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NOTICE

Medicine is an ever-changing science. As new research and clinical experience broaden
our knowledge, changes in treatment and drug therapy are required. The editors and
the publisher of this work have checked with sources believed to be reliable in their ef-
forts to provide information that is complete and generally in accord with the stan-
dards accepted at the time of publication. However, in view of the possibility of
human error or changes in medical sciences, neither the editors nor the publisher nor
any other party who has been involved in the preparation or publication of this work
warrants that the information contained herein is in every respect accurate or com-
plete, and they are not responsible for any errors or omissions or for the results ob-
tained from use of such information. Readers are encouraged to confirm the
information contained herein with other sources. For example and in particular, read-
ers are advised to check the product information sheet included in the package of each
drug they plan to administer to be certain that the information contained in this book
is accurate and that changes have not been made in the recommended dose or in the
contraindications for administration. This recommendation is of particular impor-
tance in connection with new or infrequently used drugs.
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Preface

fellows, and attendings who care for patients in ICUs. The book is organ-

ized in organ-specific chapters. This was done to increase the utility of and
simplify the use of this manual. The organ specific approach parallels the way
patients in the ICU are cared for. This approach enables the clinician to organize
the diagnosis and management of complicated critically ill patients. The book has
numerous illustrations, tables, and figures to ease information transfer. A variety
of authors, each with their own areas of expertise, were utilized to improve the
book’s perspective and overall character. We feel you will find the ICU Manual
informative and helpful in your care of critically ill patients.

Good luck.

The ICU Manual was developed as a bedside reference for house officers,
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CHAPTER 1

The Critically Ill Patient:
Overview of
Respiratory Failure
and Oxygen Delivery

MICHAEL J. APOSTOLAKOS

INTRODUCTION OXYGEN DELIVERY
RESPIRATORY FAILURE OXYGEN CONSUMPTION
Hypoxemia SUMMARY

Hypercapnia
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INTRODUCTION

The care of the critically ill patient is complex and, at times, overwhelming. Many
organ systems may be affected simultaneously. Each of these organ systems and
the approach to their dysfunction is discussed in subsequent chapters. This chap-
ter focuses on respiratory failure (hypoxemic and hypercapnic) and oxygen
delivery: the underlying concepts are central to what we do in the intensive care
unit (ICU).

RESPIRATORY FAILURE

Respiratory failure may be divided into two broad categories: hypoxemic (type 1)
and hypercapnic (type 2). Hypoxemic respiratory failure is defined as a partial
pressure of oxygen in arterial blood (Pao,) of less than 55 mm Hg when the frac-
tion of inspired oxygen (F10,) is 0.60 or more. Hypercapnic respiratory failure is
defined as a partial pressure of carbon dioxide in arterial blood (Paco,) of more
than 45 mm Hg. Disorders that initially cause hypoxemia may be complicated by
respiratory pump failure and hypercapnia (Table 1-1). Conversely, diseases that
produce respiratory pump failure are frequently complicated by hypoxemia re-
sulting from secondary pulmonary parenchymal processes (e.g., pneumonia) or
vascular disorders (e.g., pulmonary embolism).

Hypoxemia
Hypoxemia may be broadly divided into four major categories.
1. Hypoventilation and low Fio,
2. Diffusion limitation

3. Ventilation/Perfusion (V/Q) mismatch
4. Shunt

TABLE 1-1 Common Causes of Hypoxemia and Hypercapnia

Hypoxemia

Pneumonia

Acute respiratory distress syndrome (ARDS)
Pulmonary embolism

Congestive heart failure (CHF)

Hypercapnia

Muscle weakness
Factors that increase CO, production (e.g., fever, sepsis, trauma)
Airway obstruction
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HYPOVENTILATION AND Fio, Hypoventilation and a low F10, are rare causes
of hypoxemia in ICU patients. Hypoventilation should be suspected as the cause
of hypoxemia in patients with an elevated Paco,. Oversedation or hypercapnic
respiratory failure are common causes of this condition. Low F10, should not be
a cause of this condition unless there is an inadvertent oxygen disconnection on a
patient receiving oxygen. Hypoventilation and a low F10, may be separated from
the other causes of hypoxemia in that they are the only ones associated with a
normal alveolar-aterial (A-a) oxygen gradient.

The alveolar-arterial (A-a) gradient is the difference between Pao, and Pao,.
The A-a gradient may be calculated from the following equation:

PaC02

A —a gradient = F10,(PB—PH,0)— —Pao,

Where
F10, is the fraction of inspired oxygen
PB is the barometric pressure
PH,0 is the partial pressure of water

R is the respiratory quotient

The A-a gradient is normally less than 10 mm Hg on room air. In adults over age
65, normal values may extend up to 25 mm Hg.

Case Example

An example of the usefulness of calculating the A-a gradient is demonstrated in
the following case: A 21-year-old patient was admitted to the ICU from the
emergency department (ED) with a drug (narcotic) overdose. On presentation
to the ED, the respiratory rate was 4/min. Initial arterial blood gas (ABG) values
were pH, 7.1; Paco,, 80 mm Hg; Pao,, 40 mm Hg; O, sat, 70%. The patient was
intubated and transferred to the ICU. To calculate the patient’s A-a gradient
from the equation previously given (Normal value is 10 mm Hg or less on room
air):

A-a gradient = .21 (747 mmHg — 47 mmHg) — 80 mmHg/.8 — 40 mmHg
=147 mmHg — 100 mmHg — 40 mmHg = 7 mmHg

The normal A-a gradient value supports the hypothesis that this patient’s hypox-
emia was caused solely by hypoventilation and that no other cause of hypoxemia,
such as pneumonia, needs to be investigated. The normal A-a gradient value sep-
arates this category of hypoxemia from the other three categories.

DIFFUSION LIMITATION Diftusion limitation is a rare cause of hypoxemia in
ICU patients. The alveolar capillary unit has about 1 second in which to exchange



4 The Intensive Care Manual

(a) Normal Alveolar-Capillary Unit
21% F10,

v
P,0, =110 mm Hg
P,CO, =40 mm Hg

//.—_\\

Mixed venous blood: Pulmonary venous blood:
pH = 7.35,PyC0, = 45 mm Hg, pH = 7.4, PaC0, = 40 mm Hg,
Py0, = 40 mm Hg, 0, sat = 75% Pa0, = 110 mm Hg, 0, sat = 98%

Normal Alveolar-Capillary Unit
100% F10,

v
P,0, =590 mm Hg
P,CO, =40 mm Hg

//_____’\,\

Mixed venous blood: Pulmonary venous blood:
pH = 7.35,PyC0, = 45 mm Hg, pH = 7.4, PaC0, = 40 mm Hg,
Py0, = 40 mm Hg, 0, sat =75% Pa0, = 590 mm Hg, 0, sat = 100%

FIGURE 1-1 Physiology of oxygenation in lung under normal circumstances (a), during
V/Qmismatch (b), and shunt (c).
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(b) v
Alveolar-Capillary Unit with¥' Mismatch
Q

21% Fi0,

\

P,0, =50 mm Hg
P,CO, =42 mm Hg

//C‘_\,\

Mixed venous blood: Pulmonary venous blood:
pH = 7.40,PyC0, = 46 mm Hg, pH =7.40,PaC0, = 42 mm Hg,
Pv0, = 40 mm Hg, 0, sat = 75% Pa0, = 50 mm Hg, 0, sat = 82%

Alveolar-Capillary Unit with¥ Mismatch
Q

100% F10,

v
P,0, =300 mm Hg
P,CO, =42 mm Hg

Mixed venous blood: Pulmonary venous blood:

pH =7.40, PyC0, = 45 mm Hg, H = 7.4, PaC0, = 42 mm H;
Py0, = 40 mm Hg, 0, sat = 75% s X € &
v0, =40 mm Hg, 0, sat =75% Pa0, = 300 mm Hg,0, sat = 98§%

FIGURE 1-1 (continued)
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(c) Alveolar-Capillary Unit with Shunt

21% Fi0,

P,0, =27 mm Hg
P,CO, =45 mm Hg

//’_\

Mixed venous blood: Pulmonary venous blood:
pH = 7.40, PyC0, = 45 mm Hg, pH = 7.4, PaC0, = 45 mm Hg,
Py0, =27 mm Hg, 0, sat =50% Pa0, = 27 mm Hg, 0, sat = 50%

Alveolar-Capillary Unit with Shunt

100% F10,

P,0, = 32 mm Hg
P,CO, =45 mm Hg

//;‘__’_\,\

Mixed venous blood: Pulmonary venous blood:
pH =7.40, PyC0, = 45 mm Hg, pH = 7.4, PaC0, = 45 mm Hg,
Py0, =27 mm Hg, 0, sat = 50% Pa0, = 32 mm Hg, 0, sat = 60%

FIGURE 1-1 (continued)
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carbon dioxide for oxygen. This normally occurs within the first 0.3 second. This
leaves approximately 0.7 second as a buffer, which protects against hypoxemia
during exercise (which increases cardiac output and decreases time available for
gas exchange) or when necessary to overcome diseases that cause diffusion limi-
tation. Except for severe end-stage lung disease (e.g., fibrosis, emphysema), this is
a rare occurence and, therefore, a rare cause of acute hypoxemia. Diffusion limi-
tation, in general, is handled by the pulmonary specialist over a long period.

VENTILATION/PERFUSION MISMATCH Ventilation/perfusion (V/Q) mis-
match is the most common cause of hypoxemia seen in the ICU. Only perfusion
with reduced or absent ventilation leads to hypoxemia. Ventilation without per-
fusion is simply dead-space ventilation, and by itself, does not lead to hypoxemia.
If severe, ventilation without perfusion may lead to carbon dioxide retention. To
understand this completely, call to mind the following equations:

VE=Vo+Va
Paco, =k x Vco,/Va

Where
V. is total minute ventilation
V), is dead space minute ventilation
V , is alveolar minute ventilation

Vco, is carbon dioxide production

Normally V, and V, are 30% and 70%, respectively, of minute ventilation. k
is a constant and Vco, can generally be considered constant. Therefore, Paco, is
inversely proportional to V, (i.e., Paco, ~ 1/V,). This becomes important when
adjusting ventilator settings.

SHUNT A shunt is simply one extreme of ventilation/perfusion mismatch in
which there is perfusion but absolutely no ventilation. Because of this, unoxy-
genated blood is shunted from the right side of the heart back to the left side of
the heart causing profound hypoxemia. As there is absolutely no ventilation to
this shunted area, increasing the F10, will not improve the oxygenation. This is
how V/Q mismatch may be separated from shunt in that V/Q mismatch will im-
prove with increasing F10,, but shunt will not. It should be noted that there are
intrapulmonary shunts caused by underlying lung disease such as pneumonia,
but there are also extra pulmonary shunts, most commonly a patent foramen
ovale. When there is a patent foramen ovale and right-sided heart pressure is in-
creased, blood can be shunted across the atria from the right side of the heart to
the left side of the heart causing shunt and hypoxemia. This can be diagnosed by
a contrast echocardiogram.



8  The Intensive Care Manual

ASSESSMENT OF HYPOXEMIA When assessing hypoxemia, an understanding
of the normal physiology of the lung is necessary (Figure 1-1a). The pulmonary
artery is the only artery in the body that delivers unoxygenated blood. A normal
ABG obtained from the pulmonary artery is pH, 7.35, Pco,, 45 mm Hg, Po,, 40
mm Hg, and 0, sat, 75%. The Pao, is approximately 110 mm Hg (obtained from
the A-a gas equation) and alveolar Paco, is 40 mm Hg. A perfectly matched
alveolar-capillary unit produces pulmonary venous blood with a pH of 7.4, Pco,,
40 mm Hg; Po,, 110 mm Hg; and 0,5AT, 100%. However, “normal” ABG values
obtained peripherally yield about: pH, 7.4; Paco,, 40 mm Hg; Pao,, 95 mm Hg;
O, sat, 98%. The difference between the pulmonary venous and the arterial
blood values is the result of an anatomic shunt. Approximately 2% of venous re-
turn from the systemic circulation is to the left side of the circulation, without
going through the pulmonary circuit. Two major contributors to this shunt are
the bronchial circulation and the thebesian veins of the heart. A combination of
98% of pulmonary venous blood and 2% shunted (systemic venous) blood yields
normal peripheral ABG values.

Ventilation/perfusion (V/Q) mismatch leads to hypoxemia when perfused
alveolar units have reduced oxygen levels in the alveolar space because of reduced
ventilation, which is generally the result of some obstruction (e.g., bronchiolar
edema or mucus related to infection, bronchospasm secondary to asthma). V/IQ
mismatch, however, may be overcome by an increase in Fio, (Figure 1-1b).
Shunt is simply the extreme of V/Q mismatch, in which there is no ventilation
but perfusion persists. (Remember that ventilation without perfusion is dead-
space ventilation). Shunt is not overcome by an increase in Fi0, (Figure 1-1c¢).

TREATMENT OF HYPOXEMIA Quite simply, there are two major ways to im-
prove oxygenation:

1. Increase Fio,
2. Increase mean airway pressure

Increasing F10, is simple and can only be done one way. Increasing mean airway
pressure can be done a multitude of ways. An increase in mean airway pressure im-
proves oxygenation by recruiting partially or fully collapsed alveoli, thus better
matching ventilation to perfusion and reducing shunt. The easiest way to increase
mean airway pressure is to increase positive end-expiratory pressure (PEEP). In-
verse ratio ventilation also increases MAP by increasing the normal inspiratory-ex-
piratory ratio from 1:2 to 1:1 or 2:1.' This change keeps the positive pressure in the
chest for alonger time. Some believe that this technique simply adds to the PEEP by
not allowing enough time for exhalation. This has led to the term “sneaky PEEP”
being used in reference to IRV. High-frequency ventilation and oscillating ventila-
tion are “high-tech” ways of increasing mean airway pressure and oxygenation.’
Two less commonly used ways to improve oxygenation—prone positioning and
inhaled nitric oxide—work by improving V/Qmatching.**



1 / Respiratory Failure and Oxygen Delivery 9

Hypercapnia

In addition to oxygenation, the other major function of the respiratory system is
ventilation (carbon dioxide removal). At a constant rate of carbon dioxide pro-
duction (Vco,), Paco, is determined by the level of alveolar ventilation. The rela-
tionship between VA, Vco,, and Paco, is:

V, =k x Vco,/Paco,

Where
V, is alveolar minute ventilation
kis a proportionality constant

Vo, is rate of CO, production

When Vo, is constant, the patient’s Paco, is inversely proportional to the V, in
a linear fashion.
Remember that:

Ve=Vp+V,
Where
V. is total minute ventilation

V), is dead space minute ventilation

V, is alveolar minute ventilation

Normally dead space ventilation is approximately 30% of total ventilation. This,
however, can increase in certain conditions, such as chronic obstructive pul-
monary disease (COPD) or acute respiratory distress syndrome (ARDS). At times,
dead space ventilation may approach 70% or more of total ventilation. If this oc-
curs, the relative amount of V, is reduced and total ventilation must be increased,
if Pco, is to be maintained. When this demand cannot be met, hypercapnia en-
sues. Abnormalities of the airways or alveoli (as described above) increase the de-
mand and the metabolic rate or elevates respiratory quotient (RQ = Vco,/Vo,)
(Table 1-1).

The other aspect of the supply-and-demand equation that can lead to hyper-
capnia is when the supply side is adversely affected. The supply side is made up of
the neuromuscular system. Normally, the respiratory system can sustain approx-
imately 50% of the maximum voluntary ventilation (MVV). This is called the
maximal sustainable ventilation (MSV). A 70-kg adult, under basal conditions,
has a total ventilation of approximately 6 L/min, a MSV of 80 L/min, and a MVV
of 160 L/min. When certain conditions intervene (Table 1-1), the body’s ability
to supply increases in ventilation is compromised, and therefore, hypercapnia
can occur. This may lead to respiratory failure.
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OXYGEN DELIVERY

Oxygenation is simply one factor in oxygen delivery, which is one of the most
important aspects to understand in the care of critically ill patients. Oxygen is re-
quired by all cells in the human body for oxidative phosphorylation (energy pro-
duction). If inadequate oxygen is delivered, anaerobic metabolism ensues. This
less effective means of energy production results in acidosis and eventual cell
death. The inadequate delivery of oxygen to tissues, with resultant organ dys-
function and death, is referred to as the shock state (see chapter 3).
The determinants of oxygen delivery (Do,) are:

Do, = Cardiac output x Cao,

Where

Cao, is the concentration of oxygen in the arterial blood
The Cao, is divided between the oxygen that is bound to hemoglobin and the
oxygen that is dissolved in the blood and is described by:

Cao, = O, saturated in Hb + O, dissolved in plasma
Cao, = (O, satx Hb (g/dL) x 1.34) + Pao, x 0.003

Assuming a Pao, of 100 mm Hg, an O, sat of 100%, and a hemoglobin level of 14
g/dL, the concentration of oxygen in the blood is:

17.8 mL+0.3 mL _18.1 mL or 181 mL
dL dL L’ L

Assuming a cardiac output of 6 L/min, the average Do, is 1000 mL/min, or indexed
to a body surface area of 1.7 m% approximately 600 mL/min/m? From the above
equations, it is readily apparent that the major determinants of oxygen delivery are
cardiac output, hemoglobin level and oxygen saturation. Pao, is only important in
that it determines the oxygen saturation. That is to say, the amount of oxygen dis-
solved in the blood is small compared with that bound to hemoglobin.

The oxyhemoglobin (Hbo,) dissociation curve helps in understanding impor-
tant aspects of the oxygen content of blood (Figure 1-2). From the S-shaped
curve, it can be seen that there is not consistent affinity for hemoglobin at all lev-
els of Po,. This property of hemoglobin is called cooperativity. Each molecule of
hemoglobin can bind four molecules of oxygen. With each molecule that is
bound, hemoglobin’s affinity for oxygen increases at each of the other binding
sites. The curve also shows that with normal hemoglobin, a PO, of 60 mm Hg
correlates with an oxygen saturation of 90%, a Po, of 40 mm Hg (venous blood)
correlates with an oxygen saturation of 75%, and a Po, of 27 mm Hg correlates
with an oxygen saturation of 50%. There are several factors that alter affinity
(Figure 1-2): increased body temperature, decreased pH, an increased level of
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FIGURE 1-2 Oxyhemoglobin dissociation curve. Note parameters, which shift curve to right
and thus favor unloading oxygen.

2,3-diphosphoglycerate (2,3 DPG), and an increased Pco,, all shift the oxyhemo-
globin dissociation curve to the right (indicating a decreased affinity to bind oxy-
gen). The opposite conditions shift the curve to the left and favor binding of
oxygen.

In summary, the three major determinants of oxygen delivery are cardiac out-
put, oxygen saturation, and hemoglobin level. Pao, is only important in that it
determines oxygen saturation.

OXYGEN CONSUMPTION

Under normal circumstances, our bodies use approximately 25% of delivered
oxygen. The Fick equation describes this oxygen consumption (V0,) as:

Vo, = Cardiac output x (Cao, — Cvo,)
Where

Cvo, represents the content of oxygen in the venous blood

The venous blood, however, is only 75% saturated, with a Pvo, of approximately
40 mm Hg. By using the equations above, this calculates to an oxygen concentra-
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tion of approximately 136 mL/L. The oxygen consumption calculates to approxi-
mately 250 mL/min. This results in an oxygen extraction ratio (Vo/Do,) of ap-
proximately 25%.

As can be seen in the graph in Figure 1-3, under normal circumstances this
oxygen consumption is not dependent on delivery, only the oxygen extraction
ratio changes with alterations in oxygen delivery. However, as oxygen delivery
continues to fall, a critical value of extraction is reached, in which no further oxy-
gen can be extracted. Oxygen delivery is inadequate to meet cellular demand and
anaerobic metabolism ensues. This is the shock state, which is more fully de-
scribed in chapter 3. Although it was originally thought that during critical illness
this pathologic supply dependency extended beyond what was believed to be ade-
quate restoration of circulation (Figure 1-3), this theory was exposed to be math-
ematical coupling and the goals of restoration of perfusion have been adjusted
accordingly.

Also, oxygen delivery, under most circumstances, is most affected by changes
in cardiac output (i.e., a 25% change correlates with a 25% change in oxygen de-
livery). The other factors (hemoglobin level, oxygen saturation, Pao,) affect oxy-
gen delivery in a less drastic fashion, unless there are extreme circumstances (i.e.,
very low hematocrit). The amount of oxygen dissolved in the blood is so small in
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FIGURE 1-3 Oxygen consumption versus oxygen delivery. Normal conditions (bold line).
Under most conditions (flat part of curve), oxygen consumption is not dependent on delivery.
However, if oxygen delivery decreases to a certain point, consumption becomes dependent on
delivery, and patient goes into shock. Dashed line represents artifact of previously held theory,
which suggested that during certain pathologic conditions, oxygen consumption was depen-
dent on delivery far past normal resuscitation goals; this theory has been largely debunked.
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comparison to that bound to hemoglobin that it can almost be ignored. Practi-
cally, the Pao, is only important in that it determines the oxygen saturation, a
much more important determinant.

SUMMARY

This chapter focuses on the important aspects of the two types of respiratory fail-
ure and on oxygen consumption and delivery. Understanding these important
factors is vital in the care of critically ill patients and serves as a foundation of
your knowledge base in critical care medicine.
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INTRODUCTION

Care of critically ill patients requires vascular access for either therapeutic deliv-
ery of fluids and pharmaceutical agents or for diagnostic hemodynamic monitor-
ing. By definition, critically ill patients are physiologically unstable and,
therefore, may need medical interventions aimed at supporting one or more
functionally compromised organ systems and gauging the response to therapy.
Vascular access is the therapeutic cornerstone that facilitates these measures. All
patients who meet admission criteria to critical care units (CCUs) should have a
secure vascular access site, even if they are not currently receiving intravenous
therapy, because of the potential need for unanticipated emergent interventions.
The need for and choice of vascular access lines must be continuously weighed
against the costs and risks of complications.

Sterile and Aseptic Technique

Sterile technique is fundamental to procedural medicine; training in its clinical
application is vital and must precede procedural training. Infection of indwelling
catheters and cannulae (i.e., “line infections”) significantly affect patient morbid-
ity and mortality and the duration and cost of hospitalization. The average cost
of a line infection in a critically ill patient is $12,000 to $15,000 (1999). Insertion
sites at which there is a potential for infection, such as cellulitis or abscess, must
be avoided; sites at which there is a likelihood of contamination, such as the
groin, should be used with caution. Intertriginous areas, such as the groin, may
be colonized with fungi, such as Candida albicans, and insertion through such
cutaneous colonization may result in subsequent hematogenous spread of
pathogens. Sebum, the exocrine secretion of sebaceous glands in the skin, is an
excellent growth medium for microorganisms; because of this, the skin should be
cleansed with either 70% alcohol or povidone iodine, or both. The shaving of
local hair before procedures is not recommended, because it may cause cuts and
abrasions, and depilatories are not practical. Cannulation of the jugular veins in
males results in a higher incidence of infection than use of the subclavian site,
primarily because of overgrowth with facial hair and local accumulation of
sebum. The jugular venous site also poses a risk for salivary contamination.
Sterile isolation of the proposed insertion site and the equipment from poten-
tial inadvertent contamination by either the operator or the unprepared sur-
roundings is accomplished by the appropriate use of sterile gloves and drapes,
plus gowns, caps, and masks, where indicated. Wide draping and preparation of
the site are especially important when inexperienced practitioners are involved in
the procedure. Vigilance and careful attention to suspected breaches in sterile
technique are vital. For elective procedures, the cost-benefit analysis of suspected
breaches in technique favors starting over, since the cost of time and supplies is
negligible in comparison to the cost of infection. Because it is tacitly understood
that access lines placed emergently are inherently more likely to be contami-
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nated, all access catheters placed in the field, and probably even those placed in
the emergency department, should be removed and reinserted at new sites once
the patient is stabilized in the ICU. Aseptic technique differs from sterile tech-
nique mainly in the use of clean, but not necessarily sterile, gloves and drapes.
Aseptic technique is most often applied in the insertion of peripheral intravenous
catheters, and in some institutions, arterial cannulae.

The barriers to infectious communication, which protect the patient from the
operator and the surroundings and are referred to as “sterile technique,” can also
protect the operator from infection by the patient. When sterile or nonsterile
gloves, shields, or gowns are used to prevent the transmission of infection from
the patient to medical personnel, these barriers are referred to as “universal pre-
cautions.” The fundamental assumption of universal precautions is that all pa-
tients may be unrecognized carriers of infection. Transmissible infections that
can be acquired during vascular access procedures include those communicated
by close proximity with an infected individual, such as cutaneous and respiratory
infections and blood-borne infections transmissible through inadvertent needle-
stick injury. Although the risk of transmission per event is relatively low, the im-
plications of infection may be devastating. Infections, such as hepatitis B and C
viruses, human T-cell lymphotropic virus (HTLV), human immunodeficiency
virus (HIV), and perhaps unrecognized others, pose considerable risk to health
care workers who regularly work with sharp objects contaminated with human
body fluids.

At least 20 different pathogens have been shown to be transmitted by needle-
stick injury. The risk of transmission of viral hepatitis is greatest. The risk of ac-
quiring HIV infection is estimated to be 0.4% for a single percutaneous exposure
to body fluid from an HIV-infected patient. Since vascular access cannot be initi-
ated without the use of sharp cannulae designed for cutaneous penetration and
these cannulae have, by definition, come into contact with patient body fluids,
they represent a significant hazard to health care providers and support staff. In-
juries involving hollow needles bear a greater risk of disease transmission than
injury from surgical needles. Inadvertent needlestick injuries occur in as many as
80% of inexperienced practitioners. Needlestick injuries tend to be highly under-
reported; it is estimated that 25% of all injuries are documented. Occupational
health guidelines are readily available and should be adhered to in the event of
inadvertent needlestick injury. In addition, it is the responsibility of the operator
to ensure that all sharp objects used during a procedure have been accounted for
and properly disposed of; this helps to avoid injury to others.

The ubiquitous use of latex gloves as a barrier to infection has resulted in an in-
creased prevalence of sensitization in both patients and health care providers, and
consequently, in local and systemic allergic reactions. The incidence of latex allergy
in the general population is estimated at 1%; in health care workers, at 7% to 10%;
and in chronically ill patients who have procedures done periodically (such as those
with myelodysplastic disease, urologic abnormalities, or cerebral palsy), at 28% to
67%. The incidence of sensitization to latex increases with the frequency of expo-
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sure, especially exposure to products with a high protein content. During manu-
facturing, latex is washed and dried in a process known as leaching, which removes
the water-soluble protein allergens. However, the protein content of latex gloves
has been shown to vary 1000-fold among gloves from the same manufacturer and
3000-fold among gloves from different manufacturers.

Inhalation of latex particles in the cornstarch dust that coats some latex gloves
is a common route for sensitization. Since allergic reactions to latex may be life-
threatening, a high index of suspicion is important. Identification of patients at
risk, early recognition of reactions, and implementation of treatment protocols
have helped decrease latex-related morbidity. Alternatives to latex gloves and
tourniquets are readily available; however, some latex elements are neither re-
placeable or widely recognized.

The vascular catheters that are routinely used in the ICU are constructed of
plastic polymers, such as polyurethane, polyethylene, polytetrafluoroethylene
(Teflon), or siliconized polypropylene, and are impregnated with barium or
tungsten salts to confer radiologic opacity and facilitate confirmation of their po-
sition. Because all indwelling vascular catheters have been shown to develop a
thin film of thrombin after insertion, which may facilitate bacterial adherence
and catheter colonization,! some catheters are impregnated with heparin or
bonded with heparin or antibiotics. Since Staphylococcus epidermidis and
S. aureus are the most common organisms isolated from line cultures, the use
of catheters that incorporate ionically bonded cefazolin, silver sulfadiazine,
chlorhexidine, and other bonded antibacterial agents have led to a decrease in the
incidence of bacterial line contamination.” Although plastic catheters are foreign
intravascular bodies and, therefore, susceptible to hematogenous bacterial con-
tamination, most catheters become infected through translocation of percuta-
neous bacteria along the insertion tract. Thus, catheters (Broviac, Hickman)
inserted for long-term use are tunneled subcutaneously between the cutaneous
and vascular insertion sites and often include an antimicrobial cuff to decrease
the incidence of cutaneously initiated infection. Routine surveillance of the inser-
tion site is necessary for the early detection of infection (e.g., erythema, exudate).

The use of antimicrobial ointments and occlusive dressings is not uniformly
recommended because of the potential for skin maceration and accumulation of
sebum and moisture, which promote bacterial growth and line infection. Sterile
gauze secured with hypoallergenic tape and changed every 48 hours is the cur-
rently recommended standard of care. Catheters may also be infected hematolog-
ically when systemic bacteremia occurs. In these cases, catheter cultures reveal
organisms such as Enterococcus species, Enterobacter species, and Streptococcus
pneumoniae, among others.

The gut motor hypothesis suggests that bacterial translocation across the gut oc-
curs during times of hypoperfusion and that such secondary bacteremia can rein-
force or perpetuate the inflammatory response syndrome. If the specific organism
can be isolated in culture, it may suggest the source. Diagnostic criteria for catheter
tip-related systemic infection include positive results on culture of both the
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catheter tip and blood.” Catheter-tip infection is confirmed by the presence of more
than 15 colony-forming units (CFU) in semiquantitative culture analysis or more
than 100 CFU/mL in quantitative cultures, which are isolated from the catheter tip
only.

Catheter-related septicemia occurs when catheter tip infection is accompanied
by isolation of the same organism in blood drawn from a site other than the in-
fected catheter. Antibiotic therapy must be considered whenever bacteremia is
present and specifically tailored to the specific organism and its antibiotic sensi-
tivity profile. Mitigating circumstances, such as the presence of prosthetic heart
valves, artificial joints, and pacemaker leads, must be considered when the treat-
ment options for line infection are considered.

Catheter infection without systemic bacteremia is probably best treated by im-
mediate removal of the catheter and administration of systemic antibiotic agents.
Catheters are foreign bodies and cannot be effectively sterilized by systemic an-
tibiotic therapy. Therefore, catheters in place during active systemic infection
should be removed or changed once bacteremia is controlled, because bacteria
may subsequently be embolized to the lung or periphery or induce a local infec-
tion, such as phlebitis or endocarditis.

Choice of Catheter

The rate of flow through tubes and catheters is described by the Poiseuille-Hagen
formula, which states that flow is directly proportional to radius and inversely
proportional to length and viscosity of the fluid. Resistance is the mathematical
inverse of flow. The formula is expressed by:

_ 7'l',I'4

SuL
Where
Q is rate of flow
r is the catheter’s internal radius
p is the viscosity of fluid running through the catheter
L is the catheter length®’

From this relationship, it is clear that a short peripheral catheter may be a
better choice than an identical gauge, longer, centrally placed catheter. The
Advanced Cardiac Life Support protocol of the American Heart Association
advocates the preferential use of antecubital venous cannulation in cardiac resus-
citation. The flow through an introducer sheath, or cordis, is much greater than
flow through any lumen of a multilumen central line. The transfusion of red
blood cells should be through catheters of a least 20-gauge to prevent hemolysis;
the rate of flow of transfusing blood can be significantly improved by dilution
with saline, thereby decreasing viscosity.
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The size of a catheter can be expressed in either gauge or French units, which
are measures of external diameter. Gauges range from 14 to 27 with the smallest
numerical label corresponding to the largest outside diameter. French sizing is
usually reserved for catheter bores larger than 14-gauge, such as introducer
sheaths for pulmonary artery catheters or pacing wires. Mathematically, French
size is defined as the outside catheter diameter in millimeters multiplied by three.

A large variety of catheters are available for venous cannulation and the specific
choice of catheter should be based on the intended purpose. Access to the central
circulation is indicated for the administration of medication, nutrition, blood, and
fluid or for the continuous or intermittent monitoring of biochemical or physio-
logic parameters. The administration of hyperosmotic or vasoactive compounds or
the rapid infusion of large volumes is best accomplished by access into central
veins. All vasoactive drugs should be infused into central venous catheters. These
veins can be cannulated using a variety of single-lumen or multilumen catheters.
Triple- and quadruple-lumen catheters are available and are used to isolate multi-
ple infusions or to simultaneously monitor central filling pressure. However, since
flow rate is limited by length, shorter, large-lumen introducer sheaths (Nos. 6
through 9 Fr) are better for volume resuscitation and may also serve as conduits for
the insertion of either multilumen or pulmonary artery catheters.

Since high rates of flow are better maintained when flow is laminar rather than
turbulent, removal of the side port of an introducer catheter and its acute angle of
connection increases flow rate. Dialysis catheters are a type of central venous
catheter inserted specifically for dialysis access; however, some models incorporate a
third lumen for the administration of medications or pressure monitoring. Dialysis
catheters are placed using techniques and sites analogous to other central venous
cannulae (e.g., subclavian, jugular, and femoral veins). Insertion of temporary pace-
maker wires is a common ICU procedure and requires an appropriately sized intro-
ducer catheter, pacing wires, and a generator. Similarly, arteries are catheterized for
monitoring or for the introduction of diagnostic and therapeutic technology, such
as cardiac catheterization or intra-aortic balloon counterpulsation. However, arte-
rial catheters are not used for the administration of either medication or fluids.
Inadvertent administration of caustic medications into arteries is associated with se-
rious complications, such as vasospasm, with consequent ischemia and arterial em-
bolism.

Stasis predisposes to coagulation and, therefore, intravascular catheters are
flushed regularly, either with sterile fluids or anticoagulant solution.* Pressure
transducers are designed to maintain catheter patency by continual infusion of
flushing solution at the rate of 3 mL/hr. The use of anticoagulants in venous
transducer lines helps maintain patency, whereas the use of anticoagulants in ar-
terial transducer fluid is no longer standard. Common anticoagulants used in ve-
nous flushing solutions are heparin (100 U/mL) or sodium citrate 1.4% solution.
The key disadvantage of heparinized flushing solutions is heparin-induced
thrombocytopenia (HIT), and rarely, systemic anticoagulation in patients with
impaired heparin clearance. Polytetrafluorethylene catheters are less thrombo-
genic, but more rigid, and are thus favored for arterial cannulation.
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The Seldinger technique is a method of vascular cannulation that is guide
wire—assisted and allows the introduction of progressively more sophisticated
catheters over a guide wire after small-bore vascular access has been accom-
plished; the technique can be modified for either arterial or venous cannulation.
The passage of a flexible-tip (J-wire) guide wire through a small needle or can-
nula into a vessel makes the subsequent passage of larger catheters over a guiding
wire both easier and safer.

Monitoring

Vascular access is also used for monitoring, which is one aspect of data collec-
tion. The greater the complexity of the individual patient, the greater the need
for additional data for appropriate case analysis and decision making. Invasive
monitoring must be considered to be an extension of data collection along a
continuum and should only be used when the added value it brings is both nec-
essary and justified. For monitoring to have utility and effectiveness, the moni-
tor must detect a physiologically useful signal, respond rapidly to physiologic
change, process the data into a user-friendly format, visually display the data,
and perhaps also display data trends. For monitoring to positively affect patient
care, the practitioner must be able to interpret the data in the clinical setting,
separate data from artifact, and conceptualize the physiologic, biochemical, or
pharmacologic basis for the changes observed. Provider education and knowl-
edge have a tremendous effect on patient outcome when technology such as the
pulmonary artery catheter is used in critical care diagnostic and therapeutic de-
cision making. The prevalence of unrecognized erroneous data being unques-
tioningly incorporated into decision making may be the root cause of outcome
studies that question the utility, safety, and efficacy of the pulmonary artery
catheter. Practitioners must personally participate in all aspects of data collec-
tion, including monitor and transducer offset and calibration and waveform in-
terpretation, and they must readily question results that do not appear to fit the
clinical picture.

Catheters are used to monitor physiology and biochemistry. Physiologic mon-
itoring can include the monitoring of oxygen saturation of blood, or blood flow,
but most commonly refers to the monitoring of intravascular pressure. For pres-
sure monitoring to be possible via indwelling vascular catheters, weak pressure
signals must be transformed into electrical signals by pressure transducers. The
catheter must be connected to a noncompliant tubing filled with a continuous
column of fluid. Because fluid is noncompressible, it reliably carries pressure sig-
nals to a transducer. The transducer is composed of an internal diaphragm
within a saline container. The transducer diaphragm is connected to an electrical
resistance bridge, the Wheatstone bridge, in such a way that motion of the di-
aphragm modulates an electrically applied current.

The sensitivity of the transducer system can be described as the change in ap-
plied current that occurs in response to a given pressure change; the value is usu-
ally 5 pV/V per millimeter of mercury. Offset, or zero calibration, must occur
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before accurate pressure data can be obtained. Offset is obtained by “zeroing” the
transducer to air. The principle of signal transduction applies equally to arterial
and venous pressure monitoring. Pressure is electronically recorded in millime-
ters of mercury (or torr), whereas convention manometry transduces pressure in
centimeters of water (cm H,O). Either unit can be converted to the other by
using the definition of 1 mm Hg being equal to pressure measured in centimeters
of water divided by 1.36.

The pressure data is only valid if the height of the transducer corresponds to
the “phlebostatic axis,” or the level of the right atrium. A transducer that is set
too low reads a pressure that is falsely high; a transducer that is set too high reads
a pressure that is falsely low.

Analgesia and Sedation

Patient comfort requires consideration of local or systemic analgesic and anxi-
olytic medications. Although systemic anxiolytics or analgesics may result in
diminution of sympathetic tone, which can cause precipitous hemodynamic
compromise in acutely ill patients, local analgesics are usually well tolerated. Sys-
temic narcotic analgesics, such as morphine or fentanyl, with or without adjunc-
tive use of anxiolytic-amnesics, such as midazolam, lorazepam, or propofol, can
facilitate patient tolerance and thereby increase the safety of bedside procedures.
Local anesthetic infiltration is usually adequate if used in sufficient quantity and
dosage, although some patients do not tolerate either positioning or draping
without systemic anxiolytics. Infiltration with local analgesia must include both
cutaneous and deep structures. Periosteum is exquisitely sensitive and must be
well anesthetized during subclavian vein cannulation. Lidocaine, in a concentra-
tion of 1% to 2%, is most frequently used, and the inclusion of epinephrine,
1:100,000 to 1:200,000, may decrease cutaneous bleeding. However, local anes-
thetics combined with epinephrine must never be injected in the proximity of ar-
teries, especially end arteries without collateral flow, because vasospasm can
rapidly precipitate distal ischemia.

Informed Consent

Whenever possible, preparation for invasive procedures should include a discus-
sion of the indications, risks, and alternatives with the patient or patient’s family.
Informed consent, which includes mention of the most common complications
and their operator-specific occurrence rates, should be routinely documented
briefly in the patient medical record. In the perioperative period, operative consent
usually includes provisions for the placement of anticipated and unanticipated ac-
cess lines, but this does not waive the responsibility of the practitioner to discuss
planned interventions with the patient or family. Specific procedural signed con-
sentis not usually obtained for vascular access procedures in the operating room or
the ICU, but again, it is prudent practice to discuss, if not specifically seek, consent
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for planned interventions that are associated with risk. On the other hand, the na-
ture of the ICU often necessitates that interventions take place quickly to be effec-
tive, and detailed discussions may be impossible. Vascular access that is deemed
medically essential for the level of care requested by the patient or family may be
done in the absence of consent and, under some circumstances, in the presence of
patient dissent. Patients who have received analgesic or anxiolytic medications may
be confused or sedated and amnesic and therefore unable to properly provide in-
formed consent. The principle of informed consent may be waived under emergent
conditions and the doctrine of implied consent invoked. Under implied consent,
the patient, by seeking out the health care system, implicitly consents to emergent
procedures that are deemed medically necessary. Documentation in the chart of
the need for and the expected benefit of procedures performed emergently without
consent is prudent practice.

ARTERIAL CANNULATION

Arteries are most often cannulated for the purposes of continuous monitoring of
blood pressure or blood chemistry analysis or for the facilitation of therapeutic
interventions, such as intra-aortic balloon counterpulsation (IABP)or for contin-
uous arteriovenous hemofiltration (CAVH). IABP and CAVH are very specific
indications for vascular cannulation and are not discussed further.

Monitoring of Blood Chemistry

To obtain samples for specific blood chemistry analyses, such as measurements of
arterial blood gases, arterial lactate, and general hematologic and chemical profiles,
plastic catheters can be safely percutaneously inserted into superficial arteries. Ar-
terial catheters are less likely than central venous catheters to be contaminated by
infused substances, since arterial catheters are not used for fluid and medication
administration. In addition, blood can be drawn from an arterial cannula with less
effort and in less time than from venous catheters, although this is generally in-
significant. The presence of an arterial cannula is independently correlated with the
frequency of arterial blood specimen collection and analysis and therefore with the
cost of care. In addition, routine monitoring of blood chemistries can phle-
botomize the patient at a relative rate of one unit of packed red blood cells per week.
Finally, venous blood gas analysis is a very good indicator of pH and partial pres-
sure of carbon dioxide in blood. When coupled with pulse oximetry, venous blood
gas analysis is both safe and cost-effective under most but not all circumstances.

Continuous intravascular blood gas monitoring is now technologically feasi-
ble. Photochemical sensors, optical electrodes, convert changes in blood gas par-
tial pressure into changes in light absorption or emission through the use of
photochemical dyes. However, this technology remains limited by problems with
calibration and durability.
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Monitoring of Systemic Arterial Pressure

Indirect measurement of arterial pressure can be accomplished by means of either
palpation, auscultation (Riva-Rocci method, Korotkoff sounds), oscillometry,
plethysmography, or Doppler transduction. The most commonly used indirect ar-
terial monitoring device for determination of automatic mean arterial blood pres-
sure, called the “Dinamap,” is based on the principles of oscillometry and is the
only such technique for determination of this pressure. Mean arterial blood pres-
sure can be mathematically derived from measured systolic blood pressure (SBP)
and diastolic blood pressure (DBP) by using the following equation:

_ SBP+(2x DBP)
3

MAP

Where

MAP is mean arterial pressure

The mean arterial pressure correlates with the static pressure of blood in the
arterial circuit and is an important index of perfusion. Pulse pressure is the
mathematical difference between the systolic and diastolic blood pressure values
and reflects both the ventricular stroke volume and vascular compliance.

The inability to obtain reliable blood pressures with a cuff in patients who are
obese, lack appropriate cuff application sites, have arrhythmias, or in situations
in which there is high risk for hemodynamic instability are indications for the di-
rect measurement of arterial pressure. Insertion of an arterial cannula is the most
reliable method of blood pressure monitoring. In general, the arterial cannula re-
flects a more accurate diastolic blood pressure than does an occlusive cuff; how-
ever, the mean blood pressure measurements should be very similar.

Choice of Site and Technique and Their Potential Complications

The radial artery is the most frequently chosen site for arterial cannulation; how-
ever, the ulnar, brachial, axillary, femoral, and dorsalis pedis arteries are well de-
scribed alternatives.” The choice of site is based on anatomic availability, arterial
patency, absence of local infection, coagulation status, and, as always, a risk-
benefit analysis. Raynaud’s disease is a relative contraindication to arterial can-
nulation. The proximity of the ulnar artery to the ulnar nerve, the relative
difficulty of immobilizing the elbow joint during brachial artery cannulation, and
the predisposition of the dorsalis pedis artery to occlusion by thrombosis makes
these sites less favorable than the radial or femoral arteries.

Adequate collateral circulation is vital to safety and, therefore, should be
demonstrated and documented before the procedure. Allen’s test can be used to
evaluate the adequacy of collateral ulnar flow before radial artery cannulation,
but it is not definitive and therefore is controversial. Following manual occlusion
of both the radial and ulnar arteries, a normal (negative) test result is a return of
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color to the digits within 14 seconds or less after release of pressure on the ulnar
artery. In rare instances, it may be necessary to perform a surgical arterial cut-
down. Daily checks of distal perfusion should be routinely documented.

Arterial catheters, like all monitoring catheters, except those used for intracra-
nial pressure monitoring, provide a continuous infusion of anticoagulant and in-
travenous fluid under pressure. The use of either heparinized or citrated saline is
equally acceptable. Arterial catheters are routinely flushed manually after sam-
pling; saline is infused into the artery under pressure (250 to 300 mm Hg). Dur-
ing flushing, the perfusion area of the artery is often observed to visibly blanch.
Flushing must be limited to short duration because the pressure of fluid easily ex-
ceeds arterial pressure, so retrograde flow and passage of catheter debris into the
aortic arch is possible with continued flushing. The risk of such a significant ret-
rograde flow is most likely with catheters placed closest to the central arteries,
such as brachial and axillary artery catheters. The left upper extremity arteries as
a site for arterial cannulation may be preferable to the right side; the right hand is
dominant in the majority of patients. The technique of arterial cannulation opti-
mally requires palpation of the artery, manual fixation of the artery, and
catheter-over-needle (and possibly Seldinger technique) luminal insertion. Blood
return and waveform confirm the proper placement of the arterial catheter.

Complications of arterial cannulation are relatively rare (Table 2—1). Although
arterial access sites are less likely to become infected than are venous cannulae be-
cause of higher local oxygen tension, insertion should be accomplished in a sterile
manner. The incidence of infection increases with increasing duration of cannula-
tion. The rate of infection significantly increases when surgical cutdown is used.

TABLE 2-1 Complications of Arterial Cannulation

Hematoma

Nerve injury

Heparin-induced thrombocytopenia
Blood loss from diagnostic tests
Arterial thrombosis

Digit loss

Cutaneous necrosis

Embolization, proximal or distal
Pseudoaneurysm

Infection

Retroperitoneal hemorrhage
Arteriovenous fistula

Inadvertent intra-arterial drug injection
Inadvertent disconnection and hemorrhage

False readings
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Systemic infection from contaminated flushing solution or sampling syringes is
also possible. Finally, seeding of intravascular foreign bodies in patients with doc-
umented bacteremia is expected; the foreign body becomes a secondary source of
infection after the presenting bacteremia has been controlled. Catheters should be
removed if pain, discoloration, or systemic signs of catheter sepsis develop, and the
duration of arterial cannulation should be limited to 7 days, or less if possible.

Arterial Waveform Analysis and Artifact

The monitor typically displays both a continuous arterial waveform and a nu-
merical value for systolic, diastolic, and mean arterial pressure. Visual assessment
of the waveform is essential to the interpretation of the numerical value, because
artifact can be inferred from the waveform only. The transducer must be level
with the heart, brain, or organ in which perfusion is considered most vital; how-
ever, in supine critically ill patients, this is usually not an issue. In general, the
transducer should be placed at the uppermost anatomic level of circulatory con-
cern; for example, in a sitting neurosurgical patient, the transducer is most com-
monly placed at the level of the circle of Willis.

The mean arterial blood pressure is the driving pressure for arterial blood flow
and is continuously calculated by dividing the integrated area under the arterial
pressure waveform by the duration of the cardiac cycle. Blood pressure in blood
vessels depends both on the flow rate, or cardiac output (CO), and the total pe-
ripheral (systemic vascular) resistance (TPR):

MAP = CO x TPR

Where
MAP is mean arterial pressure
CO is cardiac output

TPR is total peripheral resistance

The most obvious and direct implication of this mathematical relationship is
that arterial blood pressure is a very poor indicator of blood flow and resultant
organ perfusion. Since pressure can remain constant within the limits of the ac-
cepted normal values because of vasoconstrictive reflexes and despite substantial
reductions in flow, blood pressure changes generally signal loss of protective
reflexes and may be the effects of, for example, pharmaceutical interventions,
diabetes-related dysautonomia, and shock.

Arterial waveform data can also be used to infer more subtle information
about cardiovascular function. Regular variations in the beat-to-beat blood pres-
sure numbers and waveform on inspiration suggest intravascular volume deple-
tion. A wide pulse pressure similarly suggests intravascular volume depletion and
may also indicate underlying aortic insufficiency. The initial upstroke and peak
amplitude of the arterial waveform is produced by the ejection of blood from the
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left ventricle and, therefore, implies contractility information, and the rate of
downstroke in the arterial waveform allows inferences regarding systemic vascu-
lar resistance.

The blood pressure measured by an intra-arterial cannula depends to some
extent on the properties of the vessel cannulated. The arterial pressure waveform
is susceptible to artifacts, such as catheter whip and damping, which influence
the validity of the pressure data. Catheter whip, or systolic amplification, occurs
when arterial pressure waves are reflected back to the catheter tip from points of
constriction, branching, or noncompliant arterial walls. Reflection of pressure
waves off arterial walls can distort pressure waveforms, causing overreading of
systolic pressure. Peripheral catheters are more susceptible to systolic amplifica-
tion because the velocity of blood flow increases gradually as the blood pulse
moves peripherally, since the walls of the large arteries are more compliant and
absorb energy. The systolic pressure increases and the systolic wave narrows pro-
gressively as the arterial pressure wave is measured more peripherally, and sys-
tolic amplification of the waveform increases as the compliance of the arteries
decreases peripherally.

Spontaneous oscillation is a characteristic of fluid-filled transducer systems.
The resonant frequency of a transducer system is the inherent oscillation fre-
quency produced by a pressure signal introduced into the system. Mechanical
transducers absorb some of the energy of the systems they monitor and release of
some of this energy. This causes a vibration to occur at the natural resonance fre-
quency specific to the system.

Damping is the tendency for the vibration, or oscillation, to stop and is a func-
tion of compliance, air, tube length, tube coiling, connections in the tubing, and
stopcocks. Air in the form of bubbles in the flush solution is very compressible and
absorbs a great deal of energy, resulting in significant damping. Excessive damping
results in an underestimation of the systolic blood pressure and an overestimation
of the diastolic blood pressure, whereas the opposite is true for underdamped sys-
tems. Mean pressure is only minimally affected by damping. The resonant fre-
quency can be quantitatively determined using the “flush formula,” in which the
frequency (in hertz) equals the paper speed (in millimeters per second) divided by
the distance (in millimeters) between oscillation waves. The more closely matched
a pressure signal is to the resonant frequency of the system, the greater the likeli-
hood of signal amplification, which defines the underdamped system. An underin-
flated pressure bag causes an artifactual drop in the blood pressure reading. A
transducer that has fallen to the floor causes the displayed blood pressure to be
greatly elevated.

Pulse Oximetry

The adjunctive use of pulse oximetry in CCUs has added an additional level of mon-
itoring, which allows the saturation of arterial blood to be measured directly using
the law of Beer-Lambert and the principle of reflectance spectrophotometry.
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The mandated use of pulse oximetry during anesthesia has greatly improved
anesthesia safety; ideally therefore, pulse oximeters should be used on all criti-
cally ill patients. However, pulse oximetry alone is not considered an appropriate
early warning of apnea, because significant desaturation may not occur for 15
minutes or more in patients with a normal functional residual capacity who are
breathing pure oxygen. Furthermore, the pulse oximeter does not indicate the
adequacy of ventilation. Clinically detectable cyanosis does not occur until the
oxygen saturation of arterial blood reaches 80% or less.

Oxyhemoglobin reflects more red light than does reduced hemoglobin,
whereas both hemoglobins reflect infrared light identically. Adult blood usually
contains four types of hemoglobin: oxyhemoglobin (Hbo,), methemoglobin
(MetHb), reduced hemoglobin (Hb), and carboxyhemoglobin (Hbco,). How-
ever, except in pathologic conditions, methemoglobin and carboxyhemoglobin
occur only in very low concentrations.

Pulse oximeters emit light only at only two wavelengths, 660 nm (red light)
and 940 nm (near-infrared light). Reduced hemoglobin absorbs approximately
10 times more light, at a wavelength of 660 nm, than does oxyhemoglobin; at a
wavelength of 940 nm, the absorption coefficient of oxyhemoglobin is greater
than that of reduced hemoglobin. Signal processing based on a calibration curve
determines the saturation of the arterial blood as it pulses past the probe. The
pulse oximeter has substantially affected the use of ABG analysis for the determi-
nation of oxygenation saturation alone.

The Sao, displayed by the pulse oximeter is correctly referred to as the Spo,,
to differentiate it from the Sao, obtained by ABG analysis and is represented by
the following equation:

Spo, = &XIOO
Hbo, + Hb

Where
Spo, is Saturation of Hb with 0, measured by pulse oximetry
Hbo, is oxyhemoglobin concentration in blood

Hbo, + Hb is total hemoglobin concentratin in blood

Using the oxyhemoglobin dissociation curve, an Spo, of 90% corresponds to a
Pao, of approximately 60 mm Hg and an Spo, of 75%, to a Pao, of 40 mm Hg.
The Spo, measured by pulse oximetry can be expected to be within 2% of the
value for hemoglobin saturation of blood measured by a co-oximeter. Anemia
does not interfere with the accuracy of the Spo, as long as the hematocrit remains
above 15%. The heart rate on the oximeter must correlate with the true heart rate
for the Spo, to be considered accurate. The Spo, is falsely elevated in the presence
of carboxyhemoglobinemia and the Spo, falsely reads 85% when significant
methemoglobinemia is present.
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Methemoglobinemia may occur more frequently in septic critically ill patients
than previously recognized, since methemoglobin is generated in the presence of
nitrites, which are a by-product of the nitric oxide pathway. In addition, since the
pulse oximeter requires pulsatile flow, placement of the probe on the index finger
or thumb of a patient with a radial arterial cannula serves as an early warning of
ischemia in the radial artery distribution. The accuracy of the pulse oximeter is
greatly reduced when the arterial oxygen saturation falls below 75%.

