consolidation, usually solitary. Empyema is
less likely in lung abscess since extension of infection into the pleural space is usually
impeded by the barrier effect of the fibrous wall of the abscess cavity.

Patients who aspirate gastric contents may develop a chemical pneumonitis that shows
characteristics consistent with noncardiogenic pulmonary edema. ARDS and features of
secondary bacterial infection may follow, including lung necrosis and cavitation.
Atelectasis may be a feature of airway obstruction with food particles.
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CHRONIC OBSTRUCTIVE PULMONARY DISEASE

é ESSENTIALS of RADIOLOGIC DIAGNOSIS

- Hyperinflation.

* Bullae or blebs.

* Pulmonary arterial deficiency pattern (areas of decreased pulmonary vasculature).
- Features of pulmonary hypertension.

General Considerations

Chronic obstructive pulmonary disease (COPD) is any pulmonary disorder characterized
by airflow obstruction. Emphysema and chronic bronchitis are the most common
examples. Emphysema is defined as a lung condition characterized by enlargement of the
air spaces distal to the terminal bronchiole, accompanied by destruction of the walls and
without obvious fibrosis. Four principal types of emphysema are described: centrilobular,
panlobular, paraseptal, and paracicatricial. Chronic bronchitis is usually defined in clinical
terms, manifested by chronic productive cough for at least 3 months for a minimum of 2
consecutive years and characterized by excessive secretion of mucus in the bronchi.
Emphysema and chronic bronchitis frequently coexist.

Radiographic Features

There is considerable controversy regarding the utility of the chest radiograph in the
evaluation of emphysema. Although moderate to severe emphysema is usually apparent
on the chest radiograph, mild disease is difficult to appreciate. Hyperinflation results from
obstruction of small airways, resulting in air trapping. Radiographic features include an
increase in size of the retrosternal clear space, flattening of the hemidiaphragms,
obtained from chest x—rays have shown that the height of the lung and the height of the
arc of the right hemidiaphragm correlate best with spirometric measures such as the
forced expiratory volume in 1 second (FEV) and forced vital capacity (FVC). A lung

height of 29.9 cm or greater, as measured from the tubercle of the first rib to the dome of
the right hemidiaphragm, will identify 70% of patients with abnormal pulmonary function
tests. A height of the right hemidiaphragm of less than 2.6 cm on the lateral projection
identifies 68% of patients with abnormal pulmonary function tests.

Bullae and blebs appear as focal regions of hyperlucency. Although good indicators of
emphysema, they may also be seen in patients without COPD. Bullae are recognized as
hyperlucent or avascular regions and are occasionally demarcated peripherally by a fine
curvilinear wall. The lung adjacent to large bullae may be compressed, and redistribution
of pulmonary blood flow away from areas of extensive bullous disease may occur. The
arterial deficiency pattern refers to regions of radiolucent, hypovascular pulmonary
parenchyma characterized by a decrease in the size and number of vessels. This
appearance may be due to multiple bullae. Emphysema can eventually lead to pulmonary
arterial hypertension, manifested radiographically by disproportionate enlargement of the
central pulmonary arteries and right heart chambers.

The radiographic appearance of the lungs in chronic bronchitis is even less specific.
Unlike that of emphysema, the diagnosis of chronic bronchitis is based on clinical
symptoms and not morphologic appearance. In addition, chronic bronchitis and
emphysema frequently coexist, making pure chronic bronchitis difficult to characterize.



Radiographic findings suggesting chronic bronchitis include thickening of bronchial walls
and increased linear markings (“dirty lungs”). Hyperinflation and hypovascularity have
been described but are probably due to concomitant emphysema.

High—resolution CT (HRCT) is more sensitive than plain radiographs in the detection of
emphysema. On HRCT, emphysema appears as regions of low attenuation, lung
destruction, or simplification of the pulmonary vasculature. The type of emphysema can
often be defined by its pattern and distribution on CT, with centrilobular CT
predominantly upper zone in distribution and panlobular emphysema more diffuse or more
severe within the lower lobes. The CT appearance of chronic bronchitis may be
overshadowed by coexisting emphysema. Bronchial wall thickening and centrilobular
abnormalities have been described.
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ASTHMA

é ESSENTIALS of RADIOLOGIC DIAGNOSIS

- Hyperinflation.

- Peribronchial thickening.

- Increased lung markings centrally.
- Subsegmental atelectasis.

General Considerations

Asthma is a disease characterized by widespread narrowing of the airways that fluctuates
in severity over short periods of time either spontaneously or following therapy.
Hyperactivity of airways may be induced by a variety of stimuli, and asthma is usually
divided into two types: intrinsic and extrinsic. Pathologic changes include smooth muscle
hypertrophy, mucosal edema, mucous hypersecretion, and plugging of airways by thick,
viscid mucus. The result is narrowing of the airway diameter.

Radiographic Features

The radiographic manifestations of asthma vary from a normal radiograph to
hyperinflation, atelectasis, or barotrauma. Radiographic findings may be categorized as (1)



those common features of asthma that do not affect management and are therefore not
unanimously considered abnormalities, and (2) findings that influence patient management.
The incidence of radiographic abnormalities is dependent upon the age of the patient and
the definition of “abnormal” by the investigator.

A. Uncomplicated Asthma

Hyperinflation, bronchial wall thickening, and prominent perihilar vascular markings are all
features commonly seen in uncomplicated asthma that do not alter patient management.
Hyperinflation, characterized by flattening of the hemidiaphragms and an increase in the
retrosternal clear space, results from air trapping. Bowing of the sternum, another sign of
hyperinflation, is more frequently seen in the pediatric population, probably secondary to
more pliable osseous structures. Hyperinflation is not specific for asthma and occurs in
other pulmonary diseases associated with air trapping, including emphysema and cystic
fibrosis.

Bronchial wall thickening results from edema of the bronchial wall and can be diagnosed
when the walls of secondary bronchi peripheral to the central bronchi appear abnormally
thickened. Identification of bronchial wall thickening may be difficult and is best made
when serial films are compared. Mucous plugs may be identified as tubular or branching
soft tissue densities; plugging of large airways may result in atelectasis. Prominent
perihilar vascular shadows and prominence of the main pulmonary artery segment are
probably due to transient pulmonary arterial hypertension and are more often seen in
children.

B. Complications of Asthma

Radiographic findings that alter medical management and are therefore considered as
manifestations of complicated asthma consist of pneumonia, segmental or lobar
atelectasis, and barotrauma, including pneumomediastinum and pneumothorax.
Exacerbation of asthma secondary to pneumonia is usually secondary to viral infection.
Although subsegmental atelectasis from mucous plugging is common in uncomplicated

atelectasis occurs more often in children, with an incidence between 5% and 10%.

Pneumomediastinum complicating asthma is uncommon but has been reported in 1-5% of
cases of acute asthma. This complication occurs primarily in children; the presumed
mechanism is an increase in intra—alveolar pressure and subsequent alveolar rupture
secondary to mucous plugging, giving rise to pulmonary interstitial emphysema. Central
dissection of air along the perivascular sheaths results in pneumomediastinum and may
eventuate in subcutaneous emphysema and pneumothorax. In aerated lung, pulmonary
interstitial emphysema is usually not identifiable, but the sequelae of pneumomediastinum
and pneumothorax may be recognized.

C. Assessment of Asthma Severity

Several studies have addressed the usefulness of chest radiography in acute asthma.
Although the findings of hyperinflation, increased perihilar markings, bronchial wall
thickening, and subsegmental atelectasis are frequently seen, identification of these
abnormalities does not change medical management. For example, in 95% of pediatric
patients evaluated for asthma, vital signs and pretreatment auscultation identified those
children with complicated asthma. A respiratory rate of 60/min or higher, a heart rate of
160/min or higher, a body temperature of 38.3 ° C or higher, localized rales, or localized
decreased breath sounds prior to therapy allowed identification of 20 of 21 children with
complicated asthma. In another study, only 2.2% of adult asthmatics had radiographic
abnormalities, compared with 13% of children. The authors concluded that a chest
radiograph in an adult asthmatic is unnecessary unless the patient is unresponsive to
therapy and requires hospitalization. Most investigators agree that a chest radiograph
should be obtained when asthma is initially diagnosed to rule out other causes of
wheezing such as airway obstruction by tumor or foreign body, congestive heart failure,
bronchiectasis, or pulmonary embolism.




D. High—Resolution CT

HRCT is rarely used to evaluate patients with asthma. Bronchial wall thickening with mild
bronchiectasis may be seen with mucous plugging of small centrilobular bronchioles,
resulting in a tree—in—bud appearance. Air trapping may be identified with focal or diffuse
hyperlucency, accentuated on expiratory images.

Blair DN, Coppage L, Shaw C: Medical imaging in asthma. J Thorac Imaging 1986:1:23—-35.

Imaging 1986:1:7-22.

Lynch DA: Imaging of asthma and allergic bronchopulmonary mycoses. Radiol Clin North
Am 1998:36:129-142.

EPIGLOTTITIS

5 ESSENTIALS OF RADIOLOGIC DIAGNOSIS

- Enlargement of the epiglottis and thickening of the aryepiglottic folds on lateral
radiographs of the neck.

- Ballooned hypopharynx, narrowed tracheal air column, prevertebral soft tissue swelling,
and obliteration of the vallecula and piriform sinuses.

General Considerations

Epiglottitis is a potentially lethal infection of the epiglottis and larynx resulting in
supraglottic airway obstruction. Although usually a disorder of children aged 3-6 years,
epiglottitis can occur in adults as well. In the pediatric patient, the causative organism is
usually Haemophilus influenzae, whereas in adults the etiologic agents also include
Haemophilus parainfluenzae, pneumococci, group A streptococci, and S aureus. Epiglottitis
results in edema of the epiglottis, aryepiglottic folds, false cords, and subglottic region and
may involve the entire pharyngeal wall. The clinical presentation differs somewhat in
children and adults, with fever more common in the pediatric patient.