CENTRAL VENOUS CATHETERIZATION

The central veins are the major veins that drain directly into the right heart. Indi-
cations for central venous cannulation include a need for both access and moni-
toring (Table 2-2). The approaches to the central circulation can be classified on
the basis of whether the inferior or superior vena cava is used. Venous air em-
bolism is a possibility whenever the venous system is opened to atmospheric
pressure above the level of the right atrium, or phlebostatic axis. Inadvertent en-
trainment of air through a 14-gauge catheter can occur at a rate of 90 mL/sec and
produce a fatal air embolism in less than 1 second. Air embolism is most likely to
occur during hypovolemia and spontaneous respiration when the hydrostatic
pressure in the right side of the heart falls significantly below atmospheric pres-
sure during early inspiration. The probability of air embolism is diminished, but
not eliminated, by placing the patient in Trendelenburg’s (head down) position
for superior vena cava (SVC) cannulation and reverse Trendelenburg’s (head up)

TABLE 2-2 Indications for Central Venous Cannulation

Access for rapid infusion of fluid
Long-term access required

Monitoring of cardiac function

+ Preload

+ Cardiac output

* Mixed venous saturation

Drug administration

* Vasoactive medications

+ Highly osmotic or irritant drugs

+ Hyperalimentation

+ Chemotherapy

+ Long-term antibiotics

Long-term inotropic medications (outpatient inotropic therapy)
Dialysis access

Temporary transvenous pacing wire placement
Aspiration of air emboli

Jugular venous bulb monitoring
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position for femoral inferior vena cava (IVC) cannulation. Venous air embolism
is best treated by aspiration of the air from the heart, but immediate temporizing
measures include placing the patient in the left lateral decubitus Trendelenburg’s
position, increasing preload cautiously, and using aggressive inotropic support.
Embolization of catheter fragments or the guide wire most often indicate serious
deviation from proper technique. Difficulty in obtaining successful venipuncture
is most often the result of poor anatomic landmarks, previous phlebitis or
thrombosis, or distortion of anatomy by surgery or trauma. The complications of
central venous cannulation are many, including those based in the patient’s
anatomic variability, inadvertent complications despite maintaining the standard
of care, a breach in technique, and operator inexperience. Complications of cen-
tral vein cannulation are listed in Table 2-3.

Approaches to the Central Venous Circulation

INFERIOR VENA CAVAL ACCESS The IVC is accessed via the femoral vein,
which lies medial to the palpable femoral artery and below the inguinal ligament
in the femoral triangle (Figure 2—1). Radiographic confirmation of subsequent
catheter placement is not necessary. The primary advantage to the femoral ve-
nous access site is the relatively low rate of insertion-related complications, mak-
ing it a good choice for emergent high-volume infusion. However, higher rates of
catheter infection have been reported at this site, especially when the catheter is
being used for total parenteral nutrition, and higher rates of deep venous throm-
bosis (DVT), especially in trauma patients, may outweigh the potential advan-
tages. During cardiopulmonary resuscitation, thoracic compressions may
increase inferior vena caval pressure, prolonging the circulation time of drugs to
the heart. The femoral vein should not be cannulated for volume infusion in
trauma patients if abdominal or pelvic venous injury or hepatic trauma is sus-
pected or if surgical clamping of the IVC is anticipated. In the presence of known
or suspected DVT, the femoral approach should be used with great caution, since
instrumentation of the vein may dislodge thrombi proximally. The occurrence of
DVT after prolonged instrumentation of the femoral venous system, especially in
patients who are immobile as a result of trauma or who are in hypercoagulable
states, is another consideration before planning femoral vein access.

SUPERIOR VENA CAVAL ACCESS The SVC is accessed directly via the subcla-
vian, internal jugular, or external jugular veins (Figure 2-2) and indirectly via the
antecubital veins. The proximity of these veins to major arteries in the neck and
thorax and the possibility of pneumothorax reflect the more common complica-
tions of these approaches.

Since the catheters and guide wires are of sufficient length to reach the right
atrium and ventricle, arrhythmias caused by mechanical stimulation of the heart
are common. Transient ectopy is very common and need not be treated. How-
ever, the ability to immediately recognize and treat ventricular tachyarrhythmias
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TABLE 2-3 Complications of Central Venous Cannulation

Hematoma

Microshock

Pneumothorax

Hemothorax

Chylothorax: Left internal jugular (LIJ) approach
Arterial puncture from cannulation
Subcutaneous infiltration: proximal port

Data misinterpretation

Perforation

* Superior vena cava

+ Right atrium

+ Right heart (tamponade)

Arrhythmias

+ Bundle branch block

* Ectopy

+ Ventricular tachycardia
Nerve injury

* Brachial plexus

+ Stellate ganglion

+ Phrenic nerve

+ Recurrent laryngeal

Emboli

+ Air

+ Clot

+ Catheter fragment

+ Guide wire

+ Systemic embolization
1. patent foramen ovale
2. arterial cannulation

Thrombosis
* Vein
+ Aseptic thrombotic endocarditis
+ Catheter-related infections
1. Puncture site
2. Catheter: colonization or infection
3. Suppurative thrombophlebitis
4. Endocarditis

Pulmonary artery catheter

+ Pulmonary artery rupture

+ Catheter knotting

+ Valvular injury of the external jugular valve or tricuspid valve
+ Pulmonary infarction

+ Chordae tendineae rupture
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FIGURE 2-1 Anatomy of the femoral triangle. The femoral vein is the most medial neurovas-
cular structure within the femoral triangle. The palpable landmark is the femoral artery. The
base of the inverted triangle is the inguinal ligament; the vastus intermedius (laterally) and
the adductor longus (medially) are the muscular boundaries. The femoral nerve lies laterally
and must be avoided. The arrow represents the direction of flow in the femoral vein.

is necessary; therefore, continuous monitoring of the electrocardiogram (ECG)
during central venous access is highly recommended.

The tip of central venous catheters should lie in the SVC and not in the right
atrium, where the catheter tip can perforate or erode into the pericardium, or in the
right ventricle, where stimulation of conduction pathways can lead to paroxysmal
arrhythmias and conduction block. Perforation of the SVC and right atrium have
resulted in mortality rates that approach 70% and 100%, respectively.

SUBCLAVIAN VEIN CANNULATION The subclavian vein is the preferred site
for central venous cannulation (Figure 2-2), since it is a large vein with relatively
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FIGURE 2-2 Anatomical landmarks for superior vena cava access. The internal jugular vein
lies under the lateral head (clavicular) of the sternocleidomastoid (SCM) muscle and can be
approached anteriorly (a) or posteriorly (b). The vulnerable structures include the carotid
artery, brachial plexus cords, the dome of the pleura, and on the left side, the thoracic duct. A
superior approach to the subclavian artery is possible in the base of the anterior cervical trian-
gle (c). The subclavian vein passes under the medial aspect of the clavicle and can be accessed
there (d); see text.

constant anatomy and is the vein most likely to be patent, even during profound
hypovolemia since the vein is tethered to the surrounding dense connective tis-
sue. The subclavian vein crosses under the clavicle, medial to the midclavicular
line. The vein is most often entered at the junction of the outer one-third and
medial two-thirds of the clavicle, with the needle parallel to the clavicle and di-
rected at the sternal notch. The subclavian vein is the direct continuation of the
axillary vein as it passes over the first rib and under the clavicle. The veins run
anterior to the anterior scalene muscle, which separates the vein from the subcla-
vian artery and pleura. The subclavian vein and internal jugular veins join at the
thoracic inlet to form the brachiocephalic vein, which drains directly into the
SVC. The left side is somewhat preferable for right heart catheterization because
the angulation from the right subclavian vein into the right side of the heart is
more acute. In experienced hands, the incidence of pneumothorax is no greater
with the subclavian approach than it is with the internal jugular approach.

INTERNAL JUGULAR VEIN CANNULATION The internal jugular vein passes
under the clavicular (lateral) head of the sternocleidomastoid muscle as the most
lateral structure in the carotid sheath. Since the internal jugular vein lies poste-
rior to the muscle belly, it can be accessed from either a medial (anterior) ap-
proach or a lateral (posterior) approach (Figure 2-2). The use of portable
ultrasonography to guide internal jugular vein cannulation is becoming increas-
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ingly common and has obvious benefits in those patients in whom the palpation
of anatomic landmarks is not possible.

The risk of inadvertent carotid artery puncture is always present and is slightly
higher with the anterior approach and during periods of hypotension. Carotid
puncture with a small-gauge needle carries a low risk of morbidity; hematoma
and plaque embolization are relatively rare. Cannulation of the internal carotid
artery with a large-bore catheter may provoke serious hemorrhage and may re-
quire emergent vascular surgery consultation. A foreign body in the carotid
artery carries a high risk of embolic (e.g., air, clot) cerebrovascular complication:
definitive therapy must not be delayed. The left internal jugular approach carries
arisk of injury to the thoracic duct and resulting chylothorax. The indirect disad-
vantages of jugular venous cannulation include limited neck mobility and patient
discomfort, proximity to oral and tracheostomal secretions, and overgrowth of
the insertion site by facial hair in males, predisposing these catheters to contami-
nation and infection.

EXTERNAL JUGULAR VEIN CANNULATION The external jugular vein is an
alternative jugular approach to the central venous system. The advantages of ex-
ternal jugular cannulation are a low risk of pneumothorax, minimal risk of
carotid artery puncture, and easy control of bleeding. However, these advantages
are outweighed by the difficulty in accessing the highly mobile and collapsible
vein, in anchoring catheters, in passing the guide wire and catheter through a ve-
nous valve (which may be made incompetent after catheterization), and the risk
of venous injury at the acutely angled junction of the internal and external jugu-
lar veins. The external jugular approach is not recommended for routine critical
care central venous access.

PERIPHERALLY INSERTED CENTRAL CATHETERS A reasonable alternative
to direct access to major veins is the use of a peripherally inserted central catheter
(PICC) or long-arm central catheter; however, these are more applicable for pa-
tients who need long-term care than patients in the CCU. These catheters are
inserted into the brachial or cephalic veins in the antecubital area and then
threaded into the SVC, where the proper position is confirmed either radio-
graphically or electrocardiographically. Anesthesiologists routinely place special
long-arm central catheters, which have multiple aspiration ports, in patients for
neurosurgical procedures to facilitate aspiration of air embolism, to monitor cen-
tral venous pressure (CVP), and to administer some medications. The PICC
catheter is used mainly for long-term antibiotic or chemotherapy administration.

Central Venous Pressure Monitoring

CVP can be transduced at any point in the central venous system, including
the IVC; however, the reliability and validity of the IVC is affected by intra-
abdominal pathology. The phlebostatic axis is at the level of the tricuspid valve
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or right atrium in a supine patient; this is where intravascular pressure reaches
zero and is independent of body habitus. Although changes in posture can be ex-
pected to affect the reference pressure at the phlebostatic axis by less than 1 mm
Hg, the CVP is a less accurate indicator of filling pressures when it is measured
in the lateral or upright position, because of venous pooling. The CVP is most
often used as an approximation of preload and reflects a balance between venous
return and right-sided cardiac output. Under normal conditions, the right side of
the heart is composed of a thin wall of myocardium and is more compliant than
the more muscular left side of the heart. Since CVP measures intravascular pres-
sure and not transmural pressure, which is the actual determinant of ventricular
preload, its validity as an index of preload is influenced by pulmonary variables,
such as intrathoracic pressure, and by cardiac variables, such as cardiac compli-
ance.

Central filling pressures, such as the CVP, pulmonary artery wedge pressure
(PAWP), and pulmonary capillary wedge pressure (PCWP), are measured
at end-expiration, when the relative intrathoracic pressure is zero (i.e., it equals
atmospheric pressure), and therefore intravascular pressure equals transmural
pressure. High levels of positive pressure ventilation, which affect the CVP,
should never be discontinued to determine a “more accurate” CVP. In instances
where the CVP is thought to be falsely elevated by intrathoracic pressure, an al-
ternative form of preload assessment should be considered or esophageal
manometry should be used to estimate transthoracic pressure. The transthoracic
pressure can then be subtracted from the CVP to provide a better estimate of
preload.

Graphic depiction of the CVP (also the PCWP and left atrial pressure) wave-
forms consists of three positive wave deflections (a, ¢, and v) and two descents
(x and y) (Figure 2-3). The a wave is the increase in venous pressure that is gen-
erated by atrial contraction. The ¢ wave occurs when the atrioventricular valve
(tricuspid or mitral) is displaced into the atrium during isovolumetric ventricu-
lar contraction. The v wave reflects the increase in atrial pressure that occurs as
venous return begins to fill the atrium during isovolumetric relaxation, while the
atrioventricular valves are still closed. The x descent corresponds to ventricular
ejection, as the emptying ventricle draws down on the floor of the atrium and de-
creases the CVP. The y descent occurs as the atrioventricular valve opens and
blood enters the ventricle during ventricular diastole.

The importance of these waveforms lies in their ability to reflect on patho-
physiologic processes. Absence of the a wave occurs in atrial fibrillation, in which
case the x descent may also be absent. Amplified, or “cannon,” a waves occur in
the presence of stenosis of the atrioventricular (mitral) wave. Both the x and y
descents are exaggerated in the presence of constrictive pericarditis, whereas car-
diac tamponade magnifies the x descent and abolishes the y descent.

In the presence of atrioventricular valve incompetency, free transduction of
ventricular pressure during ventricular contraction generates large “cannon” V
waves that are pathognomonic for regurgitant flow, especially mitral regurgita-
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FIGURE 2-3 The CVP wave form as it relates to the electrocardiogram (see text).

tion. In the case of the CVP, pulmonary hypertension increases right ventricular
afterload, decreases right ventricular compliance, and accentuates the v wave-
form depicted on the monitor.

PULMONARY ARTERY CATHETER

The pulmonary artery catheter (PAC), or Swan-Ganz catheter, provides a more
accurate measure of left ventricular preload; however, it also is subject to opera-
tor bias and misinterpretation.”® The pulmonary artery catheter was originally
introduced in 1970 by Swan and Ganz, whose names are still attached to the
catheter today. The importance of basing clinical interventions on judicious in-
terpretation of the data obtained from the PAC cannot be overemphasized.”'’
Although the discipline of critical care medicine is to a large extent rooted in use
of the PAC, recent suggestions that the use of the PAC in clinical medicine is as-
sociated with increased morbidity and mortality may reflect, in large part, deci-
sions made on the basis of inaccurate data alone, without sufficient consideration
of the underlying physiologic principles.



2 / Intravascular Access and Hemodynamic Monitoring 37

Pulmonary Artery Catheter Placement

The PAC is passed into the central venous circulation through an introducer
catheter, or cordis, and is then passed sequentially through the great veins, the
right atrium, right ventricle, pulmonary outflow tract, and into a pulmonary
artery. A 1.5-mL silastic balloon allows catheter placement to be flow-directed,
because the balloon tip of the catheter, inflated during catheter passage, facilitates
placement in the pulmonary outflow tract. Fluoroscopic assistance during place-
ment may be indicated if a transvenous pacemaker has been placed recently, se-
lective pulmonary artery catheterization is necessary, or anatomic abnormalities,
such as Eisenmenger’s complex, exist.

Catheterization of the right side of the heart carries the additional risks of ar-
rhythmias, intravascular coiling and knotting, and vascular perforation. Con-
tinuous waveform analysis of the pressures transduced at the PAC tip allows
subjective assessment of the location of the catheter tip. Progression of the
catheter tip through the right side of the heart must be monitored by transduced
waveform analysis (Figure 2—4).

Since the placement of the catheter is flow-directed, advancement of the catheter
incrementally with each heartbeat facilitates appropriate passage. Catheter ad-
vancement without concomitant waveform progression strongly correlates with
placement in the IVC or coiling within the right heart chambers. When the catheter

R A
NV
g L
N NN I Y,

FIGURE 2-4 Waveform analysis during pulmonary artery catheterization. The pressures
transduced sequentially include the superior vena cava (SVC) and right atrium (RA) which
are typical CVP readings. Entry into the right ventricle (RV) is marked by a rise in the systolic
component. The characteristic rise in diastolic pressure signals entry into the pulmonary
artery (PA). With the balloon inflated, ‘wedge’ positioning of the balloon tip is signaled by a
flattening of the PA waveform. Deflation of the pulmonary artery balloon in the wedge posi-
tion should be accompanied by a return to the PA waveform, as blood flow resumes past the
catheter tip.



38  The Intensive Care Manual

reaches the distal pulmonary artery, the diastolic pressure characteristically rises.
Further advancement of the catheter causes the waveform to flatten and signifies
that the “wedge” position has been reached; at this point, the balloon occludes the
flow of blood past the catheter tip. “Pseudo-wedging” may occur if the catheter is
caught underneath the pulmonary valve or trabeculae or between papillary muscles.
In this case, waveform flattening occurs prior to pulmonary artery waveform iden-
tification. Deflation and reinflation of the balloon is critical, since distal migration
of the catheter tip occurs frequently. If slow inflation of the balloon results in a con-
tinued rise of the transduced pressure to high levels, the catheter tip is either “over-
wedged” in the pulmonary capillary, which carries a high risk of pulmonary artery
rupture, or the balloon has herniated past the tip of the catheter, where pressure
transduction occurs. Suspicion of “overwedging” requires that inflation attempts
be immediately abandoned, the catheter withdrawn a short distance into the pul-
monary artery, and the wedge position re-ascertained by slow re-advancement of
the catheter.

The Physiology and Analysis of Pulmonary Catheter Data

PULMONARY CAPILLARY WEDGE PRESSURE AND CARDIAC FUNCTION
The pressure determined from this “wedge” waveform at end-expiration is the
PCWP, and may be used as an index of left atrial pressure, and by further extrap-
olation, the left ventricular end-diastolic pressure. However, true left ventricular
preload is actually ventricular wall tension caused by ventricular end-diastolic
filling volume, which stretches myocardial sarcomeres.

The relationship of ventricular performance to isometric preload is Starling’s
law of the heart, and the resulting graphic depiction of this relationship is re-
ferred to as a Starling curve (Figure 2-5). Interpretation of the data obtained
from use of the PAC is based on the Starling curve and is the foundation for car-
diovascular critical care.

A fundamental concept of cardiac physiology is that optimal preload develops
a tension on the muscle, which causes the overlap of actin and myosin in the
myocyte to approximate 2.2 pm. Otherwise, and more practically stated, optimal
preload is that precontraction load, or tension, that optimizes ventricular perfor-
mance. In graphic terms, optimal preload is the volume that produces ventricular
distension nearing the apex of the Starling curve, maximally increasing cardiac
contractile function. Overdistention of the sarcomeres beyond 3.0 um causes a
decrease in contractile performance and a negative slope in the Starling curve.
Since the pulmonary artery catheter measures pressure, the corresponding vol-
ume preload can be inferred only if compliance remains constant during the pe-
riod of measurement (i.e., compliance = volume/ pressure).

The pulmonary artery catheter has as its greatest utility the ability to depict a
mathematical and graphic relationship between cardiac filling pressure and car-
diac performance. Data is most reliable when it is directly measured, and mathe-
matical manipulation sequentially introduces error. The use of indexed values,
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FIGURE 2-5 Curvilinear depiction of Starlings law of the heart: The Starling curve relates
preload (CVP, PCWP, LVEDP, or LVEDV) to cardiac function (EF, SV, CO) and forms the
basis of cardiovascular critical care since both dependent and independent variables can be
tracked using a PAC. The incremental increases in preload (a, b, ¢) are accompanied by corre-
sponding increases in cardiac function (A, B, C). Therapeutic interventions can change the
variables. Diuresis decreases preload (1), inotropes increase cardiac function at any given fill-
ing pressure (2), and the use of beta or calcium channel blockers can inhibit contractility and
move the patient’s cardiac function between curves I and II.

standardized to body surface area (i.e., cardiac index = cardiac output/body sur-
face area) facilitates the comparison of hemodynamic variables among patients.
However, if the data is used primarily to predict trends over time, indexing pro-
vides little added benefit.

The principle on which the use of the PCWP as a measurement of left ventric-
ular preload rests on is the assumption that inflation of the balloon in the wedge
position within the pulmonary artery obstructs blood flow around the catheter
tip and creates a static column of blood that is contiguous to the left atrium and,
at end diastole before mitral valve closure, with the left ventricular end-diastolic
pressure. Since catheter placement is flow-directed, the balloon usually carries
the PAC tip to zone 2 of West, where the hydrostatic pressure in the pulmonary
artery (P,,) exceeds alveolar (P,) pressure, which exceeds pulmonary venous
(P,,) pressure (P,, > P, > P,,), or to zone 3 of West, where P, > P, > P, (Figure
2-6). Since the mean airway pressure in zones 1 and 2 is intermittently greater
than pulmonary venous pressure, collapse of the vasculature causes inability to
transduce accurate intravascular pressure. The reliability of the PCWP is greatest
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FIGURE 2-6 West zones of the lung. West zones relate ventilation and perfusion. Flow is
greatest in dependent zones, partially governed by gravity. Ventilation/perfusion ratio is
greatest toward the apex of the lung. In order to best reflect cardiac function, the tip of the
PAC should lie in zone 3 or 4.

when the catheter tip is in zone 3 or 4, since only in these zones is there a contin-
ual column of uninterrupted blood between the catheter tip and the left atrium.
High mean airway pressure and hypovolemia are the most common causes of
relatively decreased zones 3 and 4 of the lung.

The risks and difficulties inherent in repeated efforts at repositioning guided
by lateral chest radiographs is not practical, cost-effective, or safe. Instead, the
catheter is assumed to be in zone 3 or 4, unless there is a marked transduction of
pulmonary pressures on the pulmonary artery and PCWP waveforms.

Airway PEEP increases the proportion of zones 1 and 2 relative to zone 3 be-
cause of alveolar recruitment. The probability that the catheter tip lies in zone 3
or 4 is higher if a change in PCWP is less than half the incremental change in
PEEP, and if the pulmonary artery diastolic (PAD) pressure is slightly higher
than the PCWP. The true PCWP may be approximated using the formula:

PCWP = PCWP,, — 0.5(PEEP — 10)



2 / Intravascular Access and Hemodynamic Monitoring 41

Where
PCWP,, is the measured PCWP at any level of PEEP

Because the PCWP, analogous to the CVP, reflects a balance between blood re-
turn to the left side of the heart and the ejection of blood in the left ventricle by car-
diac pumping function, it is not in itself an absolute. Elevated PCWP may indicate
either fluid overload or decreased cardiac contractility. The PCWP does not reflect
the volume of extracellular fluid. During myocardial ischemia, decreased ventricu-
lar compliance and impaired contractility reduce the ability of the left side of the
heart to maintain an effective forward flow of blood, which is reflected in decreased
stroke volume and ejection fraction, causing the measured PCWP to become ele-
vated at any given preload. The appropriate therapeutic intervention at this time,
active decrease of preload or active increase in contractility, requires both more
data regarding cardiac output and previous training and experience. The accuracy
of the PCWP as an indicator of left ventricular end-diastolic pressure (LVEDP) is
compromised in a number of pathophysiologic conditions in addition to the car-
diopulmonary interactions described earlier.'" Mitral stenosis results in left atrial
end-diastolic pressure and PCWP that are higher than LVEDP, an artifact caused
by impaired left atrial ejection. The presence of “cannon” v waves on the pressure
tracing can aid diagnosis of this condition.

Large atrial masses, such as myxomas or mural thrombi, may falsely increase
atrial pressures by decreasing atrial compliance and falsely elevate the PCWP. In
aortic regurgitation, the PCWP underestimates the LVEDP because the mitral valve
closes before left ventricular filling is completed. Regurgitant flow across the aortic
valve continues to increase LVEDP and cannot be measured unless the mitral valve
has also become incompetent. The CVP is always lower than the PCWP, except
when pulmonary vascular resistance is substantially elevated, in which case CVP is
higher than PCWP, or in the case of tamponade, in which the two pressures are
equal. Pericardial tamponade restricts the filling of all cardiac chambers and results
in the pathognomonic condition known as “equalization of pressures,” in which
CVP, mean pulmonary artery pressure, and PCWP are equal. The PCWP and the
pulmonary artery diastolic pressure are usually similar if the heart rate is less than
90 beats per minute.

PULMONARY CAPILLARY WEDGE PRESSURE AND ADULT RESPIRATORY
DISTRESS SYNDROME The PCWP is a useful guide to both pulmonary capillary
filtration pressure and left ventricular filling pressure. The determination of the
PCWP is often emphasized as a diagnostic tool in the differentiation of cardio-
genic and noncardiogenic pulmonary edema. The diagnosis of ARDS rests on the
PCWP determination; however, patients with ARDS are usually receiving venti-
lation using PEEP. The relationship of actual and measured PEEP has been dis-
cussed in the preceding section. Pulmonary capillary transmembrane fluid flux is
described by Starling’s law, which defines the equilibrium between hydrostatic
and osmotic forces across a capillary membrane:
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F=[(P,— P,) — (COP,— COP, )]x K

Where
F is transmembrane fluid flux
P; is hydrostatic pressure within artery
P, is hydrostatic pressure outside the capillary
COP; is intravascular oncotic pressure
COP, is extravascular oncotic pressure

K is the filtration coefficient

or
P, = PCWP + 0.4 (P, - PCWP)

Where
P, is pulmonary capillary filtration pressure

P, is pulmonary artery pressure

Elevation of the pulmonary capillary hydrostatic pressure in the presence of
left ventricular failure favors transudation of fluid across the basement mem-
brane and into the alveoli. When the volume of fluid overcomes the maximal
lymphatic clearance, pulmonary edema occurs, manifested by a widening of the
alveolar-arterial oxygen gradient and decreased lung compliance. Since a great
many other factors can produce an identical picture (e.g., inflammation, high
levels of negative alveolar pressure, hypoalbuminemia), the PCWP aids the dif-
ferential diagnosis. Low or normal levels of PCWP in the presence of clinically
determined pulmonary edema is a major criterion for the diagnosis of ARDS.

CARDIAC OUTPUT MEASURED BY THERMODILUTION In addition to in-
tracardiac pressure measurements, the PAC also enables the measurement of car-
diac output by thermodilution.'” A thermistor at the tip of the PAC continually
measures the temperature of the blood in the pulmonary artery as it flows past
the catheter tip. Injection of a known quantity of fluid at a known temperature
into the right atrium allows the change in the temperature of the mixed blood as
it flows past the thermistor to be plotted as a function of time, as shown in Figure
2-7. The differentiated rate of change (dT/dt) is proportional and the integrated
area under the curve is inversely proportional to the cardiac output. Thermodilu-
tion is a modification of an indirect indicator dye (indocyanine green) dilution
technique in which the flow is equal to the amount of dye injected divided by the
integral of the instantaneous concentration of dye in sampled arterial blood over
time. The determination of cardiac output using the Fick equation predates the
PAC but nonetheless requires right heart catheterization. The Fick equation is:
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FIGURE 2-7 Thermodilution cardiac output curves. The curves represent a change in tem-
perature detected by the thermistor at the PAC tip as a mixed injectate of known temperature
flows past. The curve with the greatest change in temperature (dT) per unit of time has the
lower area under the curve but has the greatest cardiac output associated with it (A and B).
Curve C depicts a thermodilution curve as sensed by a rapid response thermistor capable of
determining end—diastolic volume (EDV) and subsequent volume changes (ESV) as the right
ventricle empties. The ejection fraction (EF) is the EDV-ESV, which is the stroke volume SV,
divided by EDV.

co=_ Vo
Ca0, —CvO,
Where
CO is cardiac output
Vo, is whole body O, consumption
Cao, is content of O, in arterial blood

Cvo, is content of O, in venous blood

This equation is now most commonly used as a method of calculating Vo, when
the cardiac output is measured directly, using the PAC. Thermodilution cardiac
output determination is the currently accepted standard of practice and adds
greatly to the utility of the PAC. Although room temperature injectates are reliable
in most patients, the signal-to-noise ratio is more favorable with cold injectates, es-
pecially in patients with low body temperature or low cardiac output. Variation of
the cardiac output with phases of the respiratory cycle suggest that either measure-
ments be timed to coincide with the same respiratory phase or an average value be
used to predict trends. In clinical situations, trends which occur over time during
the care of a patient are always more valuable than absolute numerical values.
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The thermodilution cardiac output as determined by the PAC is subject to ar-
tifactual inaccuracies based on the method used. Since the determination of car-
diac output is directly based on the temperature change sensed by the thermistor
at the catheter tip, smaller changes in temperature produce a falsely elevated level
of cardiac output. Smaller temperature changes, which artifactually elevate the
derived cardiac output, can occur with the use of less injectate than necessary or
warmer-than-measured injectate (after a long wait at room temperature before
injection of cold saline) and in the presence of right-to-left cardiac shunts. On
the other hand, the most common cause of artifactually decreased cardiac output
is tricuspid regurgitation, which allows a prolonged mixing time of blood and in-
jectate, resulting in prolonged transit time in the right side of the heart and a de-
crease of the temperature change with time. A rate of injection that is too slow
also gives a falsely low value for cardiac output. Left-to-right shunts may make
thermodilution cardiac output unmeasurable. Finally, rapid infusion of fluids
may dilute the injectate and also render the cardiac output measurement inaccu-
rate.

DERIVED CARDIAC INDEXES Cardiac performance interpretation must be
based on the fundamentals of cardiac physiology. The amount of blood ejected
from each ventricle per heartbeat is the stroke volume (SV). The output of the
left ventricle per unit time is the cardiac output (CO). CO can also be expressed
as a function of heart rate and stroke volume:

CO (L/min) = HR (beats/min) X SV (mL/beat)
Where

CO is cardiac ouput
HR is heart rate

SV is stroke volume

Cardiac performance can then be expressed as a measure of the chronotropic
and inotropic states of the heart. Chronotropy, or heart rate, is the effective bal-
ance of vagal and sympathetic tone in the resting heart rate. Inotropy, or contrac-
tility, is the sum of the tension generated by preload and the sum of contractility
influences, including sympathetic effects on membrane receptors, channels, and
intracellularly mediated contractility. However, CO also depends on the imped-
ance, or resistance, to flow. This resistance is referred to as afterload and is low in
the pulmonary arterial circulation right ventricular afterload and high in the aor-
tic and systemic arterial circulation left ventricular afterload. Thus, afterload is
most commonly referred to as either pulmonary vascular resistance (PVR) or
systemic vascular resistance (SVR), although afterload is truly more complicated
than vascular resistance alone. Although afterload is crucially important to car-
diac performance, it can only be measured experimentally in heart-lung prepara-
tions ex-vivo. The PAC cannot measure afterload or SVR but does allow an
inference based on measured ventricular performance.



2 / Intravascular Access and Hemodynamic Monitoring 45

Mathematically, vascular resistance on the pulmonary and systemic circula-
tions can be expressed as derivatives of Ohm’s law, which states that current is
electromotive force divided by resistance, or flow equals pressure divided by re-
sistance. Rearrangement to solve for vascular resistance produces:

PVR = MAP-PCWP
COXx80
SVR = MAP-CVP
COXx80

Where
MAP is mean arterial pressure
CVP is central venous pressure

CO is cardiac output

Alternatively, ventricular afterload can be expressed as the myocardial wall
tension during ejection as defined by the Laplace equation. Note that the CO and
vascular resistances are thus mathematically inversely proportional. CO is mea-
sured and vascular resistance is calculated, lending greater credence to the treat-
ment of CO. A more direct estimate of aortic resistance is based on the
relationship:

arterial pulse pressure
N

R (aortic) =

Where
R (aortic) is aortic resistance

SV is stroke volume

Note that the Poiseuille-Hagen formula suggests that resistance is also indi-
rectly influenced by viscosity (hematocrit). Furthermore, patients with arteriove-
nous shunting typically have decreased baseline SVR. Further manipulation of
measured data can potentially increase the inferences possible PAC monitoring;
however, these manipulations must be interpreted with caution. The data which
is directly obtained from the PAC (i.e., CVP, PCWP, CO, Svo,)can be combined
with ECG information and manipulated mathematically to derive additional in-
dexes of hemodynamic function (Table 2—4). Note however, that since informa-
tion that is directly measured, such as the CO, has greater validity than derived
indices, such as SVR, the former should carry more weight in management deci-
sions.

ASSESSMENT OF CARDIAC PHARMACOLOGIC INTERVENTION The PAC is
the gold standard for the clinical assessment of the physiologic response of the
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TABLE 2—4 Hemodynamic Formulas and Normal Ranges

Variable Formula Normal Range
Cardiac index (CI) CI (Ljmin/m?) = 20 L/min) 2.8-4.2 L/min/m’
BSA (m?)
CO (L/mi 1000 (mL/L —
Stroke volume (SV) SV (mL per beat) = (L/min) x (mL/L) 60-90 mL per beat
HR (beats per min)
Stroke index (SI) ST (mL per beat per m?) = SV (mL per beat) 30—65 mL per beat per m?
BSA (m?)
Systemic vascular 1200-1500 dynes/sec/m*
MAP Hg) — CVP H
resistance (SVR) SVR (dynes/sec/mz -5 = (mm g) - (mm g) x 80
CO (L/min)
Pulmonary vascular 100-300 dynes/sec/m*
MPAP Hg) — PCWP H
resistance (PVR) PVR (dynes/sec/mz - 5) = (mm g) - (mm g) x 80
CO (L/min)
Left ventricular stroke
work index (LVSWI) LVSWI (g-m per beat per m?) =0.0136 [MAP (mm Hg) — PCWP (mm Hg)] SI 45-60
(mL per beat per m?)

NOTES: Units are in parentheses in equations.
ABBREVIATIONS: BSA, body surface area; CO, cardiac output; HR, heart rate; MAP, mean arterial pressure; CVP, central venous pressure; MPAP,
mean pulmonary artery pressure; PCNP, pulmonary capillary wedge pressure.
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critically ill patient to therapeutic intervention (Figure 2-5). Because of this
mode of assessment, pharmacologic intervention that affects cardiac perfor-
mance can be specifically, and often selectively, directed at preload, chronotropy,
inotropy, or afterload.

Preload is increased by the administration of fluids that replenish or expand
intravascular volume, such as blood products, colloids, or crystalloid (Figure
2-5a,b,c). Effective decreases in preload can be accomplished relatively by veno-
dilating agents, such as low-dose nitrates or morphine, or definitively through
diuresis (Figure 2-5, arrow 1). Chronotropy can be increased by vagolytic agents,
such as atropine sulfate or related compounds, indirect and direct sym-
pathomimetic agents, or artificial electrical pacing. Indirect sympathomimetic
agents are those compounds, such as ephedrine, which trigger the release of epi-
nephrine from sympathetic nerve terminals, and direct sympathomimetic agents
are the epinephrine analogs, such as isoproterenol, which acts directly on the
[B;-receptors to increase heart rate. Heart rate is also indirectly regulated by the
carotid baroreceptors and possibly also by atrial stretch receptors (Bainbridge re-
flex). Inotropy can be decreased (Figure 2-5, arrow 3) indirectly through the
blockade of B;-receptors or calcium antagonists and directly through depression
of excitation-contraction coupling at the subcellular level. Recently, the identifi-
cation and demonstration of physiologically active myocardial ;-receptors' that
exert negative effects on the inotropic state of the human heart have opened a
new and exciting potential avenue of therapeutics based on the selective stimula-
tion and blockade of this receptor. Inotropy can likewise be augmented (Figure
2-5, arrow 2) with indirect and direct PB;-receptor stimulation by means of
sympathomimetic agents, with inhibition of the membrane-based transtubular
sodium-potassium ATPase pump by means of digitalis glycosides (which in-
crease calcium flux into the myocytes), with manipulation of the serum-ionized
calcium concentration relative to intracellular calcium concentration by means
of administration of intravenous calcium salts, and by means of the inhibitors of
phosphodiesterase (PDE), such as aminophylline, and specifically the inhibition
of PDE-3 by amrinone and milrinone. Afterload can be increased by the general-
ized stimulation of sympathetic tone, administration of vasopressin, or by selec-
tive activation of a.,-receptors, which precipitate vasoconstriction. Cold-induced
vasoconstriction and increased cardiac afterload are an often-unrecognized cause
of increased cardiac workload and therefore a potential cause of cardiac ischemia.
However, afterload can be decreased pharmacologically by activators of the nitric
oxide pathway, such as sodium nitroprusside; calcium channel blocking agents,
such as nicardipine; direct smooth-muscle dilators, such as hydralazine; in-
hibitors of angiotensin-converting enzyme (ACE), such as captopril; or indirect
sympathectomy, affecting central sympathetic outflow.

ASSESSMENT OF CARDIOPULMONARY INTERACTION Cardiac and pul-
monary function are highly interdependent, and changes in pleural and in-
trathoracic pressure, oxygenation, and ventilation exert important effects on
pulmonary blood flow and left-sided CO.'" During spontaneous ventilation, the
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generation of negative pleural pressure aids in thoracic venous return and aug-
ments cardiac diastolic filling. The implementation of positive pressure ventila-
tion by definition prevents the generation of negative intrathoracic pressure.
Incremental increases in intrathoracic pressure (e.g., PEEP, mean airway pres-
sure, peak airway pressure) progressively impair the venous return to the right
side of the heart (preload) and thereby decrease CO. Transmitted pleural pres-
sure to the compliant right side of the heart diminishes distensibility during dias-
tole and further impairs venous return. Simultaneously, alveolar distention can
impinge on pulmonary capillary flow, increase PVR and impose increased after-
load. Bowing of the ventricular septum into the left ventricle occurs late as pres-
sures in the right side of the heart increase further.

However, most patients who require high levels of positive airway pressure to
maintain adequate oxygenation have alveolar hypoxia, which may increase PVR
through hypoxic pulmonary vasoconstriction, further impairing function of the
right side of the heart. Conversely, increasing alveolar recruitment and resolution
of alveolar hypoxia may, with continued application, improve cardiac function
by diminishing the presence of hypoxic pulmonary vasoconstriction. PEEP may
decrease left ventricular afterload and, until decreased preload intervenes, tran-
siently increase CO. Since pressures in the right side of the heart with high levels
of positive pressure ventilation may not be a reliable indicator of preload, the
measurement of CO, mixed venous saturation, or right ventricular ejection frac-
tion is almost always considered a mandatory intervention.

CONTINUOUS CARDIAC OUTPUT AND MIXED VENOUS OXIMETRY CO
can be measured at 2- to 3-minute intervals by a catheter that includes a thermal
filament at the level of the right ventricle. CO determinations at frequent regular
intervals allow “continuous” CO monitoring. In addition, injectate fluid load
and operator variability are reduced and changes in physiologic state more
rapidly detectable.

CO is proportional to the saturation of mixed venous blood; the higher the
CO the greater the saturation of mixed venous blood. Fiberoptic technology al-
lows some PACs to measure the saturation of hemoglobin in the blood as it flows
past the PAC tip in the pulmonary arteries, using the principle of reflectance
spectrophotometry. Mixed venous blood is blood that includes blood return
from all organs, including the heart via the thebesian veins, just before reoxy-
genation in the pulmonary capillaries. In catheters that are not equipped with
fiberoptic systems capable of measuring the hemoglobin saturation directly,
blood can be slowly aspirated from the distal port of the PAC and submitted for
ABG analysis. Sepsis causes a decrease in both peripheral Vo, and arteriovenous
shunting, which is reflected as an increase in the Svo,. Variables that contribute
to Do, (e.g., anemia, hypovolemia, cardiogenic shock, arterial hypoxemia, car-
boxyhemoglobinemia) all cause a decrease in the Svo,. Pathologic left-to-right
intracardiac shunting produces an increase in the amount of oxygenated blood in
the right ventricle and thus an increase in the Svo, and a grossly inaccurate (arte-
riovenous) O, gradient.
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PULMONARY ARTERY CATHETERS AND VOLUMETRIC RIGHT VENTRIC-
ULAR EJECTION FRACTION A variant of the conventional PAC uses a rapid re-
sponse thermistor, capable of determining right ventricular end-systolic volumes
(ESV) and end-diastolic volumes (EDV), and thereby makes possible the calcula-
tion of the right ventricular ejection fraction (RVEF) (Figure 2—-7¢), expressed as
RVEF = ESV/EDV." This particular catheter therefore combines measured volu-
metric and pressure data to increase the sensitivity and reliability of the PAC in
the assessment of biventricular function.

There is evidence to suggest that patients admitted to the ICU with significant
right ventricular dysfunction that cannot be predicted with conventional PAC
monitoring.'® The diagnostic superiority of right ventricular end-diastolic vol-
ume (RVEDV) measurement over measurements of urine output, CVP, and
PCWP has been repeatedly suggested in patients with burns, sepsis, and trauma.
The effect of high positive airway pressures, especially PEEP, disparately affects
the thin walled right ventricle. The effect of increasing PEEP on right ventricular
afterload and the coincident increase in RVEDV and depression of RVEF is best
assessed by using the volumetric catheter. Filling pressures thus are more likely to
be overestimated in the presence of undetected right heart dysfunction. Advan-
tages to RVEF-based cardiac performance evaluation has not been demonstrated
in cardiac patients. The RVEF catheter loses accuracy in the presence of arrhyth-
mias or tricuspid valve regurgitation.

OXYGEN KINETICS AND PULMONARY ARTERY CATHETERS One of the
most important applications of the PAC is information regarding whole body
oxygen delivery (Do,) and volume of oxygen uptake (V0,). The caveat that Do,
and Vo, are systemic indexes not applicable to individual tissue beds should not
detract from their utility as gross measures of the adequacy of resuscitation. The
primary determinant of Do, is cardiac output; therefore, an incremental change
in cardiac output (CO) is more important to Do, than an equal incremental
change in Cao, or its comprised variables.

Do, = Cao, x CO
Do, ={((Hb)X 1.34 X Sa0,) + (Pao, X 0.0031 )} x CO

Oxidative phosphorylation is a more efficient pathway for substrate metabo-
lism than anaerobic glycolysis and generates more adenosine triphosphate (ATP)
per mole of glucose, 36 moles in comparison to 2 moles, respectively. ATP pro-
vides cellular bioenergy for enzymatic pathways. For oxidative phosphorylation
to predominate, Do, must at least match Vo,. Oxygen delivery that is inadequate
to meet metabolic demand, or the metabolic requirement for oxygen (MRO,),
defines the state of shock. Since Do, depends primarily on cardiac output (CO),
shock states are classified based on the underlying pathophysiologic mechanism
that causes the compromise in CO. Progressive mismatches between Do, and Vo,
are manifested first by a decreasing mixed venous oxygen saturation, an excess of
systemic lactate, and metabolic acidosis. Under normal conditions Do, exceeds
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Vo, significantly, and there is a range over which decreases in Do, have no de-
tectable metabolic consequences. Compensation in this range occurs through
modulation of the oxygen extraction ratio (O,ER). The O,ER is the ratio of Vo,
to Do, and represents the fraction of delivered oxygen that is taken up into the
tissues, usually in the range of 20% to 30%.

O,FR=— Y02 _

DO, X100
Maximal oxygen extraction occurs when the O,ER approximates 50% to 60%.
At this point, known as the point of critical oxygen delivery, the Vo, becomes de-
pendent on Do, (supply-dependent Vo0,), a state also known as dysoxia. Lactate
production increases progressively as this mismatch increases. This can be de-
picted in a relationship (Figure 2-8) that has great conceptual utility,"” but re-
mains controversial despite many years of application.'® However, since plasma
lactate level represents a balance between production and extraction in tissues,
such as the liver, lactate may not be detectable despite increases in production.
Lactate excess may also be a result of endotoxin inhibition of pyruvate dehydro-

inflection
point

dysoxia

VO, (L/min/m?)

NN
‘\\ Lactlc aCIdOSIS\

DO, (L/min/m?2)

FIGURE 2-8 The theoretical relationship between oxygen delivery (D 0,) and oxygen uptake
(VO,): Gradual decrease in D O, has little or no detectable eﬁ’ect on VO, since compensation
occurs by icnreased peripheral extraction. Further decrease in D O, to the inflection point
causes the VO, to become pathologically flow dependent and a state of dysoxia occurs in
which there is a change from oxidative to anaerobic metabolism. Pathologic supply depen-
dency is heralded by the development of lactic acidosis. Although theoretically useful, the rela-
tionship is controversial because mathematical coupling can occur when both VO, and D O,
are measured using the same device (PAC), and it does not account for possible metabolic al-
terations induced by inflammatory mediators which may alter VO, at the tissue and cellular

levels.
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genase and thiamine deficiency." The point of critical oxygen delivery is proba-
bly much higher than normal in critically ill patients, possibly because the tissue
MRO, level is increased by metabolic stress.

ECHOCARDIOGRAPHIC AS]SESSMENT
OF CARDIAC FUNCTION

More recently, minimally invasive and noninvasive measures of cardiac perfor-
mance have achieved some measure of popularity. Transesophageal echocardiog-
raphy (TEE) is the best established of these and has greater applicability
in the ICU patient because of thoracic pathophysiology, which often limits the
size of acoustic windows available to transthoracic echocardiography (TTE).*
Esophageal or gastric placement of the ultrasound TEE transducer results in close
proximity of the transducer to the heart and, therefore, minimal image degrada-
tion by air interfaces. TEE in two and three dimensions (2-D, 3-D) provides real-
time visualization of ventricular dimensions in diastole and systole, Doppler
imaging of flow, and computer-assisted calculation of ejection fraction.”!
Doppler imaging has great value in the imaging of valvular heart disease, pul-
monary blood flow, hepatic blood flow, and intracardiac shunts and can be either
color-flow Doppler or pulsed Doppler. TEE is extremely valuable in the diagnosis
of mechanical obstruction of cardiac function, such as pericardial fluid and tam-
ponade, atrial myxoma, pulmonary embolus, and prosthetic valve failure. TEE
may also aid in the early bedside evaluation of suspected thoracic artery
aneurysm or dissection, as an adjunct to arteriography. In addition, segmental
wall-motion abnormalities are significantly more sensitive and earlier indicators
of ischemia than are changes in the PCWP or the ECG. The value of adjunctive
information obtained echocardiographically in the specific setting of the ICU is
well documented and TEE skills are important, if not vital, tools for the hemody-
namic management of critically ill patients.

THORACIC BIOIMPEDANCE PLETHYSMOGRAPHY
AND ESOPHAGEAL DOPPLER TECHNOLOGY

The use of thoracic impedance plethysmography is a noninvasive alternative to
using invasive vascular cannulation solely for the purposes of diagnostic mea-
surements. This technique is based on changes in the electrical impedance of the
thoracic cavity that occur with changes in thoracic blood volume throughout the
cardiac cycle. An alternating current of small amplitude (2.5 to 4.0 mA) traverses
the chest at a frequency of 70 to 100 kHz. Four (transmitter-sensor) pairs of cuta-
neous electrodes determine the impedance to current flow. Since respiratory
variations occur at a lower frequency than cardiac variations, the effect of respi-
rations can be eliminated. Stroke volume (SV) is determined mathematically,
based on the specific resistivity of blood, thoracic length, basal thoracic imped-
ance, ventricular ejection time, and the maximum rate of impedance change dur-
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ing systolic upstroke. The SV correlates with the impedance change over a car-
diac cycle. Cardiac output can be readily derived from the SV by the equation CO
= SV x HR, where HR is heart rate. Additional indices, such as ejection velocity
index, ventricular ejection time, and thoracic fluid index, can assist in more sub-
tle evaluation of cardiac function. Since bioimpedance estimates the pulsatile
component of SV, conditions in which the flow is more continuous than pul-
satile (e.g., sepsis, hemodilution) may artifactually lower the calculated CO. The
use of bioimpedance plethysmography is very limited in the presence of arrhyth-
mias. Since plethysmography requires an estimated CVP, its utility can be greatly
increased if the CVP is directly measured by an invasive method. Thoracic
bioimpedance overestimates CO: (1) if the CVP is lower than estimated, (2) in
the presence of low cardiac flow, (3) when inotropes are used, and (4) in the
presence of aortic insufficiency. Thoracic bioimpedance underestimates CO in
the presence of sepsis, hypertension, and intracardiac shunts. In general, bioim-
pedance has utility in the intermittent, short-term, or initial evaluation of cardio-
vascular function in the critically-ill patient but is severely limited in continuous
and intensive long-term management.

An alternative to thoracic bioimpedance plethysmography is transesophageal
Doppler monitoring. Monitoring of cardiac function with Doppler technology
estimates the velocity of blood flow in the descending aorta and mathematically
derives correlates of CO and afterload. The esophageal doppler may incorporate
M-mode ultrasound technology to standardize the placement of the doppler
probe with respect to aortic diameter. Since the esophageal Doppler method re-
lies mainly on direct measurement and less on assumption, the thoracic Doppler
probe shows promise in the care of critical care patients.

MUCOSAL TONOMETRY

The mucosal tonometer is a potentially useful method for the assessment of
tissue-specific perfusion. Tonometer technology has been applied to the esoph-
ageal and gastric mucosa, the mucosa of the rectum, and the sublingual oral mu-
cosa. Although the monitoring site varies, the technology and the physiologic
principles are the same. The central role of the gastrointestinal tract postulated
in the gut motor hypothesis is as an initiator and perpetuator of bacteremia and
inflammatory mediator release.?” The splanchnic circulatory system is among the
first to be affected by systemic shock, and splanchnic hypoperfusion continues
for a time after systemic variables (e.g., blood pressure, HR, urine output, lactic
acid level, CO) have been restored to normal.”” Local acidosis resulting from hy-
poperfusion and dysoxia can be quantitatively estimated using the Henderson-
Hasselbach equation, the measured arterial bicarbonate, and the CO, inside a
silastic balloon, which theoretically reflects tissue Pco,. Although mucosal
tonometry represents a technology in evolution and is therefore controversial, it
has tremendous potential as a measurable and tissue-specific endpoint for resus-
citation.
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arterial HCO;

pHi=6.1+Io
§10 saline PCO, x0.03

Where pHi = intracellular pH
Hco, = bicarbonate

saline Pco, = partial pressure of carbon dioxide in the saline balloon

CAPNOGRAPHY

Although capnography is readily available in the CCU, its application as an ad-
junctive tool for hemodynamic monitoring is not well appreciated. The capno-
graph detects, measures, and depicts the respiratory flow of CO, during
expiration. The presence of CO, in exhaled gas is an indicator of ventilation (and
endotracheal tube placement) and pulmonary perfusion. Quantitative measure
of the concentration of CO, at end-expiration, known as the end-tidal CO,
(CO,ET), is both a measure of ventilation and perfusion. In instances where per-
fusion is thought to be constant, titration of ventilation to the CO,ET can opti-
mize ventilation. However, during steady-state ventilation, alterations in the
CO,ET signify changes in cardiac output and resultant changes in pulmonary
perfusion. In fact, the presence of CO,ET in the early phases of cardiac resuscita-
tion are associated with improved outcome.

SUMMARY

A fundamental indication for admission to the ICU is the availability of special-
ized technology and personnel to facilitate rapid intervention for diagnosis and
therapy.

The cost of monitoring must be continuously weighed against the potential
benefit and risk. Costs may be direct, such as acquisition costs of equipment, or
indirect, such as the additional personnel time that must be committed to main-
tenance, data acquisition and recording, and treatment of complications. If ex-
pensive technology cannot be demonstrated to positively affect patient outcome,
justification of its use becomes increasingly difficult. To a large extent, it is vital
to recognize that monitoring provides data that only becomes meaningful when
properly interpreted and used for timely and appropriate intervention.
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INTRODUCTION

Shock in its various forms presents a very common challenge in the ICU. Over
the past decade, we have developed new terminology to better understand shock.
In an attempt to develop a common language, a consensus conference of the So-
ciety of Critical Care Medicine and the American College of Chest Physicians was
held in August 1991 to produce a series of universal definitions for the systemic
inflammatory response syndrome (SIRS).This interplay of cellular and systemic
responses, which may be modulated by cytokines, may replace the terms septic,
cardiogenic, hypovolemic, distributive, and obstructive shock.

This enhanced understanding of the pathophysiology of shock syndromes and
SIRS may not only give us a common language but also may aid in the develop-
ment of treatment protocols. We now understand that the immediate recogni-
tion of and institution of treatment for SIRS and shock are paramount in the
ICU.

PATHOPHYSIOLOGY

The term “shock” can simply be defined as inadequate tissue perfusion along
with cellular hypoxia and oxygen debt, which results in cellular dysfunction and
is caused by inadequate systemic oxygen delivery or impairment of cellular oxy-
gen uptake. This can be the result of poor oxygen delivery, maldistribution of
blood flow, the effect of cytokines on cell function, a low perfusion pressure, or a
combination of these factors."” The common denominator in all shock states
and the earliest manifestation of shock is reduced oxygen consumption (VO,).
Cellular hypoxia can incite SIRS and multiple organ dysfunction syndrome
(MODS). It is obvious that oxygen debt should be rapidly reversed and systemic
oxygen delivery and consumption maintained. The oxygen debt is caused by a
low flow in hypovolemic or cardiogenic shock, by a cellular or metabolic deficit
in septic shock, and by a maldistribution of blood flow in other types of shock.

This decade has lead to an understanding of how various cytokines may be
released during shock states and interplay with various organ systems to cause
end-organ damage or MODS. Cytokines, for example, nitric oxide (NO),
interleukin-2 (IL-2), and tumor necrosis factor (TNF), and their release in vari-
ous forms of shock may modulate the microvascular and cellular responses of
shock. The low flow, or hypovolemia, in some forms of shock may also be re-
sponsible for the release of various cytokines. The cytokine cascade in SIRS may
account for many of the presenting signs of shock, such as respiratory failure,
capillary leak, shunting, redistribution, depressed myocardial function, oxygen
uncoupling, and cellular ischemia.

The mediator response in SIRS can be divided into four phases based on the
cytokine-cellular response:
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1. Induction

2. Triggering of cytokine synthesis

3. Evolution of cytokine cascade

4. Elaboration of secondary mediators with ensuing cellular injury

The events following endotoxin exposure provide a good model for discussion
of the phases of SIRS. Endotoxin, shed from bacteria as they multiply or die, is
one of the most powerful triggers of SIRS and acts by stimulating phagocytic
cells, particularly macrophages, to synthesize TNF-a, which then activates the
complement coagulation cascades and also induces endothelial cell activation.

GENERAL PRINCIPLES

The general progression of the SIRS response may be similar or different for each
type of shock, and the use of hemodynamic profiles may aid in its classification
(Table 3-1). Although certainly not mandated as a management tool, data gath-
ered using a pulmonary artery catheter (PAC) facilitates classification and under-
standing of the causes of shock. Furthermore, knowledge of these hemodynamic
profiles is helpful in the diagnosis and management of shock. New monitors,
such as esophageal echocardiographic and esophageal Doppler ultrasonographic
hemodynamic monitors, HemoSonic 100 (Arrow International Reading, PA)
may give a clinician real-time data on volume status and cardiac contractility,
which may eventually prove more helpful than the PAC.

More specific symptoms for each type of shock are shown in Table 3-2. Some
older terminology, such as hyperdynamic shock (an increased cardiac output and
lowered vascular resistance), early and late shock, and warm and cold shock, are
no longer used.

The body’s responses to shock may vary according to the cause. For example,
distributive shock may be characterized by low cardiac output. This variability
may progress in all forms of shock to a set of common organ effects (Table 3-3).

TABLE 3-1 Hemodynamic Profiles of Various Types of Shock

Pulmonary Artery
Type of Shock Occlusion Pressure Cardiac Output SVR
Cardiogenic T \2 T
Hypovolemic 2 2 T
Distributive lornl Tornlorl d
Obstructive Tornlorl \2 T

ABBREVIATIONS: SVR, systemic vascular resistance; T, increases; 4, decreases; nl, normal.
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TABLE 3-2 General Symptoms of Shock

CNS Changes

+ Confusion

+ Coma

+ Combative behavior
* Agitation

* Stupor

Skin Changes

+ Cool

+ Clammy

* Warm

+ Diaphoresis

Cardiovascular

+ Increase or decrease in heart rate

+ Arrhythmia

* Angina

+ Low, high, or normal cardiac output

+ Changes in pulmonary pressure (see Table 3—1)

Pulmonary

Increased respiratory rate

Increase or decrease in end-tidal CO,
+ Decrease in O, saturation

Increased pulmonary pressures
Respiratory failure

+ Decreased tidal volume

+ Decreased FRC

Renal

+ Decreased urine output
+ Elevation in BUN and creatinine levels
+ Change in urine electrolyte levels

ABBREVIATIONS: CNS, central nervous system; CO,, carbon dioxide; O,, oxygen; FRC, functional resid-
ual capacity; BUN, blood urea nitrogen.

EVALUATION OF SYMPTOMS

History

The type of shock must be evaluated by reviewing the history of the disease process.

In cardiogenic shock, the patient may have a history of cardiac disease, poor
cardiac function, congestive heart failure, myocardial ischemia, or valvular heart
disease. In hypovolemic shock, there is usually a history of blood loss, trauma,
fluid losses, dehydration, third spacing, or other fluid losses. Distributive shock is
usually associated with exposure to an infectious or allergic agent, neurologic
events, or a reaction to various immunologic substances. In obstructive shock,
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TABLE 3-3 Common Effects of Shock on Organs

Systemic

+ Capillary leak
+ Formation of microvascular shunts
+ Cytokine release

Cardiovascular

+ Circulatory failure
+ Depression of cardiovascular function
+ Arrhythmia

Hematologic

+ Bone marrow suppression

+ Coagulopathy

+ Disseminated intravascular coagulation (DIC)
+ Platelet dysfunction

Hepatic

+ Liver insufficiency
+ Elevation of liver enzyme levels
+ Coagulopathy

Neuroendocrine

+ Change of mental status
+ Adrenal suppression

+ Insulin resistance

+ Thyroid dysfunction

Renal

* Renal insufficiency
+ Change in urine electrolyte levels
+ Elevation of BUN and creatinine levels

Cellular

+ Cell-to-cell dehiscence

+ Cellular swelling

+ Mitochondrial dysfunction
+ Cellular leak

there may be a history of trauma or a process that leads to a mechanical obstruc-

tion of cardiac filling, such as cardiac tamponade.

Early recognition of hypotension and hypoperfusion is essential in prevention
and treatment of all types of shock. Hypoperfusion may be the trigger for much
of the end-organ dysfunction and cytokine activation. In adults, a drop in sys-
tolic blood pressure of more than 40 mm Hg constitutes significant hypotension.
Hypoperfusion may be present in the absence of significant hypotension if mi-
crocirculatory factors are activated. Shock is usually recognized as hypotension

characterized by hypoperfusion abnormalities.
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General symptoms are illustrated in Table 3-2 and are a guide for rapid evalu-
ation and treatment.

Hypovolemic Shock

Hypovolemic shock occurs when there is a depletion of fluid in the intravascular
space as a result of hemorrhage, vomiting, diarrhea, dehydration, capillary leak,
or a combination of these. Capillary leak is common with the activation of the
systemic inflammatory response." The hemodynamic findings in hypovolemic
shock are decreased cardiac output, decreased pulmonary capillary wedge
pressure (PCWP), and an increase in systemic vascular resistance (SVR). The
echocardiographic and echodoppler profile is one of decreased right-sided filling,
decreased stroke volume, and decreased aortic diameter.

Distributive Shock

The most common cause of distributive shock is septic shock. Other forms of
distributive shock are anaphylactic shock, acute adrenal insufficiency, and neuro-
genic shock. The primary problems are the development of shunts and capillary
leak. In distributive shock, there is activation of SIRS and a breakdown of cellular
function in the septic process. The hemodynamic profile is characterized by a
normal or increased cardiac output with a low SVR and low-to-normal left ven-
tricular filling pressure. The echocardiographic profile is one of low stroke vol-
ume and an increase in aortic diameter.

Obstructive Shock

Direct mechanical obstruction to cardiac filling is the keystone of obstructive
shock. In obstructive shock, there is depression of the ability to fill the right side
of the heart, which may be the result of a fluid collection around the heart, car-
diac tamponade, or a massive increase in intrathoracic pressure. In cardiac tam-
ponade, the pressure in the right side of the heart, the pulmonary artery, and the
left side of the heart equilibrate in diastole. A drop of more than 10 mm Hg in
systolic blood pressure during inspiration, or paradoxical pulse, is an important
ﬁnding.“’5 Another form of obstructive shock is tension pneumothorax, in which
there is increased intrathoracic pressure with hypotension, resulting from de-
creased preload.

DIAGNOSTIC TESTING

General laboratory tests should include measurement of blood lactate level (usu-
ally secondary to anaerobic metabolism), which is a marker for poor oxygen de-
livery or use® and serum bicarbonate level (a decrease in this level is a marker for
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metabolic acidosis). There can also be an elevation in blood glucose level and
changes in the level of several electrolytes: zinc, magnesium, and calcium; these
should be measured.” Alterations in renal parameters commonly include an ele-
vation in creatinine and blood urea nitrogen (BUN) levels and changes in urine
electrolyte levels. Liver parameters are also affected by shock states; alterations
occur in all liver enzyme levels. ABG analysis is one of the most important labo-
ratory tests because it measures the baseline oxygen delivery and utilization,
which is the basic problem in shock. The most common findings are hypoxia,
metabolic acidosis, and an elevation in Paco,.

Coagulation

The coagulation cascade may be affected by the shock syndrome through activa-
tion of SIRS with evidence of disseminated intravascular coagulation (DIC), an
increase in fibrin split products, and a fall in fibrinogen and antithrombin III lev-
els. Coagulation factors are also affected by liver failure, with increases in pro-
thrombin time (PT) and activated partial thomboplastin time® (APTT).

Hematologic Parameters

In septic or infectious shock, the WBC count can be either high or low. In other
forms of shock, bone marrow suppression may lead to decreased production of
all hematologic cells. Platelet counts may fall or platelets may not function nor-
mally in several forms of shock. Erythropoietin levels also decrease in shock.

Renal Parameters

Oliguria and renal insufficiency are important markers for shock because the
kidney is very sensitive to hypoperfusion and cytokine effects.” Oliguria may be
caused by direct renal injury by cytokines, prerenal volume problems, or post-
renal problems. In all critically ill patients, a urine output of less than 0.5 mL/kg
per hour is defined as oliguria.

Echocardiography

The addition of echocardiography in the ICU has added greatly to our ability to
diagnose and manage various forms of shock. Formal echocardiography requires
special training for both the transthoracic and esophageal forms. Over the past
few years, an esophageal Doppler echocardiographic probe has been developed
that is easy to use and gives data on aortic artery diameter, stroke volume, and
cardiac output in real time."
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COMPLICATIONS OF SHOCK

The most serious complication of shock is that low tissue perfusion may be an
activating factor of SIRS through the release and modulation of cytokines and
other vasoactive substances. This low-flow state and cytokine modulation may be
at the heart of organ failure and MODS. The two most sensitive organs are the
lungs (at risk for ARDS) and the kidneys (at risk for acute renal failure, or ARF).
If this low-flow state is not rapidly corrected, other organ dysfunction occurs."?
Metabolic acidosis or lactic acidosis is a sensitive marker for low-flow states, and
prolonged elevations of serum lactate level may be markers for increased mor-
bidity and mortality.® The cytokine cascade not only modulates vascular tone,
but also controls other physiologic functions, such as bone marrow production,
cell permiability, and electrolyte regulation, as well as DIC.

DIFFERENTIAL DIAGNOSIS

Distributive Shock

Sepsis, accompanied by capillary leak, shunting, and microvascular changes, is
the classic example of distributive shock. Sepsis is a form of distributive shock
that occurs as a complication of a severe infection. The various circulatory and
cellular events are caused by systemic activation of the inflammatory cascade and
release of numerous mediators from tissue, mast cells, and circulating basophils.

Another cause of distributive shock is anaphylaxis, an immediate hypersensitiv-
ity reaction, which is mediated by the interaction of immunoglobulin (IgE) anti-
bodies on the surface of most white cells and basophils. Anaphylaxis can be triggered
by drugs, especially antibiotics (e.g., beta-lactamase inhibitors, cephalosporins, sul-
fonamides), and animal toxins (from the stings of hornets, wasps, and bees). Other
causes include heterologous serum, such as tetanus antitoxin, snake antitoxin,
serums, blood transfusions, immunoglobulins, and vaccine products. Many health
care workers and patients are now allergic to latex, which is found in countless prod-
ucts used in health care, industrial preparations, and in the home. There have been
multiple deaths and these events are now commonly reported by the lay press; spe-
cial care must be taken in caring for these patients because latex is commonly used
in gloves, IV tubing, and many other products.

Anaphylactoid reactions are very similar to anaphylaxis, but without activa-
tion of IgE, and can be caused by a wide range of materials and agents, including
ionic contrast media, protamine, opioids, polysaccharide volume expanders (e.g.,
dextran, hydroxyethyl starch), anesthetics, and muscle relaxants.

Neurogenic shock is another form of distributive shock. It involves loss of pe-
ripheral vasomotor control as a result of neurologic dysfunction or injury to the
nervous system.

Adrenal gland dysfunction can also trigger distributive shock. Adrenal crisis
can be caused by a deficiency of adrenal production of mineralocorticoids and
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glucocorticoids. It can be triggered or caused by adrenal hemorrhage, trauma, or
overwhelming infections, especially fungal infections, such as histoplasmosis,
blastomycosis, and coccidioidomycosis. Another increasingly common infection,
tuberculosis, can also trigger it. Adrenal crisis is also found in patients with HIV
infection, both as a direct cause of HIV or by superinfection by other organisms.
Drugs may also cause adrenal dysfunction both by chronic immunosuppression
by corticosteroids or by direct effect, such as with antifungal agents.

Trauma, burns, and pancreatitis are all fairly common inciting events that
trigger the cytokine cascade, leading to SIRS and distributive shock. Although
this condition mimics the signs and symptoms of sepsis, this kind of distributive
shock can be generated without an accompanying infection.

Hypovolemic Shock

Causes of hypovolemia that may lead to shock include loss of intravascular vol-
ume through dehydration (from low fluid intake, diarrhea, bowel obstruction,
sweating, or diabetes insipidus), diuresis (from diuretics or elevated blood glu-
cose levels), capillary leak and third spacing (from burns, sepsis, pancreatitis, or
surgical stress), hemorrhage (from trauma, gastrointestinal bleeding, fractures,
vascular injuries, ruptured ovarian cysts, ectopic pregnancy, placental abruption,
ruptured uterus, placenta previa), and anemia.

Obstructive Shock

Cardiac tamponade and restrictive pericarditis are characteristic of extracardiac
obstructive shock. Pulmonary embolism caused by air, amniotic fluid, fat, or vas-
cular clot can cause obstructive shock. Intrathoracic processes, such as pneu-
mothorax, pulmonary hypertension, and diaphragmatic rupture, can all cause
increased intrathoracic pressure and a decrease in forward flow of blood.

The diagnosis of pulmonary processes may be made by chest x-ray films. Car-
diac processes can be evaluated by rapid echocardiographic examination. Pul-
monary embolism can be evaluated by ventilation/perfusion scans, echocardio-
graphy, and pulmonary angiography.

Cardiogenic Shock

The most common cause of cardiogenic shock is an acute myocardial infarction
(aMI). Myocardial infarction (MI) that affects cardiac valves can present with
acute heart failure, as can MI of the left ventricular (LV) wall. Septal infarctions
can lead to septal defects. Multiple infarctions can also affect already damaged
myocardium, which may lead to rapid failure. Various cardiomyopathies (e.g.,
viral, alcoholic, infectious) may lead to cardiogenic shock. A post-MI arterial
thrombus or aneurysms of the ventricular wall may also precipitate cardiac fail-
ure. An MI that is well-tolerated initially but then extends (for hours to days) to
involve a large degree of LV myocardium may be the sequence that most fre-
quently leads to shock.
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Severely reduced LV contractility induced by ischemia is the fundamental
finding in cardiogenic shock. Extensive right ventricular (RV) infarction, which
classically accompanies inferior-wall M, can also present with hypotension.

Cardiogenic shock is assessed by observing the patient’s mental status and skin
color; by measuring urine output and blood pressure; and by evaluating for di-
aphoresis, turgor, and tachycardia. Pulmonary congestion is evaluated by auscul-
tation of the lungs for wet sounds (rales) and by the presence of S; and S, heart
sounds. Measuring the levels of cardiac enzymes, myoglobins, and troponins is a
rapid screening test and should be done along with evaluation of the ECG.
Echocardiography and cardiac catheterization are the current gold standards:
echocardiography rapidly shows both the location and extent of cardiac failure.

In cardiogenic shock, forward blood flow is impaired by pump failure; and the
typical picture is one of congestive heart failure (CHF), with increased fluid in the
lung, pulmonary edema, and hepatic congestion. The hemodynamic picture is one
of decreased cardiac output, elevated PCWP, elevated LV filling pressure, and in-
creased SVR. The echocardiographic profile shows decreased cardiac function,
wall-motion problems, decreased stroke volume, and decreased aortic diameter.

MANAGEMENT AND THERAPY

Patients suspected to be in shock should be managed in an ICU with close moni-
toring and skilled nursing. Goals in the care of patients in different types of shock
are the same, because the shock syndromes share many characteristics, regardless
of their origin.

The basic goal of shock therapy is the restoration of effective perfusion to vital
organs and tissue before the onset of cellular injury. This basic therapy entails
maintenance of appropriate cardiac function and mean arterial blood pressure.
Endpoints as described in Table 3—4 can be used as a general guideline.

Basic resuscitation should include rapid placement of a large-bore intra-
venous line or a high-flow central line as a route for fluid resuscitation. Protec-
tion of the airway through intubation and mechanical ventilation, if needed, can
stabilize the patient. In unintubated patients, 2 to 15 L/min of high-flow oxygen
is reccommended to get oxygen saturation above 92%. To follow renal function, a
Foley catheter should be placed early.

Fluid Management

Considerable quantities of fluid are often sequestered at a site of inflammation or
lost because of fever, vomiting, or diarrhea. Because shock is greatly intensified
when intravascular volume is depleted, fluid replacement is an important com-
ponent of therapy.

In a series of patients reported by Rackow, both cardiac output and survival
were correlated with volume expansion.They demonstrated that increases in oxy-
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TABLE 3—4 General Goals for Support of Shock Patients

Hemodynamic Support

* MAP > 60-65 mm Hg

* PCWP =15-18 mm Hg

+ Cardiac index > 2.1 L/min per square meter of body surface area for cardiogenic and
obstructive shock

+ Cardiac index > 4.0 L/min per square meter of body surface area for septic, traumatic,
or hemorrhagic shock

Optimization of Oxygen-Delivery

+ Hb level > 10 g/dL
+ Arterial oxygen saturation > 92%

Reversal of Organ System Dysfunction

+ Maintain urine output > 0.5 mL/kg per hour

ABBREVIATIONS: MAP, mean airway pressure; PCWP, pulmonary capillary wedge pressure; Hb, hemo-
globin.

gen consumption correlated with increases in cardiac output and oxygen delivery
during fluid challenge of patients in septic shock.

PAC monitoring and the newer technology of echocardiographic Doppler ul-
trasonography have given the clinician more insight into the shock patient’s vol-
ume status and can guide therapy to fixed endpoints. This ability to evaluate
cardiac function may be an important advantage, because bacterial shock is often
associated with impaired LV function.

How much and how fast to give fluids is a matter of great debate. One tech-
nique is to give the patient a fluid challenge, ranging from 5 to 20 mL/kg over a
period of 10 minutes.!' The patient is then assessed for hemodynamic response
(e.g., blood pressure, heart rate, urine output, mental status) and further fluid is
administered based on the patient’s response. Alternatively, if the patient has
central venous monitoring and the CVP pressure increases by more than 7 mm
Hg above the initial pressure, the infusion is discontinued. If the pressure does
not exceed the starting pressure by more than 3 mm Hg after 10 minutes of fluid
infusion, or if it decreases by 3 mm Hg over a subsequent 10-minute rest period,
a second aliquot of fluid is administered over 10 minutes and the “7 to 3 rule” is
again applied."

For plasma volume expansion, combinations of physiologic sodium solutions
and plasma protein solutions are currently recommended. Albumin use has
fallen over the past few years because of high costs and the lack of evidence-based
outcome studies that it is superior to crystalloid solutions.’> Albumin may also
induce activation of leukocytes at the endothelium, promoting the inflammatory
cascade. Current data using different endpoints, such as mortality, length of ven-
tilation, or renal function, do not show discernable differences between albumin
and other colloids and crystalloids.
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HYDROXYETHYL STARCHES The advantage of using hydroxyethyl starches
(HES) is their prolonged duration in the circulation. The duration of HES as
volume replacement is approximately 4 hours, with an intravascular half-life of
8 hours.

HES are natural starches that have undergone hydroxylation and etherifica-
tion, preventing hydrolysis by alpha-amylase. The main route of elimination of
HES is renal, and use of HES should be avoided in patients with renal failure. A
new formula of HES with physiologic solution (lactated Ringer’s solution) re-
duces the chloride content and has been shown to have beneficial effects on
organ function, with no coagulopathy determined."

DEXTRAN AND GELATIN Use of dextran for volume replacement is vanishing
in the United States because of the many side effects caused by these prepara-
tions. Gelatins have not been approved for use in the United States because of the
high incidence of allergic reactions, but they are used outside the United States.

HYPERTONIC SALINE Hypertonic saline (2500 mOsm/L) increases plasma vol-
ume by drawing fluid from the interstitial space.'* This “one-time” effect is sus-
tained because of other mechanisms attributed to hypertonic saline, namely
increased venous constriction and increased cardiac output. Hypertonic saline
has added properties that may improve capillary flow and tissue oxygenation,
and it now has wide use in neurosurgical and traumatic resuscitation. Hypertonic
saline may increase the risk of arteriolar dilation and can theoretically produce or
aggravate surgical bleeding.

BLOOD REPLACEMENT Blood and component therapy is the only fluid that
can correct anemia and coagulation problems. The optimal hematocrit for ICU
patients remains to be determined. If blood transfusion were “risk-free,” the cur-
rent intensive evaluation of transfusion practice would not be taking place. In the
ICU, the risk of a blood transfusion—transmitted infection is not a major con-
cern. What is of more consequence for the ICU patient is the evidence accumu-
lating that blood transfusion has a profound negative effect on the immune
system. While hemoglobin levels in the 7 to 10 mg/dL range are well tolerated in
the “stable, non-stressed” patient, this range might not be optimal for the criti-
cally ill patient.

An intriguing new possibility is the use of erythopoietin in the critically ill
population. Curwin at Dartmouth Medical Center has presented data that sug-
gests that erythropoietin levels in the critically ill may be inappropriately low and
that these patients may not be able to respond to endogenous erythropoietin
(unpublished).

CRYSTALLOIDS Physiologic isotonic crystalloid solutions are widely used for
volume expansion. Although significant amounts are needed to restore the circu-
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lation, in the presence of hypovolemia the kinetics of distribution are altered and
the 20% volume expansion may be increased significantly.'>'®

In the presence of profound shock or massive volume loss, replacement with
crystalloid solutions may require five times the volume lost, and the proportion
may increase as more fluid is lost. Restoring the macrocirculation to normo-
volemia does not necessarily restore the microcirculation or improve tissue oxy-
genation. Edema must always be treated with care. The clinical significance of
edema formation is unclear, but theoretically it can reduce oxygen transport.

SUMMARY OF FLUID MANAGEMENT IN SHOCK Fluid replacement with
crystalloid solutions is the mainstay of therapy, but this only treats the macrocir-
culation. Better understanding of the endothelium as an organ has now led to an
ongoing investigation into the different effects of fluids used for resuscitation."”
Perfection of these solutions to enable better microcirculation flow and modula-
tion of the inflammatory response will lead to goal-directed therapy and out-
come studies.

Vasoactive Drugs

The effectiveness of multiple vasoactive drugs for the treatment of shock has been
studied, but no consensus has been reached. When using vasoactive drugs, how-
ever, remember that the goal of this therapy is to increase perfusion to the tissues
and not to artificially raise the blood pressure to an arbitrary goal.

There is general agreement that volume control is the first-line treatment for
shock. Fluid may stretch the left ventricle, leading to increased cardiac output,
and refill the “tank.” This leads to increased blood pressure without vasoconstric-
tion, which may actually reduce perfusion.

The four most commonly used vasoactive agents in adult ICUs are dopamine,
norepinephrine, phenylephrine, and dobutamine. The dosage ranges for these
and other vasoactive drugs used in the ICU are listed in Table 3-5.

In the US, the most commonly used vasopressor in patients with shock is
dopamine, which is a naturally occurring precursor of norepinephrine that has
different effects at different dosages. These effects, however, do overlap.

TABLE 3-5 Commonly Administered Vasoactive Intravenous Drugs

Dopamine, 1-20 ug/kg/min

Norepinephrine, 0.05-2.0 pg/kg/min

Dobutamine, 1-25 pug/kg/min

Epinephrine, 0.05-2.0 pg/kg/min

Phenylephrine, 2-10 pg/kg/min

Isoproterenol, 1-8 pg/min

Amrinone, 5-15 ug/kg per minute, after a 0.75 mg/kg bolus over 5 minutes
Milrinone, 0.375-0.75 ng/kg per minute, after a 37.5-75 mg/kg bolus over 10 minutes
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From a dosage of approximately 1 to 3 the direct dopaminergic effect of
dopamine is seen. This results in vasodilatation of the renal and splanchnic circu-
lations.'® The effects seen with the use of higher dosages of dopamine are mainly
manifested through the endogenous release of norepinephrine. From 3 to 10 g/kg
of body weight per minute, beta, effects (increased inotropy and chronotropy)
predominate. From 10 to 20 g/kg of body weight per minute, alpha, activity
(vasoconstriction) predominates. In patients with shock, lower doses are pre-
ferred, with the goal of increasing forward flow and perfusion without inducing
vasoconstriction, which may exacerbate ischemia.

Norepinephrine is generally felt to be a second-line agent for shock in the
United States; however, in Europe, it is a first-line agent. Norepinephrine has a
mixture of beta- and alpha-agonist effects. The higher the dose, the more power-
ful the vasoconstriction.

Phenylephrine is a selective alpha-agonist and is used to increase blood pres-
sure emergently, but it also decreases the microcirculation, so it cannot be used
for long-term resuscitation. As it has no beta effect, it does not cause tach-
yarrhythmias, and therefore may be useful in the cardiac patient who is prone to
such problems.

Dobutamine hydrochloride is a sympathomimetic agent with predominantly
beta-adrenergic effects. This drug is not a vasopressor because it does not cause
vasoconstriction, but it does increase forward flow. Its use in sepsis has not re-
sulted in improved outcomes; its major use is to increase cardiac output in the
failing heart. Dobutamine is not generally recommended in hypotensive patients
because it results in reflex vasodilatation, which may manifest as hypotension, es-
pecially in volume-depleted patients.

In the treatment of cardiogenic shock with progressive perfusion failure, the
ion-dilators, such as amrinone lactate, and dobutamine in combination with a
vasopressor may allow cardiac function to improve. In other instances of CHF,
there is a good indication for the administration of cardiac glycosides, preferably
digoxin.

In summary, the use of vasoactive drugs in shock is directed toward increasing
perfusion. Vasopressor agents are used when blood pressure cannot be maintained
with fluid alone. Continued monitoring for signs of perfusion inadequacy is neces-
sary while using these agents. Finally, all vasopressor agents with alpha effects must
be administered centrally, because if they were to infiltrate, they would cause local
necrosis. If infiltration of any other vasopressor agents were to occur, the treatment
is phentolamine (an alpha blocker) injected locally into the site of infiltration.

Monoclonal Antibodies

Multiple studies are ongoing in the use of monoclonal agents and receptor block-
ers to modulate the immune system and the sepsis cascade. At this time bedside
application of immunotherapeutic approached for the treatment of shock' has
not found clinical application.
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SUMMARY

Our understanding of shock and SIRS response has evolved to one that is physio-
logically based. Resuscitation is now based on close monitoring and hemody-
namic support and replacement of intravascular volume.
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INTRODUCTION

Mechanical ventilation is defined as the use of a mechanical device to assist the
respiratory muscles in the work of breathing and to improve gas exchange. In
this chapter, mechanical ventilation is divided into two techniques: one requiring
a tube in the trachea to deliver ventilation (invasive) and another applied with a
mask (noninvasive). The indications, objectives, modes, settings, complications,
and discontinuation strategies are reviewed for both invasive and noninvasive
mechanical ventilation and some disease-specific strategies for invasive mechani-
cal ventilation.

INVASIVE MECHANICAL VENTILATION

Indications

Mechanical ventilation is indicated to support the patient with respiratory failure
when adequate gas exchange cannot otherwise be maintained. As reviewed in
chapter 1, there are two major categories of acute respiratory failure: hypoxemic
(type 1) and hypercapneic (type 2). Patients with either of these often need me-
chanical ventilation. Many patients present with a mixture of the two types of
respiratory failure, and of course, these patients also respond to mechanical ven-
tilation. Invasive mechanical ventilation is often chosen over noninvasive meth-
ods when altered mental status or hemodynamic instability accompany acute
respiratory failure. The timing of intubation and initiation of mechanical ventila-
tion is a source of controversy, and the decision is often more a matter of art and
experience than science. Tracheal intubation is indicated for situations other
than provision of mechanical ventilation, such as to provide airway protection
and relieve upper airway obstruction.' Table 4-1 lists some commonly accepted
indications for endotracheal intubation and mechanical ventilation.

Objectives

Mechanical ventilation is supportive and meant to reverse abnormalities in respi-
ratory function, while specific therapies are used to treat the underlying cause of
respiratory failure. The physiologic goals of mechanical ventilation are reversal of
gas exchange abnormalities, alteration of pressure-volume relationships in the
respiratory system, and reduction in the work of breathing.” These physiologic
goals are interrelated and attain specific clinical results, as shown in Figure 4-1.
Other goals in specialized circumstances include allowing use of heavy sedation
or neuromuscular blockade and stabilization of the chest wall when injury has
disrupted its mechanical function.?
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TABLE 4-1 Indications for Intubation and Invasive Mechanical Ventilation

+ Cardiac arrest
Respiratory arrest
Refractory hypoxemia (unresponsive to maximal supplemental oxygen administration
and noninvasive ventilatory support)
+ Progressive respiratory acidosis (unresponsive to medical therapy, oxygen administra-
tion, and noninvasive ventilatory support)
+ Symptoms of progressive respiratory fatigue (unresponsive to medical therapy, oxygen
administration, and noninvasive ventilatory support)
+ Clinical signs of respiratory failure (unresponsive to medical therapy, oxygen adminis-
tration, and noninvasive ventilatory support)
+ Tachypnea
+ Use of accessory muscles (e.g., sternocleidomastoid, scalene, intercostal, abdominal)
+ Paradoxical inward abdominal movement during inspiration
+ Progressive alteration of mental status
+ Inability to speak in full sentences
+ Airway protection (in a patient with an extremely impaired level of consciousness)
Relief of upper airway obstruction (often manifested by stridor on physical examina-
tion)

Physiologic goal: reverse gas exchange abnormalities

Clinical result: reverse hypoxemia
reverse acute respiratory acidosis

Physiologic goal: improve respiratory system

Physiologic goal: reduce work of breathing
M compliance

Clinical result: Clinical result: reverse atelectasis
relieve respiratory distress improve lung compliance
decrease oxygen consumption of respiratory muscles avoid barotrauma/ volutrauma

FIGURE 4-1 Objectives of mechanical ventilation. Interrelationship between physiologic ob-
jectives of mechanical ventilation is shown. By accomplishing each of these physiologic objec-
tives, specific clinical goals are met. (Adapted with permission from Slutsky AS. ACCP
consensus conference: Mechanical ventilation. Chest 1993; 104(6):1833—1859.
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Modes

Mechanical ventilators were popularized during the polio epidemics of the 1950s.
The initial ventilators were primarily negative pressure ventilators, or “iron
lungs.” Later, positive pressure ventilators gained popularity and today are used
almost exclusively. As ventilator technology has progressed, the ways of deliver-
ing positive pressure mechanical ventilation have proliferated. In daily practice,
however, four basic modes of positive pressure ventilation are most commonly
used. These modes can be classified on the basis of how they are triggered to de-
liver a breath, whether these breaths are targeted to a set volume or pressure, and
how the ventilator cycles from inspiration to expiration (Table 4-2).

CONTROLLED MECHANICAL VENTILATION Controlled mechanical ventila-
tion (CMV) is included here only for the purposes of instruction. CMV, or vol-
ume control (VC), was the first volume-targeted mode (Figure 4-2a). As its
name suggests, it is a pure “control” mode; that is, the minute ventilation (VE,) is
completely governed by the machine (VE = VT X respiratory rate). The physician
sets the respiratory rate, tidal volume, inspiratory flow rate, ratio of inspiratory to
expiratory time (L:E) fraction of inspired oxygen (Fi0,), and positive end-
expiratory pressure (PEEP). In VC, the patient is unable to trigger the ventilator
to deliver additional breaths. This mode works well for patients who are unre-
sponsive or heavily sedated, but not for conscious patients, whose respiratory ef-
forts are not sensed by the ventilator, which leads to patient discomfort and
increased work of breathing. As a result, this mode has largely been abandoned.

ASSIST-CONTROL VENTILATION This mode is similar to VC mode except
that the ventilator senses respiratory efforts by the patient (Figure 4-2b). As in
VC, the physician sets a respiratory rate, tidal volume, flow rate, :E, F10,, and

TABLE 4-2 Basic Modes of Mechanical Ventilation

Mode Trigger Target Cycle

Volume control”  Ventilator vr Time and VT

Assist-control” Ventilator * patient VT Time and VT

SIMV* Ventilator * patient ~ V1/VI1 (SIMV Time and V1/VT
breaths only) (SIMV breaths only)

Pressure-control’  Ventilator + patient  Inspiratory pressure  Time

Pressure-support®  Patient Inspiratory pressure  Flow

ABBREVIATIONS: SIMV, synchronized intermittent mandatory ventilation; VT, tidal volume; + = with
or without.

“All volume-targeted modes cycle from inspiration to expiration at the end of inspiratory time, which
corresponds to the instant that the VT is reached. The target VT is achieved by setting a fixed inspira-
tory flow for a fixed inspiratory time interval.

¥In pressure-control mode, the desired pressure is achieved almost immediately after the onset of in-
spiration. Target pressure is maintained for the duration of set inspiratory time.

‘In pressure-support mode, the pressure target is maintained until inspiratory flow falls to about 20%
of peak flow. Inspiratory time varies from breath to breath.
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FIGURE 4-2 Airway opening pressure (Pao), lung volume (V), and inspiratory (I), and ex-
piratory (E) flow rate (V) versus time during mechanical ventilation.

a. Volume control (VC), also known as controlled mechanical ventilation (CMV). During
both breaths shown, defined tidal volume (VT) and inspiratory flow rate are delivered, result-
ing in Pao, shown. In this mode, ventilator does not detect patient efforts. A reduction in air-
way pressure from patient effort (arrow) does not result in significant VT or inspiratory flow.
b. Assist-control (AC) ventilation. Notice that ventilator senses decrease in airway pressure
induced by patient effort (indicated by arrow) and delivers same VT and flow in response.
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FIGURE 4-2 (continued)
c. Synchronized intermittent mandatory ventilation (SIMV). First breath is ventilator-
delivered in absence of patient effort. Next, patient effort causes decrease in Pao during syn-
chronization period (boxes), so fully supported breath is delivered. Next effort occurs outside
of synchronization period, and patient breathes spontaneously. Resulting volume and pressure
are completely patient-generated. Last breath is identical to first, delivered according to set
respiratory rate. End of synchronization period coincides with onset of the back-up SIMV
breath.
d. Pressure-control (PC) ventilation. Airway pressure is set, and VT and flow rate that result
are variable and depend on inspiratory time, airway resistance, respiratory system compli-
ance, and patient effort. In example shown, patient is relaxed. First breath is delivered auto-
matically by ventilator, based on fixed back-up respiratory rate. Second breath is delivered
early, when patient lowers airway pressure and triggers ventilator (arrow).
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FIGURE 4-2 (continued)

e. Pressure-support (PS) ventilation. Inspiratory pressure is fixed in this mode, as in pressure-
control mode. However, this mode is flow-cycled instead of time-cycled. Inspiratory pressure
ceases when inspiratory flow rate decreases to about 20% of its peak. VT and flow are deter-
mined by inspiratory pressure, airway resistance, respiratory system compliance, and patient
effort. First breath shows moderate inspiratory effort. In second example, patient makes a pro-
longed inspiratory effort, resulting in more prolonged delivery of inspiratory pressure and a
larger VT. Third example shows rapid deep breath, resulting in very high peak inspiratory
flow rate but short duration of inspiratory pressure. The resulting VT is midway between other
two examples. (Modified with permission, from Schmidt GA, Hall JB. Management of the
ventilated patient. In Hall JB, Schmidt GA, Wood LDH, eds. Principles of critical care, 2nd
ed. New York: McGraw-Hill, 1998:517-535.)

PEEP. Breaths are delivered automatically, regardless of patient effort (“con-
trol”). In assist-control (AC) mode, however, the ventilator detects patient effort
and responds by delivering a breath identical to the controlled one (“assist”). The
patient can therefore breathe faster than the back-up control rate, but all breaths
have the same tidal volume, flow rate, and inspiratory time. So AC mode allows
better synchrony between patient and ventilator than VC mode, while still pro-
viding a baseline minute ventilation. A more descriptive and accurate name for
this mode is “volume-targeted assist-control ventilation.” However, the term
“AC” is well entrenched and likely will not be replaced by this more cumbersome
name.

Like all modes of mechanical ventilation, AC has disadvantages. If the back-up
respiratory rate is set too far below the patient’s spontaneous rate, exhalation
time progressively decreases, since inspiratory time is fixed by the back-up respi-
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ratory rate and flow rate. In the extreme, this may result in inadequate time for
exhalation (Figure 4-3). As a result, lung volume remains above functional resid-
ual capacity (FRC) when the next breath is delivered, a process called dynamic
hyperinflation.” This increased lung volume is associated with elevation in the
alveolar pressure at end-exhalation, or “auto-PEEP” (Figure 4-3). The adverse
consequences of these events are discussed later. Another problem occurs when
patients with high minute ventilation requirements make persistent inspiratory
efforts while a breath is being delivered. If this effort is strong enough, the patient

a. Adequate Time for Complete Exhalation
(

Lung volume = 4

FRC PavLv =0, or level of external PEEP

b. Inadequate Time for Complete Exhalation
(

Dynamic Auto-PEEP
Hyperinflation 4

Pawv > 0, or level of external PEEP

Lung volume >
FRC

FIGURE 4-3 Dynamic hyperinflation and auto-PEEP (positive end-expiratory pressure) re-
sult from inadequate exhalation time. Simplified schematic shows two lung units, consisting
of alveolus and airway, both at end exhalation. In a, there is adequate time for complete ex-
halation to resting lung volume, or functional residual capacity (FRC). The alveolar pressure
is zero, or equal to level of externally applied PEEP. In b, there is inadequate time for exhala-
tion. This occurs when exhalation time is too short and/ or time required to exhale to FRC is
pathologically prolonged. Former occurs during mechanical ventilation when inspiratory time
is too long or respiratory rate is too high; latter occurs in obstructive lung diseases, like chronic
obstructive pulmonary disease (COPD) and asthma. In either case, lung volume remains
above FRC at end exhalation (dynamic hyperinflation), resulting in abnormally elevated Pa
(auto-PEEP).
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may trigger the ventilator again, a phenomenon known as “breath stacking.” This
can cause wide swings in airway pressure and increase the risk of barotrauma or
ventilator-associated lung injury. Finally, in volume-targeted modes, the inspira-
tory flow rate is fixed. Many acutely ill patients strive for high inspiratory flow
rates. If ventilator delivered air flow is below patient demand, the work of breath-
ing increases as the patient makes futile efforts to augment inspiratory flow.

SYNCHRONIZED INTERMITTENT MANDATORY VENTILATION Like AC
mode, synchronized intermittent mandatory ventilation (SIMV) is also a
volume-targeted mode and provides a guaranteed VE (Figure 4-2¢). For the
mandatory breaths, tidal volume and respiratory rate are chosen, guaranteeing a
baseline minute ventilation. The practitioner also sets Fi0,, PEEP, and flow rate.
As in AC mode, the patient can make inspiratory efforts between the mandatory
breaths. If a sufficient effort occurs shortly before the mandatory breath is deliv-
ered (a time interval known as the “synchronization period”), a breath identical
to the mandatory breath is delivered. If a patient effort occurs outside this syn-
chronization period, the airway pressure, flow rate, and tidal volume are purely
patient-generated, and no assistance is provided by the ventilator. While this re-
duces the likelihood of air-trapping and breath-stacking, it also can increase the
work of breathing. Interestingly, if the mandatory respiratory rate is less than ap-
proximately 80% of the patient’s actual rate, the high level of work expended
during the spontaneous breaths will also be expended during the mandatory
breaths.” This occurs because the respiratory center in the brain has a lag time
and is unable to alter its output on a breath-to-breath basis. So if high neurologic
output is required for a significant percentage of breaths, that same output will
be given for all of the breaths, including those that are delivered by the ventilator.
Therefore, attempting to “exercise” the respiratory muscles by setting the SIMV
rate at half of the patient’s spontaneous rate is counterproductive, because it sim-
ply increases the work of breathing and results in respiratory muscle fatigue and
weaning failure. To prevent excessive work while still allowing the patient to
breath above the SIMV rate, this mode is often combined with pressure-support
ventilation, discussed later.

PRESSURE-CONTROL VENTILATION A more accurate name for pressure-
control ventilation (PCV) mode is “pressure targeted assist-control ventilation”
(Figure 4-2d). The mode is similar to the assist-control mode described above,
except that a defined inspiratory pressure (IP) is set, instead of a tidal volume
(Figure 4-2d). This allows absolute control over peak pressure delivered by the
ventilator, which can have advantages in certain types of lung disease. Other de-
fined settings are similar to assist-control: respiratory rate, I:E ratio, F10,, PEEP,
and trigger sensitivity. When the ventilator detects patient effort, it delivers a
breath identical to the backup-controlled breaths, allowing the patient to breathe
faster than the back-up rate. Tidal volume is determined by IP, inspiratory time,
airway resistance, respiratory system compliance (%), and patient effort. The de-
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livered volume is predictable if sufficient time is given to allow equalization be-
tween the delivered inspiratory pressure and alveolar pressure.* If inspiratory
time is too short or airway resistance is too high, this equilibration does not
occur, resulting in a tidal volume lower than predicted and a decrease in minute
ventilation. In response, the patient increases respiratory rate. Paradoxically, the
increase in respiratory rate causes a decrease in minute ventilation because, as res-
piratory rate increases, expiratory time also decreases. The result is inadequate
time for complete exhalation, dynamic hyperinflation, and auto-PEEP. The re-
sulting decrease in respiratory system compliance reduces the tidal volume at-
tained for the given IP. This is one of the major disadvantages of PCV, and is
most often seen in the setting of obstructive lung disease.

Inspiratory flow rate is not fixed in PCV. It varies with IP, inspiratory time,
respiratory mechanics, and patient effort. This can be advantageous, because flow
rate increases with patient effort, unlike the volume-targeted modes, in which
flow rate is fixed. As a result, patients with high minute-ventilation requirements
may feel more comfortable on PCV, because they can regulate and increase flow
as needed. This variable flow rate has another potential advantage: the flow pat-
tern changes as respiratory system compliance decreases during lung inflation.
Thus, flow is high early in inspiration when the system is very compliant and de-
creases as inflation proceeds and compliance decreases. The result is a lower peak
airway pressure and a flow pattern that more closely mimics normal physiology.
Whether this leads to any improvements in clinical outcome is unclear.

PRESSURE-SUPPORT VENTILATION The unique feature of pressure-support
ventilation (PSV) is that it is flow-cycled instead of time-cycled (Figure 4-2¢). So
IP ceases when the flow rate drops to about 20% of peak flow rate, and passive
exhalation occurs. The practitioner sets pressure-support level, F10, and PEEP.
Respiratory rate, inspiratory flow rate, tidal volume, and I:E ratio are determined
by the patient’s effort and respiratory system mechanics (resistance and compli-
ance). PSV is an “apnea mode,” that is, there is no back-up mandatory respira-
tory rate, so it can only be used for patients with adequate respiratory drive.

PSV is often combined with SIMV. This reduces the work of breathing in
comparison to SIMV alone and provides a back-up mandatory minute ventila-
tion not available with PSV alone.

ALTERNATIVE MODES The number of available modes of ventilation has in-
creased rapidly. These include high-frequency ventilation, airway pressure-
release ventilation, proportional-assist ventilation, and servo-controlled pressure
support modes. A review of these modes is beyond the scope of this chapter, and
the reader is referred to in-depth discussions of mechanical ventilation® and a re-
cent review article.®
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Settings

The parameters that need to be set vary, depending on the mode of ventilation
used, as demonstrated in Table 4-3. Initial values for the different ventilator set-
tings are shown in Table 4-4.>

RESPIRATORY RATE There is a wide range of mandatory ventilator-delivered res-
piratory rates that can be used. The number varies and is dependent on the minute
ventilation goal, which varies with individual patients and clinical circumstances.
In general, the range for respiratory rate is between 4/min and 20/min and falls be-
tween 8/min and 12/min in most stable patients.” In adult respiratory distress syn-
drome (ARDS), the use of low tidal volumes sometimes necessitates respiratory
rates up to 35/min to maintain adequate minute ventilation.’

TIDAL VOLUME Evidence is accumulating that tidal volumes should be lower
than traditionally recommended, especially in acute respiratory distress syn-
drome.”®” When setting tidal volume in volume-targeted modes, a rough estimate
for patients with lung disease is 5 to 8 mL/kg of ideal body weight. In patients with
normal lungs who are intubated for other reasons, slightly higher tidal volumes can
be considered: up to 12 mL/kg of ideal body weight. Tidal volume should be ad-
justed to maintain a plateau pressure of less than 35 cm H,O. The plateau pressure
is determined by performing an inspiratory-hold maneuver (Figure 4-4a), which
approximates end-inspiratory alveolar pressure in a relaxed patient.

Elevation in the plateau pressure may not always increase the risk of baro-
trauma. This risk rises with transalveolar pressure, which is the alveolar pressure
minus the pleural pressure. In patients with chest-wall edema, abdominal disten-
tion, or ascites, compliance of the chest wall is reduced. As a result, pleural pres-
sure rises during lung inflation and the rise in transalveolar pressure is lower than

TABLE 4-3 Required Settings for Different Ventilator Modes

Setting vC AC SIMV PC PS

Rate

%0

1P

TS

Flow rate
L.E

Fio,
PEEP

ANAN

4
v

v
v

AN N NN
AN N NN
NN NN

SSASSN

ABBREVIATIONS: VC, volume control; AC, assist-controlled; SIMV, synchronized intermittent manda-
tory ventilation; PC, pressure-control; PS, pressure-support; VT, tidal volume; IP, inspiratory pres-
sure; TS, trigger sensitivity; I:E, ratio of inspiratory to expiratory time; F10,, fraction of inspired
oxygen; PEEP, positive end-expiratory pressure.
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TABLE 4—4 Suggestions for Initial Ventilator Settings

Parameter Usual Range Adjust to Maintain
Rate (breaths/min) 4-20 breaths/min Patient comfort, pH > 7.25, avoid
auto-PEEP
%) Lung disease: 5-8 mL/kg Plateau pressure < 35 cm H,O
Normal: 8-12 mL/kg
P 10-30 cm H,O Plateau pressure < 35 cm H,O
Fio, 0.3-1.0% 0, sat < 90%, F10, < 0.6%
PEEP 3-20 cm H,O Plateau pressure < 35 cm H,0, O,
sat = 90%
TS Pressure: —1-2 cm H,0 Patient triggering ventilator
Flow —1-3 L/min effectively
Flow rate 40-100 L/min Patient comfort; avoid auto-PEEP
LE 1:1.5to0 1:3 Patient comfort; avoid auto-PEEP

ABBREVIATIONS: PEEP, positive end = expiratory pressure; VT, tidal volume; IP, inspiratory pressure;
F10,, fraction of inspired oxygen; TS, trigger sensitivity; ; I:E, ratio of inspiratory to expiratory time.

occurs with normal chest compliance. In such circumstances, the tidal volume
ranges previously discussed should be used.

INSPIRATORY PRESSURE In PCV and PSV, the IP is generally set to keep the
plateau pressure at or below 35 cm H,O. The resulting tidal volume should be
kept in the suggested ranges.

FRACTION OF INSPIRED OXYGEN In most cases, F10, should be 100% when
the patient is first intubated and placed on mechanical ventilation. Once proper
tube placement is assured and the patient has stabilized, F10, should be progres-
sively reduced to the lowest concentration that maintains adequate oxygen satu-
ration of hemoglobin, because high concentrations of oxygen produce pulmonary
toxicity. Maintaining oxygen saturation of 90% or more is the usual goal. Occa-
sionally, this goal is superseded by the need to protect the lung from excessive
tidal volumes, pressures, or oxygen concentrations. In these circumstances, the
target may be lowered to 85%, while optimizing the other factors involved in
oxygen delivery (see chapter 1).

POSITIVE END-EXPIRATORY PRESSURE PEEP, as its name implies, maintains a
set level of positive airway pressure during the expiratory phase of respiration. It dif-
fers from continuous positive airway pressure (CPAP) in that it is only applied dur-
ing expiration, whereas CPAP is applied throughout the entire respiratory cycle.

The use of PEEP during mechanical ventilation has several potential benefits. In
acute hypoxemic respiratory failure (type 1), PEEP increases mean alveolar pres-
sure, promotes re-expansion of atelectatic areas, and may force fluid from the alve-
olar spaces into the interstitium. This allows previously closed or flooded alveoli to
participate in gas exchange. In cardiogenic pulmonary edema, PEEP can reduce left
ventricular preload and afterload, improving cardiac performance.
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FIGURE 4—4 Determining plateau pressure and auto-PEEP.

a. Method for determining plateau pressure. Graphs of airway pressure, volume, and flow ver-

sus time are shown during volume-targeted ventilation. An inspiratory pause is performed in

relaxed patient by occluding airway at end-inspiration (thick arrow). Pressure drops from

peak to plateau as flow stops and end-inspiratory volume is maintained. When airway occlu-

sion is released, expiratory flow occurs and lung volume returns to FRC.

b. Method for estimating auto-PEEP. An expiratory pause is performed in a relaxed patient

by occluding airway at end-expiration (thick arrow). Measured pressure rises as flow stops

and PA equilibrates with airway pressure. The next breath from ventilator causes flow to re-

sume, and airway pressure and lung volume rise. (Modified with permission from Aldrich

TK, Prezant D]. Indications for mechanical ventilation. In Tobin M], ed. Principles and

practice of mechanical ventilation. New York: McGraw-Hill, 1994:155-189.)
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In hypercapneic respiratory failure (type 2) resulting from airflow obstruc-
tion, patients often have insufficient time to exhale, resulting in dynamic hyper-
inflation. This results in an end-expiratory alveolar pressure that is above
atmospheric pressure, or “auto-PEEP.” This pressure can be estimated with an
expiratory hold maneuver in the relaxed patient (Figure 4-4b). Triggering the
ventilator in the presence of auto-PEEP requires a negative airway pressure that
exceeds both trigger sensitivity and auto-PEEP. If the patient is unable to achieve
this, inspiratory efforts are futile and merely increase the work of breathing. Ap-
plying PEEP can counteract this problem. In effect, a given amount of applied
PEEP subtracts an equivalent portion of auto-PEEP from the total negative pres-
sure required for ventilator triggering (Figure 4-5). Generally, PEEP is slowly in-
creased until patient efforts consistently trigger the ventilator, up to a maximum
of 85% of the estimated auto-PEEP."

Disadvantages of PEEP include elevation in the mean airway pressure which,
if excessive, can result in barotrauma. Elevation in the mean airway pressure can
also impair cardiac output, especially in the setting of volume depletion.

TRIGGER SENSITIVITY Trigger sensitivity is the negative pressure that the pa-
tient must generate to initiate a ventilator-supported breath. It should be low
enough to minimize the work of breathing but high enough to avoid oversensi-
tivity and the delivery of breaths without true patient effort. In general, this pres-
sure is —1 to —2 cm H,0. A more recent adaptation, known as “flow-by,”
employs a baseline flow rate through the ventilator circuit; patient effort is de-
tected when flow rate decreases. Some studies suggest that flow-by reduces the
work of breathing in comparison to pressure-triggering.'"'? In general, ventilator
triggering occurs when the patient decreases baseline flow by 1 to 3 L/min.’

FLOW RATE This is often the “forgotten ventilator setting” on volume-targeted
modes. Although the respiratory therapist usually sets flow rate without the need
for a physician order, this rate is of critical importance because it affects the work
of breathing and patient comfort and directly affects dynamic hyperinflation and
auto-PEEP. On some ventilators, it is set directly, and on others (e.g., Siemens
900c), it is determined indirectly from the respiratory rate and L:E ratio. This is
demonstrated in the following example:

Respiratory rate = 10
.. Respiratory cycle time = 6 sec
L:E ratio = 1:2
.. Inspiratory time = 2 sec
.. Expiratory time = 4 sec
Tidal volume = 500 mL
Flow rate = volume/inspiratory time
= 500 mL every 2 sec
= 250 mL/sec X 60 sec = 15 L/min
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Auto-PEEP = 10 cm H,0
A' External PEEP = 0 cm H,0
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B Auto-PEEP = 10 cm H,0

External PEEP = § cm H,0 t

IEP = 12
C. Auto-PEEP = 12 cm H,0 External PEEP =12 cm H,0

PANEL | AUTO-PEEP  VENTILATOR EXTERNAL NEGATIVE PRESSURE
(CM H,0) TRIGGER PEEP REQUIRED TO INITIATE
SENSITIVITY  (CM H,0) VENTILATOR BREATH
(-CM H,0) (CM H,0)
A 10 2 0 10+2-0=12
B 10 2 8 10+2-8=4

FIGURE 4-5 Relationship between auto-PEEP and external PEEP in setting of expiratory air
flow limitation, in analogy to water over dam. In panel a, water above dam is 10 cm high
(auto-PEEP = 10 cm H,0) and water below dam is at ground level (external PEEP =0 cm
H,0). In panel b, water level above dam remains at 10 cm, but below dam, it has risen to 8
cm. This decreases the distance between water levels on either side of dam (the auto- PEEP-in-
duced work needed to trigger ventilator), but it does not impair flow of water above dam (rate
of expiratory air flow). The graph shows work required for ventilator triggering in the two ex-
amples, assuming trigger sensitivity of —2 cm H,0. In panel c, the downstream water has now
risen above dam, increasing upstream water level (excessive external PEEP, causing worsening
dynamic hyperinflation and auto-PEEP). (Modified with permission from Tobin MJ, Lodato
RF. PEEP, auto-PEEP, and waterfalls. Chest 1989; 96(3):449-451.)

When flow rate is set directly, inspiratory time is determined by inspiratory flow
rate divided by tidal volume. In turn, inspiratory time and set respiratory rate de-
termine I:E ratio.

Under most circumstances, flow rate is set between 40 and 100 L/min. An in-
spiratory flow rate that is set too low for patient demand (as might be expected in
the example) causes the patient to “tug” on the ventilator, thus increasing the
work of breathing. During volume-targeted ventilation, the prescribed flow rate
cannot be exceeded. If patient demand for inspiratory flow exceeds the set rate,
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the patient’s efforts will be ineffective, increasing the likelihood of patient dis-
tress. Moreover, slower flow rates lengthen inspiratory time, shorten expiratory
time, and predispose the patient to dynamic hyperinflation and auto-PEEP. Con-
versely, an excessive inspiratory flow rate increases peak airway pressures and
may cause patient discomfort and patient-ventilator asynchrony. In general, it is
best to err on the side of high flow rates. In pressure-targeted ventilation, inspira-
tory flow rate is a function of inspiratory time, patient effort, and respiratory sys-
tem mechanics (compliance and resistance). In these modes, it is possible for
patients to alter flow rate on demand, potentially enhancing comfort.

RATIO OF INSPIRATORY TO EXPIRATORY TIME As with inspiratory flow
rate, the respiratory therapist sets the I:E ratio without need for a physician
order. However, the clinician must understand how alterations in this ratio can
affect respiratory system mechanics and patient comfort. A typical I:E ratio is 1:2.
In acute hypoxemic respiratory failure, this ratio may be increased (lengthened
inspiratory time), increasing mean airway pressure and recruiting collapsed or
fluid-filled alveoli, which results in improved oxygenation. In severe hypoxemia,
the I:E ratio is sometimes completely reversed to 2:1, while vigilance is main-
tained for adverse effects on hemodynamics and lung integrity. A complete re-
view of inverse ratio ventilation is beyond the scope of this chapter. In
obstructive lung diseases, the inspiratory time may be reduced to allow more
time for exhalation and reduce the risk for dynamic hyperinflation and auto-
PEEP.

Mechanical Ventilation for Specific Conditions

ACUTE HYPOXEMIC RESPIRATORY FAILURE
Acute Respiratory Distress Syndrome

Volume- and pressure-targeted modes of mechanical ventilation are both rea-
sonable in patients with ARDS. The advantages of pressure-targeted modes in-
clude complete control of peak airway pressures and an inspiratory flow pattern
that decelerates as the lung inflates, minimizing peak airway pressures; the disad-
vantages include variability in tidal volume and minute ventilation. Volume-
targeted modes, on the other hand, dictate minute ventilation at the expense of
peak airway pressure variability. Ultimately, the mode chosen should be based on
patient comfort, the clinical situation, and the clinician’s experience.