Radiographic Features

The radiologic examination may be diagnostic. However, sudden death from airway
obstruction is known to occur, and patients should be accompanied by a physician during
the examination in the event that emergency endotracheal intubation or tracheostomy is
necessary. Films should be obtained in the erect position to minimize respiratory distress;
manipulation of the neck should be avoided. A single lateral radiograph of the neck should
be confirmatory. In the patient with obvious (classic) epiglottitis, roentgenographic
diagnosis is not necessary, and airway management is started immediately.

In acute epiglottitis, enlargement of the epiglottis and thickening of the aryepiglottic folds
are noted in 80—100% of patients. The normal epiglottis has a shape like a little finger,
whereas the enlarged epiglottis has been likened to a thumb (“thumb sign™). Other
radiographic features of acute epiglottitis include a ballooned hypopharynx, narrowed
tracheal air column, prevertebral soft tissue swelling, and obliteration of the vallecula and
the piriform sinuses. In one report of an affected adult, CT examination demonstrated
enlargement of the epiglottis and aryepiglottic folds as well as induration of preepiglottic
fat. CT is not appropriate in children with suspected epiglottitis and is rarely required in
an adult.



Radiography may be useful in distinguishing epiglottitis from other causes of upper airway
obstruction in the pediatric patient such as croup, retropharyngeal abscess, or foreign
body aspiration.
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PULMONARY EMBOLISM

5 ESSENTIALS OF RADIOLOGIC DIAGNOSIS

- Chest radiograph usually abnormal but nonspecific, showing atelectasis. Useful to
exclude pneumonia, pneumothorax, and pulmonary edema.

* In pulmonary embolism, chest radiograph may show focal oligemia and radiolucency. In
pulmonary infarction, may show peripheral parenchymal opacities.

: Pleural effusions frequently occur.

- Ventilation—perfusion lung scan used to assess probability of pulmonary embolism in a
given patient.

- Spiral or electron beam CT allows for direct visualization of thrombus and parenchymal
and pleural changes secondary to pulmonary embolism.

- If clinical suspicion of pulmonary embolism is strong but the patient has an
indeterminate, intermediate, or low—probability ventilation—perfusion scan, pulmonary
angiography is necessary for diagnosis.

General Considerations

Pulmonary embolism is a common life—threatening disorder that results from venous
thrombosis, usually arising in the deep veins of the lower extremities. In situ pulmonary
arterial thrombosis is exceedingly rare. The signs and symptoms of pulmonary embolism
are nonspecific, seen in a variety of pulmonary and cardiovascular diseases. The clinician
must stay alert to the possibility of pulmonary embolism in any patient at risk for
Virchow's triad of venous stasis, intimal injury, and hypercoagulable state. The high
morbidity and mortality rates of pulmonary embolism and the not inconsequential risk of
anticoagulant therapy make accurate diagnosis of thromboembolism crucial. A variety of
imaging resources, including chest radiography, ventilation—perfusion scans, pulmonary
angiography, and spiral or helical CT, play a role in the diagnosis of pulmonary embolism.

Radiographic Features

A. Chest Radiograph

Although the chest x—ray is abnormal in 80—90% of cases, findings are nonspecific. In one
study, the average sensitivity, specificity, and predictive value of chest radiography were
33%, 59%, and 40%, respectively. Despite its low sensitivity and specificity, the chest
radiograph may exclude other diseases that can mimic pulmonary embolism, such as
pneumonia, pneumothorax, or pulmonary edema. In addition, the chest radiograph is
necessary for proper interpretation of the ventilation—perfusion radionuclide scan.

Radiographic findings include atelectasis, pleural effusion, alterations in the pulmonary
vasculature, or consolidation. Linear opacities (discoid or plate atelectasis) occur



commonly in pulmonary embolism as well as in several other disorders in which ventilation
is impaired. These line shadows are most prevalent in the lung bases and are presumed to
be secondary to regions of peripheral atelectasis from small mucous plugs. Some
investigators have suggested that these linear opacities are caused by infolding of
subpleural lung in low—volume states with hypoventilation, distal airway closure, and
decreased surfactant production. Linear shadows may also occur secondary to regions of
fibrosis due to pulmonary infarction or prior inflammatory disease. Pleural effusions are a
frequent finding, occurring in up to 50% of patients. The effusions are usually small and
unilateral. Effusions may be present with or without pulmonary infarction, though patients
with lung infarction tend to have larger, more slowly resolving effusions that are often
hemorrhagic. Alterations in the pulmonary vasculature are manifested radiographically by
focal oligemia and radiolucency (Westermark’s sign). These findings result from
obstruction of pulmonary vessels either by thrombus or by reflex vasoconstriction. Focal
oligemia usually requires occlusion of a large portion of the vascular bed and is
uncommonly observed. Associated enlargement of the central pulmonary artery may be
seen secondary to a large central embolus or acute pulmonary hypertension.