In patients with ARDS, alveolar flooding and atelectasis cause shunt physiol-
ogy (mixed venous blood flows through nonventilated areas of lung), resulting in
oxygen-refractory hypoxemia. Shunt fraction can be reduced with PEEP by re-
cruiting collapsed lung units and perhaps shifting intra-alveolar fluid to the in-
terstitium. In so doing, PEEP reduces the Fi0, required for adequate arterial
oxygenation. However, potential hazards of PEEP necessitate careful titration,
which may be performed according to two strategies:
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1. The “best PEEP” approach, in which PEEP is adjusted upward to allow use of
an F10, of below 0.60 or below *

2. The “open lung approach,” in which PEEP is adjusted to a level of 2 cm H,O
above the lower inflection point of the respiratory system compliance curve'

The latter can be difficult to determine as a result of the complexities of com-
pliance measurements in unstable patients. In general, PEEP levels of 10 to 20 cm
H,O are commonly required. PEEP should also be adjusted to keep plateau pres-
sure at 35 cm H,O or lower in most circumstances.

Tidal volume is of critical importance in patients with ARDS. Although chest
radiographs often suggest diffuse and homogenous lung injury, CT scanning has
shown that lung involvement is instead patchy, with marked abnormalities in de-
pendent regions and relatively normal parenchyma in nondependent regions."
This finding has promoted the concept of the “baby lung” in patients with ARDS,
that is, large areas of the lungs cannot be ventilated and gas exchange only occurs
in the less affected areas. In this situation, tidal volumes should be adjusted
downward to minimize overinflation. Moreover, recent data suggests that over-
inflation of an injured lung not only perpetuates lung injury but it also causes
systemic inflammation that may damage other organs.® Accordingly, tidal vol-
umes of 5 to 8 mL/kg of ideal body weight are now standard, especially in light of
a recent multicenter randomized trial” directly comparing tidal volumes of 6
mL/kg with 12 mL/kg. In the low tidal volume group, there was a significant in-
crease in the number of ventilator-free days, and the trial was stopped early be-
cause of a 22% mortality reduction.”

A compensatory increase in respiratory rate is often necessary to achieve an
adequate minute ventilation with such low tidal volumes, and therefore, rates
from 15 to 35 breaths per minute are necessary. Clinicians must often tolerate a
modest degree of respiratory acidosis despite higher respiratory rates, a strategy
known as “permissive hypercapnea.”'” Usually this means accepting a Pco, of 50
to 60 Hg and a pH of 7.30. Occasionally, more extreme hypercapnea may be re-
quired, allowing the Pco, to climb to 70 to 80 mm Hg.

F10, is kept at the lowest level that maintains adequate oxygenation. The goal
is an F10, of 0.6 or less to reduce risk of pulmonary oxygen toxicity, while main-
taining the oxyhemoglobin saturation at 90% or more. Again, occasionally a
slightly lower oxyhemoglobin saturation goal must be accepted.

Cardiogenic Pulmonary Edema

Ventilator strategies for patients with this condition are similar to those for pa-
tients with ARDS. However, the primary mechanism of alveolar fluid accumula-
tion is elevated left ventricular end-diastolic pressure, causing hydrostatic edema,
instead of inflammatory lung injury, causing pulmonary capillary leak. There-
fore, the risk of ventilator-induced lung injury and systemic inflammation may
be lower, reducing the need to severely restrict tidal volume. This is fortunate
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because permissive hypercapnea can adversely affect cardiac function and predis-
pose to arrhythmias in patients with underlying heart disease."” The cardiovascu-
lar benefits of positive pressure ventilation are particularly relevant in this patient
population. The various effects that mechanical ventilation may have on cardiac
function are illustrated in Figure 4—6.

HYPERCAPNEIC RESPIRATORY FAILURE
Chronic Obstructive Pulmonary Disease

Ventilator strategies for chronic obstructive pulmonary disease (COPD) have the
common goal of reducing the workload imposed on failing respiratory muscles.
The work of breathing increases with auto-PEEP and dynamic hyperinflation,
making ventilator triggering more difficult as the compliance of the respiratory
system decreases. Allowing adequate exhalation time by shortening inspiratory
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FIGURE 4-6 Effects of positive pressure ventilation on cardiac output. Simplified diagrams of
thorax. Blood flow (solid lines); pressure transmission (dotted lines). ALV, alveolus; RA,
right atrium; RV, right ventricle; LA, left atrium; LV, left ventricle; PA, pulmonary artery;
APC, pulmonary capillary; PV, pulmonary vein.

a. Mechanisms for decreased cardiac output.'® Positive pressure ventilation causes elevated
alveolar pressure (+++), which is partially transmitted to the pleural space (++) and RA,
causing reduction in venous return. LV preload is reduced, causing reduction in cardiac out-
put. With lung distention, pulmonary vascular resistance may increase,” further increasing
RA pressure and reducing venous return. Increased right-sided pressures can bow the inter-
ventricular septum to left, reducing left-sided chamber compliance, further reducing LV pre-
load. Septal bowing can also increase afterload by causing LV outflow tract obstruction.
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FIGURE 4-6 (continued) Effects of positive pressure ventilation on cardiac output. Simplified
diagrams of thorax. Blood flow (solid lines); pressure transmission (dotted lines). ALV, alve-
olus; RA, right atrium; RV, right ventricle; LA, left atrium; LV, left ventricle; PA, pulmonary
artery; CAP, pulmonary capillary; PV, pulmonary vein.

b. Mechanisms for increased cardiac output.'® Occurs in patients with impaired LV function
and elevated LV filling pressures.”’ Patients typically have high LV afterload, which impairs
cardiac output. Afterload is defined as transmural ventricular pressure required for ventricu-
lar systolic emptying. This pressure is estimated by subtracting pleural pressure (++) from
ventricular systolic pressure (+++++). Higher pleural pressures reduce ventricular transmural
pressure, or afterload. In addition, positive pleural pressures push on dilated ventricular wall,
reducing its radius (small interrupted arrows). This reduces wall tension required to achieve
same transmural pressure (or afterload), via LaPlace’s relationship: P = %, where P = trans-
mural pressure, T = ventricular wall tension, and r = radius of ventricular wall. Preload re-
duction from decreased venous return does not impair LV cardiac output, because the
left-sided filling pressures are high (++++).

time, maximizing inspiratory flow rate, and reducing respiratory rate reduces the
risk of these problems. Permissive hypercapnea is often a necessary by-product of
such ventilator management. High flow rates combined with a high level of air-
way resistance result in elevated peak airway pressure, which is a poor indicator
of barotrauma risk. Peak airway pressure can be markedly elevated while plateau
pressure remains within acceptable limits, especially with COPD. The risk of
barotrauma (e.g., pneumothorax, subcutaneous emphysema) is low if plateau
pressure is kept at 35 cm H,O or less.

Despite these interventions, some degree of dynamic hyperinflation and auto-
PEEP are inevitable. Indeed, these conditions are often present even before intu-
bation as a result of expiratory airflow limitation. As described above, judicious
use of ventilator-applied PEEP can be helpful in reducing the work required for
ventilator triggering.
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Finally, efforts should be made to reduce oxygen consumption and carbon
dioxide production by maximizing patient comfort through ventilator adjust-
ments and judicious sedation. The work of breathing can remain elevated during
mechanical ventilation. This is most easily detected by careful and repeated
observation of the patient. Signs of increased work of breathing include patient
distress, diaphoresis, accessory muscle use, paradoxical abdominal motion, hy-
pertension, tachycardia, and rapid, shallow breathing.

Almost any mode of mechanical ventilation can be used to accomplish the
goals described, so treatment should be individualized according to patient com-
fort and tolerance. Volume-targeted modes do have a safety advantage over
pressure-targeted modes because they ensure adequate tidal volume. As de-
scribed previously, pressure-targeted modes deliver the inspiratory pressure only
for the defined inspiratory time. With high levels of inspiratory resistance, tidal
volume declines, predisposing the patient to auto-PEEP, dynamic hyperinflation,
and barotrauma. However, freedom to increase inspiratory flow rate with
pressure-targeted modes may improve patient comfort. Again, individualizing
the treatment to the patient is required.

Asthma

The ventilator strategies used for patients with asthma are similar to those de-
scribed for patients with COPD. Inspiratory airway resistance is typically even
higher in asthma patients, so peak airway pressures may become markedly ele-
vated. But if plateau pressure remains at 35 cm H,0 or less, the risk of baro-
trauma remains low. Attempts to reduce peak airway pressure by decreasing
inspiratory flow rate shorten expiratory time, promoting dynamic hyperinfla-
tion, auto-PEEP, and barotrauma. Permissive hypercapnea is frequently required
in patients with status asthmaticus.

On occasion, therapeutic paralysis is necessary to eliminate the respiratory ef-
forts that increase oxygen consumption and carbon dioxide production and can
impair effective gas exchange in unstable patients. The use of neuromuscular
blocking agents mandates concomitant use of intravenous sedation and analgesia
to prevent patient wakefulness during paralysis. Risks of these drugs include pro-
longed neuromuscular blockade, myopathy, and increased incidence of the
polyneuropathy of critical illness. All of these complications delay patient recov-
ery, so use of these agents should be minimized.

Neuromuscular Disease

Patients with diseases of the CNS (e.g., massive stroke, cervical spine trauma, or
drug overdose), peripheral nervous system (e.g., Guillain-Barré syndrome and
amyotrophic lateral sclerosis), and muscle (e.g., myasthenia gravis and Eaton-
Lambert syndrome) share the feature of hypoventilation with essentially normal
lungs. Such patients are probably less vulnerable than others to lung injury, so
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they can receive ventilation with somewhat higher tidal volumes. Indeed, the pri-
mary problem in these patients is poor lung inflation, predisposing them to at-
electasis and pneumonia. It is therefore acceptable to use tidal volumes from 8 to
12 mL/kg in this patient group. Many of these patients often prefer high inspira-
tory flow rates, on the order of 60 L/min. Small to moderate amounts of PEEP
should be used to reduce the risk of atelectasis. The mode of ventilation varies
depending on the clinical circumstances. Patients with intact mental status may
prefer pressure-support ventilation alone, or SIMV with pressure support. Pa-
tients with an impaired central respiratory drive require a mode with sufficient
mandatory ventilation to maintain adequate gas exchange, such as assist-control,
pressure-control, or SIMV.

MIXED RESPIRATORY FAILURE Most patients in acute respiratory failure pre-
sent with a combination of hypoxemic and hypercapneic physiology. These pa-
tients should be managed with ventilator settings that combine features of the
strategies described above.

SPECIAL SITUATIONS
Restrictive Disease

These conditions cause mixed respiratory failure and include patients with in-
terstitial lung fibrosis or severe kyphoscoliosis. These patients often require
mechanical ventilation because of acute diseases (such as pneumonia) superim-
posed on chronic respiratory disease. Impaired oxygenation deteriorates further as
acute air space filling is superimposed on chronic interstitial lung disease or atelec-
tasis. Ventilation deteriorates as an additional workload is placed on respiratory
muscles that are already compromised because of low compliance of the restricted
lungs or chest wall. Moreover, in fibrotic lung disease, increases in dead space (i.e.,
lung that is ventilated but not perfused) accompany loss of the pulmonary capillary
bed, thereby increasing the minute ventilation required to maintain a normal Pco,.
The strategy in this group must include low tidal volumes of 5 to 8 mL/kg, as in pa-
tients with ARDS. However, PEEP can be particularly hazardous in this group. For
patients with fibrotic lung disease, PEEP can increase the likelihood of barotrauma.
Moreover, PEEP may increase physiologic dead space by compressing alveolar cap-
illaries in ventilated lung units, creating West zone 1 regions (Figure 4-7). In the
case of restrictive disease of the chest wall, much of the PEEP is transmitted to the
pleural space. This, in turn, accentuates preload reduction to the left ventricle and
predisposes patients to hemodynamic compromise (see Figure 4—6a).

Unilateral Lung Disease

Unilateral disease occurs with focal lung disease (as in lobar pneumonia) or with
bronchopleural fistulas. In the former, PEEP should be kept at the lowest level
that allows adequate oxygenation, because it can cause West zone 1 formation in
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FIGURE 4-7 West zone 1 conditions. Lung unit, consisting of airway, alveolus and alveolar
capillary is shown. Positive airway pressure (black arrow) causes elevation in the alveolar
pressure. If alveolar pressure is sufficiently elevated, it compresses the alveolar capillary, ob-
structing blood flow (curved arrow) and creating dead space. (Modified with permission from
West JB. Blood flow and metabolism. In West JB, ed. Respiratory physiology: The essentials,
5th ed. Baltimore: Williams & Wilkins, 1995:41.)

the unaffected lung, increasing dead space and shunting blood to the diseased
areas.” So PEEP potentially worsens oxygenation in these patients. In the latter
condition, PEEP should be minimized, because positive pressure maintains the
air leak.?! High inspiratory flow rates, low tidal volumes, and permissive hyper-
capnea are often used in both groups. If adequate ventilation cannot be achieved,
independent-lung ventilation by means of a dual-lumen endotracheal tube may
be attempted as a rescue maneuver.’

Increased Intracranial Pressure

Hypercapnea initiates a process of cerebral vasodilation, increased vascular hydro-
static pressure, and edema. It can thereby contribute to increased ICP in those with
head injury or stroke. Although prophylactic hyperventilation is not recom-
mended in these patients, hyperventilation to a Pco, of 25 to 30 mm Hg is reason-
able if clinical evidence of increased ICP develops, until more definitive therapy can
be instituted.? Once definitive therapies are in place, ventilator changes should be
made gradually to allow the Pco, to normalize over 1 to 2 days.?
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Complications

Many of the complications of mechanical ventilation have been alluded to in the
preceding discussion. Dynamic hyperinflation and auto-PEEP have been dis-
cussed in detail. These complications are more common in patients with expira-
tory airflow obstruction but can occur in any patient if the respiratory system
cannot return to FRC because of short expiratory time.

Another complication of over ventilation is respiratory alkalosis. This is po-
tentially life-threatening because extreme alkalosis predisposes the patient to
seizures, coma, ventricular arrhythmias, and hemodynamic collapse. Alkalosis of
this severity is almost always an iatrogenic complication. To avoid this, a good
rule of thumb is to set the ventilator rate a few breaths per minute below the pa-
tient’s intrinsic rate. When the patient is not triggering the ventilator, periodic
ABG samples should be drawn and analyzed to rule out unintended alkalosis.

A practical approach to complications manifested by high or low pressure is
shown in Figures 4-8 and 4-9. A critical step in evaluating the deteriorating patient

High Pressure Alarm

Disconnect and “bag”
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Sedate t paralyze ET tube obstruction
Improved? M
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- pneumothorax + Pain/ ugifaﬁon
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* mainstem intubation

FIGURE 4-8 High-pressure ventilator alarm. Algorithm for patient evaluation. (Adapted

with permission from Schmidt GA, Hall JB. Management of the ventilated patient. In Hall
JB, Schmidt GA, Wood LDH, eds. Principles of critical care, 2nd ed. New York: McGraw-
Hill, 1998; 517-535.)
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Low Pressure Alarm

Disconnect and “bag”

l— Appropriate resistance to bagging? —l

no

yes
Problem with ventilator * Cuff leak
+ Worsening bronchopleural fistula
l in patient with chest tube.

+ Leak in ventilator

+ Leak in inspiratory tubing

+ Leak in Y-adaptor
FIGURE 4-9 Low-pressure ventilator alarm. Algorithm for patient evaluation. (Adapted
with permission from Schmidt GA, Hall JB. Management of the ventilated patient. In Hall
JB, Schmidt GA, Wood LDH, eds. Principles of critical care, 2nd ed. New York: McGraw-
Hill, 1998; 517-535.)

on mechanical ventilation is to separate problems with the patient and endotra-
cheal tube from problems with the ventilator. This can be done by simply discon-
necting the patient from the machine and ventilating by hand with a
bag-valve-mask apparatus.* However, the patient should not be bagged too vigor-
ously, because it may cause auto-PEEP and can result in catastrophic complica-
tions, including pneumothorax, hypotension, and cardiovascular collapse.** Tidal
volumes of more than 1 L are commonly generated when “bagging” via an endo-
tracheal tube with two hands,” so maintaining gentle ventilation at 15 to 20 breaths
per minute (one breath every 4 to 5 seconds) is critical in avoiding complications.

Discontinuation of Mechanical Ventilation

Discontinuation is commonly referred to as “weaning,” but it has been suggested
that the term is misleading.* Weaning implies a gradual process of withdrawal
from mechanical ventilation, during which the patient gradually regains the abil-
ity to breathe spontaneously. In most cases however, the capacity for sponta-
neous breathing is regained when the underlying illness that made mechanical
ventilation necessary resolves sufficiently. This process has less to do with venti-
lator manipulation and more to do with accurate diagnosis and effective treat-
ment of the underlying condition causing respiratory failure. Weaning also
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implies gradual withdrawal of a benevolent life-sustaining process,* when, in fact,
mechanical ventilation should be considered a “necessary evil” to be removed at
the earliest opportunity. Therefore, terms such as “discontinuation” and “libera-
tion” probably are more appropriate. Nevertheless, the term “weaning” remains
pervasive in the vernacular of the ICU.

Identifying the precise time when spontaneous breathing capacity returns is
difficult, but attempting to do so is important because the risks accompanying
mechanical ventilation increase with time. So, when the patient has medically
stabilized, the patient should be assessed daily for the ability to breathe indepen-
dently. From a mechanistic perspective, the ability to breathe independently after
an episode of respiratory failure can be viewed as a restoration of the normal re-
lationship between neuromuscular competence (“supply”) and the load on the
respiratory system (“demand”). Respiratory failure implies an imbalance in this
relationship (Figure 4-10).

Other basic considerations in the decision to initiate the discontinuation
process are oxygenation needs and cardiovascular function.” Spontaneous
breathing trials should not generally be considered until the F10, is 0.5 or less and
the PEEP is 5 cm H20 or less. Patients with impaired cardiac function may bene-
fit from the afterload- and preload-reducing effects of even small amounts of

Normal

Inspiratory muscle performance Respiratory workload

Respiratory Failure

Inspiratory muscle performance Respiratory workload

FIGURE 4-10 Relationship between inspiratory muscle strength and respiratory workload.
Normally, neuromuscular competence far exceeds imposed workload. In respiratory failure,
neuromuscular competence is reduced or imposed workload is increased, or both. These condi-
tions are commonly present in patients who are unable to tolerate discontinuation of mechan-
ical ventilation. (Modified with permission from Aldrich TK, Prezant D]. Indications for
mechanical ventilation. In Tobin M]J, ed. Principles and practice of mechanical ventilation.
New York: McGraw-Hill, 1994; 155-189.)
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PEEP. At extubation, PEEP removal may increase preload and afterload, causing
pulmonary edema and recurrent respiratory failure. Cardiac performance should
be medically optimized before attempting extubation in such patients.

Psychological factors are probably important, especially in patients subjected
to prolonged mechanical ventilation. To date, the contribution of these factors to
the discontinuation process is poorly understood. However, effective treatment
of pain, anxiety, delirium, or depression probably does increase the likelihood of
successful liberation from mechanical ventilation.

Once the decision has been made to initiate the process of discontinuation,
one must assess the patient’s readiness at the bedside. Various “weaning criteria”
have been developed (Table 4-5). These indices are applied during a trial of
spontaneous breathing, when the ventilator provides either no support (T-piece
trial) or minimal support. The latter typically consists of 3 to 5 cm H,O of PEEP
and 5 of 10 cm H,O of pressure support. Pressure support is provided to over-
come the resistance of the endotracheal tube, which may result in an “unfair” re-
sistive load. The exact amount of pressure support required to overcome tube
resistance in any individual patient is difficult to predict, but it increases with de-
creasing size of the endotracheal tube.”

Independently, most of the criteria listed have a limited ability to predict suc-
cessful discontinuation of mechanical ventilation. In clinical practice, these criteria
are often used in combination. Like the data derived from different elements of a
complete history and physical examination, the data obtained from these weaning
criteria should be synthesized to arrive at a working theory: does the patient have
the capacity to breathe spontaneously or not? The criteria are best used in this way.

TABLE 4-5 Weaning Parameters

Ability to discriminate pts.

Parameter Threshold able to breath spontaneously

Pimax (NIF)* >30 cm H,0 good sensitivity,” poor specificity® 2
vce > 10 mL/kg poor sensitivity and specificity”’

VE <15 L/min good sensitivity, poor specificity®®
MVV/ >2 X resting VE poor sensitivity, good specificity?®
Rapid shallow < 105 breaths/min/L very good sensitivity, low specificity”®

breathing index

“Prmax, maximal inspiratory pressure; NIF, negative inspiratory force, synonym for Pimax.

Pimax is determined by asking the patient to make a maximal inspiratory effort against an occluded
airway from resting lung volume and then measuring the pressure generated at the mouth. Poor pa-
tient cooperation limits the reliability of this test. A one-way valve, allowing expiration but not inspi-
ration, permits performance of the test in uncooperative patients.

"Sensitivity is the likelihood of meeting the threshold if the patient can breathe spontaneously.
‘Specificity is the likelihood of not meeting the threshold if the patient cannot breathe spontaneously.
4V, vital capacity. VC is obtained by asking the patient to inhale to total lung capacity and exhale
forcefully to residual volume. The volume of gas exhaled is measured.

°VE, minute volume. VE is the VT times respiratory rate. It is usually measured while breathing at rest.
/MVV, maximum voluntary ventilation. MVV measures the peak ventilation (L/min) that the patient
can achieve over 12—-15 seconds, breathing as fast and deep as possible.
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One of the most powerful predictive criteria is the rapid shallow breathing
index.” This is calculated by dividing the respiratory rate (in breaths per minute)
by the tidal volume (in liters) when the patient is breathing on a T-piece, typically
after 1 minute has elapsed. The volume is measured with a simple spirometer
briefly attached to the T-piece. An index of less than 105 breaths per minute per
liter identifies most patients who are capable of spontaneous breathing (i.e., the test
has high sensitivity), although it may underestimate the capability of women and
patients with small endotracheal tubes.”” The specificity of the index (i.e., the like-
lihood of an index greater than 105 breaths per minute per liter if the patient is in-
capable of spontaneous breathing) is poor, however. So while the rapid shallow
breathing index is a good screening test for capturing patients who can breathe
spontaneously, it should be followed by a more sustained trial to “weed out” pa-
tients with a false-positive screening test who are incapable of sustaining sponta-
neous respiration. Most commonly, the T-piece or pressure-support trial is
continued for 30 to 120 minutes. Failure is evident if the patient develops discom-
fort, diaphoresis, acute respiratory acidosis, or vital sign abnormalities. The latter
are defined as progressive tachypnea, tachycardia with a heart rate more than 20
beats/min above the baseline, or hypertension with systolic or diastolic blood pres-
sure more than 20 mm Hg above baseline.*® If such events occur, mechanical ven-
tilation should be resumed, while further efforts are directed at treating the
underlying cause of respiratory failure.”® If the patient remains comfortable with
stable vital signs and without acute respiratory acidosis, it is very likely that sponta-
neous breathing can be sustained. Extubation should be considered, presuming
mental status and spontaneous secretion clearance are adequate.

These criteria for discontinuation of ventilation are not able to predict extuba-
tion failure resulting from upper airway obstruction, a complication that occurs
in 1% to 5% of extubated patients.* Treatment for this emergent complication
includes nebulized racemic epinephrine and high-dose intravenous cortico-
steroids to reduce airway edema. Heliox, a helium and oxygen gas mixture with a
density lower than room air, can reduce turbulent flow and thereby reduce air-
flow resistance through the upper airway.’’ Noninvasive mechanical ventilation
has also been suggested as a temporizing measure,”® while medical therapy is
being initiated. If such interventions are unsuccessful, a low threshold should
exist for reintubation. In this situation, the likelihood of a difficult intubation is
increased. Appropriate precautions should be taken and personnel with expertise
in airway management should be immediately available.

NONINVASIVE MECHANICAL VENTILATION

Noninvasive mechanical ventilation (NIMV) is positive-pressure ventilation de-
livered by means of a cushioned facial or nasal mask that is maintained over the
appropriate area with elastic straps. NIMV has the advantage of not requiring an
endotracheal tube. Risks of the endotracheal tube (including upper airway injury
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and iatrogenic infection from bypassing the barrier defenses of the airway) are
therefore obviated. Moreover, speaking and eating are possible with NIMV, pro-
viding potential advantages in quality of life.

Indications and Objectives

Indications and objectives of NIMV are similar to those of invasive mechanical
ventilation. NIMV has benefits in both hypoxemic (type 1) and hypercapneic
(type 2) respiratory failure. Application of NIMV requires an otherwise medically
stable patient who is cooperative and can protect their airway. NIMV is not ap-
propriate in patients with severely altered mental status, hemodynamic instabil-
ity, excessive tracheobronchial secretions, or facial fractures. Proper patient
selection is the key to success with NIMV.

There are advantages and disadvantages to both facial and nasal masks in the
delivery of NIMV (Table 4-6). In general, facial masks are more effective in pa-
tients with acute respiratory failure, because they typically breathe through their
mouth, which results in unacceptable leaks with a nasal mask.*

Modes

CONTINUOUS POSITIVE AIRWAY PRESSURE Continuous positive airway
pressure (CPAP) mode involves the application of positive pressure to the airway
throughout the respiratory cycle. Benefits result from:

1) Improved oxygenation via increased mean alveolar pressure in acute hypox-
emic respiratory failure

2) Improved ventricular performance via increased pleural pressure in cardiac
dysfunction

3) Reduced threshold workload in severe obstructive lung disease complicated
by auto-PEEP

4) Reduced upper airway resistance in obstructive sleep apnea

TABLE 4-6 Advantages of Facial vs. Nasal Masks in Noninvasive
Mechanical Ventilation

Facial Mask Nasal Mask

+ Less air leak in mouth-breathers + Less dead space: 105 mL vs. 250 mL
+ Less claustrophobia

+ More effective in acute respiratory failure * Vomiting less hazardous

+ Oral intake possible with mask in place
+ Speaking easier with mask in place
+ Sputum expectoration easier

SOURCE: Adapted with permission from Meduri GU. Noninvasive positive-pressure ventilation in pa-
tients with acute respiratory failure. Clin Chest Med 1996; 17(3):535.
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For details concerning the first three benefits, see the previous discussion of
invasive mechanical ventilation.

BI-LEVEL POSITIVE AIRWAY PRESSURE Bi-level positive airway pressure
(BiPAP) provides different inspiratory and expiratory pressures. The inspiratory
assistance can be either time-cycled (pressure-control ventilation) or flow-cycled
(pressure-support ventilation). The ventilator is triggered when the patient
makes an inspiratory effort. The methods of patient triggering (either reduction
in airway pressure or baseline airflow) are similar to those used in invasive venti-
lation. For details regarding mechanical ventilation modes, see the previous dis-
cussion of invasive mechanical ventilation. Because of the additional inspiratory
support, BiPAP is probably superior to CPAP alone when respiratory muscle fa-
tigue is present.”

Ventilator Settings

During CPAP, a single positive airway pressure is applied; during BiPAP, an ex-
piratory positive airway pressure (EPAP) and an inspiratory positive airway pres-
sure (IPAP) are chosen. These settings should be titrated to attain certain
specified endpoints. Examples of initial settings, ranges, and endpoints are shown
in Table 4-7.

TABLE 4-7 Suggesting Settings for Noninvasive Mechanical Ventilation

Parameter Usual Range Adjust to Maintain
CPAP or EPAP  0-15cm H,O O, sat 2 90%
(Start at low level and increase F10,<0.6
in 2-3 cm H,O increments until Patient comfort
objectives met.) Peak mask pressure < 30 cm H,O
(to avoid gastric overdisten-
tion)
Minimal air leak
IPAP 8-20 cm H,O Respiratory rate < 25/min
(Start at low level and increase Expiratory VT >7 mL/kg
progressively to attain Patient comfort
objectives.) Peak mask pressure < 30 cm H,O
(to avoid gastric overdisten-
tion)

Minimal air leak

ABBREVIATIONS: CPAP, continuous positive airway pressure; EPAP, expiratory positive airway pres-
sure; IPAP, inspiratory positive airway pressure; VT, tidal volume. SOURCE: Adapted with permission
from Meduri GU. Noninvasive positive-pressure ventilation in patients with acute respiratory failure.
Clin Chest Med 1996; 17(3):537-542.



100 The Intensive Care Manual

Complications

NIMYV is characterized by a lower risk of complications than invasive mechanical
ventilation.”” The most common adverse events in patients undergoing NIMV are
facial skin necrosis, gastric distention, and conjunctivitis.33 Facial skin necrosis can
be prevented by avoiding overzealous tightening of the straps and accepting a small
air leak and by placement of a wound dressing over the bridge of the nose.” Gastric
distention is less likely if peak mask pressure is kept below 30 cm H,0.” Routine
placement of nasogastric tubes for gastric decompression are not considered nec-
essary.”> Manipulation of the mask to direct air leakage inferiorly toward the
mouth rather than superiorly toward the eyes reduces the risk of conjunctivitis.

Discontinuation of Noninvasive Mechanical Ventilation

The general criteria for initiating discontinuation of NIMV are identical to those
for invasive mechanical ventilation. To summarize, the underlying process initiat-
ing respiratory failure should be sufficiently improved, the patient should be oth-
erwise medically stable, and oxygenation should be adequate on an Fio, of 0.5 or
less and 5 cm H,O or less of expiratory pressure (CPAP or EPAP). When these cri-
teria are fulfilled, spontaneous breathing trials should be initiated. These are easier
to accomplish with NIMV, since the mask can be simply removed and replaced as
needed. This results in a true assessment of the patient’s ability to breathe sponta-
neously. The confounding effects of the endotracheal tube and ventilator circuit on
respiratory mechanics are avoided, as are the risks of reintubation if the trial fails. If
a patient has difficulty, the time without ventilator support can be progressively in-
creased on a daily basis or the level of support can be progressively reduced.*

CONCLUSION

Respiratory failure is common in critical illness, and mechanical ventilation is nec-
essary in most patients. Careful monitoring of physical examination findings, pulse
oximetry, ABG analysis, airway pressures, and tidal volume are necessary to avoid
potential ventilator-induced harm to the patient. When used carefully, mechanical
ventilation is a life-saving intervention that bridges the period of acute illness, pro-
viding support until the patient regains the ability to breathe spontaneously.
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INTRODUCTION

Acute renal failure is a common diagnosis in the ICU that increases morbidity
and mortality in any patient group. Diagnosis and management of acute renal
failure in the critically ill patient should be a subject with which the ICU physi-
cian is intimately familiar and should rarely require outside consultation.

HOW IS RENAL DYSFUNCTION
DEFINED AND QUANTIFIED?

The adequacy of renal function is assessed by quantification of urinary output,
laboratory determination of the blood urea nitrogen (BUN) and creatinine (Cr)
levels, and calculation of the creatinine clearance (CrCl) either by estimation or
direct measurement. Further, measurement of the urine osmolarity (Uosm),
urine sodium (UNa) concentration, and calculation of the fractional excretion of
sodium (FeNa) may be helpful.

Urinary Output

Urinary output in a critically ill patient should be measured hourly and quanti-
fied every “shift” (6 to 8 hours) and daily. This requires placement of a Foley
catheter in most patients. Despite the importance of early recognition of renal
dysfunction and failure, in this author’s opinion, far too much effort is expended
on maintaining some “magical” minimum urinary output in all patients (usually
more than 30 mL/hr or 0.5 mL/kg per hour). A reduction in urinary output is
most often a sign of an underlying process that requires elucidation, not a dis-
ease itself. For example, oliguria in the presence of hypotension and hypo-
volemia is renal success, not renal failure; restoration of the blood pressure and
circulating intravascular volume in this circumstance is of paramount impor-
tance, while an increase in the urinary output is simply a sign that the effort is a
success.

Traditionally, oliguria is defined as urinary output of less than 400 mL/day, al-
though many physicians loosely refer to patients producing less than 0.5 mL/kg
per hour or 30 mL/hr as being oliguric. Anuria is defined as urinary output of less
than 50 mL/day. The presence of anuria should always raise the suspicion that
the Foley catheter is not properly functioning and mandates that the bladder be
irrigated and free return of fluid be observed to rule out a mechanical problem.

Blood Urea Nitrogen and Creatinine

BUN is the breakdown product of protein. Measurement of the BUN level is
commonly performed daily on all ICU patients. The BUN level directly varies
with protein intake and increases in the presence of gastrointestinal bleeding and
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corticosteroid administration. A reduction in BUN level may be seen in patients
with starvation and malnutrition, muscle wasting, and liver disease. Although
most patients with acute renal failure have a rising BUN level, these concomitant
conditions may lead to a “false” rise or fall, and thus an overestimation or under-
estimation of the change. Thus, interpretation of the BUN level should rely
more on its change over time than its absolute value and should always take into
consideration these concomitant conditions and other measures of renal func-
tion. In the absence of these contributing conditions, the BUN level typically rises
10 to 15 mg/dL per day in patients with acute renal failure.

Creatinine is the breakdown product of muscle. Measurement of the creati-
nine level, like the BUN level, is commonly performed daily on all ICU patients.
Its absolute value and change over time is a much more reliable indicator of un-
derlying renal function than the BUN level. In acute renal failure, the creatinine
level rises by 1 to 2 mg/dL per day. In rhabdomyolysis, the rise in serum creati-
nine level may be greater. Indeed, a rise in the creatinine of more than 2 mg/dL
per day should clue the physician into the possibility of rhabdomyolysis and the
need to determine the creatinine kinase (CK) concentration.

Creatinine Clearance

Creatinine clearance is actually what we should be interested in and only infer
from the above measurements. Two normal kidneys usually clear approximately
120 mL of creatinine per minute, and it is not until creatinine clearance falls
below 10 mL/min in chronic renal failure that dialysis is required. A crude esti-
mation of the creatinine clearance is given by the following equation:

(140 — age) x weight (kg)

CrCl (mL/min) =
72 X serum Cr (mg/dL)

This equation is simply the ratio of the expected amount of muscle breakdown
(which is directly related to young age and large size) to the presence of this
breakdown product present in the serum multiplied by a “fudge factor.” Females
typically have less muscle mass than their same-age male counterparts, and so
this value should be multiplied by 0.85 for female patients. However, in rapidly
failing kidneys of critically ill patients, this formula usually overestimates the cre-
atinine clearance. Therefore, more direct determination of creatinine clearance
may be necessary.

Creatinine clearance may be more accurately determined by collecting all the
urine produced over a time interval. This is usually 24 hours in a chronically ill pa-
tient, but for the sake of convenience in an ICU patient with a Foley catheter placed,
a4- or 6-hour collection is actually more practical. The following equation is used:

Urine [Cr] (mg/dL) x volume (mL/min)

CrCl(mL/min) =
Plasma [Cr](mg/dL)
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Urine Sodium

When perfusion of the kidney is reduced, sodium reabsorption increases and ex-
cretion decreases. Typically, a urinary sodium concentration of less than 20
mEq/L results. Perfusion of the kidney may be reduced from hypovolemia, sec-
ondary to dehydration or hemorrhage, or from decreased forward flow, as may
be seen in patients with severe heart failure. In ICU patients suffering from severe
hypoperfusion a urinary sodium concentration of less than 10 mEq/L may be
seen, but such values should always raise the suspicion that the patient may have
an hepatorenal syndrome.

Sodium reabsorption in a kidney with an acute injury (e.g., acute tubular
necrosis) is impaired and an increase in sodium excretion results. Typically a uri-
nary sodium level of greater than 20 mEq/L, or even greater than 40 mEq/L, re-
sults. Often, a combination of factors may occur (e.g., hypovolemia in addition
to chronic renal failure) making interpretation of the urinary sodium level par-
ticularly difficult, hence the fractional excretion of sodium measurement has
evolved.

Fractional Excretion of Sodium

The fractional excretion of sodium is helpful in determining whether the rise in
creatinine level is a prerenal or renal problem. The fractional excretion of sodium
is calculated as follows:

Urine [Na]/ plasma [Na] «
Urine [Cr]/ plasma [Cr]

FeNa = 100

A fractional excretion of sodium measurement of less than 1% is evidence that
the problem is prerenal (e.g., hypovolemia, severe heart failure), and a fractional
excretion of sodium measurement of more than 2% is evidence that the problem
is renal (e.g., acute tubular necrosis).

CAUSES

The cause of renal failure may be classified as prerenal, renal, or postrenal.

Prerenal

Hypoperfusion of any origin causes the kidney to concentrate urine, the urinary
output to fall, and the BUN and creatinine levels to rise. The BUN level usually,
but not always, rises out of proportion to the creatinine level, and a ratio of more
than 20:1 is achieved. Prerenal “failure” is therefore most accurately and com-
monly not a failure at all but a normal response on the part of the kidney to an
abnormal perfusion. Common causes include hypovolemia, CHF, and extreme
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vasodilatation. Genuine renal injury probably does not result from these causes,
unless there is a superimposed insult (e.g., exposure to a nephrotoxin). The rise
in the BUN and creatinine levels is rapidly and completely reversible by restora-
tion of effective circulating intravascular volume, maximization of cardiac func-
tion, and treatment of abnormal vasodilatation.

Renal

Renal failure occurring within the kidney itself is the most common cause of
acute renal failure and the need for dialysis in critically ill patients. Acute tubular
necrosis is commonly (but semantically incorrectly) used as a “waste-basket”
term to generally describe all renal injuries that progress to acute renal failure.
Traditional medical teaching usually divides intrarenal renal failure into 3 cate-
gories:

1. Tubular failure, including genuine acute tubular necrosis
2. Interstitial nephritis
3. Glomerulonephritis and vasculitis

It is probably more helpful in critically ill patients to classify de novo in-
trarenal failure into two relatively large and intentionally vague groups. The first
group would contain iatrogenic and avoidable causes that are usually a complica-
tion of therapy, or failure to make an expeditious diagnosis and implement ap-
propriate intervention. Examples of this first group include: 1) intrarenal injuries
secondary to administration of therapeutic agents (particularly the aminoglyco-
side antibiotics and amphotericin), or diagnostic agents (i.e., radiographic con-
trast agents) with known nephrotoxic potential; 2) myoglobinuria secondary to
rhabdomyolysis; or hemoglobinuria secondary to massive hemolysis and 3) in-
terstitial nephritis, which is a frequently unrecognized allergic reaction seen with
a wide variety of drugs, including penicillin, furosemide, and NSAIDs. The sec-
ond group would include origins in which intrarenal failure is part and parcel of
the process, causing acute intrarenal failure in a fashion that is well recognized
but poorly understood; examples of this second group include massive transfu-
sion, multisystem trauma, severe pancreatitis, liver failure, ARDS, shock, and
sepsis.

Postrenal

Renal failure with a postrenal cause can occur when there is obstruction to uri-
nary flow anywhere distal to the renal pelvis. Obstruction is always the leading
diagnosis when there is anuria. Normally, both ureters (one, if there is only one
kidney) or the urethra must become obstructed to cause acute postrenal failure.
However, unilateral ureteral obstruction and partial urethral obstruction may
complicate ongoing intrarenal processes in critically ill patients. Clinical suspi-
cion of these pathologies should remain high in patients with pelvic and
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retroperitoneal disease. A Foley catheter should always be placed in the bladder
to exclude the possibility of a distal obstruction. Mechanical obstruction of the
Foley catheter and obstruction of the Foley’s holes by debris and clots should al-
ways be considered in patients with an indwelling Foley catheter and acute
changes in urinary output. Abdominal ultrasound, which can be performed at
the patient’s bedside, is the diagnostic test of choice. If an obstruction distal to
the bladder is discovered and released, hematuria and postobstructive diuresis
may result.

DIAGNOSTIC CONSIDERATIONS

The patient’s history of exposure to harmful substances, particularly nephrotox-

ins, ongoing disease processes (such as liver failure), and periods of hypotension
should be noted.

Physical Examination

Physical examination of the critically ill patient with acute renal failure is rela-
tively simple but often unrewarding. Attention should be paid to the vital signs
and orthostatic hypotension’. Estimation of the central venous pressure (CVP)
by examination of the jugular venous pressure and assessment of blood volume
status by noting peripheral edema are two often highly touted techniques that are
probably relatively useless in a critically ill patient. A careful review of daily fluid
intake and output and changes in body weight might be helpful adjuncts in de-
termining volume status.

Urinalysis

Urinalysis and microscopic examination may be diagnostic. Certainly the pres-
ence of blood suggests that embolic phenomena should be considered, and a
large number of casts suggests that there is acute tubular necrosis, but “dirty” re-
sults on urinalysis are a common finding in critically ill patients.

Ultrasonography

Abdominal ultrasonography is the diagnostic test of choice when considering the
diagnosis of postrenal failure. In the presence of obstruction to urinary flow, the
proximal ureter dilates, resulting in hydronephrosis. Ultrasound is also helpful in
determination of kidney size, which in patients with unclear histories may give a
clue as to the cause of underlying chronic renal disease. Small kidneys usually sig-
nify long-standing hypertension; large kidneys may result from diabetes or amy-
loidosis.
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Nuclear Studies

Nuclear imaging of the kidney should be considered when there is concern about
abnormal blood flow, which is commonly the concern in patients with a sus-
pected embolus to the kidneys or vascular compromise (e.g., status posttrans-
plant, renal artery stenosis).

ACUTE MANAGEMENT ISSUES

Use of Diuretics and Dopamine

Diuretics and “renal-dose” (low-dose) dopamine are frequently administered in
hope of either: 1) converting anuric or oliguric renal failure to nonoliguric renal
failure, because patients with de novo nonoliguric renal failure have better out-
comes than patients with oliguric renal failure; or 2) amelioration of the renal in-
jury with subsequent decreased intensity or duration of dialysis.

Unfortunately, although nonoliguric patients may be more easily managed
than oliguric patients, diuretics and dopamine have largely been disproven to fa-
vorably influence patient outcome. These agents are frequently administered
anyway, under the assumption that the potential benefit outweighs the risk.
Furosemide can cause interstitial nephritis and hearing loss, and even low-dose
dopamine may cause undesirable tachycardia, arrythmias, and myocardial is-
chemia.

Other Measures

There are a variety of “soft” interventions that may ameliorate renal injury and
certainly will delay the need for dialysis and reduce the intensity of dialysis re-
quired. First, restore circulating intravascular volume and maintain a mean arter-
ial blood pressure of more than 50 mm Hg, which is the lower limit for renal
autoregulation. Successfully accomplishing this may require measurement of the
CVP, pulmonary artery catheterization, or echocardiography. Second, on first
recognition of worsening renal function, immediately eliminate or appropriately
reduce the dose of nephrotoxic therapies (e.g., change amphotericin to flucona-
zole if possible; reduce the dose of gentamicin and vancomycin). Third, if the
blood pressure is normal and hypovolemia is not an issue, aggressively reduce
maintenance-level intravenous fluid administration to avoid fluid overload.
Fourth, reduce the administration of acid (commonly administered in the form
of 0.9% sodium chloride solution, which has a pH of 5.0), potassium, magne-
sium, and phosphate in maintenance fluids in intravenous and enteral feeds.
Fifth, feed the patient—starved patients with renal failure clearly have worse out-
comes than fed patients. Also, try to maximize enteral nutrition and discontinue
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intravenous nutrition when possible, in view of preliminary evidence that, in
critically ill patients in general and with renal failure in particular, morbidity and
mortality may be improved with the administration of enteral compared with
parenteral nutrition.

DIALYSIS

Dialysis may be emergent or elective. Emergency dialysis should rarely be re-
quired in a hospitalized patient, because the need for dialysis should be antici-
pated and early intervention initiated. Severe acidosis, hyperkalemia, uremia
(e.g., change in mentation, pleuritis, pericarditis, bleeding), and volume overload
are the classic indications for emergency dialysis. Elective dialysis is usually initi-
ated in anticipation of one or more of these issues arising. Many ICU physicians
advocate early dialysis, but there is no evidence that it improves outcome. Usu-
ally, daily observance of the BUN and creatinine levels and estimation of the cre-
atinine clearance is performed, and dialysis is begun when the BUN level exceeds
100 mg/dL, or the creatinine clearance is less than 15 mL/min; however, these
values are completely arbitrary. Opinion regarding the optimal time to start dial-
ysis varies markedly from physician to physician, institution to institution, and
country to country.

There are four contemporary modes of dialysis to be considered: peritoneal
dialysis (PD), hemodialysis (HD), continuous arteriovenous hemofiltration
(CAVH), and continuous venovenous hemofiltration (CVVH).

Peritoneal

PD is generally impractical in most ICU patients because of the high incidence of
previous intra-abdominal surgery and ongoing intra-abdominal pathology. In
addition, patients with respiratory insufficiency and failure often cannot tolerate
fluid in the peritoneum. Therefore, except in the most rudimentary of ICUs, PD
is rarely used.

Continuous Arteriovenous Hemofiltration

CAVH was the continuous method of choice before the development of CVVH.
Its reliance on an adequate pressure head, lack of external apparatus to control
flow and provide warning alarms, and need to insert a large-bore catheter into an
artery, with the potential for resultant bleeding, thrombosis, clot, and pseudo-
aneurysm formation, have generally led to its abandonment. Nonetheless, in cer-
tain patients in institutions where CVVH is not available, CAVH is a method that
warrants consideration.
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Continuous Venovenous Hemofiltration

CVVH has been rapidly emerging as the dialysis mode of choice. It can be com-
bined with continuous arteriovenous hemodialysis (CAVHD). The slow method
of solute and fluid removal results in an extremely hemodynamically stable mi-
lieu. In additon, CVVH can remove large quantities of cytokines, which may re-
duce the incidence and ameliorate the progression of multisystem organ failure.
New CVVH machines have incorporated a pump, air detector, and pressure
monitor, which makes CVVH far safer than CAVH was. Management of CVVH
usually requires one-to-one nursing and frequent (i.e., every 4 to 6 hours) elec-
trolyte level measurement. However, removal of large quantities of fluid, some-
times as much as 10 L per day, is possible, often shortening the time that
mechanical ventilation is required and reducing the stay in the ICU.

Intermittent Hemodialysis

Intermittent HD is frequently used in critically ill patients, but, especially in pa-
tients with hypotension, it is fraught with imminent danger. It is virtually impos-
sible to adequately perform hemodialysis on a hypotensive patient with an
intermittent method. It may be necessary to administer vasopressors at the time
of HD to maintain a near-normal blood pressure, and the resultant cardiac effect
(i.e., tachycardia and possible myocardial ischemia) and peripheral vasoconstric-
tive effects are theoretically injurious.

HD has been declining in popularity in ICUs because of its association with
hypotension and the inability to remove significant quantities of fluid, given
HD’s relatively short (i.e., 3 to 4 hours) duration.

Although there is an emerging consensus among ICU physicians that CVVH
is the preferred method of dialysis in critically ill patients, many institutions still
rely primarily on HD for a variety of bureaucratic, logistical, and political
reasons.

PRESCRIBING COMMON DRUGS IN RENAL FAILURE

All medication prescribed for patients who have renal failure should be reviewed
and an adjustment made for the reduction of organ function and the effects of
dialysis. Failure to do this results in potential drug toxicity and possibly even pro-
mulgation of the underlying renal failure. Drugs most commonly administered
to critically ill patients that will require adjustment include penicillins, carbi-
penems, cephalosporins, vancomycin, aminoglycosides, amphotericin, digoxin,
and some muscle relaxants. Opioids and benzodiazepines are for the most part
metabolized by the liver, but many have active metabolites eliminated by the kid-
ney and thus a reduction in dose is often necessary.
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LONG-TERM OUTCOME

Renal failure definitely has an attributable mortality in the critically ill patient.
However, most renal failure that occurs in the critically ill patient is potentially
reversible, and 90% of critically ill patients who have renal failure during the ICU
stay do not become dialysis-dependent for life if they survive their illness.

Renal failure often occurs as part of the spectrum of multiorgan failure, in
which case, prognosis may be poor if two or more other organs have failed.

ACID-BASE ABNORMALITIES

Determination of the critically ill patient’s acid-base status is, simply, critical. It
has been estimated that 90% of all critically ill patients have an acid-base abnor-
mality, yet upwards of 40% of physicians cannot accurately interpret ABG analy-
sis results.

Basics

All critically ill patients need an ABG analysis to adequately access their acid-base
status. An ABG analysis gives an estimate of the serum bicarbonate concentration
that may be misleading, and therefore a direct serum bicarbonate measurement
should be made. One of the cardinal rules of acid-base interpretation is that
the body’s natural tendency is to correct acid-base abnormalities by compen-
sating, using metabolic and respiratory means, but never overcompensating
(Table 5-1).

The anion gap (AG) often is explained at length, although its utility in the ICU
is often limited. The anion gap is calculated as follows:

TABLE 5-1 Rapid Interpretation of Acid Base Abnormalities

Compensatory
Primary Disorder Primary Change Change Common Causes in the ICU
Metabolic Acidosis 1 Hco; J/pH J/Paco2 Lactic acidosis, renal failure,
exogenous poisons
Metabolic Alkalosis T Hco, TpH TPaco, Excessive diuresis, nasogastric
drainage, corticosteroid use
Respiratory Acidosis T Paco, {pH THco, Acute respiratory failure (e.g.,
COPD, Guillian-Barré)
Respiratory Alkalosis  { Paco, TpH JHco, Hyperventilation, sepsis syn-
drome

ABBREVIATIONS: HCO3, bicarbonate; COPD, chronic obstructive pulmonary disease.
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AG = Measured cations — measured anions
= (Na + K) — (ClI + Hco3)
Normal AG = less than 12 mEq/L

Calculation of the anion gap is commonly used to help determine the cause of
metabolic acidosis. Practically, it is assumed that:

1. There are commonly occurring negatively charged anions that we do not rou-
tinely measure (e.g., phosphate, sulfate, proteins, other endogenous acids).

2. The difference between the measured cations and measured anions is equal to
the sum of these unmeasured anions.

3. The difference should not exceed 12.

If it does exceed 12, the implication is that there is another unmeasured anion
(e.g., lactate, a common endogenous acid; salicylate, an exogenous acid) or an
unusually large amount of naturally occurring acids (e.g., sulfates, phosphates,
and other organic acids) have accumulated because of renal failure or other
metabolic disturbance. Unfortunately, the anion gap often is misleading as a fac-
tor in the interpretation of acidosis in critically ill patients. Resuscitation of criti-
cally ill patients dilutes the serum bicarbonate or raises the serum chloride,
especially if sodium chloride solutions are used for resuscitation. This, in turn,
lowers the anion gap. Therefore, measurement of the lactate level in critically ill
patients is essential, because it is a common cause of metabolic acidosis that often
is not suspected if the anion gap is used as the sole means of measurement. In
fact, in many ICUs, an “arterial panel” includes the lactate level as a routine mea-
surement.

Essentially, only four distinct acid-base abnormalities exist. All other abnor-
malities are derived from a combination of these four abnormalities.

Acidosis

Acidosis exists when the pH is less than 7.35. It is classified into metabolic and
respiratory types.

METABOLIC A pH of less than 7.35 along with a Paco, of less than 45 mm Hg
signifies that metabolic acidosis exists. Metabolic acidosis is the result of acid ad-
dition or base loss. Common acids that may be added to the circulation are lac-
tate, hydrochloride (from sodium chloride), diabetic ketoacids, poisons (e.g.,
salicylic acid, methanol, and paraldehyde), and uremic toxins. Common sources
of base loss include diarrhea and renal tubular acidosis. Over time, the respira-
tory system compensates for metabolic acidosis by hyperventilating and reducing
the Paco, in the blood. The Paco, falls by 1.2 mm Hg for every fall in the HCO;
of mEq/L. However, the Paco, can rarely be lowered by more than 10 to 15 mm
Hg, and patients who are on mechanical ventilation or who have incipient respi-
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ratory failure may be unable to compensate in this manner. When the pH is less
than 7.20, consideration should be given to administration of exogenous intra-
venous bicarbonate, especially in cases of base loss and ARF. The administration
of exogenous bicarbonate for lactic acidosis and diabetic ketoacidosis is probably
not indicated, and may indeed be harmful.

RESPIRATORY A pH of less than 7.35 along with a Paco, of more than 45 mm
Hg signifies respiratory acidosis. Common causes include any pathologic process
that reduces minute ventilation (e.g., COPD exacerbation, weakness secondary to
underlying neurologic illness) or increased dead space ventilation, thus reducing
carbon dioxide elimination. An acute rise in the Paco, of 10 mm Hg causes the
pH to fall by .08. This is one of the most important rules of acid-base interpreta-
tion. Conversely, an acute fall in the Paco, of 10 mm Hg causes the pH to rise by
0.8. Chronic carbon dioxide retention signals the kidney to retain bicarbonate,
and the pH falls from its baseline (presumably about 7.40) by .03 per 10 mm Hg
rise in the Paco,. A pH decrease of more than .08 per 10 mm Hg rise in the Paco,
implies that, in addition to respiratory acidosis, there is accompanying metabolic
acidosis. This is a very common situation in critically ill patients.

Acute respiratory acidosis almost always requires respiratory intervention,
such as chest physiotherapy, inhaled beta-agonists (in the case of asthma), or
medications to treat neuromuscular weakness (such as pyridostigmine in the case
of myasthenia gravis), but often mechanical ventilation is also required. Bicar-
bonate administration does not improve the situation, because for bicarbonate to
buffer the acid in the blood, it must be broken down into carbon dioxide, which
then must be expired.

Alkalosis

Alkalosis exists when the pH is greater than 7.45. Alkalosis can be classified into
metabolic and respiratory types.

METABOLIC A pH of more than 7.45 and a Paco, of more than 40 mm Hg sig-
nify metabolic alkalosis. Common causes include loss of acid (e.g., vomiting, na-
sogastric drainage), addition of base (e.g., administration of sodium bicarbonate
or bicarbonate precursors, such as acetate and citrate), and change of tubular
transport characteristics (corticosteroid administration). Aggressive diuresis is a
common cause of metabolic alkalosis in critically ill patients. Classically, meta-
bolic alkalosis is divided into chloride-responsive and chloride-unresponsive
types on the basis of the urinary chloride. If the urinary chloride concentration is
< 15 mEq/L the most common causes are gastric losses, prior diuretic adminis-
tration, and adaptation to chronic hyperventilation. If the urinary chloride is >
20 mEq/L the most common causes are steroid excess (exogenous or endoge-
nous), administration of bicarbonate or bicarbonate precursors, diuretic admin-
istration, and severe hypokalemia. Treatment should be tailored to reverse the
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underlying cause, usually administration of potassium chloride and on occasion
administration of acetazolamide. Acetazolamide is a carbonic anhydrase in-
hibitor which will promote bicarbonate excretion by the kidney. On occasion, in-
fusion of an acid, such as ammonium chloride or, even more rarely, hydrochloric
acid, may be required; however, this author suggests that renal consultation be
obtained when infusion of acids is under consideration. Central line access is
necessary to infuse hydrochloric acid.

RESPIRATORY A pH of more than 7.45 with a Paco, of less than 35 mm Hg sig-
nifies respiratory alkalosis. The most common cause of respiratory alkalosis in
the ICU patient is sepsis, which causes an unexplained primary hyperventilation.
Frequently, critically ill patients are mechanically hyperventilated without rea-
son. Obviously, any cause of hyperventilation causes a fall in the Paco, level and
a rise in the pH. On rare occasions, severe respiratory alkalosis may cause
seizures and muscular spasm. Usually, however, respiratory alkalosis is benign.

APPROACH TO MANAGEMENT
OF HYPONATREMIA AND HYPERNATREMIA

Hyponatremia

Hyponatremia is defined as a serum sodium level of less than 135 mmol/L.
Hyponatremia is a common finding in hospitalized patients and is even more
common in ICU patients, perhaps because of the interplay between fluid admin-
istration, diuretic administration, and abnormal antidiuretic hormone (ADH)
secretion. Typically, hyponatremia is divided into states of low, normal, and high
extravascular volume.

Unless the sodium level has fallen to less than 120 mmol/L, there is usually no
medical urgency to correct it. Most patients are best managed with simple fluid
restriction. When the sodium has fallen to less than 120 mmol/L, especially if the
fall has been rapid, there is a significant risk that the patient will develop neuro-
logic symptoms, including confusion, coma, and possibly seizures. Generally, ad-
ministration of hypertonic saline is required in this circumstance. Hypertonic
saline solution comes in 3% and 5% strengths. Obviously, fluid overload as a re-
sult of hypertonic fluid administration can occur and, thus, meticulous calcula-
tion of the sodium deficit, accurate administration, and frequent (i.e., at least
hourly for the first 2 to 3 hours) measurement of the serum sodium concentra-
tion is mandated. The other major risk factor in the correction of low serum
sodium levels is central pontine myelolysis (CPM), which results from the too-
rapid correction of hyponatremia.

Few subjects have stirred as much debate as the proper rate of sodium solu-
tion infusion in the severely hyponatremic patient. In general, if the patient is
not actively having seizures, correcting the sodium level at a rate of less than
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1 mmol/L per hour appears to be safe. If the patient is having seizures, however,
more rapid correction, perhaps as rapid as 2 mmol/L per hour, or in some au-
thors’” opinions, even 3 mmol/L per hour, may be indicated. Obviously, the risk
of hyponatremia and seizure needs to be weighed against the risk of developing
CPM. Notably, however, there is rarely any need to correct the sodium level
above 120 mmol/L, so aggressive efforts to raise the sodium level further should
stop, which limits the potential for CPM. Alcoholic patients and those with cir-
rhosis are particularly prone to CPM and slower correction may be indicated.

To estimate the amount of sodium required to raise the serum sodium level to
a given degree, the following formula is used:

Serum Na deficit = Body weight (kg) X 0.70 X (desired Na level — current Na level)

For example, a 60-kg patient with a sodium level of 112 mmol/L requires 336
mmol of sodium to raise the serum sodium level to 120 mmol/L (i.e., 60 x 0.70 X
[120 — 112]). Hypertonic saline 3% solution contains 513 mmol/L of sodium;
thus, approximately 600 mL should be administered. If the patient is not actively
having seizures, this author suggests infusing this volume over at least 8 hours
and checking the serum sodium level hourly to insure a correction rate of 1
mmol/hr maximum. If the patient is actively having seizures, an infusion of this
volume can be given over 4 to 6 hours, attempting to keep the rate of correc-
tion perhaps as rapid as 2 mmol/hr and not exceed a serum sodium level of
120 mmol/L.

Hypernatremia

Hypernatremia is defined as a serum sodium level of more than 145 mmol/L,
which either results from the loss of fluid with a sodium level of less than 145
mmol/L or gain of a fluid with a sodium level of more than 145 mmol/L (e.g.,
normal saline contains 154 mmol/L of sodium). Manifestations of hypernatremia
include altered mentation, lethargy and weakness. Severe hypernatremia may
cause seizures. A serum sodium level of less than 150 mmol/L rarely requires ac-
tive intervention. Most textbooks divide their sections on the diagnosis and man-
agement of hypernatremia based on whether the patient has low, normal, or high
effective circulating intravascular volume. However, for the sake of simplicity, in
the absence of recent hypertonic fluid administration, hypernatremia in the criti-
cally ill patient almost always represents free water depletion. Free water deple-
tion in critically ill patients commonly results from nasogastric suctioning,
diarrhea, administration of hypertonic enteral feeding without free water addi-
tion, diabetes insipidus (nephrogenic or central), osmotic diuresis (e.g., mannitol
or glucose), overzealous diuretic administration, and, although less often recog-
nized, underresuscitation of the septic patient. In the absence of hypotension or a
markedly low extracellular volume, as may be assessed by the presence of tachy-
cardia, orthostatic hypotension, or measurement of filling pressures with a cen-
tral venous catheter or PAC, administration of free water is the most appropriate
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intervention. Free water may be administered enterally or, as dextrose 5% in
water (D5W), be given intravenously. For the hyperglycemic patient, in whom
administration of D5W may present a management difficulty, 0.45% sodium
chloride solution is a reasonable alternative; however, it may contain more
sodium than is present in the fluid being lost, and correction of the hyperna-
tremia may, in that circumstance, be impossible. Attempted normalization of the
serum sodium level should take place over 24 to 48 hours, and the sodium level
should fall by no more than 0.5 mmol/hr to avoid cerebral edema, which may in
turn cause seizures and neurologic damage.
The free-water deficit is calculated as follows:

Free-water deficit = Body weight (kg) % 0.70 X
(current Na — desired Na)/(desired Na)

So, for example, an average-sized adult patient with a serum sodium level of
more than 150 mmol/L usually has a fluid deficit of at least 3 L (i.e., 60 X 0.7 X
[150 — 140/140]). To correct such a patient’s level down to 140 mmol/L, 3 L of
free water, in addition to necesssary maintenance fluid, would need to be admin-
istered. A frequent ICU error is to forget about ongoing losses of free water,
which lead to an uncorrectable serum sodium level. Careful attention must be
paid to urinary output, fluid lost through drains, third spacing, and evaporation.

SUMMARY

Acute renal failure is a common problem seen in all intensive care units. The crit-
ical care physician should be facile in diagnosing the etiology of the renal failure
as well as with management. CVVH is fast becoming the usual practice for renal
replacement therapy in ICUs because of its ability to maintain a hemodynami-
cally stable milieu in critically ill patients.
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INTRODUCTION

Infection is one of the most common diagnoses in the ICU, whether it is the rea-
son for admission or acquired during the hospital stay. Nosocomial infections
have been shown to increase mortality, prolong stay, and increase cost. Success-
ful prevention, diagnosis, and treatment of infections in the ICU requires the
clinician to be familiar with the expected rates of infection, risk factors for infec-
tion, the clinical parameters that define an infection, and the treatment options
for each type of infection.

In the United States, data on nosocomial infections has been maintained since
1970 by the National Nosocomial Infections Surveillance System (NNIS)."* They
have a convenient website that releases up-to-date surveillance data from around
the country. The most common sites of infection are listed in Table 6-1.

Infections contracted in the ICU in part depend on the presence of certain
common risk factors.® These include:

Increased length of stay (more than 48 hours)
Use of mechanical ventilation

Diagnosis of trauma

Use of central venous catheter

Use of pulmonary artery catheter

Use of urinary catheter

Prophylaxis for stress ulcer

NS e~

The infection control practices of health care workers in the ICU are of utmost
importance, especially handwashing and maintenance of asepsis in inserting and
maintaining devices. Many of these factors act to break down the host’s defenses.
The use of invasive instruments is common in this setting (Table 6-2) and is di-
rectly related to the incidence of infection.’

This chapter begins with a discussion of fever and its causes to outline a di-
rected, logical approach to evaluation of the febrile critically ill patient. The re-

TABLE 6-1 CDC Surveillance of Nosocomial Infections in ICUs:
Distribution for Reported Cases, 1992-1997

Site of Infection Percentage of Cases Rate of Infection

Urinary tract 35% 6.5 per 1,000 catheter days
Pneumonia (lung) 24% 11.7 per 1,000 ventilator days
Primary bloodstream 17% 5.0 per 1,000 catheter days
GI tract 4%

Surgical site 4%

Cardiovascular 4%

ENT 2%
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TABLE 6-2 Percentage of ICU Patients on Whom Invasive Instruments
Are Used in ICUs

Instrument ICU Patients (%)
Urinary catheter 75.3
Central venous catheter 63.9
Mechanical ventilation 63.0
Arterial catheter 44.2
Pulmonary artery catheter 12.8
Wound drain 30.6

mainder of the chapter is aimed at diagnosis and treatment of common ICU in-
fections. Standard disease definitions are offered and their limitations examined
to help foster accurate diagnosis in this notoriously difficult setting. Practical
methods for use of antimicrobial agents are provided. In addition, the chapter
addresses the new challenges brought on by immunocompromised patients and
antimicrobial resistance.

FEVER

Fever is defined as a rise of the body temperature above the normal variation.
Fever develops because of a reset of the hypothalamic temperature set-point,
which may be caused by endogenous or exogenous pyrogens, chiefly through
prostaglandin E, (PGE,). This must be distinguished from hyperthermia, which is
an elevation of the core temperature when the hypothalamic set-point is nor-
mothermic. Excessive heat production or diminished heat dissipation causes hy-
perthermia (Table 6-3).

TABLE 6-3 Causes of Hyperthermia

Mechanism Cause

Excessive production Exertion
Malignant hyperthermia of anesthesia
Neuroleptic malignant syndrome
Pheochromocytoma
Salicylate intoxication
Thyrotoxicosis

Diminished dissipation Heat stroke
Occlusive dressings
Dehydration
Autonomic dysfunction
Anticholinergic drugs
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The magnitude of temperature elevation that defines a fever, which takes into
account a 1°C circadian variation with the peak in late afternoon and trough in
early morning, is 38.3°C or above. Body temperature is usually about 0.5°C lower
in elders. Temperature may be measured orally, rectally, or in the auditory canal.
The site depends on patient position, intubation, instrumentation, and other fac-
tors. Axillary temperatures do not correlate well with core temperature and
should not be used.

Fever is common in patients in the ICU; it has myriad causes and often results
in ordering of costly laboratory and radiologic studies, which carry their own ad-
verse side effects. We advocate a directed evaluation of the patient with fever,
which should take into account noninfectious and the common infectious
causes. Fever in the ICU population is most commonly secondary to infection.*
Because of this, the evaluation of the febrile patient should be directed at exclud-
ing infection. All of the noninfectious causes should be considered when the ini-
tial evaluation does not reveal an infectious one (Table 6—4).

Approach

A directed approach to the febrile patient is summarized in Table 6-5. The his-
tory and physical examination may suggest an explanation for fever, leading to
appropriate diagnostic measures and treatment. Every patient with new fever
should be completely evaluated with X-ray studies and laboratory testing for
electrolyte levels and CBC count with differential, if this has not been done re-
cently. From this evaluation, some information may suggest the need for im-
mediate response or careful follow-up without therapeutic intervention. An
example of the former is that a new infiltrate seen on chest radiographs and a de-
teriorating oxygen saturation level may suggest pneumonia, while a low serum
bicarbonate level with the presence of anion gap may indicate lactic acidosis and
sepsis. Other findings are important but often do not require immediate action.
Although a normal WBC count does not exclude serious infection, a WBC count
of less than 4,000/uL, especially in older patients, can be a sign of serious infec-

TABLE 6—4 Noninfectious Causes of Fever

Drug fever

Endotoxin release from colonization
Neurologic causes: stroke, seizure, hemorrhage
Ischemic colitis

Transfusion reaction

Myocardial infarction

Procedure-related causes

Thrombosis

Acute respiratory distress syndrome (ARDS)
Malignant tumor
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TABLE 6-5 Evaluation of Patients with New Fever

+ Review of patient history, including:
+ Comorbidities
+ New medications prescribed
+ Blood products administered
+ Recent procedures
+ Thorough physical examination, including special attention to:
+ All wounds and sites of intravascular catheters
+ Skin rashes that indicate a drug reaction
+ Flank discoloration (indicates retroperitoneal hemorrhage)
+ Lesions suggestive of disseminated candidiasis (fundoscopic examination)
+ The following tests must be ordered:
+ Serum electrolyte levels
Complete blood cell (CBC) count, with differential
+ Examination of respiratory secretions
+ Urinary microscopy
+ Urine Gram’s stain
» Quantitative urine culture
+ Blood cultures
+ Chest radiograph (for mechanically ventilated patients)
+ The following tests should be ordered only if suggested by findings or if fever is persis-
tent and unexplained:
+ Diarrheal stool sample for Clostridium difficile
+ Gram’s stain of any purulent discharge from vascular catheter site
+ Computed tomographic (CT) scan of sinuses
+ CT scan of abdomen
+ ECG tracing and myocardial enzyme levels
+ Ventilation/Perfusion nucleotide scan or lower extremity ultrasonograhy

tion. The presence of immature forms of polymorphonuclear leukocytes totalling
more than 10% of total blood cells is also suggestive of sepsis caused by infection.
A high WBC count also raises concern. There are relatively few infections that
cause the leukocyte count to rise above 30,000/pL. In this case, disseminated can-
didiasis, Clostridium difficile colitis, and beta-hemolytic streptococci should be
suspected. The absolute value of the WBC count, by itself, does not mean that
therapeutic intervention is required, but appropriate diagnostic measures should
be initiated. Some findings lead to further laboratory testing, which may include
liver enzyme levels, ABG analysis, and specific imaging studies. Other findings
often do not require immediate action.

Since the goal is to exclude infectious causes, samples must be obtained for
microbiologic examination. Samples for Gram’s stain of respiratory secretions,
urine, purulent wound drainage, or catheter sites should be collected. Samples
for cultures of urine, respiratory secretions, and blood should be sent. The intri-
cacies of culture sampling in the respiratory tract are discussed in the section on
pneumonia. However, the decision to treat should be based on the evaluation of
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the patient, not solely on what grows in culture. The obvious exception is posi-
tive results from a blood culture for a recognized pathogen. Once the evaluation
dictates that treatment is necessary, the appropriate antibiotic agent can be de-
duced from a Gram’s stain of the specimen or culture and results of susceptibility
testing, if they are available. If not, treatment must be empiric.

Samples for blood cultures should be obtained at the first sign of fever. There
is much confusion surrounding the number and sites at which to draw blood
samples. In the first 24 hours, there is little additional diagnostic value to taking
more than three blood samples for culture. Regardless of whether the patient has
a vascular catheter placed, two blood samples should be obtained from separate
peripheral sites, and these samples should be spaced 10 minutes apart, if possible.
If two samples for culture cannot be obtained in a patient with vascular access,
obtain one culture from the most recent vascular catheter. This decreases the
likelihood that the culture result will be a false-positive because of colonization,
which increases with the length of time that the access device is used. Paired cul-
tures of peripheral site and vascular catheter samples are performed, using quan-
titative culture methods, to aid in diagnosis of catheter-related bloodstream
infection. This should only be done when there is suspicion of catheter-related
bloodstream infection, which is discussed later.

After the first 24 hours, blood cultures should be obtained only if bacteremia
or fungemia is suspected. In general, more than one pair of blood cultures per
day is unhelpful. Blood cultures are not required for each occurrence of tempera-
ture elevation.

There are several ways to increase the accuracy of blood cultures; the most
critical is taking a sample that is large enough. A sample of at least 15 mL im-
proves sensitivity. In addition, the skin should be cleaned with an iodine prepara-
tion that is allowed to dry, and the injection port of the culture bottles should be
wiped clean with alcohol to decrease contamination.

For patients on mechanical ventilators, a new fever warrants a chest radio-
graph. In the ICU, it is not feasible to do posteroanterior and lateral chest films.
The anteroposterior portable chest radiograph should be taken in the upright po-
sition, during deep inspiration, if possible.

Although the initial history and physical examination are used to guide evalu-
ation of fever, based on the most likely causes in a particular patient, quite often
this information leads to further testing to determine the cause of a fever. A post-
operative patient or patient with known coronary artery disease (CAD) may need
an ECG and measurement of cardiac enzyme levels. Ventilation-perfusion scan-
ning or lower extremity Doppler imaging may be performed in patients at risk
for deep venous thrombosis (DVT) and pulmonary embolism. CT scan of the
abdomen is useful for diagnosis of an intra-abdominal abscess and hemorrhage.
Hemorrhage may be suspected as the cause of fever in a patient who has under-
gone femoral artery catheterization or abdominal surgery, in which splenic
laceration is a possible complication. Abscess may be a complication of gastroin-
testinal (GI) or biliary surgery or may occur as a result of trauma.
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In a patient who continues to have a fever after an initial evaluation with neg-
ative results, one approach is to stop all antibiotic therapy. After all, in many
cases, the therapy is not working.

Antipyretics

In general, antipyretics are not indicated. Host defenses may be improved at higher
body temperatures, and observation of temperature trends can help guide diagno-
sis and treatment. Patient comfort is often used as a reason for antipyresis but an
abrupt drop in temperature can cause diaphoresis and discomfort. There is no
question that body temperatures above 42°C impair immune function and that an-
tipyresis should be used at this threshold. Extremely high fevers may cause delir-
ium, and any fever in the patient with tenuous cardiac function can be detrimental.

Hyperthermia should always be treated by cooling the patient. This is not a
problem which the hypothalamic set-point affects, so antipyretics are useless.
The patient must be physically cooled externally.

Treatment

The most difficult decision an intensivist must make is when to treat. Because it is
so difficult to make definitive diagnoses of many infectious diseases in the ICU and
because most of the patients are critically ill, the impulse is to initiate antibiotic
therapy with little data and no clinical evidence of unstable physiology. There is un-
doubtedly a part in each of us that says: “Go ahead, give antibiotics, it can’t hurt—
and if there is infection and you don’t, the patient will suffer.” However, if
antibiotics are used unnecessarily, the patient will also suffer. C. difficile colitis, dis-
seminated yeast infection, and colonization with resistant organisms predisposing
the patient to difficult-to-treat infections later are just some of the possibilities.
Some febrile patients develop hemodynamic deterioration. There are objective
findings to look for in an “unstable patient” (Table 6-6). Such a patient should re-

TABLE 6-6 Findings in the Febrile ICU Patient that Suggest Use of Empiric Antibiotics

+ Hemodynamic instability

+ Abrupt drop in blood pressure

+ Difficulty in keeping blood pressure normal

* Required use of vasopressor agents without obvious cardiogenic or hemorrhagic
explanation

Respiratory failure

+ Increases in ventilatory requirements (unexplained by patient status) in a febrile patient

+ Decline in mental status in a previously alert patient that cannot be explained by ad-
ministration of sedative agents or presence of a noninfectious illness (e.g., CHF, hepatic
encephalopathy)

« All of the five clinical criteria for ventilator associated pneumonia
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ceive empiric antibiotics. However, there are many patients in the ICU who become
febrile, have no such worrisome objective signs, and overall, are stable or improv-
ing. The reflex response to a febrile episode should not be initiation of antibiotic
therapy. Instead, realize that most patients are in the ICU for several days at least.
Because they are “captives” and can be closely evaluated and because unnecessary
antibiotics may lead to later problems, we advocate delaying antibiotic therapy for
patients without definitive objective findings. Patients may harbor organisms, such
as coagulase-negative staphylococcal bacteremia, that lead to fever but do not cause
invasive disease or compromise physiology. Endotoxin released from gram-
negative bacteria that are colonizing bladder catheters or endotracheal tubes may
leak into the bloodstream, leading to fever but not significant decline of status.

Furthermore, many of the causes of fever in the ICU are noninfectious. For
example, in the patient with chemical pneumonitis, the body temperature will re-
turn to normal without intervention. The stable patient with fever should be
monitored carefully: the fever often disappears without intervention. However,
some patients require empiric antibiotic therapy.

Antibiotic therapy in the ICU is initiated empirically or against a specific iden-
tified pathogen. Every effort should be made to obtain specimens that allow iden-
tification of the responsible pathogen, so that the therapeutic regimen can be
adjusted to treat that organism with narrow coverage. This is often not possible,
forcing the use of empiric therapy.

Empiric therapy is guided by knowledge of the most common organisms that
cause an infection. This is influenced by site of infection, host factors, and local
flora. Intimate knowledge of the resistance patterns in your ICU is essential to
making rational choices about empiric therapy. For example, in many major cen-
ters across the United States the prevalence of oxacillin-resistant Staphylococcus
aureus is high, necessitating the use of vancomycin empirically for line sepsis and
nosocomial pneumonia.

When a diagnosis of infection is made, antibiotic therapy should be started
promptly. Before instituting therapy, it is imperative that appropriate cultures of
all relevant fluids be obtained. Antibiotic therapy should be started empirically in
an unstable patient, and it is imperative that treatment be effective. If a specific site
of infection is identified, for example, a ventilator associated pneumonia(VAP),
and samples are available for Gram’s stain, the results may help focus therapy.
If not, initial empiric therapy must cover resistant gram-negative rods and
methicillin-resistant S. aureus (MRSA), if those organisms are prevalent in your
ICU. All too often, the clinician identifies a site of infection (e.g., VAP) in a criti-
cally ill unstable patient and initiates ampicillin sodium and sulbactam sodium
therapy, which is ineffective against many causes of VAP infection.

The next key step in the process is to reconsider the choice of antibiotics when
the culture results return. If, for example, the initial diagnosis was VAP infection,
for which gentamicin and piperacillin/tazobactam were initiated, but the blood
and urine cultures return positive for Escherichia coli, the spectrum should be
narrowed, even though the patient has responded to the initial choice. Culture
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data should be reviewed daily until it is finalized, because new information may
help further narrow antibiotic coverage.

Specific considerations regarding the most common infections in the ICU are
laid out in each respective section of the chapter. Empiric therapeutic regimens
appear in Table 6-7. With many new antibiotics undergoing clinical trials, the

TABLE 6-7 Choices for Empiric Antibiotic Therapy

Infectious Disease Agent(s) Alternative Agents
Ventilator-Related Pneumonia
Predominantly Vancomycin
gram-positive
Predominantly Aminoglycoside Combination of two: amino-

gram-negative

Gram’s stain
not available

Sinusitis
Gram-positive
Gram-negative

Uncertain and
severe

Catheter-Related Sepsis”

Urinary tract infection”
Gram-positive chains
Gram-positive clusters
Gram-negative

Fungal

+ piperacillin

Aminoglycoside +
piperacillin +
vancomycin

Vancomycin
Aminoglycoside +
piperacillin

Aminoglycoside +
piperacillin + van-
comycin

Vancomycin +
aminoglycoside
+/- fluconazole

Ampicillin

Vancomycin
Aminoglycoside

Fluconazole

glycoside, antipseudomonal
cephalosporin, antipseudo-
monal fluoroquinolone,
piperacillin, piperacillin-
tazobactam, aztreonam; or
imipenem alone

Combinations above + van-
comycin

Combination of two: amino-
glycoside, antipseudomonal
cephalosporin, antipseudo-
monal fluoroquinolone,
piperacillin, piperacillin-
tazobactam, aztreonam; or
imipenem alone.

Above combination + van-
comycin

Vancomycin + cefepime or
aztreonam, or imipenem +/-
fluconazole

Vancomycin

Fluoroquinolone, third-genera-
tion cephalosporin, or ce-
fepime

Amphotericin B bladder wash
or systemic therapy

“For severe catheter-related sepsis, add antifungal until culture results are available. Catheter should
be removed and tip should be cultured.
YIf catheter remains, treat only if hemodynamically unstable.
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empiric regimen of choice may change in the near future. In general, newer drugs
should be substituted only if they show a clear advantage (i.e., in efficacy, width
of spectrum, or decreased cost) over an accepted regimen.

PNEUMONIA

Pneumonia is the second most common nosocomial infection in the ICU, with
an incidence of 11.7 infections per 1,000 days the patient is on a ventilator. Vari-
ous estimates of prevalence of nosocomial pneumonia in the ICU range from
10% to 50%.>° The significance of the problem lies in these outcomes: increased
mortality, increased multiple organ dysfunction, increased duration of mechani-
cal ventilation, longer ICU stay, and increased cost of care. The clinician who
wants to decrease the burden of this problem must understand the pathogenesis
and risk factors for nosocomial pneumonia and the diagnostic dilemma it poses.
Only then can steps to prevent infection and initiate appropriate therapy be
taken.

Pathogenesis and Risk Factors

Bacteria invade the lower respiratory tract primarily from aspiration of oropha-
ryngeal fluids, ventilator-tube condensation, or gastric contents.” Bacteria, much
less frequently, may also be inhaled in aerosols or spread to the lungs via the
bloodstream. Nearly half of healthy adults aspirate during sleep. Critically ill pa-
tients are even more prone to aspiration.®

The risk factors for development of pneumonia are related to host factors, fac-
tors that enhance colonization, and factors that favor aspiration and time on the
ventilator (Table 6-8).

Prevention

Prevention of ventilator-related pneumonia is aimed at modifying the known
risk factors.

TABLE 6-8 Risk Factors for Pneumonia in ICUs

Category of Risk Risk Factors

Host Age, immunosuppression, severity of illness

Colonization Antibiotic exposure, use of antacids

Aspiration Supine position, nasogastric tube, reintubation, large gastric

volumes, witnessed aspiration, paralytic agents, patient
transport, neurologic impairment
Duration of ventilation Risk increases by up to 1% per day
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CROSS CONTAMINATION Health care workers frequently transmit microor-
ganisms to patients on hands that have been transiently colonized. Although it is
universally known that frequent handwashing can reduce the transmission of
microorganisms, compliance with this simple technique remains a challenge.
Routine use of gloves has therefore been recommended to reduce cross contam-
ination. All health care workers in the ICU, including physicians, should wear
gloves when they visit individual patients, and then remove gloves and wash
hands before seeing others. Recently, use of antiseptic impregnated towelettes
dispensed outside each patient’s room has decreased cross contamination.

ASPIRATION Aspiration is more common in patients who:

1. Have a depressed level of consciousness (caused by disease or medication)
2. Have endotracheal, tracheostomy, or enteral tubes in place
3. Are receiving enteral feeding

Since some of these risks are necessary to patient comfort and nutrition status,
attempts must be made to reduce the risk.

Regurgitation is less likely if the patient is semirecumbent, with the head of
the bed partially elevated. When using enteral feeding, the residual volume of the
stomach should be regularly monitored and feeding should be withheld if the
volumes are large. There do not appear to be differences when bolus feeding is
used as opposed to continuous or jejunal tube feeding as opposed to gastric. Re-
move all tubes as soon as they are no longer essential.

COLONIZATION It is common practice in critically ill and intubated patients to
use antacids and histamine (H,) blockers to prevent stress ulcer bleeding. Use of
these agents has been associated with gastric bacterial overgrowth. A recent meta-
analysis of trials comparing the rate of pneumonia in critically ill patients receiv-
ing H,-blockers to those receiving no prophylaxis showed a trend towards higher
rates of pneumonia for those receiving H,-blockers.” Sucralfate, a cytoprotective
agent, has been studied as an alternative to H,-blockers, because it has little effect
on gastric pH and may have bactericidal properties. The Canadian Critical Care
Trials Group performed the best study to date that compares sucralfate and rani-
tidine in 1200 patients requiring mechanical ventilation in the ICU."” They used
strict criteria for the diagnosis of pneumonia and found no significant difference
in the incidence of pneumonia between the two groups. Therefore, there is no
basis for the use of sucralfate for prophylaxis of ventilator-associated pneumonia.

Selective decontamination of the GI tract has been evaluated as prophylaxis
for pneumonia. A paste of a combination of nonabsorbable antibiotics is applied
to the oropharynx and allowed to flow down the gastric tube. Recent meta-
analyses of studies, which unfortunately have nonuniform diagnostic criteria for
pneumonia and relatively short follow-up periods, of selective decontamination
have shown a trend toward decreased pneumonia with selective decontamination
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but do not show any mortality benefit. Selective decontamination is expensive,
and a tendency toward development of resistant organisms has not been studied.
Based on current information, selective decontamination cannot be recom-
mended.

Diagnosis

The diagnosis of nosocomial pneumonia, specifically ventilator-related pneumo-
nia, is notoriously difficult. The differential diagnosis is extensive (Table 6-9).
Fever, cough, sputum production, and pulmonary infiltrate—the hallmarks of
the diagnosis of pneumonia in an ambulatory population—are present in a large
number of critically ill patients who do not have pneumonia. In one study of pa-
tients who had been intubated for more than 48 hours and had fever, new or pro-
gressive pulmonary infiltrates, leukocytosis, or purulent tracheal aspirate, only
42% had pneumonia.'' Clinical judgment was tested against quantitative bacte-
rial counts by bronchoscopy using protected specimen brush (PSB) in another
study. Clinicians predicted the presence or absence of pneumonia accurately 62%
of the time."? Logistic regression analysis of 16 parameters from the same study
group revealed no parameter or combination of parameters that could predict
nosocomial pneumonia. Therefore, no intensivist should feel confident in his or
her ability to make a diagnosis of pneumonia in the ICU on clinical grounds.
This raises the alternative possibility of using microbiologic methods for diag-
nosis. As a comparator, in the ambulatory population, Gram’s stain of expecto-
rated sputum has a sensitivity of 50% to 60% and a specificity of more than 80%
for a causative organism in pneumonia, and sputum culture yields a pathogen in

TABLE 6-9 Possible Diagnoses for Fever and Pulmonary Infiltrates

One of the following:

Atelectasis

Acute respiratory distress syndrome (ARDS)
Congestive heart failure (CHF)

Pulmonary fibroproliferation

Pulmonary hemorrhage

Peritonitis

Pulmonary embolism

Plus any of the following may cause fever where one of the former is responsible
for an infiltrate:

Catheter-related infection
Drug fever

Clostridium difficile colitis
Sinusitis

Urinary tract infection
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30% to 40% of cases.” This contrasts with the ICU environment, where colo-
nization of respiratory secretions is common. This can obscure the interpretation
of microbiologic data.

The more rigorous approach requires bronchoscopic sampling of respiratory
secretions (Table 6-10)."* However, the cost and expertise required prohibits its
widespread use. The diagnostic difficulty, combined with the fact that every pa-
tient in the ICU is critically ill and mortality in patients with nosocomial pneu-
monia is high, leads to the often-practiced approach in which every patient with
fever and possible pneumonia is treated with empiric antibiotic therapy immedi-
ately. This exposes the patient to the risks of using intravenous antibiotics, the
most serious of which is subsequent colonization with a more resistant bacterial
strain, which will prove more difficult to treat if a true pneumonia develops later.
Risks also include allergic response, induction of fever, and adverse effects. Huge
medical costs of treament accrue.

The most reasonable approach to limit the unnecessary use of antibiotics is to
insist on all five clinical criteria before initiation of therapy (Table 6-11). Pneumo-
nia should be suspected in patients with fever, leukocytosis, purulent respiratory
secretions, new or progressive infiltrate on chest radiograph, and deterioration of
gas exchange. When there is a clinical suspicion of pneumonia, other studies
should be obtained to confirm the diagnosis (Table 6-12). In patients with new

TABLE 6-10 Criteria for Confirming or Ruling Out Pneumonia

Confirmed Pneumonia

1. Evidence on CT scan of abscess with positive results on analysis of needle aspirate
2. Histopathologic evidence from analysis of lung-tissue postmortem or open-lung biopsy
specimen

Probable Pneumonia

1. Positive results on blood cultures that are unrelated to another source and are obtained
within 48 hours before or after the identical organism is isolated from respiratory
sample

2. Positive results on pleural fluid culture with identical organism isolated from respira-
tory sample

3. Positive quantitative culture of secretion samples from the lower respiratory tract,
which have been obtained by one of the following methods: protected specimen brush
(PSB), bronchoalveolar lavage (BAL), protected bronchoalveolar lavage(PBAL)

Pneumonia Ruled Out

1. Absence of histologic evidence of pneumonia on postmortem

2. Definite alternative cause of symptoms with no bacterial growth indicated on results of
culture of reliable respiratory specimen

3. Cytologic evidence for a disease process other than pneumonia (e.g., malignant tumor)
with no bacterial growth indicated on results of culture of reliable respiratory specimen
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TABLE 6-11 Criteria for Clinical Suspicion of Pneumonia

Fever

. Leukocytosis

. Radiographic appearance of new or progressive pulmonary infiltrates

. Purulent tracheobronchial secretions (more than 25 leukocytes and less than 10 squa-
mous cells per low-power field)

5. Deterioration of gas exchange

»-lkual\.):—'

NOTE: All criteria must be present.

fever and pleural effusion that is unexplained, pleural fluid sampling should be
done, because it can quickly confirm the diagnosis of pneumonia.

ENDOTRACHEAL ASPIRATION Endotracheal sampling is usually done by the
nursing staff, using a sterile-trap system. A flexible tube is advanced through the
endotracheal tube as far as is easily accomplished. Suction is applied with or
without the addition of several milliliters of sterile saline solution. The specimen
is collected in a sterile trap, which has been connected in a series with the suction
tubing. This sample may be stained and cultured for bacteria. There is no ac-
cepted role for endotracheal aspiration in the diagnosis of pneumonia because it
is difficult to separate colonization from true pneumonia on the basis of the
upper airway sample.

BRONCHOSCOPIC TECHNIQUES" Flexible bronchoscopes are used to obtain
samples with bronchoalveolar lavage (BAL) and PSB techniques. Standard
preparatory technique and monitoring methods are used for each.

Quantitative Bronchoalveolar Lavage

The flexible bronchoscope is advanced into the bronchial tree and “wedged” in a
segment corresponding to infiltrate on chest radiograph, if a specific infiltrate is
identified. In the absence of a focal infiltrate, any dependent lung segment is

TABLE 6-12 Studies for Patients in Whom Pneumonia Is Clinically Suspected

. Blood chemistry panel and complete blood cell (CBC) count
. Blood cultures for suspected organisms
. Arterial blood gas (ABG) sample analysis
. Microbiologic specimens obtained by:
Deep tracheal suctioning
Bronchoscopic protected specimen brush (PSB)
Bronchoalveolar lavage (BAL)
Pleural fluid sample analysis to obtain: pH, Gram’s stain, culture, protein level, CBC
count, acid-fast bacteria (AFB) smear and culture, cytology

S W N —
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used. Once the bronchoscope is wedged, 120 mL of sterile saline is infused into
the lung segment. Through another port in the bronchoscope, suction is used to
aspirate fluid. This fluid can be stained and examined for the presence of organ-
isms and can be cultured. A threshold of 10* CFU/mL is considered a definitive
diagnosis of pneumonia. This corresponds to a bacterial concentration of 10° to
10° in the original respiratory secretions.

Protected Specimen Brush Technique

Alternatively, the bronchoscopist can use a double catheter, inside of which is a
brush protected by a biodegradable plug. When the outer cannula is positioned
at the segmental opening, an inner cannula is advanced. The plug is ejected and a
brush is advanced into the airway. The brush is rotated gently and pulled back
into the inner cannula. The inner cannula is pulled into the outer one, and the
entire bronchoscope is removed. In this way, the brush is not exposed to organ-
isms that may be colonizing the upper airway. The brush is clipped into 1 mL of
sterile fluid and agitated vigorously. This fluid is then cultured. The threshold for
a diagnosis of pneumonia is 10° CFU/mL, which corresponds to a concentration
of 10° to 10° bacteria in the original respiratory secretions.

PSB and BAL are well-accepted ways of confirming the diagnosis of VAP in-
fection. An additional advantage is that bronchoscopy can aid in diagnosing
other causes of fever and pulmonary infiltrates. The morbidity and mortality of
bronchoscopy in the hands of an experienced endoscopist are low. The major
complications are pneumothorax, hemorrhage, and anesthetic complications.

Each of the bronchoscopic methods of sampling the respiratory secretions has
been studied extensively (Table 6-13)."** There is still uncertainty in the diag-
nosis, partially because many of these studies used clinical criteria, or the method
being tested as the gold standard, for the diagnosis. More recent studies used
postmortem histologic tests to make a diagnosis of pneumonia.

TABLE 6-13 Accuracy of Microbiologic Samples in Testing for VAP Infection

Type of Sample Positive Result Sensitivity Specificity
Endotracheal 10° CFU/mL 55% 85%
aspirate 10° CFU/mL 63% 75%
Gram’s stain 38% 40%
BAL 10* CFU/mL* 47-91% 78-100%
5% intracellular organisms 44-91% 47-100%
PSB 10° CFU/mL 57-82% 77-88%
BAL + PSB See above 91% 78%
“Of retrieved fluid.

ABBREVIATIONS: CFU, colony-forming units; BAL, bronchoalveolar lavage; PSB, protected specimen
brush.
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Causes

Many nosocomial pneumonias are polymicrobial. Aerobic bacteria are by far the
most commonly isolated organisms. Of these, the major cause is S. aureus, fol-
lowed closely by individual gram-negative bacilli, including Pseudomonas spe-
cies, Klebsiella species, and Acinetobacter baumanii. The relative contribution of
anaerobic bacteria and viruses is not known, because most hospitals do not rou-
tinely culture for these. Fungi are thought to cause a small percentage of pneu-
monias.

Because therapy is often initiated before the results of microbiologic testing
are available, knowledge of the common pathogens and their resistance patterns
in your locale is essential (Table 6-14).">*° The prevalence of methicillin-resis-
tant S. aureus is highly variable. In some ICUs, it may account for more than half
of the S. aureus isolates, while in others it may be rare.

Therapy

As noted above, the diagnosis of ventilator-related pneumonia is difficult; how-
ever, meeting each of the five criteria is highly specific for pneumonia, although
the sensitivity is low. If all of the criteria are not met, a watchful, waiting ap-
proach may help to distinguish patients who are actually infected from those
with noninfectious causes of pulmonary infiltration. If the intensivist does not
have access to bronchoscopic testing, endotracheal aspiration will be the most ac-
cessible sample to test. Results must be interpreted with caution. If a predomi-
nant organism is found on Gram’s stain, therapy may be directed towards either
gram-negative or gram-positive organisms.

If all of the clinical criteria are met, empiric antibiotic therapy may be started
after microbiologic specimens are collected and appropriate Gram’s stain studies

TABLE 6-14 Common Pathogens in Ventilator Related Pneumonia

NNIS' Luna et al®® Kollef et al*
1986-1998 1997 1998
Causative Pathogen N =1635 N =65 N=70
Staphylococcus aureus 21% 26% 30%
Pseudomonas aeruginosa 14% 11% 29%
Enterobacter spp. 9% 5% 6%
Klebsiella pneumoniae 8% 14% 1.5%
Candida albicans 6% 3% 3%
Escherichia coli 4% 2% 1.5%
Serratia marcescens 4% 0% 6%
Acinetobacter spp. 3% 26% 4%
Hemophilus influenzae 3% 1% 1.5%

Other 16% 15% 7%
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have been done. The antibiotics selected for empiric therapy should have a suffi-
cient spectrum to be active against the organisms identified on Gram’s stain, tak-
ing into account the resistance pattern in your local ICU. Several recent studies
investigated the effect that bronchoscopic sampling has on empiric therapy for
ventilator-related pneumonia.'”** Each confirmed the importance of an ade-
quate initial choice of antibiotics. Mortality was higher in groups in which the
initial antibiotic choice was not active against the resident flora of the ICU and
was subsequently changed, in comparison to groups in which the initial antibi-
otic choice covered the causative agent.

Therefore, when the Gram stain shows pure gram-negative rods, the empiric
regimen should cover the most resistant bacteria present in the specific unit
where the patient is housed. Third-generation cephalosporins without an-
tipseudomonal activity and antipseudomonal monotherapy may represent inad-
equate regimens.”*”® Gram’s stain evidence of gram-positive bacteria should
prompt the use of vancomycin. In the absence of a Gram’s stain or when both
morphologic types are present, an inclusive regimen should be initiated. Once
susceptibility results return, the coverage can be narrowed appropriately. Seven
days of intravenous and/or oral antibiotic therapy is adequate for treatment of
nosocomial pneumonia. Treatment may be extended to 10 or 14 days for slow
clinical resolution.

CATHETER-RELATED BLOODSTREAM INFECTION

Catheter-related bloodstream infection is one of the most serious complications
for patients in the ICU. It is less common than nosocomial urinary tract infec-
tion, but certainly more costly in terms of morbidity, mortality, and expenditure.
The incidence is approximately 5 infections per 1,000 catheter days and, at any
given time in ICUs across the United States, more than half of the patients have
an indwelling central venous catheter or PAC.

Risks

Biofilms form around the catheter where it passes through the subcutaneous tis-
sue, even in the absence of bacteria. Organisms colonize catheters most com-
monly by embedding in the biofilm. Rarely, colonization leads to infection.
There is a correlation between the virulence of the organism and its burden and
likelihood of infection. There are many risk factors for the development of infec-
tion.”® These include:

1. Nonsterile conditions at placement
2. Poor catheter maintenance technique
3. Long duration of catheter use

4. Type of catheter
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5. Patient’s immune status
6. Use of catheter for total parenteral nutrition (TPN)
7. Number of organisms colonizing catheter surface

Organisms that cause infection originate from one of three places. For
catheters that have been in place less than 10 days, the most common site is the
skin insertion. The organisms migrate from the skin or gloves of health care
providers along the external surface of the catheter to colonize the tip. Catheters
that have been in place longer than 10 days are more likely to be colonized from
the hub. In either instance, colonizing organisms may generate from the hands of
health care providers. The third and, by far the least, likely source of catheter
contamination is hematogenous spread.

Prevention’!

Central venous catheters are essential to the care of some patients in the ICU.
Aside from limiting their use, many precautions can be taken to reduce the risk
of catheter related bloodstream infection. These include:

. Use of sterile technique during insertion and maintenance

. Cutaneous antisepsis (with chlorhexidine or mupirocin)

. Use of an antimicrobial-coated or silver-impregnated catheter
. Use of an antimicrobial lock or flush

. Use of a tunneled catheter

. Use of an antiseptic hub

AU AW -

CATHETER TYPE The highest risk for infection is with temporary, noncuffed
central venous catheters, typically placed in ICU patients by physicians. The inci-
dence of infection ranges up to 10 per 1,000 catheter days.* The risk is much
lower for surgically or radiographically placed tunneled devices: about 2 infec-
tions per 1,000 catheter days. Because of urgency, convenience, or cost, most
lines in the ICU are not the tunneled type. Whenever feasible, a tunneled catheter
should be placed when central access is anticipated to be necessary for more than
14 days. In this case, the benefits likely outweigh the added cost. An alternative
with lower risk for infection is a peripherally inserted central venous catheter.
Antimicrobial-impregnated catheters have been used to prevent catheter-
related infection. A recent meta-analysis of studies comparing catheters
impregnated with clorhexidine and silver sulfadiazine with conventional nonim-
pregnated catheters showed a significant decrease in catheter colonization and
bloodstream infection.”> Newer catheters may further reduce the risk. These
catheters were compared with catheters impregnated with minocycline and ri-
fampin, which were one-third as likely to be colonized and one-half as likely to
lead to bloodstream infection.”” Because of the higher cost of antimicrobial-
impregnated catheters, the decision to use one must be made after considering
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the cost of the catheter with the baseline rate of infection. The higher the rate of
infection in your area, the more likely it will be cost effective to use the impreg-
nated catheters.

INSERTION AND MAINTENANCE Strict adherence to aseptic technique when
placing a catheter has been shown to produce a sixfold reduction in the rate of
bacteremia.’! During insertion of a central venous line, careful handwashing;
sterile gloves, mask, gown, and cap; and large sterile drapes create the aseptic en-
vironment. Manipulation of the catheter is also shown to increase the risk of sep-
sis. Since the site of access for most infections is the skin insertion site, this area
should be protected. Firm anchorage to the skin prevents the catheter from slid-
ing in and out and allowing the entrance of organisms from outside. The use of
antimicrobial ointments has been shown to reduce the number of bacteremias,
but the incidence of fungemia rises. The risk of developing antimicrobial resis-
tance is thought to be low with these ointments, but the level of risk is unknown.

The site of catheter insertion also affects the risk of infection. Subclavian
catheters pose the least risk for infection, followed by jugular and then femoral
sites. The risk of infection must be weighed against the risk of mechanical com-
plication (e.g., pneumothorax, subclavian artery puncture, hemothorax, throm-
bosis) when choosing a site of insertion.

Routine replacement of central venous catheters has been advocated to pre-
vent infection. Routine replacement without clinical indication (signs of infec-
tion) has not been shown to decrease the risk. The risk accrued daily from the
presence of a catheter remains constant with either a new or an old catheter.
While many hospitals have guidelines for the replacement of central venous
catheters, the clinician should feel comfortable extending their life in the absence
of signs of infection.

Diagnosis

As part of the workup of the febrile patient, all catheter sites should be inspected
and palpated for tenderness, warmth, swelling, or purulent discharge. Any puru-
lent discharge should be gram-stained and cultured. Sometimes, infection de-
rives from organisms that colonize the lumen of the catheter, and the catheter
appears normal. The diagnosis of catheter-related bloodstream infection requires
paired positive blood cultures (Table 6-15). One sample set must be a quantita-
tive culture drawn from the line and the other drawn from a peripheral site. An
alternative method is to remove the line and culture the tip, correlating this to a
positive peripheral blood culture result. There are several culture methods in
practice for the culture of blood and intravascular devices (Table 6-16).

When only one blood culture sample is obtained, a positive result may indi-
cate either true infection or contamination. However, if two or three other sam-
ples test negative, usually the positive result is a contaminant. Organisms
colonizing the lumen of the catheter may be released into the bloodstream peri-
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TABLE 6-15 Definitions of Catheter-Related Infections

Catheter-related bloodstream infection: Isolation of the same organism from (1) a semi-
quantitative or quantitative culture of a catheter segment and (2) a peripherally drawn
blood sample of a patient with accompanying clinical symptoms of bloodstream infec-
tion and no other apparent source of infection

Catheter colonization: Growth of more than 15 colony-forming units (CFUs)by semiquan-
titative culture or more than 10° CFU/LPF by quantitative culture from a catheter seg-
ment in the absence of clinical symptoms

Local catheter-related infection: Evidence of catheter colonization plus erythema, warmth,
swelling, or tenderness at catheter insertion site and negative results on blood culture
analysis

odically from injections and flushing. This may cause transient bacteremia,
which may be the cause of fever, but does not reflect infection. This is especially
true for coagulase-negative staphylococci. In stable patients without clinical signs
of bacteremia in whom the organisms isolated are coagulase-negative staphylo-
cocci, we would advocate reserving treatment for a situation in which all of mul-
tiple blood cultures show positive results.

Clinical findings that may point to infection include: bacteremia or fungemia
in a patient at low risk for sepsis, local signs of infection, onset of fever with
catheter already in place, and multiple blood culture results containing organ-
isms that may otherwise be considered contaminants (e.g., coagulase-negative
staphylococci, Corynebacterium jeikeium, Bacillus species, Candida species, or
Malassezia species). Remember that a single positive blood culture result from a
catheter may indicate either infection or colonization. If a catheter is left in place

TABLE 6-16 Microbiologic Methods for Evaluation of Catheter-Related Infections

Semiquantitative culture: A segment of catheter that has been removed is rolled along the
surface of an agar plate. After overnight incubation, the number of colony forming units
(CFU) is counted and a result of more than 15 CFU is considered a potential source of
infection.

Quantitative culture: Catheter segment is sonicated in broth or flushed with and im-
mersed in broth. The broth is quantitatively cultured. A value of >10° CFU is a cutoff for
consideration as a potential source of infection.

Quantitative blood culture: If the catheter is not removed, quantitative blood culture sam-
ples taken from the catheter and periphery can aid in the diagnosis. In catheter-related
bloodstream infection, there is usually a fivefold to tenfold increase in the number of
colony-forming units in the sample from the catheter. The increase is in comparison to
the peripheral sample. Often the catheter sample results are positive, even when the pe-
ripheral culture results are negative.

NOTE: These methods are helpful when results of peripheral blood cultures are positive for the same
organism as the catheter cultures. By themselves, positive catheter cultures are not a reason to treat
and may represent colonization.
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long enough, it will become colonized with bacteria and produce a positive cul-
ture result, even in the absence of true infection.

Cause

The pathogenesis of catheter-related bloodstream infection implicates migrating
organisms from patient skin or the hands of health care workers. The causative
agents should come as no surprise (Table 6—17). They are predominantly skin flora,
coagulase-negative staphylococci, and S. aureus. The remainder are aerobic gram-
negative organisms or Candida species that colonize many of the patients in ICUs.

Therapy

If Gram’s stain or culture results are available at the time of diagnosis, then nar-
row coverage may be selected. Broader empiric therapy is used when a patient is
at risk for bacteremia and is clinically unstable. This requires broad-spectrum an-
tibacterial coverage. It should include vancomycin wherever the prevalence of
MRSA is high and also coverage for Pseudomonas species, where this organism is
common.

Coagulase-negative staphlyococci are often the cause when positive blood cul-
ture results and fever are present. In the stable patient with a single positive blood
culture result, consider withholding therapy and watchful waiting. If there are
multiple positive culture results, vancomycin is the drug of choice because al-
most all of these organisms are resistant to penicillins. The infected catheter need
not always be removed. This infection should be treated for 7 days.”

Catheter-related bloodstream infection by S. aureus is a very serious disease.
Once it has been documented, the catheter should be removed. Complications

TABLE 6-17 Causes of Catheter-Related Bloodstream Infections

NNIS'
Organism N =1159
Coagulase-negative staphylococci 37%
Staphylococcus aureus 24%
Enterococcus spp. 10%
Escherichia coli 3%
Enterobacter spp. 3%
Candida albicans 2%
Klebsiella pneumoniae 2%
Pseudomonas aeruginosa 2%
Serratia marcescens 2%
Candida glabrata 2%
Other Candida spp. 2%

Other 11%
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include endocarditis, septic thrombosis, osteomyelitis, and abscesses. If there are
no complications and the patient responds to antibiotic therapy in the first
3 days, a course of 2 weeks may be used. If the catheter is removed and deferves-
cence is prompt, subsequent culture results are negative, and transesophageal
echocardiogram results are negative, 1 week of therapy may be sufficient. By con-
trast, if these good prognostic features are not present, therapy should be contin-
ued for a minimum of 4 weeks.

The gram-negative bloodstream infections may be managed similarly. A 7-day
course of antibiotic therapy is generally adequate. The catheter should be re-
moved, especially in the presence of Pseudomonas, Stenotrophomonas, and Acineto-
bacter species.

URINARY TRACT INFECTION

Urinary tract infections (UTI) are the most common nosocomial infection, ac-
cording to the NNIS.! The incidence is 6.5 infections per 1,000 catheter days. In
one surveillance study, 75% of patients in the ICU had indwelling urinary
catheters. The definition of UTI used by the Centers for Disease Control and Pre-
vention (CDC) does not take into account asymptomatic bacteriuria: these num-
bers may be artificially high. As many as 50% of these “infections” may be
asymptomatic. The difficulty lies in deciding when bacteria or yeast in the urine
constitutes an infection that requires intervention. We discuss the diagnosis and
indications for treatment and outline proven methods of prevention.

Risks

Most organisms causing UTI ascend to the bladder through the urethra. Most of
these organisms can be found as colonizers of the rectum or vagina. Urinary
catheterization facilitates this migration in several ways. Insertion of the catheter
may inoculate bacteria into the bladder. The catheter, once inserted, can serve as
a path through the urethra. Growth in the urine collection bag may spread up the
lumen of the catheter. Catheters may mechanically break down the uroepithelial
barrier to adhesion, which has been shown to retard antibacterial polymor-
phonuclear leukocyte formation. Finally, catheters may not completely empty
the bladder, leaving standing urine. The factors that affect colonization are listed
in Table 6-18.**

The urinary tract is only very rarely infected hematogenously. This occurs
most commonly with S. aureus bacteremia and candidal fungemia.

Prevention

The most important aspect of prevention of UTI is more stringent criteria for
catheterization. However, many patients in the ICU require urinary catheteriza-
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TABLE 6-18 Risk Factors for Nosocomial Urinary Tract Infection

1. Duration of catheterization

2. Absence of use of a urinometer

3. Microbial colonization of the drainage bag

4. Patient with diabetes mellitus

5. Absence of antibiotic use

6. Female patient

7. Abnormal serum creatinine level at placement

8. Indication other than surgery or urinary output measurement
9. Errors in catheter care

tion; therefore, prevention is aimed at preventing bacteria from getting to the
bladder. Observing aseptic technique during insertion of the catheter is critical.
The closed catheter system can be maintained by obtaining urine specimens
through the urine port after cleaning with alcohol. Even with the utmost care, it
is simply a matter of time before bacteriuria occurs. Once this happens, there are
no good ways to prevent the complications.

The most important aspect of prevention of UTI is preventing the catheteriza-
tion. Each day the clinician should review the need for catheterization and
promptly remove all unnecessary catheters.

Several researchers have tried using silver-impregnated catheters to reduce the
risk of infection. A recent meta-analysis attempted to clarify whether silver-
coated catheters were less likely to lead to bacteriuria than standard urinary
catheters.” There was a significant decrease in the incidence of bacteriuria with
silver-alloy catheters. The studies did not use symptomatic infection, bacteremia,
or death as outcomes. The cost for silver-alloy catheters is about double that of
standard catheters. There is no clear advantage to the use of the silver-alloy
catheter in large populations.