It is estimated that approximately 10—15% of pulmonary thromboemboli cause pulmonary
infarction. By virtue of dual blood supply via the pulmonary and bronchial arterial
circulations, infarcts are relatively uncommon, occurring more often peripherally, where
collateral flow via bronchial arteries is reduced. The incidence of pulmonary infarction is
also greater in patients with left ventricular failure, in whom there is compromise of the
bronchial circulation. Infarcts are more common in the lower lobes and vary in size from
less than 1 cm to an entire lobe. Radiographically, they appear as regions of parenchymal
opacity adjacent to the pleura, typically developing 12—-24 hours following the onset of
symptoms. Initially ill-defined, the lesion becomes more discrete and well-demarcated
over several days. Air bronchograms are uncommon, presumably because the bronchi are
filled with blood. Hampton and Castleman described the classic appearance of a
pulmonary infarct as a wedge—shaped, well-defined opacity abutting the pleura (Hampton’s
hump), but this is observed in a minority of cases.

Infarcts may resolve entirely or may clear with residual linear scars or pleural thickening.
The appearance of a resolving infarct has been likened to a melting ice cube in that the
infarct shrinks in size while maintaining its basic configuration. This is in contrast to
infectious processes, which show gradual resolution or fading of the entire involved area.

B. Ventilation—Perfusion Lung Scan

The ventilation—perfusion ¢4/ scintigraphic lung scan is usually the next imaging
procedure performed in the patient with suspected pulmonary embolism. A normal

perfusion scan virtually excludes pulmonary embolism. The interpretation of '/l scans is
complex, and an abnormal_"-u-"/u scan does not make a definitive diagnosis of pulmonary
embolism. Instead, the %/ scan in conjunction with the chest radiograph may be used to

determine the probability of pulmonary embolism in a given patient. The results of a W/l
scan in an individual patient must then be evaluated in conjunction with the clinical data
to determine the course of action for that specific patient. Based on these combined
data, the decision to treat the patient or not or to perform additional diagnostic
procedures is made.

Ventilation—perfusion scans are based on the premise that pulmonary thromboembolism
results in a region of lung that is ventilated but not perfused. The study consists of two
scans—the perfusion scan and the ventilation scan—that are compared for interpretation.
The perfusion scan involves injection of an agent such as macroaggregated albumin

labeled with technetium Tc 99m (gngc). This agent is trapped via the precapillary
arterioles and identifies areas of normal lung perfusion. Following injection, the patient is
immediately scanned in multiple projections. Regions of the lung with absent perfusion will
appear photon—deficient. The ventilation scan is performed by having the patient inhale a



radionuclide, usually xenon (33Xe), krypton (B1™Kr), or °™T¢. Images are obtained during
an initial breath—hold of approximately 15 seconds, while breathing in a closed system
(equilibrium), and during a “washout” phase. Most images are obtained in a posterior
projection, allowing for evaluation of the largest lung volume. Ventilation scans can also
be performed using a radionuclide aerosol. This has the advantage of allowing multiple
images to be made with the patient in the same positions as during the perfusion scan.

Although the concept behind v/ scanning is simple, image interpretation is quite
complex. Perfusion scans are quite sensitive in the detection of perfusion abnormalities.
However, several disorders other than pulmonary thromboembolism may cause perfusion
defects, including chronic obstructive pulmonary disease, pulmonary edema, lung cancer,
pneumonia, atelectasis, and vasculitis. In an attempt to increase the specificity of
radionuclide lung scans, ventilation scans were added to perfusion scans. Whereas
pulmonary embolism results in a region of nonperfused lung, ventilation to this region is
maintained, resulting in a perfusion defect without an associated ventilation defect
(mismatch). In obstructive pulmonary disease, both perfusion and ventilation are impaired,
resulting in a matched perfusion and ventilation defect.

There has been considerable controversy regarding the efficacy, reliability, and

interpretation of '/l scans. The majority of these studies were retrospective, resulting in
bias secondary to patient selection. Standardized criteria have been established that are

most often used in the interpretation of the '//lJ scan. The chest radiograph, the size and
number of perfusion defects, and the match or mismatch of ventilation defects are all
taken into consideration in assigning probability categories for pulmonary embolism. There
are four probability categories: normal, low, indeterminate or intermediate, and high. Fewer
than 8% of patients in the low—probability category had pulmonary embolism documented
by angiography, whereas those in the high—probability category had pulmonary embolism
documented in approximately 90% of cases. Of the intermediate—probability group, 20—33%
had pulmonary embolism documented angiographically. In a multicenter prospective study
(PIOPED) of the value of the ventilation—perfusion study in acute pulmonary embolism,
88% of patients with high—probability scans had pulmonary embolism, whereas 33% of
those with intermediate—probability scans and 12% of those with low—probability scans had
pulmonary embolism. However, only a minority of patients with pulmonary embolism had
high—probability scans. Angiography was required for a substantial number of patients in
order to make a definitive diagnosis of pulmonary embolism.