Diagnosis

The CDC divides UTIs into symptomatic UTI and asymptomatic bacteriuria
(Table 6-19).* Determination of prevalence of infection is made by lumping to-
gether asymptomatic bacteriuria with symptomatic UTI. The most common
causative organisms are listed in Table 6-20. When organisms initially colonize
the catheterized bladder, fever may develop from endotoxin release even in the
absence of invasive infection.

Organisms in catheterized bladders change spontaneously without treatment.
Those that invade the bloodstream most often do so immediately after they ap-
pear in the bladder. Most times, organisms in the bladder do not invade the
bloodstream; they release endotoxin without becoming invasive (i.e, coloniza-
tion). Endotoxin may cause fever in the absence of signs of unstable physiology.
Unnecessary treatment of organisms colonizing the catheterized bladder leads to
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TABLE 6-19 Definition of Nosocomial Urinary Tract Infection

Symptomatic Urinary Tract Infection

Fever (higher than 38°C), urgency or frequency of urination, dysuria, or suprapubic ten-
derness, plus one of the following:

1. Urine culture results showing > 105 CFU/mL containing no more than two species of
organisms

2. Any of the following: (a) positive dipstick results for leukocyte esterase and/or nitrate,
(b) pyuria (> 10 WBC/mL? or > 3 WBC/mL? of uncentrifuged urine), (c) organisms
seen on Gram’s stain of urine, (d) two urine cultures with repeated isolation of the
same pathogen with > 102 CFU/mL urine, or (e) urine culture with < 105 CFUs/mL of
a single pathogen in patient being treated with appropriate antimicrobials

Asymptomatic Bacteriuria

One of the following:

1. An indwelling urinary catheter is present within 7 days before urine is cultured and pa-
tient has no fever, urgency or frequency of urination, dysuria, or suprapubic tenderness
and urine culture results show more than 105 organisms per milliliter of urine with no
more than two species of organisms

2. No indwelling urinary catheter within 7 days before the first of two urine cultures show
more than 105 organisms per milliliter of urine with the same organism and with no
more than two species of organisms and patient has no fever, urgency or frequency of
urination, dysuria, or suprapubic tenderness

greater resistance. When a catheter is removed, organisms in the bladder pose a
greater threat (can be thought of as an undrained abscess).

Therapy

Asymptomatic bacteriuria or fungus in the urine need not be treated as long as
the catheter remains in place. Exceptions include:

1. Bacteria that cause a high incidence of bacteremia that originates as bacteri-
uria in a particular hospital (i.e. Serratia marcescens)

2. Therapy that is designed to control a cluster of infections by the same organ-
ism

3. High-risk patients, such as pregnant women, organ transplant recipients, and
granulocytopenic patients

4. Patients who must undergo urologic surgery

Patients in the ICU often are unable to complain of symptoms. The task of the
clinician then becomes to rule out alternative sources of fever and to judge
whether the fever is likely to be caused by bacteriuria or fungus in the urine and
whether or not treatment is indicated. If the patient is stable with fever, the fever
often will disappear.
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TABLE 6-20 Causative Organisms in Nosocomial Urinary Tract Infection

NNIS'
Organism N =2321
Escherichia coli 28%
Enterococcus spp. 14%
Candida albicans 10%
Psuedomonas aeruginosa 7%
Klebsiella pneumoniae 6%
Enterobacter spp. 4%
Proteus mirabilis 4%
Staphylococcus aureus 3%
Candida glabrata 3%
Other Candida spp. 4%
Other fungi 5%
Other 12%

When a decision is made to treat, usually because of unstable physiology, the
choice of drug should be guided by results of Gram’s stain. For gram-positive in-
fections in areas with a low prevalence of MRSA, ampicillin and sulbactam is a
good first choice. If the prevalence of MRSA is high, vancomycin should be used.
For gram-negative infections a third-generation cephalosporin or aminoglyco-
side, or both, may be used. Candidal infection can be managed with ampho-
tericin B bladder washings for 3 days or with fluconazole. A 7-day course is
adequate for most nosocomial UTIs; almost all are the result of a bladder
catheter,”” which should be removed or changed.

DISSEMINATED CANDIDIASIS

Disseminated candidiasis is rapidly increasing in incidence. It is primarily a
nosocomial disease that is found in the ICU more often than other parts of the
hospital. The NNIS data for 1986 to 1990 indicate that Candida species were the
fourth most commonly isolated pathogen in patients with nosocomial blood-
stream infection, accounting for 10.2%.®

Pathogenesis and Risks

In critically ill patients, the risk factors predisposing to candidiasis are common
and include:

1. Treatment with antibiotics
2. Immunosuppression (especially neutropenia)
3. Abdominal surgery or other disruption of the GI tract
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4. Isolation of Candida species from other sites
5. Placement of central venous catheters

In addition, host defenses are compromised. It is especially true in neutropenic
patients (e.g., those with acute leukemia) and those where the skin barrier is in-
terrupted (e.g. patients with catheters, burn patients). The normal flora is altered
by the use of antibacterial agents; this may allow for overgrowth of Candida
species. There is increased risk for development of candidemia with previous use
of antibiotics.” There was an exponential increase in risk for each antibiotic class
used. Researchers in a study of candidemia in patients with acute leukemia found
colonization of the stool to be a marker for dissemination.”®

Diagnosis

The diagnosis is suspected in patients with new fever and risk factors. Patients
with disseminated candidal infection may present with fever of unclear cause or
fulminant sepsis. The most common way the diagnosis is made is by positive
blood culture results. But if blood cultures are relied on, the diagnosis is often
missed. The sensitivity of blood culture techniques is approximately 50%.* The
diagnosis can also occasionally be confirmed by characteristic fundoscopic find-
ings or skin biopsy. Candidal endopthalmitis may appear as white exudates in the
chorioretina that extend into the vitreous matter, which presents as a red eye.
Skin lesions of disseminated disease are usually small nodules (0.5 to 1.0 cm) that
are single or multiple and pink or red in color and are often found on the upper
torso. Punch biopsy reveals fungi on histologic examination.

Presumptive diagnosis is often made on the basis of colonization of urine,
stool, oral secretions, or respiratory secretions, which may be the precursor to
disseminated disease. However, most patients with colonization at multiple sites
do not progress to disseminated disease. The presumptive diagnosis should only
be made in patients at high risk, who have colonization of multiple sites and also
have objective signs of infection that cannot otherwise be explained.

Therapy

The initiation of antifungal therapy for disseminated candidiasis may be in re-
sponse to a positive blood culture result or positive histologic result or may be an
empiric response for certain high-risk patients. Disseminated candidal infection
may be treated with amphotericin B or fluconazole; the superiority of one over the
other has not been established, with the exception of Candidal strains that exhibit
fluconazole resistance (i.e., C. krusei and C. glabrata). Recently, more “non albi-
cans” species of Candida have been isolated in invasive disease (Table 6-21).*"** In
a study of nonneutropenic patients with candidemia, there was no significant dif-
ference in the rates of successful treatment with fluconazole or amphotericin B.*
There was less toxicity with fluconazole. Two other recent studies, one in nonneu-
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TABLE 6-21 Species of Candida Implicated in Disseminated Disease

NEOMS* Nolla-Sallas et al*?
1993-95 1991-92
N = 408 N =46

C. albicans 56% 60%

C. parapsilosis 20% 17%

C. glabrata 11% 2%

C. tropicalis 7% 8%

C. krusei 3% 2%

Other 3% 11%

tropenic patients* and the other in a more heterogeneous population*” had simi-
lar results. However, in the past, these patients were treated with line removal with-
out antifungal therapy, making assessments of this kind frought with difficulty.

SINUSITIS

Sinusitis is relatively less common than other infections in the ICU. Pinning
down the incidence is problematic because many studies include cases in which
the diagnosis is made by radiographic criteria alone. Nevertheless, it is a serious
problem with which all intensivists should be familiar.

Risks

The only factor that has been shown to increase the risk of sinusitis is nasotra-
cheal intubation.”® Sinusitis occurs when the drainage of the sinuses through
their ostia in the nasal canal is impaired or blocked. A nasotracheal tube may
cause trauma and inflammation to the area around the ostia or simply act as a
barrier to drainage. Other factors that have been proposed, but not proven to in-
crease the risk of sinusitis are nasogastric tubes, high-dose corticosteroids, facial
fractures, and unconsciousness.

Diagnosis

The diagnosis of acute sinusitis in the outpatient setting is usually made clinically
(Table 6-22).* It is even more difficult in the critically ill patient. Symptoms may
not be elicited from intubated patients, and purulent nasal discharge is only pres-
ent in 25% of proven cases of sinusitis. Therefore, if sinusitis is suspected, the
workup should include CT scan of the sinuses.

A CT scan that shows evidence of sinusitis must be followed by microbiologic
sampling. Sterile sinus puncture is the sampling method of choice. It involves
disinfection of the nasal mucosa (with povidone iodine) and puncture and aspi-
ration of the sinus. Since the sinuses should be sterile and the nasal mucosa is
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TABLE 6-22 Diagnosis of Acute Sinusitis in Outpatients

Diagnosis requires two major criteria or one major and two minor criteria, lasting for
more than 7 days.

Major criteria

Cough
Purulent nasal discharge

Minor criteria

Periorbital edema
Headache

Facial pain

Tooth pain
Earache

Sore throat
Halitosis
Wheezing

Fever

colonized with bacteria, if the disinfection is done properly, this method is defin-
itive for the diagnosis.

Cause

The organisms that cause sinusitis are common colonizers of the oropharynx in the
ICU patient. Two-thirds of cases are caused by Pseudomonas aeruginosa and other
aerobic gram-negative bacteria; nearly one-third are caused by gram-positive bac-
teria, most common of which is S. aureus. Fungi cause a small percentage of cases.

Therapy

Sinusitis can be thought of as a closed-space infection. Antibiotic therapy is only an
adjunct to drainage for this infection. Drainage may be accomplished by the aspi-
ration done for diagnosis or may require aspiration of multiple sinuses, most often
accompanied by irrigation. There is a high failure rate with drainage alone,* which
is why we recommend antibiotics as well. Because the diagnosis requires sinus
puncture, there should always be Gram’s stain data to help guide therapy.

Predominantly gram-negative sinusitis should be treated with double cover-
age for Pseudomonas species until culture data becomes available. For gram-
positive sinusitis, vancomycin should be started, pending culture data.

There may be treatment failures with drainage and antibiotic therapy. If
symptoms do not abate after 7 days, it may be necessary to insert a drainage
catheter in the infected sinus.



6 / Infectious Disease 147

DIARRHEA

Many patients in the ICU have diarrhea, and most patients develop fever at some
point in the ICU stay. The challenge is discovering which cases of fever are
caused by the diarrhea. There is only one common cause of diarrhea in the ICU
that should also cause fever: C. difficile.*

Differential diagnosis for diarrhea should include consideration of the poten-
tial contribution of enteral feedings and medications, such as promotility agents,
erythromycin, clindamycin, quinine, theophylline, alprazolam, chemotherapeu-
tic agents, valproic acid, gemfibrozil, and many others. The differential diagnosis
of infectious diarrhea includes Salmonella, Shigella, Aeromonas, and Yersinia
species; Campylobacter jejuni; E. coli 0157:H7; Entamoeba histolytica; and several
viruses. These are community-acquired infections and should not be considered
in a patient unless they are admitted to the hospital with diarrhea. The list ex-
pands to include: Cyclospora, Strongyloides, Salmonella, and Microsporidium
species; cytomegalovirus (CMV); and Mycobacterium avium complex for patients
with a travel history or HIV infection. Only patients with these risk factors
should have an evaluation for one of these relatively rare causes of diarrhea.

Clostridial Infection

The major risk factor for developing C. difficile diarrhea is previous antibiotic
use. Any antibiotic may be the offending agent. The most commonly implicated
are cephalosporins, penicillins, and clindamycin. Anyone who develops diarrhea
and fever within 3 weeks of antibiotic therapy should be evaluated. The spore of
the organism may also be spread from patient to patient in the ICU on the hands
of health care workers.

The clinical spectrum of disease varies from asymptomatic to toxic mega-
colon, requiring urgent surgical intervention. Patients may have leukocytosis. In
fact, it is one of few infections that causes WBC counts of more than 30,000/pL.

The workup for diarrhea in the ICU should include:

1. Send stool for C. difficile evaluation

. If the first evaluation is negative, send a second sample for evaluation

3. For severe illness or in an unstable patient, consider empiric treatment while
awaiting test results

4. For patients with HIV infection, send stool to be evaluated for ova and para-
sites, leukocytes, acid-fast bacilli (AFB), bacterial culture

N

For patients with diarrhea and fever with no obvious cause, evaluation should
be performed. The tests are relatively rapid and empiric therapy is discouraged
because of the risk of promoting resistant organisms. A diarrheal stool sample
should be sent for enzyme immunoassay for toxin. If the first sample results are
negative for toxin, then a second sample should be sent for evaluation more than
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12 hours after the first. The sensitivity of two samples in making the diagnosis
has been shown to be 84%, compared with 72% for a single sample.*® False-
negative results are uncommon, and empiric therapy for a patient with two nega-
tive results should be reserved for unstable ill patients.

The standard test for C. difficile is the enzyme immunoassay for detecting
toxin. It is less sensitive than the gold standard, which is tissue culture assay, but
it is less expensive and much faster to perform. C. difficile cultures are not useful.

The diagnosis may also be made by visualization of pseudomembranes by
flexible sigmoidoscopy or colonoscopy. Pseudomembranes are more common
with more severe disease. These procedures carry the risk of perforation of in-
fected bowel. There is little role for these procedures in the workup. Stool studies
are fast, reliable, and cheaper.

Therapy

When the diagnosis is made by one of the above methods, therapy should be ini-
tiated for C. difficile. There are some false-negative test results with the C. difficile
enzyme immunoassay. For patients with no other source of fever and previous
antibiotic exposure, empiric therapy may be started. It should, in general, be
avoided, because of the risk of selecting for resistant organisms.

Treatment may be given for 7 to 14 days; the duration should be guided by
clinical response in body temperature and severity of diarrhea. Relapse may
occur in up to 20% of treated patients.

Recommended treatment regimens are metronidazole, 500 mg orally, three
times daily; metronidazole, 500 mg intravenously, three times daily49; and van-
comycin, 125 mg orally, four times daily. For relapse, the recommended regimen
is metronidazole plus rifampin, 300 mg orally, twice daily for 10 days.

IMMUNOCOMPROMISED PATIENTS

The approach to the febrile immunocompromised patient in the ICU is different
from the one outlined for the normal host. Immunocompromise results in two
changes. First, it alters the presentations of common infections, and second, it
permits a wider spectrum of infectious agents, requiring more aggressive diag-
nostic and treatment strategies. Infectious diseases in compromised patients may
progress more quickly and be more severe. This section refines the approach to
febrile patients in the ICU as it relates to three specific immunocompromised
states: neutropenia, HIV infection, and organ transplantation.

Neutropenia

Neutropenia may result from drug therapy, radiation, malignant tumors, HIV
infection, or immune disease. Of all febrile neutropenic patients, 50% to 60%
have infection, of which approximately one-third are bacteremias.”” The epi-
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demiology of bacteremias in the neutropenic host is similar to that of nosocomial
bacteremia in others. The most common are gram-positive infections with
coagulase-negative staphylococci, Streptococcus viridans, or S. aureus. Aerobic
gram-negative infections including E. coli and Klebsiella and Pseudomonas species
are next in frequency. Fungi may cause infection in patients receiving broad-
spectrum antibiotics or occasionally be a primary cause of neutropenic fever.

Clinical signs of infection are less pronounced in the neutropenic patient. Pa-
tients have localized complaints without findings to support those complaints. A
careful search for subtle signs of inflammation at common sites of infection
should direct diagnostic testing. Mouth, perineum, skin, catheter sites, and lungs
should all be examined and suspicious sites sampled for culture. In cases of pneu-
monia, there may not be a visible infiltrate or sputum production. If the clinician
is suspicious, sputum may be induced or CT scanning and bronchoscopy used
early to aid diagnosis.” Blood samples for culture should be obtained from ve-
nous catheters and peripheral sites, and at least one should be quantitative. Any
catheter with signs of entry site inflammation should be removed and the tip
quantitatively cultured. Patients with diarrhea should be evaluated for C. difficile
toxin. If this test result is negative and the patient has been hospitalized for less
than 72 hours, stool should be cultured for bacteria, viruses, and protozoa. Neu-
tropenic patients are at risk for diarrhea from Salmonella, Shigella, Campylobac-
ter, Yersinia, and Cryptosporidium species and CMV and rotavirus.

Infections may be rapidly fatal in the neutropenic patient. Therefore, all
febrile neutropenic patients in the ICU should be treated promptly with broad-
spectrum intravenous antibiotics. The Infectious Disease Society of America rec-
ommends one of three regimens™:

1. Aminoglycoside plus an antipseudomonal beta-lactam agent (e.g., pipera-
cillin, ticarcillin)

2. Ceftazidime, imipenem, or cefepime monotherapy

3. Vancomycin plus ceftazidime

The empiric use of vancomycin should be reserved for patients in whom
catheter-related bloodstream infection or nosocomial pneumonia is suspected
and who are in ICUs where methicillin-resistant S. aureus is common. Van-
comycin should be discontinued if blood culture results are negative.

HIV Infection

Concerns about the management of the HIV-infected patient have led to many
debates on the appropriate use of intensive care resources. With the advent of
highly active antiretroviral therapy, this is no longer a debate. Although overall
mortality of HIV-infected patients receiving care in the ICU has been high, two
recent series show that short-term mortality is related mainly to the severity of
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acute illness, whereas long-term mortality depended primarily on the natural his-
tory of the HIV infection.”® Survival rates were excellent for patients who were
discharged from the ICU. The three most common diagnoses were respiratory
failure, neurologic disorders, and sepsis.

RESPIRATORY FAILURE Studies of series of HIV-infected patients admitted to
the ICU with respiratory failure reveal an even split between Pneumocystis carinii
pneumonia (PCP) and bacterial pneumonia as the cause.”>* If the patient has been
compliant with trimethoprim-sulfamethoxasole therapy or if the CD4 count is
greater than 350/pL, PCP is much less likely. Other infectious agents cause a much
smaller percentage of these cases. All HIV-infected patients in the ICU who are in
respiratory distress should have a chest x-ray study, CBC count, ABG analysis,
Gram’s stain of sputum, sputum culture, CD4 count, lactate dehydrogenase
(LDH) level measurement, and blood cultures. Management should be directed by
the x-ray findings and prophylaxis history (Table 6~23).” This approach assumes
that a patient is ill enough to require ICU admission and is different from the ap-
proach to the general medical patient with the same complaints.

The decision to start empiric antibiotic therapy must be made with the clinical
status of the patient and the previously mentioned factors in mind. The same
clinical criteria used to decide whether or not to treat patients suspected of hav-
ing ventilator-acquired pneumonia hold for the HIV patient with respiratory dis-
tress. The major difference is the expanded differential diagnosis of the cause,
which can be stratified by CD4 count.’® When the CD4 count is above 500/uL,
the infectious causes are essentially the same as for patients without HIV dis-
ease. Community-acquired pneumonia, bronchitis, and common noninfectious
causes of respiratory distress should be considered. At CD4 counts of 200 to
500/pL, pulmonary tuberculosis becomes more likely, but bacterial infections are
most common. At CD4 counts below 200/puL, the differential expands to include
PCP and toxoplasmosis for those not on prophylaxis and histoplasmosis, coccid-
ioidomycosis, miliary tuberculosis, and less commonly, CMV and M. avium
complex for those who are. It is the patients with low CD4 counts for whom early
bronchoscopy to make a microbiologic diagnosis is essential.

PCP is the most feared cause of respiratory distress in the HIV-infected pa-
tient. Empiric therapy is often started, especially if the patient is sufficiently ill to
require intensive care and has not been receiving trimethoprim-sulfamethoxa-
zole (TMP/SMX). Factors that lead to suspicion of PCP are: indolent clinical
course, hypoxemia, elevated LDH level, and a CD4 count of less than 200/pL. Of
the patients with PCP admitted to the ICU in one series, the average room-air
PaO, was 41 mm Hg.”* Elevated LDH levels are sensitive, but not at all specific,
for PCP. Patients who are at risk should be started on empiric therapy. In the
case of the ICU patient, the PO, will almost always be less than 70 mm Hg and
therapy should include corticosteroids. Attempts at making the diagnosis should
be carried out as quickly as possible, because other causes aggravated by unop-
posed corticosteroids may, in fact, be present. The most accurate technique for
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TABLE 6-23 Work up for Fever and Respiratory Distress in HIV-Infected Patients

Radiographic Evidence

Work up Required

Common Pathogens Found

Normal

Interstitial infiltrate

PaO, > 70 mm Hg

PaO, = 50-70 mm
Hg

PaO, <50 mm Hg

Pulmonary lobar
consolidation

Pleural effusion

Induced sputum sample
for PCP/AFB x 3

Induced sputum sample
for PCP/AFB x 3

Bronchoscopy, if spu-
tum is negative

Induced sputum sample
for PCP x 1

Bronchoscopy

Empiric treatment for
PCP

Immediate broncho-
scopy

Gram’s stain, culture,
Legionella DFA

Sputum sample for
AFB, fungi, cytology

Consider bronchoscopy

Thoracentesis for pH,
cell counts, protein

Gram’s stain, bacterial
culture

AFB stain and culture,
cytology

Sputum sample for
AFBx 3

Pleural biopsy, if above

test results are negative

Pneumocystis carinii, Mycobacterium
tuberculosis, Cryptococcus spp.,
M. avium

P. carinii, miliary tuberculosis,
histoplasmosis, coccidioidomyco-
sis, cytomegalovirus, Toxoplasma
gondii

Bacteria, cryptococcosis, Kaposi’s
sarcoma, Legionella spp., nocar-
diosis, M. tuberculosis

Bacteria (S. aureus, S. pneumoniae,
Pseudomonas aeruginosa),
M. tuberculosis, cryptococcosis,
Kaposi’s sarcoma, heart failure,
hypoalbuminemia, aspergillosis

ABBREVIATIONS: PCP, Pneumocystis carinii pneumonia; AFB, acid-fast bacteria; DFA, direct fluorescent

antibody staining.

the diagnosis is bronchoscopy with BAL. This should be done whenever PCP is
suspected in the severely ill patient, unless tracheal aspiration in an intubated pa-

tient yields a diagnosis.

First-line therapy for PCP is TMP/SMX, at a dose of 15 mg/kg per day of
trimethoprim in three to four divided doses initially, tapered to 10 mg/kg per day
if there is improvement, and especially if there appears to be toxicity. Duration of
treatment is 21 days. Alternative regimens include pentamidine, 3 or 4 mg/kg per
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day intravenously; clindamycin, 600 mg every 8 hours intravenously, plus pri-
maquine, 30 mg/day orally; or atovaquone suspension, 750 mg with meals twice
daily—each lasting for 21 days.” In mild to moderate disease, the latter compares
favorably with pentamidine.

NEUROLOGIC DISORDERS The most common diagnosis for patients with HIV
infection admitted to the ICU with a neurologic disorder was toxoplasmic en-
cephalitis followed by cryptococcosis, cerebral tuberculosis, bacterial meningitis,
and nocardiosis.” Low CD4 counts widen the differential possibilities. Patients
admitted to the ICU with fever and neurologic findings should have a CT scan
and, if there is no mass lesion, lumbar puncture to rule out CNS infection. CSF
tests should include cell counts, protein and glucose levels, VDRL, bacterial cul-
ture, fungal culture, viral culture, AFB culture, cryptococcal antigen, and cytol-
ogy. Levels of serum cryptococcal antigen and toxoplasma serology should be
tested as well. If a diagnosis can be made from this evaluation, appropriate treat-
ment should be initiated. Additional steps include further imaging of the brain
(e.g., MRI with contrast dye) or brain biopsy, depending on the findings of the
imaging study.

A diagnosis of cryptococcal meningitis is made using serum cryptococcal anti-
gen tests and confirmed by lumbar puncture with culture or tests for CSF anti-
gen. Treatment is with amphotericin B, 0.7 mg/kg per day intravenously, with or
without flucytosine, 100 mg/kg per day orally, for 10 to 14 days, followed by flu-
conazole, 400 mg orally twice daily for 2 days, then 400 mg orally every day for
8 to 10 weeks. An alternative regimen is fluconazole, 400 mg/day orally for 6 to 10
weeks. Regardless of initial therapy, maintenance therapy with fluconazole, 200
mg/day, is required for life.

Toxoplasmic encephalitis is usually diagnosed by finding multiple ring-
enhancing lesions on CT scan or MRI in a patient with positive toxoplasma serol-
ogy. Response to empiric therapy of pyrimethamine, 100 to 200 mg loading dose,
then 50 to 100 mg/day orally; sulfadiazine, 4 to 8 g/day orally; and folinic acid, 10
mg/day orally, confirms the diagnosis. Corticosteroids should be avoided, if at all
possible, because lymphoma responds to corticosteroids and confuses the clinician.
The treatment is for 6 weeks or more, with maintenance therapy required for life.

SEPSIS The same algorithm outlined for catheter-related bloodstream infections
can be used for HIV-infected patients with the sepsis syndrome. If another
source is obvious, empiric antibiotics should be directed at the likely pathogens,
based on that source of sepsis. If no source is obvious, broad-spectrum antibacte-
rials are used. In a recent survey of nosocomial infections, HIV-infected patients
with CD4 counts of more than 200/pL were at higher risk for acquiring blood-
stream infection than the NNIS population.”” Patients with CD4 counts of less
than 200/pL were felt to be protected by TMP/SMX prophylaxis for PCP. The
risk of acquiring other nosocomial infections was not greater in the HIV-infected
population.
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Organ Transplantation

Organ transplant recipients are immunosuppressed for a variety of reasons.”®
These include use of immunosuppressive drugs to minimize rejection of the
transplant, broken mucocutaneous barriers (e.g., from catheters), infection with
immunomodulating viruses (i.e., CMV, Epstein-Barré virus, hepatitis B and C
viruses, HIV), and metabolic derangements. In general, the approach to infection
in the organ transplant recipient is similar to that already outlined for immuno-
competent patients. Pulmonary infection is known to be the most common in-
fection encountered in this group. The risk should be stratified by time from
transplantation. In the first month after transplant, the vast majority of infections
are nosocomial bacterial infections of the lungs or candidal and bacterial wound,
urinary tract, or vascular catheter infections. The approach to each has already
been outlined. In the period from 1 to 6 months after transplant, the doses of im-
munosuppressive drugs are higher than in ensuing months and many of the im-
munomodulatory viruses reactivate endogenously or from the transplanted
organ. When CMV is transplanted with the solid organ into the previously non-
immune host, it reactivates in that organ and causes clinical disease in the recipi-
ent. In concert with this reactivation, opportunistic pathogens emerge including
Listeria monocytogenes, Nocardia asteroides, Mycobacterium tuberculosis, Pneumo-
cystis carinii, Asperillus fumigatus, Cryptococcus neoformans, and far less com-
monly than in AIDS, Toxoplasma gondii.

In the recipient of a bone marrow allograft, CMV reactivates and replicates in
pulmonary macrophages. The engrafted marrow recognizes pulmonary macro-
phages, which are supporting replication of CMV, as being more foreign and
hence CMV pneumonitis parallels graft versus host disease.

Once the recipient has survived 6 months past the transplant date, the risk of
infection is similar to the general population with the exception of those under-
going recurrent or chronic rejection. This puts them back into the 1- to 6-month
risk group.

ANTIMICROBIAL RESISTANCE

Drug-resistant organisms are isolated more commonly from patients in the ICU
than from general hospital or community patients.” Bacteria with resistance to
antibiotics are prevalent in the ICU because of the use of broad-spectrum antibi-
otics. When a patient is treated with an antibiotic, their normal flora is sup-
pressed, allowing the nosocomial organisms, which are transferred between
patients on the hands of personnel or on devices, to take over the mucosal sur-
faces. These nosocomial organisms survive in the ICU because of their antibiotic
resistance. In addition, via genetic transfer, they can donate resistance genes to
organisms from another strain. Furthermore, these nosocomial organisms ad-
here, via a biofilm, to the tubes and catheters that are inserted into the patients. If
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a specific patient has not received antibiotics, he or she is less likely to be colo-
nized by resistant organisms because the presence of normal flora excludes the
nosocomial organisms. Physicians caring for patients in the ICU should be famil-
iar with risks of infection with resistant organisms and preventative measures.
The best ways to curb the spread of resistance are observing good infection con-
trol practices (chiefly wearing gloves and washing hands between patient en-
counters) and limiting the use of and appropriate selection of antibiotic agents.
The Society for Healthcare Epidemiology of America and Infectious Diseases So-
ciety of America have published guidelines for the prevention of antimicrobial
resistance.*’

To treat infections caused by resistant organisms, it is first essential that a
physician be familiar with local rates of resistance. If MRSA has not yet become a
significant problem in a given hospital, vancomycin should not be a part of the
empiric therapy for nosocomial infections in the ICU. The following national
rates may be useful, but do not substitute for local data.

Methicillin-Resistant Staphylococcus aureus

S. aureus is a major cause of nosocomial infections in the ICU, especially VAP
and catheter-related bloodstream infection. S. aureus resistance to methicillin is
mediated through an altered penicillin-binding protein (mec A). Among the re-
sistant bacterial species, it is the most virulent pathogen. In a 1997 surveillance
study of more than 5,000 isolates causing bloodstream infection from multiple
centers in the United States and Canada, methicillin resistance was found in
26.2% of U.S. isolates.! It was present in 46.7% of isolates from the ICU col-
lected by the NNIS in 1998.% The characteristics of patients at highest risk for
infection with MRSA are that they are older people, have recently been hos-
pitalized, have severe underlying disease, have recently used antibiotic agents,
and are on mechanical ventilation for pneumonia.”’

Vancomycin is the treatment of choice in MRSA infection. Newer agents such
as quinupristin-dalfopristin (Synercid) or linezolid are likely to prove clinically
useful in the future. Vancomycin should be used as part of empiric therapy in pa-
tients at high risk for MRSA infection in hospitals where the prevalence is high.

Vancomycin-Resistant Enterococci

Vancomycin-resistant enterococcus (VRE) was first reported in the mid-1980s.
Since then, the prevalence of VRE has steadily increased. The NNIS Antimicro-
bial Resistance Surveillance Report found that in the first 11 months of 1998,
23.9% of enterococcal isolates from the ICU were vancomycin-resistant.*> In-
creasing vancomycin use has led to increasing resistance. Risk factors for infec-
tion with VRE include proximity to patients infected with VRE, hospitalization
in an ICU, immunocompromised status, and exposure to antibiotics, including
vancomycin, cephalosporins, metronidazole, and clindamycin.® Barrier isolation
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and the use of devoted medical instruments, such as individual glass thermome-
ters and stethoscopes, is indicated. Most importantly, extremely careful hand-
washing after patient contact is required.

Resistance is conferred through an alternate set of genes that encode for en-
zymes that synthesize new cell-wall precursors. These cell-wall precursors end in
D-alanine-lactate, instead of the usual p-alanine-alanine, which is the binding site
of vancomycin.

The importance of VRE infection is debated. In general, enterococci are not
virulent organisms. They chiefly cause UTI and abdominal wound-related bac-
teremia. Some strains are susceptible to tetracyclines, chloramphenicol, rifampin,
or ciprofloxacin, and several of these used in combination are sometimes effec-
tive. There are several drugs that show promise for activity against VRE. These
include quinupristin/dalfopristin (Synercid), oxazolidinones, and evernino-
mycin. The greatest risk with VRE is that it will confer its resistance, which can be
found in genes on a transposon or on chromosomes, to other species of bacteria.

Drug-Resistant Streptococci

Drug-resistant S. pneumoniae (DRSP) is a fairly recent entity in the United States.
In 1989 the rate of penicillin-resistance overall was 3.8%.% Virtually all of this
was intermediate resistance; minimum inhibitory concentration (MIC) is 0.12
to 1 ug/mL. By 1992 the combined intermediate-level and high-level resistance
(MIC, > 1 pg/mL) rose to 17.8%. A 30-center surveillance study found 24.6% re-
sistance, with a full one-third being high-level in 1994.°° The most recent preva-
lence study, conducted with more than 1600 isolates from the U.S. and Canada
in 1997, revealed an overall penicillin-resistance rate of 43.8%, with 27.8% inter-
mediate and 16.0% high-level.®’ In this study, 18.1% of the organisms were resis-
tant to amoxicillin; 4%, to cefotaxime; 11.7% to 14.3%, to macrolides; and 19.8%
to TMP/SMX. The rate of increase is alarming.

Penicillin resistance is mediated by alterations in the penicillin-binding pro-
teins. There is some cross-resistance with all beta-lactam antibiotics. The rise in
penicillin resistance has been observed to coincide with a rise in resistance to
other classes of antibiotics and multiply resistant strains. This is probably caused
by selective pressure of antimicrobial use for a relatively few strains of resistant
S. pneumoniae.

Risks for DRSP infection have been identified from several population studies.
Risk factors include age, recent antimicrobial therapy, coexisting illness or un-
derlying disease, HIV infection, immunodeficient status, recent or current hospi-
talization, and being institutionalized. Patients in the ICU have some of these
factors. The clinical relevance of intermediate and high-level resistance to
S. pneumoniae is unclear. When empirically treating infections like community-
acquired pneumonia in the ICU, awareness of local rates of drug resistance is
imperative. In outcome studies, penicillin is effective in cases in which the
pneumococci have intermediate resistance and in cases where the pneumococci
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are highly sensitive. If high-level penicillin resistance is suspected based on local
patterns and individual risk factors, vancomycin may be used empirically until
susceptibility test results are obtained.

Antibiotic-Resistant Gram-Negative Bacteria

Gram-negative organisms, which seldom cause disease in the community, are
major colonizers in ICU patients and, given the right set of circumstances, cause
disease in this group. Examples of this include Pseudomonas aeruginosa and
Acinetobacter baumanii. When these organisms first appear as colonizers in the
ICU, they are generally susceptible to the aminoglycoside antibiotics, piperacillin,
ceftazidime, and imipenem-cilastatin. However, as these patients are given an-
tibiotics to suppress the colonization, greater resistance ensues. In some in-
stances, these organisms become resistant to all available antibiotics. If the
clinician uses antibiotics to curb these organisms only when true infection oc-
curs, evolution to complete resistance is slowed.

Klebsiella species are one of the better examples of acquisition of genes that
allow emergence of resistance. Enterobacter species transfer resistance genes to
the members of the Klebsiella tribe, which become resistant to all the beta-lactam
antibiotics. Controlling the use of these antibiotics often eliminates the organ-
isms from the ICU.

Stenotrophomonas maltophilia is a nonfermenting gram-negative bacterium,
which is highly antibiotic-resistant and rarely causes infection in the community
or in normal hosts. It has become an important organism in the ICU largely
because it is resistant to imipenem-cilastatin and aminoglycosides. It causes
ventilator-related pneumonia, bacteremia, and UTI. It is sensitive to high doses
of TMP/SMX, ticarcillin-clavulanate, and unpredictably, to certain beta-lactam
agents. In vitro susceptibility test results do not predict in vivo success.

ANTIBIOTICS

Penicillins

The penicillin class of antibiotics contains many different drugs that are useful in
the treatment of infections in the ICU.®* They share a mechanism, which is inhi-
bition of synthesis of the bacterial cell wall and activation of the endogenous
autolytic system of bacteria. The class shares its adverse effect profile. Most
common is allergic or hypersensitivity reaction, occurring in 3% to 10% of the
general population. These reactions can range from rash to anaphylaxis and in-
clude drug fever and interstitial nephritis. Less commonly psuedomembranous
colitis, hepatotoxicity, seizures, and hypokalemia may occur. Most penicillins are
not metabolized, are excreted by the kidneys, and require dose adjustment in
renal failure (except for oxacillin, nafcillin, and ureidopenicillins).
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AMINOPENICILLINS (AMPICILLIN, AMOXICILLIN, BACAMPICILLIN) The
aminopenicillin (ampicillin, amoxicillin, bacampicillin) group is notable for its
activity against gram-negative bacteria. There is activity against S. pneumoniae
(but with growing resistance), Hemophilus influenzae, enterococci, and gram-
negative bacteria, such as E. coli and Proteus and Listeria species. Absent from the
spectrum is activity against S. aureus and Klebsiella, Serratia, Enterobacter, and
Pseudomonas species. UTT with susceptible organisms may be treated with ampi-
cillin.

PENICILLINASE-RESISTANT PENICILLINS (OXACILLIN, NAFCILLIN) The
penicillinase-resistant penicillins (oxacillin, nafcillin) have a narrow spectrum of
activity for gram-positive organisms. They are the treatment of choice for in-
fections with Staphylococcus species. There is no activity against gram-negative
bacteria. There is spreading resistance in S. aureus, a major ICU pathogen. In
susceptible strains, this class is an excellent choice for the treatment of blood-
stream infection, sinusitis, and pneumonia.

UREIDOPENICILLINS (PIPERACILLIN, MEZLOCILLIN, AZLOCILLIN) Urei-
dopenicillins (piperacillin, mezlocillin, azlocillin) have activity against most
major gram-negative ICU pathogens, including E. coli and Klebsiella, Serratia,
Proteus, and Pseudomonas species. They retain activity against streptococci and
enterococci, but not beta-lactamase—producing S. aureus or H. influenzae. There
is additional coverage against many anaerobic bacteria. Piperacillin is an excel-
lent choice in the empiric treatment of gram-negative pneumonia or sinusitis, in
combination with an aminoglycoside.

AMPICILLIN-SULBACTAM The spectrum of this drug, while broad, lacks cov-
erage for many E. coli and for Pseudomonas and Serratia species. It should not be
used empirically in critically ill patients with suspected bacteremia or pneu-
monia.

PIPERACILLIN-TAZOBACTAM Tazobactam adds to the activity of piperacillin
by including methicillin-sensitive S. aureus, E. coli, and most Klebsiella species,
which are resistant to piperacillin, and many anaerobic bacteria. This is an excel-
lent drug for empiric coverage of sepsis from an unknown source or as a second-
line agent in pneumonia, sepsis, or UTL.

Cephalosporins

The cephalosporin class of antibiotics is among the most used in the ICU.® The
mechanism of action is the same as penicillin, i.e., binding to penicillin-binding
proteins in the cytoplasmic membrane of bacteria and interfering with cell-wall
synthesis. They also activate the autolytic system of bacteria. The drugs are gener-
ally well-tolerated, even though the known adverse effects are numerous. One to
three percent of patients have a hypersensitivity or allergic reaction to the drug.
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Anaphylaxis is rare. C. difficile colitis may be seen after cephalosporin use. Un-
common effects include eosinophilia, thrombocytopenia, nausea, vomiting, and
hypoprothrombinemia and thrombophlebitis with intravenous administration.
Cephalosporins are generally excreted in the urine and should be dose-adjusted
in renal failure. The spectrum is given here for representative members of each
generation that are commonly used in the ICU. No member of the class is a reli-
able agent against anaerobic infections.

FIRST-GENERATION (CEFAZOLIN) Cefazolin has a very narrow spectrum of
antibacterial activity. It is active against MRSA and also E. coli, Klebsiella pneumo-
niae, and Proteus mirabilis. It may be used for the treatment of bacteremia, pneu-
monia, or sinusitis with proven-sensitive S. aureus.

SECOND-GENERATION (CEFUROXIME) Cefuroxime has better activity than
cefazolin against E. coli, Klebsiella species, and P. mirabilis. It has less activity
against S. aureus, but adds coverage for S. pneumoniae. Again, many of the com-
mon ICU pathogens are not covered. In general, there is little use for this drug in
the ICU setting.

THIRD-GENERATION (CEFTRIAXONE, CEFTAZIDIME) Ceftriaxone has ac-
tivity against S. pneumoniae, Klebsiella, E. coli, P. mirabilis, and H. influenzae. It is
active against the typical bacteria that cause community-acquired pneumonia in
the ICU. Many physicians use a macrolide with ceftriaxone to include the “atypi-
cals” in the spectrum. A fluoroquinolone may be substituted for the macrolide.
Ceftriaxone’s lack of pseudomonal coverage prevents its empiric use for infec-
tions acquired in the ICU.

Ceftazidime has activity similar to that of ceftriaxone against Hemophilus or
Moraxella species and adds pseudomonal coverage. However, it lacks effective
activity against S. pneumoniae or anaerobes, so it should not be used for
community-acquired pneumonia. It may be used empirically in combination
with another anti-pseudomonal drug for gram-negative sinusitis, gram-negative
ventilator-associated pneumonia, sepsis of unknown cause, and neutropenic fever.

FOURTH-GENERATION (CEFEPIME) Cefepime is the other cephalosporin
with activity against Pseudomonas species. It has enhanced activity against
S. pneumoniae. Its uses are similar to ceftazidime. It may be used as monotherapy
for neutropenic fevers, if catheter-related bloodstream infection is not suspected.

Vancomycin

Vancomycin has very important use in the ICU, but it is often overused. Because
of its virtually universal activity against gram-positive organisms, it is a mainstay
of empiric therapy in the ICU. Its overuse, however, leads to the selection of re-
sistant organisms. The mechanism of action is inhibition of cell-wall synthesis.
Vancomycin binds to a peptide precursor of the cell wall, preventing the synthe-
sis of peptidoglycan.”
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Vancomycin is cleared from the body almost entirely through glomerular fil-
tration. A dose adjustment is required in patients with renal failure, and peri-
toneal dialysis and hemodialysis do not clear the drug. The major reason to
monitor drug levels is to assure, in the critically ill patient, that sufficient levels
are maintained. Peak-and-trough drug concentrations should be measured for
patients with renal failure, those concomitantly on aminoglycosides, and criti-
cally ill patients far above or below their ideal body weight.”*

Gram-positive aerobic and anaerobic organisms are covered by vancomycin,
including MRSA and Corynebacterium, Bacillus, and Clostridium species. It is
most useful in the ICU for the treatment of serious infections with bacteria that
are resistant to all other drugs, such as some strains of S. aureus, enterococci,
coagulase-negative staphylococci, and Corynebacterium species. Because S. au-
reus is such a prevalent pathogen in the ICU, vancomycin is used empirically in
hospitals with a high incidence of MRSA. However, in spite of its spectrum, it is
not as effective against MSSA as oxacillin or cefazolin. Furthermore, it is not as
effective against penicillin-sensitive bacteria as any of the penicillins, so its use
should be restricted to those gram-positive organisms that are resistant to other
antibiotics.

The “red man syndrome” is pruritis, erythema, angioedema, and hypotension,
caused by nonimmunologic release of histamine. The incidence is decreased by
slow infusion of vancomycin (over 60 minutes). It is unclear whether van-
comycin causes ototoxicity and nephrotoxicity or simply potentiates the ability
of other drugs to do this. Uncommon adverse effects include drug fever, rash,
agranulocytosis with high cumulative doses, and thrombophlebitis related to the
infusion.

Aminoglycosides

The aminoglycosides remain an important drug in the ICU because of its broad
gram-negative coverage and the need to empirically treat for Pseudomonas
species infection with two drugs. They are bacteriocidal by binding to the 30S
subunit of ribosomes, preventing protein synthesis. This requires energy-
dependent transport of the drug across the outer bacterial membrane.”

Most of the drug is excreted by glomerular filtration. Dose must therefore be
adjusted in patients with renal failure. Approximately half of the serum level of
aminoglycosides is cleared effectively with hemodialysis. Therefore, aminoglyco-
sides should be administered after dialysis sessions. In traditional administration
every 8 hours, toxicity has been associated with high trough concentrations in the
blood. However, this may reflect the fact that renal tissue has become saturated
and serum levels increase just before the creatinine level begins to rise, rather
than just high trough concentrations “cause” renal failure. The concentration of
aminoglycoside in the blood is altered by many variables, including age, sepsis,
ascites, burns, fluid status, and renal function.”” Most patients in the ICU have at
least one of these confounding factors, and the volume of distribution is likely to
change with the course of illness. This is why we advocate the use of traditional
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dosing with regular monitoring of concentration of the drug in the blood in the
ICU. The use of once-daily dosing regimen has the potential for increasing toxic-
ity, even though in a general medical population the toxicity has been proven
equal to traditional dosing.

Aminoglycosides are effective against most gram-negative anaerobes, includ-
ing Klebsiella, Pseudomonas, Acinetobacter, and Serratia species. There is activity
against coagulase-negative staphylococci. Aminoglycosides may be used synergis-
tically with beta-lactam antibiotics against enterococci, group A and B strepto-
cocci, and S. viridans. Aminoglycosides are a mainstay in the empiric treatment
of ICU-related infections, such as ventilator-associated pneumonia, sinusitis,
sepsis of unknown cause, and gram-negative UTL

The most common side effects of treatment are nephrotoxicity, ototoxicity,
and neuromuscular blockade. Nephrotoxicity is a result of binding to receptors
on the proximal tubular cells; it usually manifests 4 to 7 days after initiation of
drug therapy and is almost always reversible after discontinuation of therapy.
Nephrotoxicity usually produces a nonoliguric decrease in creatinine clearance
and is potentiatied by volume depletion, age, and co-administration of van-
comycin, amphotericin B, or furosemide.” Ototoxicity and vestibular toxicity re-
sult from accumulation of drug or metabolite in hair cells of the organ of Corti
or ampullar cristae. Risks include loud ambient noise, duration of therapy, high
trough concentrations in the blood, and concomitant administration of van-
comycin or loop diuretics. Neuromuscular blockade is associated with rapid in-
crease of drug concentration. With administration of aminoglycoside over at
least 30 minutes, this adverse effect is rare.

Fluoroquinolones

The development of new agents in the fluoroquinolone class has increased the
importance of this drug class in the treatment of infections in the ICU. There is
potential for misuse, however, which may lead to the emergence of resistance.
Quinolones bind to topoisomerase II (an enzyme found only in bacteria), which
inhibits the supercoiling of DNA.

There are multiple excretion pathways for the quinolones. The doses are gen-
erally not adjusted for hepatic failure, and those agents that are predominantly
renally excreted are only dose-adjusted for severe renal impairment (ofloxacin,
lomefloxacin). None of the agents is effectively cleared with hemodialysis.”

The fluoroquinolones are generally safe, with few side effects. Some patients
experience nausea, vomiting, diarrhea, headache, or dizziness. Arthropathy has
been found in dog models, and this is the reason that fluoroquinolones are not
approved for use in children. Arthropathy is a rare finding in adults. Hepatotoxi-
city has also occurred in treatment with quinolone agents.

CIPROFLOXACIN Ciprofloxacin has excellent activity against the Enterobacteri-
acea, including Pseudomonas species. It is not an effective agent for community-
acquired pneumonia, because of the lack of activity against S. pneumoniae. In the
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ICU, it is well-suited to treatment of gram-negative UTI, gram-negative sinusitis,
or as part of an empiric regimen for VAP-related infection.

Imipenem

Imipenem is a beta-lactam antibiotic with an extended spectrum of activity. It is
useful in the treatment of life-threatening infections in the ICU. The mechanism
of bacterial killing is attachment to penicillin-binding proteins. Its molecular size
allows entry into the periplasmic space of gram-negative bacteria, and its struc-
ture gives it resistance to most beta-lactamases.”

The drug is renally cleared and dose must be adjusted for severe renal impair-
ment. Additional doses must be given after hemodialysis. The most common ad-
verse effects are nausea, vomiting, and diarrhea. There is a spectrum of possible
allergic reactions, as there are with other beta-lactam antibiotics. There is a risk
of seizure that is greater with higher dosing and in patients with underlying neu-
rologic disease.

Before the introduction of newer generation fluoroquinolones, imipenem was
the antibiotic with the broadest spectrum available, because of its affinity for
multiple penicillin-binding proteins found in different species of bacteria. Anaer-
obic organisms are very susceptible, with the exception of C. difficile. Imipenem
is ineffective against MRSA and Enterococcus faecium. It has excellent activity
against the important gram-negative pathogens in the ICU, including Pseudo-
monas species, although resistance quickly develops if the agent is not used in
combination with another antipseudomonal drug.

Imipenem is generally reserved as an alternative drug in severe infections. Its value
is greatest for infections in which first-line therapy has failed or against bacteria that
are resistant to other agents. It may be used as an alternative in the empiric treatment
of neutropenic fever, VAP infection, sinusitis, and sepsis of unknown cause.

Aztreonam

Aztreonam is a monobactam antibiotic with an affinity for the penicillin-binding
protein 3, found exclusively in gram-negative bacteria, which accounts for the
drug’s spectrum of activity. It is useful as an alternative to aminoglycosides.

Aztreonam is a very safe drug. The most common side effects are local reac-
tions, rash, diarrhea, nausea, and vomiting.”” It is active against most gram-
negative ICU pathogens, including Pseudomonas species, but with the exception
of Acinetobacter species.

Fluconazole

Fluconazole is a useful antifungal agent in the ICU. The mechanism of action is
interference with synthesis and permeability of fungal cell membranes.”® The en-
zymatic conversion of lanosterol to ergosterol, a major component of most fun-
gal membranes, is inhibited. The most common use in critical care is treatment
of candidiasis. There may be treatment failures against C. krusei or C. glabrata.
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Fluconazole has excellent bioavailability when taken orally and should only be
used intravenously when there is impairment of gut absorption. Most of the drug
is excreted by the kidneys, and dose adjustment is required in patients with renal
failure. Fluconazole is safe and well-tolerated. Most commonly, patients experi-
ence GI distress. There may be headache or mild elevation of transaminase level.
Fluconazole increases the plasma concentration of theophylline, warfarin, cy-
closporine, phenytoin, zidovudine, and oral hypoglycemics when used in combi-
nation.

Amphotericin B

Amphotericin B has traditionally been the first-line agent for most serious fungal
infection, despite its considerable toxicity. It binds to ergosterol in the cell mem-
branes of fungi, which alters permeability, allowing cellular contents to leak out
and resulting in cell death. Virtually all fungi that cause disease are susceptible to
amphotericin B.

Toxicity occurs acutely with infusion or chronically with cumulative doses.
The acute reactions include fever, chills, rigors, malaise, nausea, vomiting,
headache, hypertension, and hypotension. Premedication with 400 to 600 mg
of ibuprofen or with aspirin, acetaminophen, diphenhydramine, meperidine,
or hydrocortisone may relieve these effects in some patients. Nephrotoxicity
is the most serious chronic effect. The mechanism is not well understood. Be-
tween 20% and 30% of patients receiving the drug experience a rise in serum
creatinine level. Renal failure is almost always reversible with discontinuation of
the drug. There is a protective effect of sodium administration before infusion
of amphotericin B. Most patients receiving the drug require supplementation
of potassium and magnesium. Other chronic effects include anemia, CNS
disturbances (including delirium), depression, tremors, vomiting, and blurred
vision.”

The half-life of amphotericin B is extremely long, and serum concentrations
are not altered significantly in hepatic or renal failure. Clearance is unchanged
with dialysis. The liposomal or lipid complex form is usually substituted in pa-
tients with renal failure. However, experience indicates that creatinine levels
often peak at 3.0 g/dL, even when standard amphotericin B therapy is main-
tained, and renal failure usually reverses when therapy is discontinued.

Three alternate formulations of amphotericin B are currently available for
use: amphotericin B lipid complex (ABLC), amphotericin B cholesteryl sulfate
complex (ABCD), and liposomal amphotericin B. Each has proven less nephro-
toxic compared with amphotericin B deoxycholate. Because of the enormous
difference in cost compared with amphotericin B deoxycholate, the alternate for-
mulations are generally reserved for patients with renal insufficiency before
treatment, patients in whom acute renal failure develops while receiving ampho-
tericin B deoxycholate, and patients in whom treatment fails with the traditional
agent.
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Amphotericin B, in any of its forms, remains the first-line therapy for life-
threatening fungal infection. It is used for invasive aspergillosis, disseminated
candidiasis with fluconazole-resistant strains, empiric treatment of patients with
fever and neutropenia, and cryptococcosis. A summary of commonly used an-
timicrobials and their dosages is provided in Table 6-24.%

SUMMARY

Infectious diseases cause much morbidity and mortality in the intensive care
unit. Intimate knowledge of your local antibiotic resistance patterns as well as fa-
miliarity with the diagnostic considerations discussed in this chapter are essential

TABLE 6-24 Intravenous Dosages for Commonly Used Antimicrobials

Renal Failure

Drug Normal Adult Dose Parameter Dose
Penicillins
Ampicillin 1 g q4—6h" CrCl: 10-50 q6-12h
1.5 g q4h’ <10 ql2-24h
HD Supplement post-HD
Nafcillin 1 g q4h’ No change
1.5-2 g q4h®
Piperacillin 3-4 g q4-6h CrCl: 2040 3-4gq8h
<20 3-4gql2h
HD 2 g q8h with 1 g post-HD
Ampicillin-sulbactam 1.5-3 g q6h Cr Cl:30-50 1.5-3 g q6-8h
15-29 1.5-3 g ql2h
5-14 1.5-3 g q24h
Piperacillin-tazobactam  3.375 g q6h CrCl: 2040 2.25gq6h
4.5 g q6h? <20 2.25¢g q8h
HD 2.25gq8hplus0.75 g
post-HD
Cephalosporins
Cefazolin 0.5-1 g q8h CrCl: 1049 0.5-1gql2h
<10 0.5-1 g q24-48h
Cefuroxime 0.75-1.5 g q8h CrCl: 10-29 0.75-1.5gql2h
<10 0.75 g 24h
HD May use supplemental
dose post-HD
Ceftriaxone 1-2 gql2h HD 500 mg q24h (not
meningitis)
Cefepime 1-2 g ql2h CrCl:30-60 1-2 g q24h
11-29 0.5-1 g q24h
<10 0.25-0.5 g q24h
HD Repeat dose post-HD

(continued)
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TABLE 6-24 Intravenous Dosages for Commonly Used Antimicrobials (continued)

Renal Failure

Drug Normal Adult Dose Parameter Dose
Ceftazidime 1-2 g q8-12h* CrCl: 10-50 500 mg q24-48h
2 g q8h? <10 500 mg q48-96h
HD 1 g/week
Fluoroquinolones
Ciprofloxacin 400 mg q12h CrCl: 30-50  200-400 mg q12h
5-29 200-400 mg q18h
HD 200 mg q12h
Levofloxacin 500 mg q24h CrCl: 10-50 250 mg q24h
<10 125-250 mg q24h
HD 125 mg q24h
Trovafloxacin 200-300 mg q24h No change
Miscellaneous
Vancomycin 1gql2h CrCl: 40-90 q24h
20-40 q48-72h
<20 Re-dose
HD q5-7d
Gentamicin® 2 mg/kg’ CrCl:51-90  60-90% q8-12h
1.7-2 mg/kg g8/ 10-50 30-70% q12h
<10 20-30% q24-48h
HD Give Y2 loading dose
post-HD
Imipenem 500 mg q6—8h* CrCl: 21-40 250 mg q6h
500 mg q6h” 6-20 250 mg q12h
Aztreonam 1-2 g q8h° 1-2¢
2 g q6h’ CrCl:10-30  1gq8h’
HD 500 mg post-HD
Antifungals
Fluconazole 400 mg q24h 400 mg*
Cr Cl: 21-50 200 mg q24h/
11-20 100 mg q24h'
HD 400 mg post-HD
Amphotericin B 0.3-1 mg/kg/day ~ CrCl: <10 0.5-1 mg/kg q24-36h

ABLC
ABCD
Liposomal

5 mg/kg/day
3-5 mg/kg/day
3-5 mg/kg/day

No change
No change
No change

“Moderate-to-severe disease.

bSevere disease.
‘Moderate disease.

pseudomonas sp. infection.

‘Loading dose.
/Maintenance dose.

fFollow blood levels of drug continuously.
ABBREVIATIONS: Cr Cl, Creatinine clearance, given in mL/min/1.73m?% HD, patient on hemodialysis.
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to management of these infectious diseases. With future advances in antibiotic
therapy and diagnostic testing we can look forward to reducing the harm to our
patients.
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INTRODUCTION

In the past 40 years, numerous advances in nutritional support have made it
possible to provide nutrition to virtually all patients. The goals of nutritional
support for critically ill patients include preserving tissue mass, decreasing usage
of endogenous nutrient stores and catabolism, and maintaining or improving
organ function (i.e., immune, renal, and hepatic systems; muscle). Specific goals
include improving wound healing, decreasing infection, maintaining the gut
barrier (decreasing translocation), and decreasing morbidity and mortality—all
of which may contribute to decreasing the ICU or hospital stay and hospitaliza-
tion costs.

NUTRITIONAL ASSESSMENT

Nutritional assessment begins with the patient’s history (e.g., information may
be available from hospital records, family members, or the patient). Re-
cent weight loss, anorexia, nausea, vomiting, and diarrhea are key symptoms to
elicit. Physical examination findings suggestive of nutritional deficiencies (e.g.,
dermatitis, scaling of the skin, glossitis, poor wound healing) may be present.
The body weight of critically ill patients is generally of limited value, because
patients may retain excess water and these weights may not correlate with nu-
tritional status. Ideal body weights (IBWs) are frequently more useful; IBWs
for adults can be obtained from published normograms or can be estimated as
follows.

e IBW for men: Use 106 pounds for the first 5 feet in height and add about
6 pounds for each additional inch of height

e IBW for women: Use 100 pounds for the first 5 feet in height and add about
5 pounds for each additional inch of height

e IBW for men and women over age 50: Add an additional 10% of the calculated
ideal body weight.

Anthropometric measurements, such as skin-fold thickness and midarm mus-
cle circumference, are of limited use in critically ill patients. Skin-fold thickness
measurements (from the triceps or subscapular area) are a means of estimating
body fat, but they are unreliable in the presence of fluid retention. Midarm mus-
cle circumference is used to estimate body protein stores, but this is also unreli-
able in patients with fluid retention.

Functional tests are traditional measures of nutritional status. Skin tests of im-
mune function (i.e., delayed cutaneous hypersensitivity) are frequently affected
by critical illness, which limits their usefulness. Muscle strength assessment of



7 / Nutritional Support 171

grip or respiratory muscle function correlates with nutritional status, but these
assessments have limited utility in the ICU patient.

A number of laboratory tests are used in nutritional assessment. These include
measurement of visceral proteins that are produced by the liver, such as albumin,
transferrin, prealbumin, and retinol-binding protein (Table 7-1).

Nitrogen excretion is determined from 12- to 24-hour urine collections and
measurements of total urinary nitrogen (more accurate than total urea nitrogen
level). Therefore, these test results may be unreliable in patients with renal fail-
ure or if urine is incorrectly collected. The nitrogen balance is the nitrogen in-
take minus the nitrogen lost in urine, through the skin and stool, or from
fistulas, wounds, or dialysates. The estimate for non-urinary nitrogen excretion
is 2 g/day each for skin and stool losses. A negative nitrogen balance is not nec-
essarily detrimental over the short term (i.e., 1 to 2 weeks). Improvement in
nitrogen balance suggests that nutritional support is adequate. However, the
nitrogen balance may improve as catabolism decreases, despite inadequate nu-
tritional support.

Indirect calorimetry is based on the laws of thermodynamics: the use of
energy involves the consumption of oxygen (i.e., VO,) and the production of
carbon dioxide (i.e., Vco,), nitrogenous wastes, and water. When matter is
converted to heat by the body, measurement of Vo, and Vco, indirectly reflects
the metabolic energy expenditure. Typical studies measure Vo, and Vco, for
15 to 30 minutes, estimate energy expenditure and respiratory quotient (RQ),
and then extrapolate to 24 hours. Following measurements over time allows
recognition of changes in the metabolic rate and customization of nutri-
tional support to meet an individual’s needs. RQ reflects whole body substrate
utilization.

TABLE 7-1 Visceral Proteins Used in Nutritional Assessment

Visceral Protein Half-Life Clinical Situations that Alter Protein Needs

Retinol-binding protein ~ 10-12 hr  Increased with renal failure (due to reduced
clearance)
Decreased in vitamin A deficiency, liver failure, or
protein-energy malnutrition
Pre-albumin 2-3 days Increased in renal failure (reduced clearance)
Decreased during the acute response to injury and
liver failure
Transferrin 7-8 days  Depends on the iron status of the patient and is af-
fected by blood loss or replacement
Decreased by the acute response to injury or liver
failure
Albumin 20 days  Decreased when vascular permeability is altered,
protein synthesis is decreased, metabolism is in-
creased, resuscitation with fluid or blood prod-
ucts is required, or liver failure is present
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Various Body Fuels and their RQ

Fat=0.70
Protein = 0.80
Carbohydrate = 1.0

The RQ can vary between 0.70 and 1.2. Excess carbohydrate calories result in net
fat synthesis and lead to high carbon dioxide production (e.g., RQ of more than 1.0),
which should be avoided. Numerous problems are associated with indirect calori-
metry. Inaccurate results may occur in indirect calorimetry determinations when the
fraction of inspired oxygen (F10,) is more than 0.40. In addition, any leak in the sys-
tem can introduce error (e.g., endotracheal tube cuff leak). Indirect calorimetry
determinations are labor-intensive, because a steady state is needed for accurate mea-
surements and this can take an extended period of time to obtain in a critically ill
patient. In fact, some authors recommend that three to five measurements per day be
averaged to obtain a daily average energy expenditure. Therefore, indirect calori-
metry can be associated with high cost, especially if measured frequently.

TIMING OF NUTRITIONAL SUPPORT

Optimal timing for instituting nutritional support must be a clinical decision: it
cannot be determined by nutritional assessment indexes because many of the re-
sults are altered by critical illness. Optimal timing remains controversial. Some
patients tolerate short periods of starvation by using endogenous stores to sup-
port body functions. Well-nourished patients (who are not stressed) have actu-
ally survived without food for 6 weeks (ingesting only water). Critically ill
patients who are hypermetabolic and hypercatabolic can probably survive only a
few weeks of starvation before death. Total starvation has no benefit.

Data suggest that outcome can be improved with early and optimal nutri-
tional support. Early nutritional support offers many advantages, such as blunt-
ing the hypercatabolic-hypermetabolic response to injury. In numerous studies,
patients randomized to receive early versus delayed feeding had decreased in-
fection rates, fewer complications, and a shorter length of stay in the hospital.
Animal studies show improved wound healing, improved renal and hepatic
function, and decreased bacterial translocation in injury models with early feed-
ing. For improved outcomes, current recommendations include initiation of nu-
tritional support within the first 24 to 48 hours after admission to the ICU.

ENTERAL VERSUS PARENTERAL ROUTE

Enteral nutrition is required for optimal gut function: maintenance of gut barrier
and the gut-associated immune system and immunoglobin A (IgA) secretion.
Total parenteral nutrition (TPN) contributes to immunosuppression; this is
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thought to be related to intravenous lipids, which are high in omega-6 long-
chain fatty acids. Studies report increased infection rates compared with enteral
feeding in patients who have had trauma, burns, surgery, or chemotherapy or ra-
diation therapy for cancer. A higher mortality rate (than with enteral feeding)
was reported in patients receiving TPN who have also had chemotherapy or ra-
diotherapy or a burn injury. TPN is not superior to enteral nutrition in patients
with inflammatory bowel disease or pancreatitis.

TPN may be beneficial in patients with short-gut syndromes, some types of GI
fistulas, or chylothorax. Enteral nutrition is the preferred method of feeding in
patients who are receiving chemotherapy and radiation therapy or who have un-
dergone surgery, burns, trauma, sepsis, renal failure, liver failure, and respiratory
failure. Parenteral nutrition is indicated when enteral nutrition is not possible
(e.g., inadequate small-bowel function). Enteral nutrition is less expensive than
parenteral nutrition. Table 7-2 is a comparison of the nutrient sources available
in enteral and parenteral nutrition.

Enteral nutrition is the preferred route of nutritional support in both pedi-
atric and adult patients. Delivery of enteral nutrition can be achieved by several
routes: oral, gastric tube (i.e., nasogastric or gastric), or by small-bowel feeding
tube (i.e., nasoduodenal, gastroduodenal, jejunal). The major complications en-
countered with administration of enteral nutrition are listed below:

Aspiration (pneumonia, chemical pneumonitis, ARDS)

Metabolic derangements (e.g., electrolyte disturbances, hyperglycemia); these
are less common than with parenteral nutrition

Diarrhea

Misplaced feeding tubes (e.g., pneumothorax, empyema, bowel perforation)
Overfeeding

TABLE 7-2 Differences in Composition of Parenteral and Enteral Formulations

Nutrient Parenteral Nutrition Enteral Nutrition

Carbohydrate sources  Dextrose Simple sugars, complex starches, and

fibers

Nitrogen sources Amino acids” Amino acids, peptides, intact proteins

(whey, casein, soy)

Fats Long-chain fatty acids ~ Medium-chain triglycerides, long-
(soy-based intra- chain fatty acids (omega-3 or
lipids are primarily omega-6)
omega-6)

Vitamins Should be added be- Present in formulations
fore administration

Trace elements Should be added be- Present in formulations

fore administration

“Glutamine is absent; cysteine is present only in a few preparations.
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TPN should be used only when enteral nutrition is not possible (e.g., short gut
syndrome, chylothorax). Failure of the stomach to empty is not an indication for
TPN but rather for a small-bowel feeding tube. Most patients with diarrhea can be
managed with enteral nutrition. Overall TPN management is best performed by
specially trained nutritional support teams. Initial TPN orders may be based on
recommendations in Tables 7-3 and 7—4. TPN is delivered via peripheral or central
vein. Major complications associated with TPN administration are listed below:

e Unsuccessful central line placement (pneumothorax, hemothorax, carotid
artery perforation)

Metabolic derangements (hyperglycemia, electrolyte disturbances)
Immunosuppression

Increased infection rates (catheter-related sepsis, pneumonia, abscesses)

Liver dysfunction (fatty infiltration, cholestasis, liver failure)

Gut atrophy (diarrhea, bacterial translocation)

Venous thrombosis

Overfeeding

In addition, TPN lacks some conditionally essential amino acids that are not sta-
ble in solution (i.e., glutamine, cysteine). The glucose-to-fat ratio is usually 3:2 to
2:3 (ratio of calories from each source). Larger amounts of glucose (more than 60%
of calories) can result in several problems: increased energy expenditure, increased
carbon dioxide production, increased pulmonary workload (may delay ventilator
weaning), and liver steatosis and can lead to compromise of the immune system.

QUANTITY OF NUTRIENTS

Calories

Energy needs are met by the caloric content of the major nutrients. Lipids pro-
vide 9 kcal/g, carbohydrates provide 4 kcal/g, and proteins provide 4 kcal/g.
Studies show that most critically ill patients expend 25 to 35 kcal/kg per day.

TABLE 7-3 Macronutrient Requirements of Adults

Initial Formula

Nutrient” Quantity % of Total Calories  for 75-kg Patient

Total calories 25 kcal/kg/day 100 = 1875 kcal/day

Protein, peptides,  1.2-2.0 g/kg/day 15-25 93.75 g/day (375 kcal/day)”
and amino acids

Carbohydrates 50% of calories 30-65 235 g/day (940 kcal/day)

Fats 30% of calories 15-30 62 g/day (558 kcal/day)

“Micronutrients (vitamins, minerals, and trace elements) should be provided to meet needs and are
available in a variety of combination preparations.
"Based on 1.25 g/kg/day.



7 / Nutritional Support 175

TABLE 7-4 Recommendations for Specific Clinical Situations

Patient Population

Initial Caloric Goal

Protein Goal

Considerations

Major vascular or
cardiothoracic

surgery
Multiple trauma

Severe burns

Acute renal failure
(not on dialysis)

Acute renal failure

(on dialysis)

Liver failure

Inflammatory
bowel disease

Pancreatitis

25 keal/kg/day

25 keal/kg/day

25-30 kcal/kg/day

25 keal/kg/day

25 keal/kg/day

25 kcal/kg/day

25 kcal/kg/day

25 kcal/kg/day

1.5 g/kg/day

1.5-2.0 g/kg/day

1.5-2.5 g/kg/day

1.0-1.2 g/kg/day

1.5 g/kg/day

1.0-1.2 g/kg/day

1.0-1.5 g/kg/day

1.0-1.5 g/kg/day

Immune-enhancing for-
mulas may improve
outcomes

Immune-enhancing for-
mulas may improve
outcomes

Aggressive high-protein
regimens with
immune-modulating
nutrients such as argi-
nine may improve
outcomes

Concentrated formulas
low in electrolytes are
generally preferable

Protein needs are higher
than previously ex-
pected because of
losses from dialysis

Branched-chain amino
acids may improve
neurologic function;
try if patient fails to
improve with stan-
dard therapy

Small-bowel feedings
with a peptide-based
formula are usually
well tolerated

Jejunal feedings with a
peptide-based for-
mula should be at-
tempted before a trial
of TPN

ABBREVIATIONS: TPN, total parenteral nutrition.

Resting metabolic expenditure (RME) can be estimated by using the Harris-
Benedict equation (Table 7-5).

RME can also be measured by indirect calorimetry. Some authors recommend
adjusting RME by multiplying by a correction factor for stress states; however,

correction factors frequently overestimate energy needs.

We prefer to initially administer 25 kcal/kg per day of a mixture in which total
daily kilocalories are split into 20% protein, 30% lipids, and 50% carbohydrates
(Table 7-3). Patients with organ failure or disease may have increased or de-
creased needs and should be considered individually. Overfeeding (with either
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TABLE 7-5 Harris-Benedict Equation

Gender RME (kcal/day)
Men 66+ (13.7X W) + (5xH) — (6.8 X A)
Women 665+ (9.6 X W) + (1.7 xH) — (4.7 X A)

ABBREVIATIONS: RME, resting metabolic expenditure; W, weight in kilograms; H, height in centime-
ters; A, age in years.

enteral or parenteral nutrients) is accompanied by more adverse side effects than
slightly underfeeding during most critical illnesses.

Protein

Most critically ill patients need 1.2 to 2.5 g/kg per day of protein. Protein require-
ments increase in patients with severe trauma, burns, or protein-losing en-
teropathies (Table 7—4).

Water

Needs for water vary greatly among patients as a result of differences in insensible
losses and GI and urine losses. A reasonable initial estimate of a patient’s water
requirement is 1 ml/kcal of energy expenditure in adults.

Vitamins

The water-soluble vitamins are ascorbic acid (vitamin C), thiamine (vitamin B,),
riboflavin (vitamin B,), niacin, folate, pyridoxine (vitamin By), vitamin B,,, pan-
tothenic acid, and biotin. Vitamins A, D, E, K are fat-soluble. Published recom-
mended daily takes (RDIs) are based on oral intake in healthy individuals.
Vitamin needs for critically ill patients have not been determined. Commercial
enteral formulas generally supply the RDI (or more) of vitamins (if patients re-
ceive the amount of food that reflects their caloric needs). An adult parenteral vi-
tamin formulation was approved by the FDA in 1979 and is available for addition
to TPN solutions; this should be added just before administration, since degrada-
tion can occur.

Minerals

Minerals—sodium, potassium, calcium, magnesium, and phosphate—are pres-
ent in sufficient quantities in enteral products; however, they must be provided
as supplements with TPN. Special enteral formulas limit electrolytes for patients
with renal failure.
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Trace Elements

Iron, copper, iodine, zing, selenium, chromium, cobalt, and manganese are trace
elements for which the requirements in critically ill patients have not been deter-
mined. Sufficient quantities are thought to be present in enteral products, but
they must be provided as supplements in TPN (all except iron can be added to
the solution). Deficiencies (e.g., copper, chromium) have been reported in pa-
tients receiving long-term TPN. Specific problems are best managed by specially
trained nutritional support teams.

SPECIFIC NUTRIENTS

Nitrogen Sources

Nitrogen is best delivered as intact protein (in patients whose digestion and ab-
sorption functions are intact) or hydrolyzed protein (in patients with impaired di-
gestion). Protein is absorbed primarily as peptides (66%) and amino acids (33%).
Evidence suggests that peptides generated from the diet possess specific physiologic
actions. Essential amino acid formulas should be avoided, because they have been
linked to a poor outcome compared with both intact protein and peptides.

Some amino acids become essential during critical illness; these are called
“conditionally essential amino acids” and include glutamine, cysteine, arginine,
and taurine. In addition, some amino acids appear to have specific roles. For ex-
ample, glutamine is used as a primary fuel by enterocytes and immune cells, and
arginine is required for optimum wound healing and immune function. Cysteine
and glutamine are needed for synthesis of glutathione. Note that glutamine (and
typically cysteine) are not present in TPN solutions because of stability issues.
Branched-chain amino acids (BCAA) may improve mental status in patients with
hepatic encephalopathy, because they are primarily metabolized by peripheral
muscle instead of the liver.

Lipids

Linoleic acid is an essential fatty acid; humans need 7% to 12% of total calories
supplied as linoleic acid. It is an omega-6 polyunsaturated, long-chain fatty acid
(which has been shown to be immunosuppressive) and is a precursor to mem-
brane arachidonic acid. The soy-based lipids used in TPN formulations are
omega-6 fatty acids. The omega-3 polyunsaturated fatty acids (PUFA) are found
in fish oils and linolenic acid; they decrease production of dienoic prostaglandins
(i.e., PGE,), TNF, IL-1, and other pro-inflammatory cytokines. The medium-
chain triglycerides (MCTs) are a good energy source and are water-soluble.
MCTs enter the circulation via the GI tract. Short-chain fatty acids (SCFA) (e.g.,
butyric and propionic acid) are a major fuel for the gut (especially the colon) and
are derived from metabolizable fibers, such as pectin and guar.
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Some enteral formulas have been designed as high-fat formulas and are being
marketed as a product for decreasing the respiratory quotient (RQ). However,
unless a patient is overfed, these have little effect on carbon dioxide production.
A problem with these formulas is that they are tolerated poorly by the GI tract
and may lead to bloating and diarrhea.

Carbohydrates

Starches and sugars are a good energy source. Fiber has several benefits. Metabo-
lizable fiber is converted to SCFA by bacteria in the colon. Other fiber sources
add bulk, which increases stool mass, softens stool, adds body to stool, and pro-
vides some stimulation of gut mass.

Nucleic Acids

Dietary nucleic acids (e.g., RNA) may be necessary for immune function and are
added to some immunity-enhancing formulations.

NUTRITION FOR SPECIFIC CONDITIONS

This section discusses patients with specific conditions that change their nutri-
tional needs (Table 7-4).

Acute Renal Failure

For enteral nutrition in patients with acute renal failure, use of an intact protein
or peptide formula with a moderate level of fat is recommended. Protein intake
should not be restricted, because adequate nitrogen is required for healing and
for other organ functions. The current protein intake recommendation for a crit-
ically ill patient with acute renal failure and on hemodialysis is 1.5 g/kg per day.
Patients on continuous renal replacement therapies may need more than 1.5 g/kg
per day. Fluid intake may be limited with a double-strength formula (2 kcal/
mL). Electrolyte levels (potassium, magnesium, phosphate) should be monitored
carefully; enteral formulas with limited electrolytes are available.

Hepatic Failure

The current recommendations are to use an intact protein or peptide formula in
patients with hepatic failure. Usually protein levels of 1.0 to 1.2 g/kg daily are
needed to support repair and immune function. BCAA may be of value if en-
cephalopathy persists after use of intact protein or peptide diets: these are more
expensive and have not been proven efficacious.
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Inflammatory Bowel Disease

Post-pyloric enteral feeding of a peptide-based diet is usually well-tolerated in
patients with inflammatory bowel disease. Enteral nutrition should be attempted
before initiating TPN.

Pancreatitis

Recent trials report that jejunal enteral feeding of a peptide-based diet is well-
tolerated in patients with severe pancreatitis. Patients with less severe pancreatitis
can frequently be managed with oral nutritional support after 1 to 3 days of
bowel rest. Current evidence indicates that enteral nutrition should be attempted
before initiating TPN in the overwhelming majority of these patients.

Wound Healing

Sufficient quantities of specific nutrients are needed for healing. Nutrients be-
lieved to be important in wound repair include vitamin A, vitamin C, zinc, argi-
nine, and copper. Requirements for some of these nutrients increase in critical
illness. Pharmacologic quantities of arginine improved wound healing in numer-
ous animal studies and increased collagen deposition in humans.

Thermal Injury

Many studies have examined nutritional support in patients with thermal injury.
These patients generally have higher energy expenditures and protein losses and
needs than other groups of critically ill patients and are expected to need 30 to 35
kcal/kg daily and 2.0 to 2.5 grams of protein per kilogram per day. A study of
standard nutritional support with and without additional protein found less
morbidity and improved survival in the group fed with the high-protein formula.
Others reported that patients who were fed enterally throughout all of their sur-
geries had decreased wound infections in comparison to patients randomized to
have their food held perioperatively. Patients with severe burn injuries benefit
from aggressive early enteral nutrition.

Infection and Inflammation

Combinations of nutrients with immune function activity, such as arginine, glu-
tamine, omega-3 fatty acids, peptides, and RNA, have been available for the past
10 years. Numerous studies comparing these immunity-enhancing formulas with
standard formulas have reported lower rates of infection and decreased length of
time on mechanical ventilation and length of ICU stay in the immune formula
groups. Several meta-analyses concur that these formulas are beneficial.
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Multiple Organ Failure

Nutritional support is usually of marginal value in patients with multiple organ
failure; it should be started before organ failure develops.

DETERMINING ADEQUACY OF NUTRITIONAL SUPPORT

Visceral protein levels may be useful monitors of responses to nutritional support
(Table 7-1). Pre-albumin levels are responsive to short-term nutritional repletion
(e.g., 7 days). Transferrin and albumin levels are slower to improve because they
have longer half-lives. Visceral protein levels are affected by nutritional intake and
the disease state (e.g., inflammation and renal or hepatic dysfunction). Increasing
levels of visceral proteins suggest that nutritional support is adequate. Such levels
usually normalize in 1 to 2 weeks if the disease process is controlled and nutritional
support is adequate. If visceral protein levels fail to increase, underlying infection,
inflammation, or other disease processes should be considered, in addition to re-
evaluating the adequacy of nutritional support and considering the possibility of
ordering nitrogen balance and energy balance (i.e., indirect calorimetry) studies.

Nitrogen balance studies can determine the level of catabolism and can pro-
vide a better estimate of protein needs. Improvement in nitrogen balance test
results suggests that nutritional support is adequate. Nitrogen balance may im-
prove as catabolism decreases, despite inadequate nutritional support. Indirect
calorimetry goals are to keep the RQ at less than 1. Values over 1 suggest lipogen-
esis from excessive caloric intake; values of 0.7 are found in starvation and reflect
fat oxidation.

GENERAL CONCERNS REGARDING OVERFEEDING

Potential complications from overfeeding have led to recent recommendations for
lower total daily caloric intakes (i.e., a goal of 25 to 30 kcal/kg per day) in critically
ill adult patients. Complications from overfeeding include liver compromise and
increased carbon dioxide production (from lipogenesis), which results in increased
ventilatory requirements. A worsened outcome in conjunction with overfeeding
has been noted in a number of animal models and some human studies. Indirect
calorimetry is potentially useful in prevention of these complications.

GASTROINTESTINAL DYSFUNCTION IN CRITICAL ILLNESS

Oral nutrition is the best form of nutritional support; but in many critically ill
patients, this is not feasible. Decreased motility of stomach and colon are com-
mon and typically last 5 to 7 days in critically ill patients but may persist longer if
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patients remain critically ill. Gastric paresis is best assessed and monitored by
measuring gastric residual volume. A gastric residual volume of more than 150
mL is usually considered abnormal. Patients with gastric residual volume of more
than 150 mL should be fed in the small bowel (post—pyloric valve) to decrease
risk of aspiration. Bowel sounds are a poor index of small-bowel motility. Motil-
ity and nutrient absorptive capability of the small bowel is usually preserved even
after severe trauma, burns, or major surgery.

General Approach to Enteral Feeding in the ICU

1. Enteral nutritional support should be initiated within 12 to 48 hours of ad-
mission to ICU (Figure 7-1).

2. If oral feeding cannot be used, the gastric route is the second choice and
should be tried in most patients before placing a small-bowel tube (Figure
7-2).

3. Patients at high risk for aspiration or known gastric paresis should be fed
using a small-bowel tube.

4. The head of the bed should be elevated at least 30 degrees to decrease the risk
of aspiration.

5. Feeding formulas should not be diluted.

6. In adults, feeding should be started at 25 to 30 mL/hr and increased by 10
mL/hr every 1 to 4 hours, as tolerated on the basis of gastric residual volumes
remaining at less than 150 mL, until caloric goal is achieved.

7. Gastric residual volume should be monitored every 4 hours.

8. If gastric residual volume in adults is more than 150 mL, hold feeding for
2 hours and then resume.

9. If the protein goal level is not achieved, use a formula with a higher protein-
to-calorie ratio or add protein to the formula.

10. Feeding may be increased at slower rate (i.e., 10 mL/hr every 6 to 12 hours)
but often this is not necessary.

11. The goal rate of infusion should be met by the third day of therapy (and fre-
quently earlier).

12. The adequacy of nutritional support should be confirmed after 5 to 7 days.

13. If visceral proteins or other nutritional indexes suggest that present support
is inadequate, consider a nutritional support consultation.

14. Note that current formula osmolalities (300 to 600 mOsm per kilogram of
water) rarely cause intolerance or diarrhea.

IMPROVING OUTCOME WITH NUTRITIONAL SUPPORT

Early nutrient administration is vital to achieving optimal results. Enteral nutri-
tion maintains better immune function and produces better outcomes compared
with TPN. Specific nutrients can modulate immune function. Recent trials of
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FIGURE 7-1 Flow diagram for general approach to enteral feeding of critically ill patients.

immune-enhancing formulations have reported benefits such as decreases in in-
fections, length of stay, and time on mechanical ventilation for critically ill pa-
tients. Several analyses of these trials found improved outcomes in patients
randomized to immune formulas and concluded by recommending use of im-
mune formulas in critically ill patients. Currently, little data exists to determine if
any of the current formulas are superior to others. These are the first generation
of immunity-enhancing enteral formulations, and improvements are anticipated.
Mortality rates do not appear to be affected by use of the current formulations. In
summary, extensive review of prospective, randomized, clinical trials comparing
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FIGURE 7-2 Flow diagram for patients with severe malnutrition and probable impairment
of digestion or nutrient absorption.
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early enteral feeding with immunity-enhancing compared with standard enteral
diets indicates that these formulas are highly likely to improve outcome and re-
duce hospitalization costs.
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INTRODUCTION

Cardiac arrhythmias are one of the most commonly seen manifestations of car-
diac disease in critically ill patients. In patients without established cardiac dys-
function, the milieu of critical illness—with alterations in autonomic tone,
electrolyte imbalance, and multiorgan system dysfunction—predisposes the pa-
tient to the development of many rhythm disturbances. If the patient has con-
comitant cardiac disease—such as myocardial ischemia, valvular disease, or
ventricular dysfunction—the likelihood of rhythm disturbances is much higher.

BRADYCARDIA

Bradycardia is frequently encountered in the ICU. Maintenance of the heart rate
in the normal range is a complex physiologic process involving many neural
feedback systems that act at various levels of the cardiac conduction system.

The sinus node is located in the right atrium near the junction of the right
atrium and the superior vena cava; it receives its blood supply from the sinus
node artery that usually arises from the right coronary artery. The sinus node
is heavily innervated by both sympathetic and parasympathetic fibers. Parasym-
pathetic stimulation reduces the rate of depolarization of the pacemaker cells in
the sinus node and thereby slows the sinus rate. Conversely, sympathetic stimula-
tion increases the rate of depolarization of the pacemaker cells and causes an in-
crease in the sinus rate. The sinus rate in an individual is determined by the
balance of sympathetic and parasympathetic tone and by the intrinsic properties
of the node itself.

Excessive vagal tone is a relatively common cause of paroxysmal sinus brady-
cardia in the ICU. Endotracheal suctioning, abdominal distention, and pain
often cause excessive vagal tone and bradycardia. Such events may lead to hemo-
dynamically significant bradycardia, which can be treated effectively with a
vagolytic agent, such as atropine. In extreme cases, temporary pacing, either
transcutaneously or transvenously, may be required.

Excessive sympathetic tone, leading to sinus tachycardia, is a common tachy-
arrhythmia seen in the ICU. Inadequate sympathetic tone is much less frequently
encountered, but it is still a clinically significant cause of bradycardia. Certain
clinical situations in which this can occur deserve mention. Patients who have
high thoracic or cervical spine injuries have sustained a loss of cardiac sympa-
thetic innervation, especially in the initial weeks after injury. This may result in
profound bradycardia at rest and also in response to any vagal stimulation. This
type of bradycardia can almost always be managed with either atropine or low-
dose infusions of a sympathomimetic agent, such as isoproterenol, but in ex-
treme cases, pacing, either temporary or permanent, may be necessary.

Intrinsic abnormalities of the sinus node are relatively infrequent but should
be recognized. There may be idiopathic degeneration and fibrosis of the sinus
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node, but sinus node dysfunction may also be a result of a variety of other disease
states, such as CAD, long-standing hypertension, collagen vascular disease,
myocarditis, or infiltrative diseases (such as a sarcoidosis, amyloidosis, or he-
mochromatosis). These conditions usually result in an excessive bradycardia or
failure to increase the sinus rate in response to a stimulus, such as fever, hypoxia,
or release of catecholamines.

A subset of patients with sick sinus syndrome, also referred to as tachybrady-
cardia syndrome, may have periods of supraventricular tachycardia (SVT), usu-
ally atrial fibrillation or atrial flutter, followed by a prolonged sinus pause after
conversion. These patients usually require pacemaker placement to prevent se-
vere bradycardia, which in turn allows the use of agents to control the heart rate
during tachycardia.

In addition to the above-mentioned abnormalities, a variety of drugs influ-
ence sinus node function. Digoxin produces bradycardia as a result of its en-
hancement of vagal tone. Beta blockers, calcium channel blockers, and most of
the commonly used antiarrhythmic agents directly reduce the sinus rate. Sys-
temic processes, such as hyperkalemia and hypercapnia, hypothyroidism, in-
creased ICP, hypothermia, and sepsis, may also interfere with normal sinus node
function.

HEART BLOCK

The atrioventricular (AV) node is a distinct anatomic structure and is located in
the right atrium, immediately above the septal leaflet of the tricuspid valve and
anterior to the ostium of the coronary sinus. It receives its blood supply from the
AV nodal artery, which in the majority (more than 90%) of cases arises from the
right coronary artery. Similarly to the sinus node, both sympathetic and
parasympathetic nerves heavily innervate the AV node.

Conduction of the impulse from the sinus node through the AV node is rep-
resented on the surface ECG as the PR interval. Most of the PR interval is a result
of conduction through the AV node, because the conduction velocity from the
sinus node to the AV node is rapid. The conduction velocity through the AV
node is determined by a number of factors, including autonomic tone, electrolyte
levels, the presence of ischemia, drugs that have been prescribed, and intrinsic
changes within the node, such as fibrosis. Given the complexity of control of
conduction through the AV node, it is not surprising that abnormalities of AV
node function can occur in the critically ill patient.

First-degree AV block is usually the most benign of AV node abnormalities
seen and is detected by prolongation of the PR interval on the surface ECG. It
may be seen in otherwise normal individuals, but it is often a manifestation of in-
creased vagal tone and, as such, may be seen at the same time as sinus bradycar-
dia in the ICU. First-degree AV block is usually a response to vagotonic stimuli.
It is also seen in patients who are treated with drugs that slow conduction
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through the AV node, particularly digoxin, beta blockers, calcium channel block-
ers, and most of the commonly used antiarrhythmic agents. First-degree AV
block may be seen in acute inferior-wall myocardial infarction (MI) as a result of
the reflex increase in vagal tone and ischemia to the AV node. Inflammatory con-
ditions of the heart muscle, such as myocarditis, may also cause first-degree AV
block, and it may be seen in endocarditis, specifically aortic-valve endocarditis,
where it may be a sign of myocardial abscess formation.

Type I second-degree AV block, also referred to as Wenckebach AV block or
Mobitz type I block, is characterized by a progressive lengthening of the PR inter-
val on the surface ECG, followed by a nonconducted P wave. In addition to the
progressive lengthening of the PR interval, a progressive shortening of the RR in-
terval is usually seen in patients with type I second-degree AV block. Type I
second-degree AV block can be thought of as an exaggeration of first-degree AV
block and is almost always a manifestation of increased vagal tone. The block in
conduction, when it occurs, is usually at the level of the AV node, and therefore,
there is still a functional escape through the bundle of His. Type I second-degree
AV block is commonly seen in patients with acute inferior infarction and, unless
there are accompanyinig adverse hemodynamics, does not require specific treat-
ment. If treatment is needed, atropine usually produces an adequate response. In
rare cases, temporary pacing may be necessary.

Type II second-degree AV block is characterized by the abrupt onset of a non-
conducted P wave that is not preceded by a lengthening of the PR interval. Un-
like type I second-degree AV block, type II is an ominous event that requires
treatment in almost all cases. Type II block is usually a manifestation of a block in
the conduction system at or below the bundle of His, and therefore, there may
not be a reliable escape mechanism. It is usually not a manifestation of just exces-
sive vagal tone but also of a diseased conduction system.

Type II block occurs much less frequently than type I block in acute MI situa-
tions and it has a much worse prognosis. In cases in which there is 2:1 AV block,
it is not possible to determine if there is progressive prolongation of the PR inter-
val. In these cases, types I and II AV block can usually be distinguished by the du-
ration of the QRS complex. Because the delay in conduction in type I block is
within the AV node, the QRS complex duration is usually normal, whereas it is
usually prolonged in Type II block (Figure 8-1).

Atropine may also be used to distinguish the level of block in this setting. If at-
ropine is given and AV conduction improves along with an increase in the sinus
rate, the level of block is at the AV node. If, however, AV conduction worsens
after atropine is administered, the block is below the level of the AV node.

Complete heart block is defined as the absence of conduction of supraventric-
ular impulses to the ventricle and is manifested on the ECG as a dissociation of
atrial and ventricular activity (Figure 8-2). In patients with intact sinus node
function, there are P waves at regular intervals but none of these P waves are con-
ducted and the site of the escape mechanism determines the ECG characteristics
of the escape rhythm. If the escape mechanism is at the level of the AV node or
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FIGURE 8-1 Twelve-lead ECG demonstrating 2:1 AV block with wide complex QRS. Al-
though it cannot be definitively determined whether this is type I or type II second-degree AV
block, the wide complex QRS strongly suggests type II. The tracing is from an 84-year-old
woman who presented with syncope. She subsequently had episodes of complete heart block
(see also Figure 8-2).

bundle of His, the QRS complex may be narrow, unless an underlying bundle
branch block (BBB) is present. If the escape mechanism is below the level of the
bundle of His, the QRS complex is usually wide.

As with other forms of AV block, complete heart block may be a complication of
MI. Complete heart block is an ominous occurrence in the setting of an anterior in-
farction and is a manifestation of extensive ischemia and necrosis of the conduc-

FIGURE 8-2 Subsequent rhythm strip from patient described in Figure 8—1. The fourth and
the last P waves are probably conducted, but the other P waves are nonconducted and have no
constant relationship to the ventricular escape rhythm.
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tion system. When complete heart block is complicating inferior infarction, it may
be responsive to atropine, but there are cases that are unresponsive to atropine and
require temporary pacing (Figure 8-3). In some cases, temporary pacing may be
preferable to use of atropine, because atropine may result in tachycardia that may
exacerbate ischemia. Some investigators have reported cases of refractory heart
block in cases of inferior infarction that responded to administration of amino-
phylline,1 and it is thought that, in these cases, the heart block may have been a
result of local accumulation of adenosine, which can be antagonized by amino-
phylline. The so-called Bezold-Jarisch reflex is usually seen in patients with inferior
infarctions who are undergoing reperfusion therapy with either thrombolysis or
angioplasty. This is a syndrome of profound bradycardia, AV block, and hypo-
tension that is likely to be a result of stimulation of vagal afferent fibers in the in-
feroposterior wall of the left ventricle, resulting in intense vagal outflow. The
hypotension is a result of not only the bradycardia but of the vasodilatory effects of
vagal stimulation. This condition is managed by fluid administration, administra-
tion of atropine, and appropriate use of temporary pacing.

Complete heart block is also seen in cases of drug toxicity, electrolyte distur-
bances, and infiltrative diseases of the myocardium. In all such cases, temporary
ventricular pacing may be necessary until either the reversible causes have been
addressed or until permanent pacing can be accomplished. Some patients with
complete heart block or high-grade AV block can be managed with low-dose in-

FIGURE 8-3 Rhythm strip from a patient with an acute inferior/posterior MI demonstrating
complete heart block. The heart block was refractory to therapy with atropine and amino-
phylline and required temporary pacing. After successful angioplasty and stenting of a domi-
nant left circumflex artery, the patient regained normal AV conduction.
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fusions (2 mg/min) of isoproterenol, but care must be used with this agent be-
cause it may cause hypotension from peripheral vasodilation and may also pre-
cipitate ischemia in patients with underlying CAD. Patients with complete heart
block may present with syncope or near syncope, but it is not uncommon to see
patients who are minimally symptomatic present with complete heart block and
relatively slow escape rhythms. In such patients, careful observation until perma-
nent pacemaker placement is appropriate.

The diagnosis of heart block is definitively made electrocardiographically, but
there are clues to the diagnosis on both physical examination and analysis of in-
travascular pressure tracings. In patients with either high-grade type II second-
degree AV block or complete heart block, there are prominent pulsations of the
jugular venous pulse waveform that occur when the atrium contracts against a
closed tricuspid valve. This “cannon A wave” can be seen on careful analysis of
the neck veins, the central venous pressure (CVP) tracing, or even a PAWP trac-
ing in patients who have indwelling catheters.

PACING

Temporary pacing is often the preferred method of treatment for critically ill
patients with symptomatic bradycardia. With the advent of transcutaneous
pacemakers, pacemakers are being used more frequently. The transcutaneous
pacemaker delivers electrical energy across the chest wall through large electrodes.
It is effective in capturing the ventricle in most cases, but as would be expected
given the fairly large impedance across the chest wall, the currents that must be
used are appreciable (an average of 50 to 80 mA).? The current required is greater
in patients with hemodynamically significant bradycardia than it is in normal pa-
tients. While the external pacemaker is a very useful device, it should be tested in all
patients in whom it is being used to ensure that it can capture the ventricle. Once it
has been tested, it can be set at a low back-up rate to minimize patient discomfort.

Successtul capture must be documented during testing. This may be difficult in
some cases, because the electrical artifact of pacing is large and may obscure the QRS
complex. In these cases, it may be helpful to also document the presence of an arte-
rial pulse accompanying each paced beat.

Transvenous temporary pacing is in general more reliable than transcutaneous
pacing but is also more invasive and time-consuming. In addition, the transvenous
pacemaker is associated with a higher rate of complications during insertion, in-
cluding bleeding or infection, pneumothorax, cardiac perforation and tamponade,
and transient arrhythmias, particularly ventricular tachycardia. Access for transve-
nous pacemakers is preferably from the right internal jugular vein or the left subcla-
vian vein. If necessary, the femoral vein can be used as an access site, but it will
almost always be necessary to use fluoroscopy to correctly position the pacing wire
from the femoral approach. When placing a temporary pacemaker, it is prudent to
recognize the patient that will likely need subsequent permanent pacemaker im-
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plantation, because that may determine the access site. We currently use a balloon-
tipped pacing wire that may be inserted either blindly or by ECG guidance, but if
there is time and access to fluoroscopy, we recommend that the wire be placed fluor-
oscopically. The ideal location is in the apex of the right ventricle, but it may be nec-
essary to have the wire in other locations to achieve good pacing and sensing
thresholds. The pacing threshold is defined as the minimal current that is necessary
to capture the ventricle. It can be determined by progressively lowering the ampli-
tude of the pacemaker, and determining the amplitude at which capture no longer
occurs. This is the pacing threshold, which ideally should be less than 2 mA. The
pacing threshold should be tested at least daily while the temporary pacemaker is in
place, because it is not uncommon for the wire to migrate and the threshold to
change. In most circumstances in the ICU, a temporary pacemaker is used in the
ventricular demand mode (VVI mode). This means that the pacemaker detects the
intrinsic heart rate and does not pace unless the intrinsic rate is less than the lower
rate of the pacemaker. To determine the sensing threshold, set the rate of the pace-
maker lower than the intrinsic rate of the patient. The sensitivity of the pacemaker
is set in millivolts and is the voltage that must be sensed to inhibit the firing of the
pacemaker. The lower the voltage, the more sensitive the pacemaker is. As an illus-
tration, if the pacemaker is set to a sensitivity of 1 mV, it senses any electrical activ-
ity of more than 1 mV at the electrode and inhibits pacemaker output. If, on the
other hand, the sensitivity is set at 10 mV, the pacemaker is not inhibited unless elec-
trical activity of more than 10 mV is detected. If the sensitivity is too high (i.e., the
number of millivolts is too low), it is possible that electrical activity of the heart that
does not represent a QRS complex, such as a P wave or a T wave, may be sensed as a
QRS complex and the pacemaker will be inappropriately inhibited. The phenome-
non of “oversensing” is manifested by failure of the pacemaker to pace when it
should and can be corrected by decreasing the sensitivity (i.e., increasing the num-
ber of millivolts). “Undersensing” refers to the situation in which the pacemaker
does not recognize a QRS complex as such and can lead to inappropriate firing of
the pacemaker when it should be inhibited. This is potentially a dangerous situation
if the pacemaker fires on a T wave, because it may lead to ventricular tachycardia or
fibrillation. Undersensing can be corrected by increasing the sensitivity of the pace-
maker (i.e., decreasing the number of millivolts). The sensing threshold can be de-
termined by progressively decreasing the sensitivity to the point where the
pacemaker is no longer appropriately inhibited. The level of millivolts at which this
occurs is the sensing threshold. The sensing threshold should be set quickly to avoid
prolonged inappropriate pacing. Sudden loss of pacemaker function usually means
that it’s position in the ventricle has changed and requires repositioning under flu-
oroscopic guidance. The pacemaker should not be blindly repositioned, because
this may result in damage to intracardiac structures. There are occasions where ei-
ther atrial pacing or dual-chamber pacing is appropriate, but this topic is beyond
the scope of this discussion.

As mentioned earlier, AV block occurs not infrequently in acute MI. When symp-
tomatic, it requires prompt therapy with either pharmacologic agents or pacing. There
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are patients who present with acute MI who can be identified as being at high risk for
the sudden development of high-grade AV block on the basis of varying degrees of in-
traventricular conduction delay. One group of investigators® found that most patients
who develop complete heart block have preceding conduction disturbances. They
were able to identify seven risk factors for development of complete heart block, which
include: first-degree AV block, type I second-degree AV block, type II second-degree
AV block, left anterior fascicular block, left posterior fascicular block, complete right
BBB, and complete left BBB. In patients with only one risk factor, the chance of com-
plete heart block was only 1.2%; in those with two risk factors, it was 7.8%; with three
risk factors, the rate of progression to complete heart block was 25%; and, in the small
number of patients with four or more risk factors, the chance was 36.4%. There is
some controversy regarding the use of temporary prophylactic pacing in these pa-
tients, since the ultimate prognosis may be determined more by the site and extent of
infarction rather than by the development of heart block. Heart block in anterior in-
farction, for example, is a marker of very extensive myocardial necrosis and the prog-
nosis for the patient is likely to be related to this fact rather than the specific electrical
disturbances. Over the past several years, guidelines have been developed for the use of
temporary pacing in acute MI; these are shown in Tables 8-1 and 8-2.*

SUPRAVENTRICULAR TACHYCARDIA

Tachycardia of various origins occurs often in critically ill patients. Arrhythmias
arising from origins above the ventricle have been grouped as SVTs. They typi-
cally manifest on ECG tracings as narrow QRS complexes, but sometimes a
widened QRS, as discussed elsewhere in this chapter, also occurs. The rate of

TABLE 8-1 Indications for Temporary Transcutaneous Pacing

Class I Indications Sinus bradycardia with symptoms of hypotension that is unre-
sponsive to drug therapy
Type IT second-degree AV block
Third-degree heart block
Bilateral BBB
Newly acquired or age-indeterminate LBBB, RBBB, and left ante-
rior fascicle block
RBBB and left posterior fascicle block
RBBB or LBBB with first-degree AV block
Class ITa Indications  Stable bradycardia without hypotension of hemodynamic com-
promise
New or age-indeterminate RBBB
Class IIb Indications ~ New or age-indeterminate first-degree AV block
Class IIT Indications ~ Uncomplicated acute MI with no evidence of conduction system
dysfunction

ABBREVIATIONS: AV, atrioventricular; BBB, bundle branch block; LBBB, left bundle branch block;
RBBB, right bundle branch block; MI, myocardial infarction.
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TABLE 8-2 Indications for Temporary Transvenous Pacing

Class I Indications Asystole
Symptomatic bradycardia, including sinus bradycardia and type
I second-degree AV block that is not responsive to atropine
Bilateral BBB
New or age-indeterminate bifascicular block (RBBB with LAFB
or LPFB, or LBBB) with first-degree AV block
Type II second-degree AV block
Class ITa Indications RBBB with either LAFB or LPFB (new or age-indeterminate)
RBBB with first-degree AV block
LBBB, either new or age-indeterminate
Incessant VT for overdrive pacing
Recurrent sinus pauses > 3 sec, not responsive to atropine therapy
Class IIb Indications Bifascicular block of indeterminate age
New or age-indeterminate RBBB
Class IIT Indications First-degree AV block
Type I second-degree AV block with no hypotension and nor-
mal hemodynamics
Accelerated idioventricular rhythm
BBB or fascicular block known to exist before acute MI

ABBREVIATIONS: AV, atrioventricular; BBB, bundle branch block; RBBB, right bundle branch block;
LBBB, left bundle branch block; LAFB, left anterior fascicular block; LPFB, left posterior fascicular
block; VT, ventricular tachycardia; MI, myocardial infarction.

tachycardia can be quite variable, anywhere between 100 beats/min to more than
200 beats/min. Atrial activities may be present on the ECG tracing, although with
some types of SVT, distinct atrial activities may not be distinguishable.

The most common forms of SVT encountered are atrial fibrillation and atrial
flutter. Other types of SVT include AV nodal reentrant tachycardia, AV reentrant
tachycardia that is using a bypass tract, atrial tachycardia, and sinus tachycardia.
Each of these tachycardias exhibits characteristics that allow distinguishing among
them; however, occasionally it may be difficult to identify the exact mechanism of a
SVT on the basis of surface ECG analysis alone. Atrial tachycardia and sinus tachy-
cardia typically have visible P waves preceding each QRS complex, if 1:1 AV conduc-
tion is preserved during the tachycardia episode. Atrioventricular nodal reentrant
tachycardia and AV reentrant tachycardia often may not have visible P waves.

Atrial fibrillation has been recognized since the early twentieth century. In-
stead of well-organized impulse propagation through the atria during normal
sinus rhythm, the mechanism of atrial fibrillation is thought to result from mul-
tiple chaotic circulating loops of electrical impulses within the atria. These
reentrant circuits typically function at rapid rates, and are disorganized rapid
fibrillatory activities that lead to the characteristic ECG appearance of a fine, un-
dulating baseline without any discrete atrial electrical signals. Furthermore, be-
cause of the irregularity of the atrial rate in fibrillation, the conducted ventricular
rhythm has a characteristic “irregularly irregular” response (Figure 8—4).
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FIGURE 8—4 Twelve-lead ECG from a patient with atrial fibrillation and a controlled ven-
tricular response. Note the chaotic baseline without defined atrial activity. There is a sugges-
tion of a more organized pattern in the V, lead, but this is not seen in other leads. The

ventricular response is characteristically “irregularly irregular.”
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Atrial flutter has also been extensively studied electrophysiologically. Unlike
the disorderly atrial activities in fibrillation, it is now well-accepted that for most
instances of clinically encountered atrial flutter, the electrical impulse circulates
around in the right atrium in one large loop. Because atrial flutter is more orga-
nized than atrial fibrillation, it displays more organized atrial activities of larger
amplitude on ECG. Atrial flutter usually has an associated “sawtooth” pattern,
which represents revolving atrial activities and is best appreciated in the inferior
limb leads 2, 3, and aVF (Figure 8-5). In typical atrial flutter, the reentrant circuit
usually has a well-defined cycle length at about 300 beats/min. Often, there is a
2:1 AV conduction pattern during atrial flutter, leading to a consistently regular
ventricular response of 150 beats/min.

Many of the impulses of a SVT can be transmitted down to the ventricle via
the AV junction, especially when AV conduction is enhanced by release of cate-
cholamines. The rapid ventricular rate is usually the main problem associated
with atrial arrhythmias in the ICU. The fast rates are especially troublesome for
patients who have underlying CAD or ventricular hypertrophy, because ischemia
and significant hemodynamic compromise can occur rapidly. The goal of ther-
apy in the care of patients with atrial arrhythmia is stabilization of hemodynam-
ics and ventricular rate control. During sustained atrial arrhythmias in a patient
with stable blood pressure, AV nodal blocking agents, such as beta blockers, cal-
cium channel blockers, and digoxin, are all effective agents in slowing the ven-
tricular response. Diltiazem can be given intravenously as a bolus at a dose of 5 to
20 mg, which may be followed by an infusion of the same drug at rates of 5 to 20
mg/hr. This allows for rapid control of heart rate and subsequent conversion to
oral long-term therapy. Digoxin is also effective, but the onset of action is some-
what longer than that of diltiazem. Digoxin is typically given as a loading dose of
1 mg over the course of 24 hours. We typically give 0.5 mg initially, followed by
another 0.25 mg in 4 to 6 hours and a second 0.25 mg in yet another 4 to 6 hours.
If there is hemodynamic compromise, then urgent restoration of sinus rhythm
with direct-current (DC) energy-synchronized cardioversion is imperative. In
addition, if the rapid ventricular response rate during atrial arrhythmia is making
conditions such as myocardial ischemia, infarction or congestive heart failure
worse, early cardioversion is also indicated.

Pharmacologic antiarrhythmic agents are usually used for chemical cardiover-
sion and maintenance of sinus rhythm, if the patient’s blood pressure permits their
use. Oral antiarrhythmic agents for atrial fibrillation include class 1a drugs, such as
quinidine and procainamide; class 1c drugs, such as propafenone and flecainide;
and class 3 drugs, such as sotalol and amiodarone. Procainamide has been the first-
line intravenous antiarrhythmic that is traditionally used. More recently, intra-
venous amiodarone has also been used with success. Intravenous procainamide is
typically given as a bolus of 10 to 15 mg/kg of body weight over 20 to 30 minutes,
followed by a maintenance infusion at a rate of 1 to 6 mg/min. Care must be taken
when administering procainamide intravenously because it may cause significant
prolongation of the QT interval and the QRS duration; if given rapidly, it may also
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FIGURE 8-5 Twelve-lead ECG from the same patient in Figure 8—4, now showing a charac-
teristic “sawtooth” pattern that is especially apparent in inferior leads. This patient alternates
between atrial fibrillation and “typical” atrial flutter. The rate of the flutter waves is some-
what slower than is usually seen (230/min) as a result of antiarrhythmic therapy.
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cause hypotension. Procainamide should not be given at a rate faster than 50
mg/min. Intravenous amiodarone is usually given in a 150-mg bolus over 10 min-
utes and may be repeated if ineffective. Then a maintenance infusion of 1 gof amio-
darone every 24 hours may be given. A central venous line is reccommended with
the use of intravenous amiodarone to avoid phlebitis. Intravenous amiodarone has
not yet been officially approved as a therapy for supraventricular arrhythmias.
Both of these agents can further lower a patient’s blood pressure; therefore, close
monitoring of patients is mandatory when these agents are used. Intravenous ibu-
tilide has also been reported to be an effective agent for cardioversion, although its
conversion rate for atrial flutter is much higher than for atrial fibrillation. Ibutilide
may lead to significant QT prolongation and should be avoided in patients with
electrolyte imbalance or who are already on agents that can prolong QT intervals,
such as phenothiazines. Caution and continuous ECG monitoring must be exer-
cised with the use of ibutilide, because dramatic QT prolongation can lead to tor-
sades de pointes, and potentially convert a nonemergent arrhythmia to one that
causes immediate hemodynamic collapse. Intracardiac thrombi and systemic em-
boli may form in patients with atrial fibrillation or atrial flutter sustained for more
than 48 hours. Therefore, if anticoagulant therapy is not contraindicated by con-
current medical problems, it should be initiated for these patients.