C. CT Pulmonary Angiography

The search for a noninvasive study that can detect thrombus rather than the secondary
effects of thrombi has lead to the use of CT scanning for the evaluation of pulmonary
embolism. Contrast—enhanced helical (spiral) or electron beam CT has sensitivities and
specificities of approximately 90% in the diagnosis of pulmonary embolism involving
segmental or larger pulmonary arteries. Although subsegmental thrombi may be missed,
the clinical significance of isolated subsegmental clot is uncertain, as is the incidence of
isolated subsegmental clot. Given the relatively noninvasive nature of the technique and
its high sensitivity and specificity for central clot, many institutions have chosen to
perform CT pulmonary angiography as the initial study in the investigation of suspected
pulmonary embolism, bypassing the ventilation—perfusion scan.

CT findings of pulmonary embolism include partial or complete filling defects within the
pulmonary artery due to nonocclusive or occlusive thrombi, contrast streaming around a

the occluded vessel may be present. ymal and pleural changes that occur with
pulmonary emboli are also easily detected on CT. Pulmonary embolism may result in
hemorrhage that is visible as ground—glass opacification or consolidation on CT. An infarct
may appear as a peripheral region of consolidation, typically wedge—shaped with a central
region of lower attenuation due to uninfarcted lobules. Pleural effusions are commonly



seen. CT may also provide an alternative diagnosis in patients with suspected pulmonary
embolism.

Pitfalls in the interpretation of CT pulmonary angiography include breathing artifacts in
patients unable to breath—hold, inadequate contrast opacification of the pulmonary
arteries, and suboptimal visualization of vessels that are obliquely oriented relative to the
transverse imaging plane (eg, the segmental branches of the right middle lobe and lingula).
Partially opacified veins may be confused with thrombosed arteries, and hilar lymph nodes
may be misinterpreted as thrombi.

D. Pulmonary Angiography
Pulmonary angiography is generally considered the most sensitive and specific imaging
method for the diagnosis of pulmonary embolism. Angiography is indicated when there is

disagreement between the results of the %/l] scan and the clinical suspicion of pulmonary

embolism: when the %/l scan is indeterminate or is of intermediate probability; when
there is a contraindication to anticoagulant therapy; or when therapy involves more
complicated treatment such as an inferior vena cava filter, surgical embolectomy, or
thrombolytic therapy. Complications of pulmonary angiography are related to the catheter
and its manipulation through the heart and to reactions to intravenous contrast material.
Dysrhythmias, heart block, cardiac perforation, cor pulmonale, and cardiac arrest may
occur. Relative contraindications to pulmonary angiography include elevated right
ventricular and pulmonary arterial pressures, bleeding diathesis, renal insufficiency or
failure, left heart block, and a history of contrast allergy. Pulmonary angiography can be
performed in all of these settings if appropriate measures are taken to reduce the risk of
the procedure.

At angiography, the diagnosis of pulmonary embolus is made when an intraluminal filling
defect or an occluded pulmonary artery is identified. Secondary findings include
decreased perfusion, delayed venous return, abnormal parenchymal stain, and crowded
vessels, which, though suggestive, may be seen in other pulmonary disorders.

E. MRI

The role of MRI and MR angiography (MRA) in the diagnosis of pulmonary embolism
remains unclear. Although central and peripheral emboli have also been detected on MRA,
computed tomography is more readily accessible and suitable for imaging of the critically
ill patient.

F. Imaging Techniques in Chronic Pulmonary Embolism

Chronic pulmonary embolism may lead to right ventricular failure and pulmonary arterial
hypertension. Radiographic findings include enlargement of the right heart and of the main
and proximal pulmonary arteries and decreased peripheral vascularity. Bronchial arteries
distal to the occluded pulmonary artery may become dilated. As in patients with acute
pulmonary embolism, evaluation of the patient with suspected chronic pulmonary

embolism includes /[ scanning, CT pulmonary angiography, and pulmonary angiography.
In addition to direct visualization of clot, other signs of chronic pulmonary embolism
include abrupt narrowing of the vessel diameter, cut—off of distal lobar or segmental
arterial branches and an irregular or nodular arterial wall. Recanalization and eccentric
location of thrombi also suggest chronicity.
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SEPTIC PULMONARY EMBOLI

5 ESSENTIALS OF RADIOLOGIC DIAGNOSIS

- Wedge—shaped or rounded peripheral opacities of varying size, usually multiple and more
numerous in the lower lobes.

- Thin—walled cavities, sometimes with necrotic debris, are common.

- On CT scan, peripheral nodules, wedge—shaped peripheral opacities, and cavitation.

General Considerations

Infections of the right side of the heart or of the peripheral veins may give rise to septic
pulmonary emboli. Risk factors include intravenous drug use, indwelling cath—eters, pelvic
inflammatory disease, organ transplantation, and immunologic deficiencies such as
lymphoma or AIDS. Infectious thrombophlebitis may also result from infection of the
pharynx extending to the parapharyngeal space and internal jugular venous system
(Lemierre’'s syndrome, or post—anginal sepsis). Tricuspid valve endocarditis is the most
common source of septic emboli in the intravenous drug user. S aureus is the most
commonly isolated organism, followed by streptococci.

Radiographic Features

Septic pulmonary emboli appear radiographically as wedge—shaped or rounded peripheral
opacities. Septic emboli are usually multiple and are more numerous in the lower lobes,
reflecting increased blood flow to the dependent lung. The lesions may vary in size by
virtue of variations in timing of embolization. Cavitation, typically thin—walled, is common,
and necrotic debris may be identified within the cavity. Hilar and mediastinal adenopathy



can occur.

The CT features of septic emboli have been described. Peripheral nodules with
identifiable feeding vessels, wedge—shaped peripheral opacities, and cavitation are the
most diagnostic features. Peripheral enhancement along the margins of the wedge—shaped
densities has been reported following administration of intravenous contrast material
radiograph and that it better characterizes the extent of disease. Moreover, the
cross—sectional perspective of CT affords better identification of embolic lesions that
may be obscured on chest radiographs by edema or other diffuse consolidations.
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PULMONARY EDEMA

é ESSENTIALS OF RADIOLOGIC DIAGNOSIS

Interstitial edema:

- Kerley B (most common), A, and C lines.
- Peribronchial cuffing.

- Indistinct pulmonary vessels.

* Hilar haze.

Alveolar edema:

* Poorly marginated, coalescent opacities.
* Air bronchograms.

- “Butterfly” pattern.

General Considerations

Pulmonary edema—an excess of water in the extravascular space of the lung—is a
frequent cause of respiratory distress in the critically ill patient. The three main
categories of pulmonary edema are cardiac edema secondary to myocardial or endocardial
disease; overhydration due to renal failure or excess administration of fluid; and increased
capillary permeability, which may result from a variety of insults to the microvasculature
of the lung. In the ICU patient, more than one mechanism may contribute to the formation
of edema, increasing the difficulty of diagnostic interpretation on radiographs.

There are four principal mechanisms that result in the development of edema: elevated
capillary hydrostatic pressure, decreased plasma oncotic pressure, increased capillary
permeability, and obstruction of lymphatic drainage. Decreased plasma oncotic pressure
and obstruction to lymphatic drainage only rarely lead to pulmonary edema but may be
contributing factors in the setting of increased hydrostatic pressure. The most common
cause of edema is hydrostatic pressure elevation due to cardiac disease. Acute
myocardial infarction, acute volume overload of the left ventricle, and mitral stenosis are
common causes of cardiogenic edema.

Radiographic Features
The chest radiograph is the most commonly used noninvasive test in the evaluation of the

patient with pulmonary edema. Interstitial edema may be present radiographically in the
absence of clinical sighs and symptoms, and the chest radiograph may be the first



indication of edema.

A. Cardiogenic Pulmonary Edema

In the patient with heart failure, pulmonary edema is preceded by pulmonary venous
hypertension. In patients with left ventricular failure, elevated left ventricular
end—diastolic pressure (pulmonary venous hypertension) is reflected in the pulmonary
vasculature by dilation and redistribution of pulmonary blood flow to the upper lobes. In
the normal erect patient, the upper zone vessels are smaller than the lower zone vessels,
and a significant fraction of the pulmonary circulation, particularly to the upper lobes, is
not perfused. In conditions of increased pulmonary blood volume or left ventricular failure,
there is recruitment of these nonperfused reserve vessels in the upper lobes, and reflex
hypoxic vasoconstriction of lower lobe vessels occurs. These and other pathophysiologic
factors contribute to the phenomenon of upper lobe arterial and venous redistribution.
Vascular redistribution is often difficult to observe on radiographs, particularly in critically
ill patients imaged in the semierect or supine position. As the pulmonary venous pressure
continues to increase, pulmonary edema develops.

Pulmonary edema may be present within the pulmonary interstitium, the alveoli, or both.
Radiographic evidence of interstitial edema includes Kerley A, B, and C lines; peribronchial
cuffing; hilar haze; indistinct vascular markings; and subpleural edema. Kerley lines
represent thickened interlobular septa, with Kerley B lines the most easily and most
frequently seen. These lines are horizontal linear densities measuring 1-2 cm in length
and 1-2 mm in width. They are located peripherally, extend to the pleural surface, and are
more randomly oriented and are best seen in the upper lobes, directed toward the hila.
Kerley C lines are presumably a superimposition of many thickened interlobular septa and
appear as a fine reticular pattern. Other signs of interstitial edema, including peribronchial
cuffing, hilar haze, and indistinct vascular markings, result from accumulation of fluid in
the perivascular and peribronchial interstitium. Accumulation of fluid in the subpleural
interstitium is best demonstrated along the pleural fissures.

interstitial edema precedes alveolar edema and continues to be present in the alveolar
filling stage, the interstitial component is frequently obscured by concomitant air space
edema. With filling of the air spaces, the lung becomes opaque, with poorly defined
confluent opacity. Air bronchograms are identified as tubular lucencies representing
normal patent bronchi surrounded by fluid—filled air spaces. The butterfly pattern,
appearing as a dense perihilar opacification, has been described in overhydration and
cardiac edema.

In general, cardiogenic pulmonary edema is bilateral and symmetric. Atypical edema
patterns may be seen in patients with underlying acute or chronic lung disease or as a
consequence of gravitational forces related to patient positioning. Destruction of the lung
due to emphysema may cause a patchy, asymmetric distribution of edema that spares
regions of bullous disease. Gravitational forces also affect the distribution of edema, with
increased edema in the dependent lung, and shifting the patient’s position can change the
appearance of edema. Such maneuvers may help distinguish atypical edema from other air
space processes such as pneumonia. The temporal sequence of parenchymal
opacification is also crucial because the onset and resolution of hydrostatic edema may
be rapid, whereas in other conditions such as pneumonia and ARDS, changes are more
gradual.

B. Distinguishing Cardiogenic From Noncardiogenic Pulmonary Edema

Three principal features have been proposed to distinguish cardiogenic and
noncardiogenic pulmonary edema radiographically: distribution of pulmonary flow,
distribution of pulmonary edema, and width of the vascular pedicle. Ancillary features
include pulmonary blood volume, peribronchial cuffing, septal lines, pleural effusions, air
bronchograms, lung volume, and cardiac size. The vascular pedicle width his defined as




the width of the mediastinum just above the aortic arch, with normal ranging from 43 mm
to 53 mm in an erect patient. The vascular pedicle is enlarged in 60% of patients with
cardiac failure and in 85% of patients with renal failure or overhydration. This is in
contrast to patients with capillary permeability edema, who had a normal or narrowed
vascular pedicle in 70% of cases. The distribution of flow is also a discriminating feature in
that patients with hydrostatic edema more typically have balanced flow or vascular
redistribution. In contrast, patients with capillary permeability edema usually demonstrate
a normal or balanced distribution of flow. Finally, the distribution of edema is symmetric
and perihilar or basilar in patients with cardiac or overhydration edemas, whereas capillary
permeability edema appears patchy and peripheral.

Heart size and the presence or absence of septal lines may also be useful criteria for
differentiating cardiogenic from permeability edema, with an accuracy of 83%. Thus, if the
heart is enlarged or of normal size and septal lines are present, cardiogenic edema is
likely, but if the heart size is normal and septal lines are absent, permeability edema is
more likely. There may be considerable overlap. In one study, a classic hydrostatic pattern
occurred in 90% of patients with hydrostatic edema, but 40% of patients with increased
permeability edema had radiographic features consistent with hydrostatic edema. A
peripheral or patchy air space pattern was relatively specific for capillary permeability
edema. Overlapping features may arise from differences in patient populations, including
differences in severity of edema, underlying heart or lung disease, and radiologic
technique and patient positioning.

Thus, the radiographic diagnosis of edema may be complicated by several factors.
However, general guidelines can be suggested. In general, noncardiogenic edema typically
Kerley lines, peribronchial cuffing, or pleural effusions. In contrast, hydrostatic edema is
associated with cardiac enlargement, septal lines, and frequent pleural effusions. The
accuracy of chest radiographic diagnosis is dependent upon the integration of all available
clinical and physiologic data.
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ACUTE RESPIRATORY DISTRESS SYNDROME

5 ESSENTIALS OF RADIOLOGIC DIAGNOSIS

- Early ARDS: Decrease in lung volumes, but lungs are generally clear. If ARDS is caused
by aspiration or pneumonia, parenchymal opacifications may be present.



- Later: Air space opacification is usually bilateral but may be asymmetric and patchy and
may progress later to more uniform consolidation. Air bronchograms are usually present.
- Late ARDS associated with collagen deposition shows less dense parenchymal
consolidations with interstitial or “ground glass” opacities.

- Complications include pulmonary interstitial emphysema, pneumomediastinum, and
pneumothorax.

General Considerations

Acute respiratory distress syndrome (ARDS) is a catastrophic consequence of acute lung
injury, with damage to the alveolar epithelium and pulmonary vasculature resulting in
increased capillary permeability edema. Despite numerous attempts at clarification in the
literature, there is still disagreement about the best way to describe this disorder. It is
usually characterized clinically by refractory hypoxemia, decreased lung compliance,
severe acute respiratory distress, and pulmonary parenchymal consolidations on chest
radiographs. A variety of disorders are associated with ARDS, including both direct insults
to the lungs and nonpulmonary systemic conditions.

Radiographic Features

A. Chest Radiographs
The radiographic manifestations correlate with the pathologic changes seen in the lungs

and vary with the stage of lung injury. Three stages have been described in ARDS. Stage |
is the earliest and most transient stage of lung injury and occurs during the first hours
after the insult. Pathologically, this stage is characterized by pulmonary capillary
congestion, endothelial cell swelling, and extensive microatelectasis. Fluid leakage is
confined to the interstitium and is limited. Clinically, respiratory distress with tachypnea
and hypoxemia is present. In patients with ARDS secondary to systemic insults, diffuse
microatelectasis and diminished lung compliance may result in a decrease in lung volumes,
but the lungs are generally clear. Interstitial fluid is usually too mild to be radiographically

due to therapy are also reflected on the radiograph, including overhydration and
barotrauma. The use of positive end—expiratory pressure (PEEP) may cause improvement
in aeration on the chest radiograph without physiologic or clinical improvement. In fact,
occasionally there is paradoxic worsening of oxygenation from alveolar overdistention with
subsequent diversion of pulmonary flow to poorly ventilated regions.

In stage II, the pathologic features of hemorrhagic fluid leakage, fibrin deposition, and
hyaline membrane formation result in radiographic consolidation. Air space opacification is
usually bilateral but may be asymmetric and patchy and may progress later to more
uniform consolidation. Air bronchograms are usually present and become more
conspicuous with severe consolidation. The transition to stage Il may occur 1-5 days
following the pulmonary insult, depending on its type and severity. More severe injuries
result in a more rapid transition. Pleural effusions are uncommon and, when present, are
small.

Stage III is characterized by hyperplasia of type II alveolar cells and collagen deposition.
Decreased lung compliance, ventilation—perfusion imbalance, diffusion impairment, and
destruction of the microvascular bed result in abnormal gas exchange and lung
mechanics. Radiographically, parenchymal consolidations become less dense and
confluent. Interstitial or ground—glass opacities develop as fluid is replaced by the
deposition of collagen. Subpleural lucencies may develop in regions of peripheral ischemia
and ischemic necrosis. The treatment of ARDS, including positive—pressure ventilation,
sometimes results in barotrauma that is manifested as pulmonary interstitial emphysema,

Long—term sequelae of ARDS are variable. The overall mortality rate is approximately 50%.



Although long—term survivors may have complete recovery of pulmonary function,
respiratory impairment may result from pulmonary fibrosis and microvascular damage.
Improvement in lung function is relatively rapid during the first 3-6 months, reaching
maximum recovery within 6—12 months following onset of ARDS. The chest radiograph
may continue to show hyperinflation and some residual lung opacities, but most often it
returns to normal.

B. CT Scans

The CT appearance of ARDS has been described by numerous investigators. In general,
CT demonstrates a variable and patchy distribution, with most marked involvement in the
dependent lung regions. These opacities probably represent severe diffuse
microatelectasis as well as edema fluid and have been observed to migrate under the
influence of gravity. Air bronchograms are frequent, and pleural effusions, typically small,
occur in approximately one—half of patients. The distribution of consolidation may be
dependent on the stage of ARDS. Early changes may show patchy areas of ground—glass
opacity or consolidation diffusely but not uniformly, without central or gravity
dependence. Later changes show more homogeneity as the lung becomes more
edematous, and gravity—dependent atelectasis increases. On CT, barotraumatic lung cysts
and infectious complications such as cavitation or empyema are better identified than on
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IMAGING IN PLEURAL DISORDERS
PLEURAL EFFUSIONS

5 ESSENTIALS OF RADIOLOGIC DIAGNOSIS

* Blunting of the lateral costophrenic angle (meniscus sign).

: Elevation of the apparent level of the diaphragm. Increased separation between the lung
and the stomach bubble.

- Homogeneous increased density of the involved hemithorax.



* Fluid capping the lung apex.
- Decreased visibility of pulmonary vessels below the diaphragm.
- Increased density within the pleural fissures ("pseudotumor”).

General Considerations

Pleural fluid is primarily formed on the parietal pleural surface and absorbed on the
visceral pleural surface, with approximately 25 mL of fluid present normally in the pleural
space. Pleural effusion is an excess accumulation of intrapleural fluid. A wide variety of
disorders result in excess pleural fluid. Although the chest radiograph is useful for
detecting and estimating the amount of pleural effusion, the differentiation between
transudate, exudate, empyema, and hemorrhagic pleural effusion requires thoracentesis. In
the ICU population, congestive heart failure is the most common cause of pleural effusion.

Radiographic Features

The distribution of fluid within the pleural space is greatly affected by lung elastic recoil
and gravity. On erect frontal and latera