Precipitating factors that may lead to atrial fibrillation and atrial flutter should
be sought if clinical conditions warrant such concerns. For example, it is well-
documented that pulmonary embolism can lead to atrial arrhythmias, especially
atrial fibrillation. This may be important in postoperative patients or patients
with hypercoagulable states. Other factors that can lead to atrial fibrillation or
atrial flutter include hypertensive heart disease, valvular disease, pericarditis,
myocarditis, hyperthyroidism, and even fever.

Another supraventricular rhythm disturbance that is seen frequently in the
critically ill patient is multifocal atrial tachycardia (MAT), which is a rapid irreg-
ular rhythm that is characterized by a rate that exceeds 100 beats/min and has at
least three distinct P-wave morphologies. This is most frequently seen in patients
with severe underlying lung disease, particularly those receiving inhaled bron-
chodilators or theophylline preparations. Treatment is difficult and should be
aimed primarily toward improving the pulmonary condition. There are several
reports on the use of both intravenous metoprolol and intravenous verapamil to
control the rate. Caution must be used when giving beta blockers, such as meto-
prolol, to patients with reactive lung disease; our experience with this agent in
this situation has not been successful.

Reentrant SVTs, including AV nodal reentrant tachycardia and AV reentrant
tachycardia using a bypass tract, are characterized by regular, narrow complex
tachycardia on the surface ECG. It may be possible to identify a retrograde P
wave after the QRS complex, particularly in the case where a bypass tract is in-
volved, but if the retrograde conduction is sufficiently rapid, it may not be visi-
ble. It may also be difficult to detect a P wave in cases of rapid sinus tachycardia.
In these cases, we advise the use of adenosine injections or carotid sinus massage
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as therapeutic intervention and for diagnostic purposes. The initial dose of
adenosine is 6 mg, given as a rapid intravenous injection. If there is no response,
a dose of 12 mg may be given. In cases of reentrant SVT's or some atrial tachycar-
dias, the response to adenosine is usually prompt termination of the tachycardia.
In the case of sinus tachycardia, however, a brief slowing of the sinus rate is seen,
which usually allows identification of distinct P waves.

WIDE COMPLEX TACHYCARDIA

A wide complex tachycardia may lead to serious consequences or it may be a rel-
atively benign occurrence. The correct diagnosis of such a tachycardia is impera-
tive, especially in the critical care setting. A wide complex tachycardia usually
arises from a ventricular origin; however, an SVT with aberrant conduction can
also manifest as a wide complex tachycardia. Other than ventricular fibrillation,
ventricular tachycardia is the most ominous tachyarrhythmia involved in the
care of patients in the ICU. Because it may lead to rapid hemodynamic collapse,
prompt intervention is necessary. SVT often is better tolerated, although signifi-
cant hemodynamic compromise can occur quickly as well. Hemodynamic stabil-
ity in conjunction with a wide complex tachycardia does not rule out ventricular
tachycardia. Equally important is an understanding of the consequences of both
pharmacologic and nonpharmacologic therapy for wide complex tachycardia to
avoid potentially harmful interventions. Some of the drugs used for the manage-
ment of SVT, such as calcium channel blockers, may lead to adverse conse-
quences in a patient with ventricular tachycardia. Therefore, in the ICU, all wide
complex tachycardia should be assumed to be ventricular in origin until it can be
ruled out with a high degree of certainty, especially in patients with known car-
diac disease.

Distinguishing ventricular tachycardia from SVT with aberrant conduction on
the basis of surface ECGs can be difficult, especially because recordings from only
one or two leads are often all that is available. There are some findings that may
be helpful in diagnosis of the origin of a wide complex tachycardia.

“Atrioventricular dissociation,” or evidence of separate atrial and ventricular
activities, should always be sought in the patient with a wide complex tachycardia
tracing. This is manifested as P waves and QRS complexes that are temporally
unrelated. The P waves, or atrial ECGs, are often difficult to discern and may be
present in any part of the cardiac cycle, including parts of the QRS complex or T
waves. Techniques to amplify the amplitude of the atrial activities, such as
esophageal leads or even placement of a transvenous electrode, may be helpful.
Although the presence of AV dissociation is not completely diagnostic for ven-
tricular tachycardia, it does make a ventricular tachycardia highly likely. The
presence of a 1:1 AV relationship is consistent with either SVT or ventricular
tachycardia and cannot be used to distinguish one from the other.
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Another phenomenon to look for is the presence of a “fusion” beat, i.e., a
combined QRS complex resulting from impulses originating from two different
areas of the heart. A combination, or fused, QRS complex between a beat origi-
nating in the ventricle and one from a supraventricular site is more reliable for
the diagnosis of ventricular tachycardia (Figure 8-6). Typically, this is seen in
ventricular tachycardia with relatively slower rates, allowing time for the supra-
ventricular impulses to conduct down to the ventricle.

When possible, a 12-lead ECG should be obtained for further information in
differentiating the origin of the tachycardia. There are well-tested morphologic
criteria for wide complex tachycardias of both right and left BBB—type patterns in
patients in whom the origins of tachycardia were confirmed by invasive electro-
physiology studies.

If the QRS morphology in a wide complex tachycardia displays a right
BBB-type pattern and, in lead V,, the initial R wave (the initial positive deflec-
tion) is dominant, the tachycardia is likely to be of ventricular origin. This can be
seen either as a monophasic R wave in V, or as the first initial positive deflection
(R) being taller than the second positive deflection (r’). In a wide complex tachy-
cardia with a right BBB—type pattern, an R wave amplitude of less than the S
wave in lead Vg suggests ventricular tachycardia. In tachycardias displaying a left
BBB-type pattern delay in the initial forces with a broadened r wave (r > 0.04
sec), notches in the initial QRS downstroke in lead V, suggest ventricular tachy-
cardia. Furthermore, during tachycardia with a left BBB—type pattern, a q wave
present in lead Vi makes it likely that the tachycardia is of ventricular origin.’

Basic premises for these criteria are that the more fragmented the initial QRS
forces are and the wider the QRS duration is, the more likely there is a ventricular
origin of the tachycardia. This results from muscle-to-muscle conduction during
ventricular tachycardia rather than conduction down to the ventricles through
specialized His and Purkinje tissues during SVT. These criteria were tested in
patients who did not have existing BBBs or Wolft-Parkinson-White syndrome.
Furthermore, these criteria probably cannot be relied on for patients on
antiarrhythmic therapy, because many of these drugs can alter cardiac conductiv-
ity and thereby affect the initial forces of the QRS complex patterns and duration.

Another criterion on 12-lead ECGs that suggests a ventricular origin of a wide
complex tachycardia is concordance of the QRS pattern in the precordial leads
(V, through V;).® Both positive concordance (i.e., all QRS complexes in V,
though V, display monophasic R waves) and negative concordance (i.e., all pre-
cordial QRS complexes display monophasic QS patterns) are suggestive of
ventricular tachycardia. Negative concordance is diagnostic for ventricular tachy-
cardia, but positive concordance may, rarely, result from tachycardia involving
an accessory AV bypass tract. Table 8-3 summarizes the criteria that are useful
for distinguishing the cause of a wide complex tachycardia.

Cycle length variability is not a useful diagnostic criterion for wide complex
tachycardias. While it is true that atrial fibrillation conducted with aberration dis-
plays an irregularly irregular pattern, the rate of a ventricular tachycardia can often
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FIGURE 8-6 Twelve-lead ECG demonstrating a wide complex tachycardia. P waves (P) can
be seen dissociated from the QRS in what is termed AV dissociation. In addition, fusion beats
can also be detected (F). The combination of AV dissociation and fusion beats is, in almost all
cases, diagnostic of ventricular tachycardia.
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TABLE 8-3 Criteria for diagnosis of etiology of wide complex tachycardia based on Qrs

morphology.?
Aberration VT

RBBB QRS £0.12 sec QRS >0.14 sec
Axis: Normal Axis: Superior
V;:1sR' or rR' Vi R, Rr', RS
Vg R/IS>1 Vg RIS<1

LBBB QRS £0.14 sec QRS >0.16 sec

Axis: normal or leftward

Lead V| or V,: R < 0.04 sec
Onset to nadir: < 0.07 sec
Smooth downstroke

V¢ No Q wave

Axis: rightward
Lead V| or V,: r > 0.04 sec
Onset to nadir: = 0.07 sec

Notch on downstroke

Ve Q wave

ABBREVIATIONS: VT, ventricular tachycardia; RBBB, right bundle branch block; LBBB, left bundle
branch block.

be irregular as well. Similarly, it has been suggested that alternating cycle length
may be a marker for certain forms of SVT, but alternating cycle length variations
have been well described in patients proven to have ventricular tachycardia.

Always compare a patient’s baseline ECG to the one obtained during wide
complex tachycardia. If a BBB pattern is present during sinus rhythm and the
tachycardia displays a BBB pattern of the alternate bundle, then the tachycardia is
very likely to be ventricular. As mentioned, the wider the QRS duration, the
more likely that the tachycardia is of ventricular origin. Interestingly, a wide
complex tachycardia with QRS duration shorter than the conducted QRS is al-
most always caused by ventricular tachycardia. These tachycardias often are orig-
inating from a septal region, and the left and right ventricles are activated in a
more simultaneous fashion than a supraventricular impulse conducted down to
the ventricle with a bundle branch conduction block.

Other than ECGs, clinical physical examination may also help in distinguish-
ing ventricular tachycardia from SVT with aberrant conduction. The presence of
“cannon A waves,” resulting from atrial contraction against closed AV valves,
during inspection of the jugular pulse suggests the presence of AV dissociation
and, therefore, ventricular origin of the tachycardia. Variations in the intensity of
the first heart sound (S,) and splitting of S, during auscultation as a result of ven-
tricular dyssynchrony also suggest ventricular tachycardia.

Characteristics of a wide complex tachycardia may provide important clues
about the underlying cardiac pathology. Patients with transmural scars from in-
farctions or cardiomyopathy from various causes have a substrate for reentrant
monomorphic ventricular tachycardia, or a wide complex tachycardia displaying
a consistent QRS morphology from beat to beat. On the other hand, insufficient
myocardial arterial supply or increased myocardial demand may lead to electro-
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physiologic instability within the myocardium, resulting in ventricular fibrilla-
tion or polymorphic ventricular tachycardia, a wide complex tachycardia with
varying QRS morphologies. Therefore, recognition of the different ventricular
arrhythmias as manifestations of the underlying cardiac pathophysiology can
help in choosing the proper therapeutic and management interventions.

Urgent intervention for a wide complex tachycardia is often needed as a result
of the hemodynamic effects. If hemodynamic collapse is evident or if blood pres-
sure is unstable, countershock with DC energy is required. There are other clini-
cal indications for relatively urgent DC cardioversion as well. These include
ischemia or infarction, angina, and severe heart failure. If a patient’s blood pres-
sure is stable, then the various criteria may be applied to distinguish ventricular
and supraventricular origin of the tachycardia and a decision for appropriate
therapy may be applied.

Traditionally, intravenous lidocaine is the first antiarrhythmic used for ven-
tricular tachycardia. Under ischemic conditions, such as during the infarction
period, ventricular arrhythmias often are manifested as polymorphic ventricular
tachycardia (Figure 8-7) or ventricular fibrillation. Under these circumstances,
intravenous lidocaine is reasonably effective and it should be considered as a
first-line agent. For nonacute infarction or non—ischemia-related ventricular ar-
rhythmias, typically manifested as a monomorphic ventricular tachycardia (with
consistent beat-to-beat QRS morphology), several clinical reports have suggested
that intravenous procainamide may be more effective for termination than lido-
caine.” Intravenous amiodarone has become widely available over the past few
years. Data are becoming available suggesting its effectiveness in terminating and
suppressing ventricular arrhythmias.'” Amiodarone probably is superior in com-
parison to lidocaine or procainamide for ventricular arrhythmia management.
However, it may have a profound blood pressure—lowering effect and its use
should be accompanied by cautious hemodynamic monitoring.

FIGURE 8-7 Rhythm strip showing 6-beat run of polymorphic ventricular tachycardia.
There is a variable morphology to the QRS complexes of the tachycardia. This is often seen in
the patients with ischemia.
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The use of adenosine has been advocated as a diagnostic tool for distinguish-
ing ventricular origins from supraventricular origins in a wide complex tachycar-
dia. Adenosine has vasodilator effects and a possible “steal” phenomenon in the
coronary circulation; this may induce myocardial ischemia and lead to further
hemodynamic compromise. Even though the half-life of adenosine is brief, its ef-
fects in patients with severe CAD may trigger a cascade of hemodynamic effects
that may become irreversible. Therefore, we recommend that the use of adeno-
sine as a diagnostic measure for wide complex tachycardia must be taken with
caution, especially in patients with known severe coronary disease. Unless it is
absolutely certain that the diagnosis is SVT, calcium channel blockers, such as
diltiazem or verapamil, should not be used to treat wide complex tachycardias
because there are a multitude of reports detailing hemodynamic collapse in pa-
tients with ventricular tachycardia who were treated with these agents.”

TORSADES DE POINTES

Torsades de pointes is a subtype of polymorphic ventricular tachycardia that
should be recognized because it has distinct diagnostic and therapeutic implica-
tions that differ from other types of wide complex tachycardia. A French term
meaning “twisting of the points,” torsades de pointes has an appearance similar
to rapid QRS axis shifting. It is usually characterized by prolonged QT intervals,
and it is often initiated with a premature ventricular extrasystole occurring on or
around the T wave of the preceding beat. Known causes of torsade de pointes
typically include conditions that prolong the QT interval, such as congenital long
QT interval syndrome; electrolyte imbalances, such as hypokalemia, hypomag-
nesemia, or hypocalcemia. Drugs that prolong the QT interval are also known to
lead to torsades de pointes; these include class Ia and III antiarrhythmic drugs
and some antihistamines and psychotropic medications. Table 8—4 lists a number
of causes of prolongation of the QT interval and torsades de pointes. Care should
be paid to patients with decreased clearance of any of these suspect medications
as well as any combinations that may compound the prolongation of the QT in-
terval. Remember that bradycardia may prolong the repolarization process, and
thus the QT interval. The effects of these precipitants are more pronounced and
the risk of torsades de pointes is higher in patients with bradycardia.

If sustained, the acute intervention for torsades de pointes, as with all wide com-
plex tachycardia with hemodynamic instability, is countershock with DC energy.
Once a stable rhythm has been restored, the major goal of the therapy is to shorten
the QT interval as much as possible. This obviously includes removal of the of-
fending agent or correcting the underlying conditions. Sometimes cardiac pacing
or the use of an isoproterenol infusion may be necessary to further decrease the
ventricular repolarization time, especially if bradycardia is present. If the episodes
of torsades de pointes are not sustained, then, in addition to the above interven-
tions, empiric intravenous magnesium therapy has been suggested.
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TABLE 8—4 Causes of prolongation of QT interval and torsades de pointes

Drugs Electrolyte Abnormalities ~ Congenital

Quinidine, procainamide, Hypokalemia Jervell and Lange-Nielsen syn-
sotalol, amiodarone drome

Tricyclic and tetracyclic Hypocalcemia Romano-Ward syndrome
antidepressant agents

Phenothiazines Hypomagnesemia

Haloperidol (Haldol)

Antihistamines

Macrolide antibiotics
Pentamidine
Serotonin antagonists
Adenosine

Cocaine

Cisapride

Arsenic poisoning

TOXIC AND METABOLIC CAUSES OF ARRYTHMIAS

The medical ICU often serves as the stabilization site for patients after life-
threatening overdoses and severe metabolic disturbances. These conditions can
result in cardiac rhythm disturbances that require prompt recognition and treat-
ment. Adequate suspicion, proper interpretation of the ECG, and complete
knowledge of the specific emergency treatments are part of the armamentarium
of the ICU physician. Some of the most commonly encountered problems, dis-
cussed here, include hyperkalemia and hypokalemia, hypercalcemia and hypocal-
cemia, and hypothermia; overdoses of a tricyclic agent or digitalis; and acquired
torsades de pointes.

Hyperkalemia

Hyperkalemia may be caused by a number of processes, including acidosis from
any cause, acute renal failure, iatrogenesis, and hemolysis. Life-threatening eleva-
tions in potassium levels can be a complication of the patient’s original problem
or of treatment they received during their admission. Because hyperkalemia
often causes no symptoms in itself, the ECG tracing must be relied on to define
the clinical implications of hyperkalemia and the urgency of treatment.

The ECG changes of hyperkalemia are variable and depend not only on the
severity but also on the chronicity of the elevation in serum potassium level. Al-
though a close correlation exists between the potassium level and ECG changes in
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animal models, the relation is less clear in clinical cases. Abnormal potassium lev-
els affect P waves, the QRS complex, and T waves. P-wave voltage decreases as a
result of slow intra-atrial conduction with low-amplitude atrial depolarization
and the PR interval lengthens. With severe widening and attenuation of the P
wave, there may be no atrial depolarization seen on the surface ECG, so the erro-
neous diagnosis of a junctional rhythm may be made. Type I or II second-degree
AV block may also occur. As the QRS complex widens, the normally sharp con-
tour of the QRS becomes wider and eventually merges with the T wave, until no
ST segment exists. The T wave becomes symmetrically peaked, the entire QRST
complex can resemble a sine wave, and the QT interval usually remains normal
or short (Figure 8-8).

When any of these abnormalities are present on the ECG tracing, treatment
becomes emergent. Measurement of the serum potassium level should not delay
immediate treatment, which should follow within seconds of the recognition of
the characteristic ECG pattern. The initial treatment of hyperkalemia should
include administration of 1 to 2 amps (10 ml, 10% calcium gluconate) of calcium
gluconate to promote membrane stabilization. Calcium should only be withheld
in cases of digitalis intoxication or critical hyperphosphatemia. After this, intra-
venous insulin and glucose (10 U of regular insulin and at least 50cc of 50% dex-
trose, depending on the serum glucose) plus sodium bicarbonate (8.4%) should
be given to drive potassium into intracellular space. Since these measures do not
reduce whole body potassium level, they should be followed by treatment, such
as dialysis and potassium-binding resins (e.g., sodium polystyrene sulfonate, 30
to 60 g), to drive down whole body potassium levels in situations of whole body
overload.

Hypokalemia

The cardiac and ECG manifestations of hypokalemia can be subtle but the ar-
rhythmias are life-threatening nonetheless. Mild potassium deficiency causes a
prolongation of the QTU interval and increases cardiac electrical instability, pre-
disposing the patient to atrial and ventricular arrhythmias. In patients with se-
vere deficiency of potassium, U waves become prominent, T waves decrease in
amplitude, and torsades de pointes may occur. Concurrent magnesium defi-
ciency worsens the arrhythmic effects of potassium deficiency and creates a re-
fractoriness to potassium replenishment. Replenishment of potassium is the only
therapy for potassium depletion, and details of restoring potassium levels are dis-
cussed elsewhere.

Hypothermia

Severe hypothermia requiring ICU admission can cause characteristic ECG
changes. After the body temperature falls below approximately 30°C to 32°C, pa-
tients often become bradycardic and Osborne waves (also called ] waves) occur.
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FIGURE 8-8 Twelve-lead ECG from a patient with hyperkalemia, demonstrating loss of
atrial activity, prolongation of the QRS duration, and merging of the ST segment with a
prominent, peaked T wave.
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These are best seen as an upward deflection at the onset of the ST segment in
leads II, 111, aVF, Vs and V. The QT interval is often prolonged. These ECG find-
ings require no specific treatment beyond the treatments for severe low body
temperatures.

Hypomagnesemia

Hypomagnesemia cannot be recognized on the ECG but it plays a role in the gen-
esis of arrhythmias. Administration of magnesium may shorten the QT interval,
the PR interval, and the QRS complex and speed intra-atrial conduction. Magne-
sium is administered as MgSo, (magnesium sulphate) and the usual dose is 2 to
4 g intravenously over 20 minutes.

Hypocalcemia

Low serum calcium levels prolong the second phase of the action potential and
prolong the ST segment and QT interval. Treatment is repletion of calcium and
this may be done by intravenous infusion of 100 to 200 mg of elemental calcium
over 10 minutes, followed by an infusion of 1 to 2 mg/kg per hour.

Hypercalcemia

Hypercalcemia, on the other hand, shortens the QT interval, sometimes causes
T-wave changes, and rarely causes ] waves. Hypercalcemia can be managed
acutely by forced saline diuresis to enhance urinary excretion of calcium.

ELECTRICAL CARDIOVERSION

The technique of electrical cardioversion refers to the controlled administration
of electrical energy to the heart in an attempt to convert abnormal rhythms. De-
fibrillation refers to the administration of electrical energy to terminate ventricu-
lar fibrillation.

Cardioversion and defibrillation are performed using external devices that
deliver a set quantity of energy. The cardiac effects are a direct result of the pas-
sage of electrical current through the heart. The resistance of the chest wall de-
termines the amount of current that reaches the heart. It is imperative that
material be used between the electrodes of the device and the chest wall to
not only reduce the electrical resistance, but also to minimize the risk of chest
wall burns. The electrical shock can be delivered in either a synchronized or un-
synchronized fashion. In unsynchronized mode, the energy will be delivered in-
dependent of the electrical activity of the heart. This is appropriate in situations
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in which there is no organized cardiac activity, such as ventricular fibrillation,
and when the patient is unstable, but it should be avoided in all other circum-
stances. If the electrical current is delivered to the heart during repolarization
(on the T wave), it may precipitate ventricular fibrillation. In the synchronized
mode the electrical current is delivered simultaneously with the QRS complex.
This mode should be used in all cases except for ventricular fibrillation (in which
there is no QRS complex to be identified) and hemodynamically unstable ven-
tricular tachycardia. In the synchronized mode, there may be a delay between
when the device is activated and when the shock is delivered, because the shock
is delivered only on the QRS configuration. Under most circumstances, the best
positioning for the electrodes is to have one placed anteriorly under the right
clavicle to the right of the sternum and the other at the level of the left nipple in
the midaxillary line. The recommended initial energy for various arrhythmias is
summarized in Table 8-5.

SUMMARY

We have attempted to review some of the most common abnormalities of cardiac
rhythm that are likely to be encountered in the critical care setting. The signifi-
cance of cardiac rhythm disturbances in this setting must be understood because
they may be life-threatening. Careful analysis of the rhythm is essential in making
the correct diagnosis and instituting the correct therapy. While there are excel-
lent pharmacologic agents that are available for the management of rhythm dis-
turbances, all of these agents are potentially toxic and should be used only with
caution and with an understanding of their effects and possible complications.
Table 8-6 lists a number of the commonly used drugs to control cardiac rhythm
in the critical care setting and the usual doses.

TABLE 8-5 Recommended energies for cardioversion/defibrillation of various
arrhythmias

Rhythm Disturbance Electrical Therapy
Ventricular fibrillation Asynchronous shock with initial energy of 200 J, fol-
lowed by 300 J, then 360 J
Rapid or hemodynamically Asynchronous shock at 200 J, followed by 300 J, then
unstable ventricular tachy- 3607
cardia
Stable ventricular tachycardia Synchronous shock at initial energy of 50 J
Atrial fibrillation Synchronous shock at initial energy of 200 J, followed
by 360 J if unsuccessful
Atrial flutter Synchronous shock at 50 J
Reentrant supraventricular Synchronous shock at 100 J

tachycardia
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TABLE 8-6 Recommended doses for anti-arrhythmic agents commonly used in the

critical care setting

Drug Indication

Dosage

Lidocaine Ventricular tachycardia

or fibrillation

Procainamide  Ventricular tachycardia,
atrial fibrillation, or
supraventricular tachy-
cardia

Conversion of atrial fibril-
lation or flutter

Refractory ventricular
tachycardia or fibril-
lation

Termination of supra-
ventricular tachycardia

Atrial fibrillation or
flutter to control ven-
tricular response and
supraventricular tachy-
cardia

Termination of supra-
ventricular tachycardia

Atrial fibrillation or
flutter, to control ven-
tricular response

Torsades de pointes

Atrial fibrillation or flut-
ter, to control ventri-
cular response

Ibutilide

Amiodarone

Adenosine

Diltiazem

Verapamil

Esmolol

Magnesium
Digoxin

1.0-1.5 mg/kg as initial dose, followed by
1-4 mg/min infusion; may give second
bolus of 50-100 mg, 5 min after initial
bolus

15 mg/kg, no more than 20 mg/min bolus,
followed by 1-4 mg/min infusion

1.0 mg over 10 min, may be repeated once,
if there is no effect

Bolus of 150 mg over 10 min, followed by
1 mg/min for 6 hr, followed by 0.5 mg/
min, may repeat bolus as needed

6 mg as rapid bolus, followed by 12 mg
as rapid bolus, if no response

5-20 mg bolus, followed by 5-20 mg/hr
continuous infusion

5-10 mg over 5 min

500 pg/kg over 1 min followed by infusion
of 50 pg/kg/min (initial infusion rate)

2 grams of magnesium sulfate over 20 min
0.5 mg initially, followed by 0.25 every 4-8
hrs to maximum of 1-mg loading dose.
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INTRODUCTION

Each year approximately 1.5 million people in the United States experience acute
MI. The mortality rate approaches 30%, with more than half of those deaths
occurring before reaching the hospital.! The diagnosis and treatment of acute
MI has evolved considerably in recent years with the advent of new diagnostic
markers and new therapeutic options for early reperfusion. In addition,
evidence-based adjuvant medical therapy has reduced both short-term and long-
term mortality rates and the risk of future coronary events. In the past 25 years, a
47% reduction in age-adjusted coronary mortality rates has been seen. Patient
education, early reporting of symptoms, prompt recognition and medical ther-
apy, and rapid reperfusion therapies will further reduce cardiac mortality in the
coming years. This chapter is a current summary of the diagnosis and treatment
of acute ML

Acute MI is generally a consequence of coronary atherosclerosis. It occurs
when there is a sudden decrease in coronary blood flow to an area of viable myo-
cardium. In a coronary artery, an atherosclerotic plaque fissures, ruptures, or ul-
cerates and a thrombus forms at the site. This may lead to complete coronary
artery occlusion. Fewer than 5% of MIs occur in the absence of CAD. Instead,
these MIs may be invoked by coronary vasospasm, coronary embolization, or
other unknown causes. Ultimately, myocyte death results within 2 to 4 hours,
unless perfusion is restored. Time and the territory of myocardium supplied by
the occluded vessel determines the degree of myocyte death and the resulting
ventricular dysfunction. Therefore, rapid diagnosis is essential in the manage-
ment of acute MI.

DIAGNOSIS

The triad of diagnosis depends on clinical presentation, ECG analysis, and serum
levels of cardiac markers. In many cases of acute MI, no precipitating factors can
be blamed and many of these events occur at rest. In roughly 40% to 50% of
cases, a precipitating factor may be found, such as vigorous physical activity,
emotional stress, or a medical or surgical illness. The incidence of MI is highest
within a few hours of awakening (6 AM to 12 noon). There also seems to be a sea-
sonal component: more MIs occur in the winter months (even in temperate
climates). Major risk factors for CAD include cigarette smoking, diabetes,
hypercholesterolemia, hypertension, obesity, sedentary lifestyle, age over 50,
male sex, and a family history for premature CAD in a first degree relative.

Chest pain is the most common and most important symptom of acute MI. It
is typically described as a retrosternal heaviness, crushing, or squeezing sensa-
tion, which may radiate to the left shoulder and arm or to the neck and jaw. It is
often accompanied by diaphoresis, nausea, dyspnea, weakness, syncope, or a
sense of “impending doom” and typically lasts more than 20 minutes. Approxi-
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mately 50% of patients have unstable anginal symptoms hours to days before
their MI. Other less common presentations may be silent (especially in diabetic
patients), or patients may present with pulmonary edema or new arrhythmias
such as ventricular fibrillation, ventricular tachycardia, or atrial fibrillation.
Women often have a more atypical presentation for acute MI which often delays
diagnosis and worsens prognosis.

Physical examination is rarely diagnostic by itself but may help indicate the
severity of the MI. Most patients lie still in bed and appear pale and diaphoretic.
Tachycardia is common in anterior-wall MIs, and bradycardia may be indicative
of an inferior-wall MI with heart block. Hypotension can indicate shock or right
ventricular infarction. A new murmur consistent with a ventricular septal defect
or papillary muscle rupture can be an ominous sign and may require immediate
imaging studies (such as an echocardiogram).

The 12-lead ECG is the initial diagnostic test of choice, since it can be com-
pleted and read within minutes of presentation. The nomenclature of transmural
versus nontransmural MI has a pathologic basis and is rarely used in clinical car-
diology. Even the more common Q-wave versus non—Q-wave MI classification is
beginning to fall out of favor in the rapid reperfusion era. This is because the
ECG’s of many patients with MI do not go on to show Q-waves, and even if they
do, these waves are usually not present at the moment when therapeutic deci-
sions need to be made. A more current differentiation is ST elevation MI versus
non-ST elevation MI, because the former may indicate a need for urgent revas-
cularization with thrombolytics or angioplasty. All patients presenting with ST
elevation MI should be considered for immediate reperfusion therapy.

Classic ECG patterns of acute ST elevation MI include more than than 1-mm ST
elevations in 2 or more contiguous leads or a new onset of BBB. This almost always
indicates a total occlusion of the affected artery. ECG findings present in MI with-
out ST elevation include ST segment depression, T-wave inversions or flattening,
or even a normal ECG. Unfortunately, the ECG analysis is diagnostic in less than
half of patients with acute M1. Reviewing a previous ECG, especially if abnormal, is
important when attempting to evaluate for acute MI. Many times this step is over-
looked or not completed because there is not enough time. This oversight can cause
considerable confusion, misinterpretation, and delay, putting a patient at higher
risk. The ECG abnormalities may evolve over days after an acute MI. Therefore,
daily ECG tracings are indicated for the first 3 days. This is especially helpful after
reperfusion when recurrent chest pain requires reassessment.

Serum cardiac markers (sometimes called “enzymes”) have become the gold
standard for the diagnosis and quantification of acute MI. However, these mark-
ers are less helpful in the triage and management of acute MI in the emergency
department, since they take time for analysis. Levels of these markers do not
begin to rise for 2 to 6 hours after the onset of symptoms.

Troponins I and T levels have virtually replaced creatine kinase-MB (CK-MB)
levels as markers of cardiac injury, because of their higher sensitivity and speci-
ficity for myocardial damage. The initial rise of troponin levels occurs approxi-
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mately 3 hours after myocardial injury, but it may occur several hours later in
many patients. Therefore, it is essential that the use of troponin levels for the di-
agnosis of acute MI includes at least two measurements with one being 6 to 10
hours after the onset of symptoms. Troponins peak at 12 to 24 hours and are
detectable for up to 7 to 10 days. If troponins are not present 10 hours after
symptoms have resolved, it is extremely unlikely that myocardial damage has
occurred. The role of CK-MB measurement in the acute setting is now limited to
assisting in the timing of a recent M, to evaluate recurrent chest pain occurring
after MI or cardiac surgery, and to correlate with the extent of myocardial dam-
age. Another rarely used serum cardiac marker is myoglobin levels, which begin
to rise within 2 hours of acute MI and peak at approximately 6 hours after onset,
but the utility of this marker is limited by its low specificity for cardiac injury.

Occasionally, when the diagnosis of acute MI remains in doubt, other diag-
nostic tests may be used. Echocardiography can be performed to evaluate for a
new wall-motion abnormality. Nuclear testing, including pyrophosphate infarct
scintigraphy, Tc-99m sestamibi perfusion imaging, and radiolabeled antimyosin
antibody scans, can also be used to make the diagnosis of acute MI.

TREATMENT

When a patient comes to the emergency department complaining of typical chest
pain, a complete assessment needs to be performed quickly. According to the 1999
American College of Cardiology (ACC) and American Hospital Association (AHA)
guidelines for the management of patients with acute MI, a targeted clinical exam-
ination and interpretation of a 12-lead ECG tracing should be completed in the first
10 minutes.> One or more intravenous lines should be established. Supplemental
oxygen and continuous ECG monitoring should be provided to all patients with
acute ischemic chest discomfort. Aspirin, 160 to 325 mg, should be administered
and chewed by the patient. Blood samples for electrolyte levels, CBC count, coagu-
lation times, and serum cardiac markers should be sent for analysis. On the basis of
clinical presentation and the 12-lead ECG results, a decision on whether or not to
perform urgent reperfusion therapy can be made. A flowchart depicting the man-
agement of patients presenting with ischemic chest pain is shown in Figure 9-1.

Thrombolytic Agents versus Percutaneous
Transluminal Coronary Angioplasty

Reperfusion therapy is the cornerstone of treatment for acute MI with ST elevation
and ischemic chest pain of less than 12 hours’ duration. Rapid re-establishment of
flow is the goal. The key to success depends more on the efficiency of delivery than
the choice of reperfusion modality (Tables 9—1 and 9-2). If an institution can pro-
vide both percutaneous transluminal coronary angioplasty (PTCA) and pharma-
ceutical thrombolysis, the PTCA is the preferred approach. Multiple trials have
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Patient presents
with chest discomfort

Rapid triage

160-325 mg ASA (chewed) *

Draw blood samples;

obtain cardiac markers Assess initial 12-lead

(goal is <10 min) ECG Normal or

nondiagnostic ECG
[ i
Rule out MI
protocol
ST-segment depression or T- | Beta-blockers,

ST-segment elevation now or

heparin, presumably new BBB

wave inversion, strong vat
nitrates

suspicion of ischemia by ECG

Await cardiac enzymes.
Non-invasive evaluation or
cardiac catheterization

If <12 hours, address
contraindications to
thrombolytics or angioplasty

Initiate reperfusion therapy

|

Primary PTCA if skilled, high volume
operator is available at high volume center.
Also if thrombolytics contraindicated or
cardiogenic shock. “Door to balloon” time
goal is <90 minutes

Thrombolytics if no
contraindications.
“Door to needle” time goal
is <30 minutes

Ace-Inhibitors,
statins,
risk reduction,
cardiac rehab

FIGURE 9-1 Flowchart depicting managment of patients presenting with ischemic chest pain.
ABBREVIATIONS: ASA, aspirin; ECG, electrocardiogram; MI, myocardial infarction; BBB,
bundle-branch block; PTCA, percutaneous transluminal coronary angioplasty; ACE, an-
giotensin-converting enzyme.

TABLE 9-1 Direct Percutaneous Transluminal Coronary Angioplasty

Advantages Disadvantages

Excellent reperfusion rates;

80%-90% TIMI-3 flow for

> 90% of patients

Facilitates access for placing

hemodynamic support de-

vices (e.g., intra-aortic

balloon pump)

+ Treats underlying stenosis and
occlusion

+ Reperfusion promptly discerned

Facilitates diagnosis; enables

assessment of extent and se-

verity of CAD

Effective in the setting of

hemodynamic instability

+ Low mortality

+ Few contraindications

+ Requires 24-hour access to catheterization lab

Requires skilled personnel in a center with a high
volume of these procedures

Requires large arterial sheaths

Requires access to emergent CABG surgery
Costly (initially)

May delay treatment unacceptably

Restenosis rates fairly high
Traumatic (as perceived by patient)

ABBREVIATIONS: CAD, coronary artery disease; CABG, coronary artery bypass graft.
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TABLE 9-2 Thrombolytic Therapy

Advantages

Disadvantages

Widely available, no catheterization
lab or CABG capabilities needed
Treats the underlying acute problem;
dissolves the occluding thrombus
Significantly decreases 30-day mor-
tality rates (large, well-controlled
trials)

Significantly decreases 5-year mortal-
ity rates (large, well-controlled

trials)

Fast setup; short time to initiate

Can be given by nursing or emer-
gency medical staff

+ Given in only 30% to 35% of acute MlIs, use
limited by age or contraindications
Effectiveness in the setting of hemodynamic
instability is unproven

Slightly increases overall risk of stroke and
hemorrhagic stroke

Early (90-min) patency in 55% to 80% of
cases; later (3—24 hr) patency in 80%-90% of
cases; some patients fail to reperfuse

With standard regimens, early TIMI-3 flow
achieved in only about 50% of patients
Reliable assessment of reperfusion involves
extra steps

+ Does not alter residual stenosis or plaque

ABBREVIATION: CABG, coronary artery bypass graft.

compared the two methods. Primary PTCA is reccommended if it can be performed
quickly (from admission to balloon inflation time in less than 90 minutes) by
skilled interventionists (who perform more than 75 procedures per year) and is
supported by experienced personnel in a center where there is a high volume of
such cases (200 to 300 procedures per year). A major advantage of PTCA over

thrombolysis is apparent in the setting of cardiogenic shock.

Thrombolytic therapy is the primary mode of reperfusion therapy in approxi-
mately 80% to 90% of hospitals in the United States. Contraindications to
thrombolytics are shown in the following lists.

Absolute Contraindications to Thrombolytic Therapy

Active internal bleeding

History of hemorrhagic stroke (any time), other stroke (less than 1 year before
MI), intracranial neoplasm, or recent head trauma

Suspected aortic dissection

Major surgery or trauma less than 2 weeks before MI

Relative Contraindications to Thrombolytic Therapy

Blood pressure higher than 180/110 mm Hg on two readings

Active peptic ulcer disease
History of stroke

Known bleeding diathesis (e.g., hemophilia) or current use of anticoagulants
Prolonged or traumatic cardiopulmonary resuscitation



9 / Acute Myocardial Infarction: Diagnosis and Management 219

e Diabetic hemorrhagic retinopathy
e Pregnancy
e History of chronic severe hypertension

Approved thrombolytic regimens and patency rates, are shown in Table 9-3.
Multiple strategies of reperfusion therapy are being compared in research stud-
ies, including new thrombolytic agents, half-dose thrombolytic agents with
platelet glycoprotein IIb/Illa inhibitors, and facilitated percutaneous coronary
intervention (FPCI). FPCI is a combination of drugs, angioplasty, and stenting
and may become the intervention of choice in the future.

Platelet Glycoprotein 1Ib/I1la Inhibitors

The benefit of platelet glycoprotein IIb/IIIa inhibiting agents in non-ST elevation
MI, acute coronary syndrome, and angioplasty is well described. Briefly, IIb/IIIa in-
hibitors block the final common pathway involved in platelet adhesion, activation,
and aggregation. Contraindications for IIb/II]a inhibitors are similar to thrombolyt-
ics but also include thrombocytopenia as a relative contraindication. These agents
are now commonly used in the setting of MI without ST segment elevation and as an
adjunct to primary angioplasty. Recommended doses of IIb/I1]a inhibitors are:

e Abciximab (ReoPro), confirmed dose 0.25 mg/kg bolus, then 0.125 pg/kg/
minute (to a maximum of 10 micrograms/min)

e Eptifibatide (Integrilin), 180 pg/kg bolus, followed by an infusion of 2 pg/kg
per minute

e Tirofiban (Agrastat), 0.4 pg/kg bolus, followed by an infusion of 0.1 pg/kg per
minute

TABLE 9-3 Approved Thrombolytic Regimens, Patency Rates, and Estimated Costs

Patency rate*
Thrombolytic Agent Regimen (at 90 min)
Streptokinase 1.5 million U, infused ~51%
over 30—60 min
Alteplase (t-PA) 15 mg bolus; 0.75 ~84%
mg/kg over 30 min
(max, 50 mg);
0.5 mg/kg over 1 hr
(max, 35 mg)
Anistreplase 30 U injected slowly ~70%
(APSAC) over 2—5 min
Reteplase 10 U injected over
2 min, then ~83%
(r-PA) 10 U injected over

2 min, 30 min later
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Aspirin

Aspirin inhibits cyclooxygenase, an enzyme involved in the formation of throm-
boxane A,. Thromboxane plays a powerful role in stimulating platelet aggrega-
tion. By inhibiting this enzyme, aspirin promptly inhibits platelet aggregation.
Many patients have taken aspirin at home or have received it in the ambulance
on the way to the emergency department, but this needs to be confirmed. The
role of aspirin cannot be overstated; it has been found to reduce mortality rates
by 23%. A dose of 160 to 325 mg should be given, unless absolutely contraindi-
cated (by well-documented anaphylaxis or active bleeding). Clopidogrel or ticlo-
pidine may be substituted for or added to aspirin for increased antiplatelet
effects.

Heparin

All patients presenting with acute MI should receive intravenous unfractionated
heparin or low-molecular-weight heparin (LMWH) in the emergency depart-
ment unless contraindicated (by anaphylaxis or active bleeding). However,
heparin is not recommended for use with streptokinase if a patient is not at high
risk for systemic embolism. A typical dose of intravenous unfractionated heparin
is a 5000-U bolus (80 U/kg for patients with low body weight) followed by a con-
tinuous intravenous drip at 18 U/kg per hour.

The role of LMWH in acute MI is expanding because of its possible advan-
tages over unfractionated heparin in non-ST-elevation MI and unstable angina.
However, LMWH has not been extensively studied for ST-elevation MI or in
combination with thrombolytics, IIb/Illa inhibitors, or primary angioplasty. In-
travenous administration of unfractionated heparin is preferred for ST-elevation
MI, but LMWH is currently preferred for non-ST-elevation MI. The most com-
monly used and best studied of the LMWHs is enoxaparin. It is used at a dose of
1 mg/kg given by subcutaneous injection twice daily. It should be used cautiously
or not at all in patients with renal insufficiency because standard doses may lead
to excessive hemorrhagic complications.

Beta Blockers

Beta blockers are used in the early hours of acute MI in an attempt to limit the
size of the infarct and to reduce the likelihood of ventricular arrhythmias. Beta
blockers also relieve pain, reduce myocardial oxygen demand by decreasing heart
rate and blood pressure, and most importantly, reduce mortality. All patients
should be considered for early therapy with beta blockers unless contraindicated
(by heart failure, systolic blood pressure of less than 90 mm Hg, heart rate of less
than 60 beats/min, or heart block with a PR interval of more than 0.24 seconds).
However, caution should be used in acute inferior-wall MI to avoid possible
bradycardia. A common dosage is three 5-mg boluses of intravenous metoprolol
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given 5 minutes apart. If hemodynamic stability continues, oral therapy is started
and continued indefinitely. The heart rate goal is less than 70 beats/min and a
systolic blood pressure of from 100 to 140 mm Hg.

Beta blocker therapy has been shown to decrease mortality rates after MI in
nearly every risk-factor subgroup, including patients with advanced age, chronic
heart failure, and COPD. Beta blockers can be used in patients with COPD and
asthma, unless active bronchospasm is present.

Angiotension-Converting Enzyme Inhibitors

There is a great deal of evidence that angiotension-converting enzyme (ACE) in-
hibitors should be started in all patients after MI, unless contraindicated (by hy-
potension or renal insufficiency). Therapy should commence in the first 24
hours, especially in patients with anterior-wall MI, left ventricular dysfunction
with an ejection fraction (EF) of less than 40%, and clinical evidence of heart fail-
ure. Initially, short-acting ACE-inhibitors, such as captopril, are used. Before dis-
charge, captopril can be changed to a long-acting ACE inhibitor that is taken
once daily to improve compliance. In patients who have an impaired EF of less
than 40%, ACE inhibitors should be continued indefinitely. ACE inhibitors seem
to prevent future ischemic coronary events in patients at high risk in addition to
their hemodynamic effects in patients with heart failure after infarction.”

Additional Medical Therapy

Sublingual nitroglycerin followed by intravenous nitroglycerin infusion is useful
for patients with acute MI, especially if pulmonary edema, hypertension, or per-
sistent ischemia exists. Although no data indicate a reduction in mortality with
nitrate agents, they do relieve chest pain and postinfarct ischemia. Nitroglycerin
should be used cautiously if there is hypotension or evidence of right ventricular
infarction. Current randomized trial data does not support the long-term use of
oral or topical nitrates after MI in asymptomatic patients. However, all patients
discharged should be given a prescription for sublingual nitrates on an as-needed
basis.

Morphine is the drug of choice for relief of the pain of acute MI. Pain relief re-
duces cardiac workload and myocardial oxygen demand. Morphine also reduces
pulmonary edema and relieves the anxiety experienced during acute MI. There
are no documented decreases in mortality rates with morphine therapy, but it is
used empirically and for humane reasons.

Individual trials and meta-analysis reveal no clear benefit in terms of mortality
rates with calcium channel blocker therapy. They are not recommended as stan-
dard therapy in patients with acute M1.

Intravenous magnesium is not recommended as standard therapy for acute
MI, except to replenish subtherapeutic levels or in the presence of polymorphic
ventricular tachycardia.
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The role of interventions to reduce plasma lipid levels in acute MI is currently
being investigated. There is clear evidence of the benefit of aggressive treatment
of hypercholesterolemia in the months after MI. It is current practice to obtain
fasting lipid profile results in all patients within 24 hours of admission and to
strongly consider the initiation of therapy with an HMG-CoA reductase inhibitor
in patients with a total cholesterol level of more than 200 mg/dL and a low-
density lipoprotein (LDL) cholesterol level of more than 100 mg/dL.

COMPLICATIONS OF ACUTE MYOCARDIAL INFARCTION

Multiple complications can occur immediately following acute MI. Mechanical
complications include cardiogenic shock, acute and chronic heart failure, ven-
tricular aneurysm, intra-cardiac thrombus, stroke, right ventricular infarction,
pericarditis, mitral regurgitation caused by papillary muscle dysfunction or rup-
ture, recurrent chest pain or reinfarction, and rupture of the interventricular sep-
tum or left ventricular free wall. Electrical complications include ventricular
fibrillation, ventricular tachycardia, atrial fibrillation, sinus arrest, and heart
block. Careful monitoring and frequent examinations may be helpful in detect-
ing these complications before they become life-threatening. Often forgotten,
complications of MI are the psychological and socioeconomic effects on the pa-
tient. Depression after MI is a powerful independent risk for mortality in the
months after discharge.

CARDIOGENIC SHOCK

Like other forms of shock described in this text, cardiogenic shock is character-
ized by inadequate oxygen delivery to tissue. In most cases, this is accompanied
by systemic hypotension with a systolic blood pressure of less than 90 mm Hg in
spite of pressor support, low cardiac output with adequate or high intracardiac
filling pressures, and signs of tissue hypoperfusion, such as mental confusion,
impaired renal function, and peripheral vasoconstriction. Patients who are in
cardiogenic shock after acute MI usually have had very extensive infarction, par-
ticularly in the anterior distribution. Exceptions to this are patients who go into
cardiogenic shock after a mechanical complication, such as ventricular septal
rupture as a result of acute mitral regurgitation that is secondary to papillary
muscle rupture. These two complications may occur several days after presenta-
tion and are characterized by the abrupt onset of hypotension and pulmonary
edema. A loud systolic murmur is usually heard in both situations and the two
can be best distinguished by echocardiography. In both cases, treatment is emer-
gency surgery to repair the septal defect or mitral valve.

The more typical patient with cardiogenic shock presents with evidence of an
acute anterior infarction with ST segment elevation in the anterior precordial
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leads. Such patients may initially present with relatively preserved hemodynam-
ics because the initial phases of acute infarction are characterized by a very high
catecholamine drive that may serve to support the failing heart. Over the course
of the next hours to days, however, it is common for the patient to develop pro-
gressive hemodynamic impairment and overt shock. The extensive loss of con-
tracting myocardium leads to elevations in cardiac filling pressures. The high
sympathetic tone is an attempt to compensate for the loss of myocardium but
often leads to more ischemia as the myocardial oxygen consumption rises during
a period of impaired myocardial blood flow. This leads to more ventricular dys-
function and a vicious cycle of progressive cardiac dysfunction and circulatory
insufficiency.

In addition to evidence of extensive infarction on presentation, the patient at
risk for cardiogenic shock is often older, female, and diabetic. A very ominous
finding at presentation is a relatively low systolic blood pressure of about 100
mm Hg in combination with tachycardia. These patients should be considered to
have an impending shock state.

Management of the patient with cardiogenic shock presents a major challenge.
In the initial phase, circulatory support with intravenous inotropic agents and
possibly intra-aortic balloon counterpulsation are commonly used. Therapy is
best guided by measurement of hemodynamics, and therefore arterial catheters
and pulmonary artery catheters are frequently placed. The question of whether
revascularization should be undertaken in patients with cardiogenic shock re-
mains somewhat controversial. A recent randomized trial of revascularization
(both surgical and percutaneous) showed a nonsignificant improvement in
short-term survival in patients who were treated with revascularization, but at 6
months after MI this improvement did achieve statistical significance.* In this
trial, the mortality rate at 30 days was 47% in the group treated with revascular-
ization compared with 56% in the group treated with medical therapy. This illus-
trates the grave prognosis linked to cardiogenic shock, no matter how it is
treated. My center’s current approach is to be very aggressive with consideration
of revascularization in this high-risk population. We proceed with early cardiac
catheterization in all such patients and usually place intra-aortic counterpulsa-
tion devices and pulmonary artery catheters in most patients. In institutions
where cardiac catheterization facilities are not available, emergent transfer to
such an institution as soon as possible is recommended. As mentioned earlier,
cardiogenic shock is one clinical situation in which primary PTCA has been
shown to be superior to thrombolysis.

Primary right ventricular infarction is a clinical scenario that results in cardio-
genic shock. This is almost always a result of acute occlusion of the proximal
right coronary artery and is manifested by signs of shock with relatively clear
lung fields but elevation in venous pressure. In addition to evidence of inferior
infarction on the ECG, there is often ST segment elevation in the right-sided pre-
cordial leads, and a finding of ST elevation of more than 1 mV in lead V,; has a
high diagnostic yield. Management of cardiogenic shock from right ventricular
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infarction consists of judicious volume balancing and infusion of dobutamine.
Early revascularization has also been shown to be critical in this patient popula-
tion, and this is another clinical scenario in which primary PTCA should be con-
sidered as superior to thrombolysis.

PROGNOSIS, RISK STRATIFICATION,
AND SECONDARY PREVENTION

Patients who have an uncomplicated MI after reperfusion therapy can generally
be discharged in 3 to 6 days. The long-term prognosis is affected by age, extent of
coronary disease, ability to revascularize, left ventricular function, arrhythmias
during hospital stay, and comorbid conditions. Before discharge, a patient’s risk
should be stratified noninvasively. This is typically done by exercise ECG stress
test, stress thallium(exercise or pharmacologic), or stress echocardiogram (exer-
cise or dobutamine). If ischemia still exists, then revascularization by angioplasty
or coronary artery bypass graft is indicated. In addition, evaluation of left ven-
tricular systolic function is helpful for medical management in the period after
MI and for determining if long-term anticoagulation is necessary.’

During hospitalization, secondary preventative measures and risk factors
should be addressed. These include smoking cessation, dietary modification and
weight loss, controlling stress or changing lifestyle, education about symptoms
and disease, exercise regimens, and control of blood glucose levels (in patients
with diabetes), blood pressure, and blood lipid levels. Upon discharge, all pa-
tients who do not have contraindications should be taking aspirin, beta blockers,
ACE inhibitors, lipid-lowering agents and should be enrolled in a comprehensive
cardiac rehabilitation program.

SUMMARY

Diagnosis and treatment of acute MI is considerably different today then it was
just 5 years ago. Troponin levels, IIb/IIa inhibitors, new thrombolytic agents,
stents, and lipid-lowering agents have dramatically changed the way acute MI is
managed. This area continues to rapidly evolve as new studies become available.
Now more than ever the statement that “time is tissue” is relevant. The Rs of
acute MI to remember are:

Recognize

Relieve symptoms
Reperfuse

Reduce complications
Reduce recurrent events
Rehabilitate
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INTRODUCTION

Many endocrine abnormalities that are found in critically ill patients are actually
appropriate responses to illness and not diseases that require treatment. A real
endocrinopathy, as opposed to a response or marker of illness, can present as a
lone disorder or complicate another disease. The astute clinician is aware of both
the primary presentations of endocrinopathies and the subtle development of a
disorder that may elude diagnosis. These disorders are also common outside of
the ICU, but they may present to the intensivist in their extreme form or may be
masked by a critical illness.

The most sensible approach to endocrinology during critical illness is to di-
vide the diseases and adaptive responses into categories by their most relevant
organ. Since endocrine regulation tends to span more than a single organ, these
divisions may seem fragmented. However, this approach will help organize an in-
tricate topic. The topic of endocrinology is broad and the less common disorders
found in the ICU are beyond the scope of this chapter. Thyroid function
is altered by critical illness, and hypothyroidism and thyrotoxicosis are often-
considered diagnoses in the ICU. Cortisol level is also altered by critical illness,
and relative or absolute adrenal failure is also commonly entertained in the eval-
uation of the ICU patient. The body is unable to significantly store adenosine
triphosphate (ATP) and utilizes glucose as substrate for its immediate produc-
tion. The blood concentration of glucose that should be maintained in the criti-
cally ill patient remains controversial. Patients with acute disorders of diabetes,
such as diabetic ketoacidosis and hyperglycemic hyperosmolar nonketotic coma,
also frequently require admission to an ICU.

THYROID GLAND

General Considerations

There are three thyroid conditions that are important in the ICU. The first is re-
ferred to as the euthyroid sick syndrome, or nonthyroidal illness, and is the most
common endocrinologic finding in the ICU. Originally, the euthyroid sick syn-
drome was presumed to be a disorder, but it is now believed to be an adaptive re-
sponse. The euthyroid sick syndrome is not a single adaptive response to critical
illness but actually a programmed interaction that must be evaluated in relation
to the phase and severity of the patient’s illness. The other two conditions,
namely hypothyroidism and thyrotoxicosis, are familiar in the outpatient arena
as well and, in their extremes, present to the ICU as myxedema coma and thyroid
storm, respectively. More commonly, however, other illnesses supersede hy-
pothyroidism and thyrotoxicosis, making it difficult for all but the astute clini-
cian to make the diagnosis. Remember that the body has a limited repertoire of
phenotypic responses, despite the plethora of diseases that inflict humankind.
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Since these endocrine disorders are often seen in the ICU in conjunction with an-
other illness or, more likely, are subclinically present before the development of
the critical illness, the signs and symptoms of the primary disease may signifi-
cantly overlap with the endocrinopathy.

Anatomy

The thyroid gland consists of two lateral lobes connected by a portion of thyroid
tissue, called the isthmus, and a developmental remnant of thyroid tissue, called
the pyramidal lobe. The isthmus sits over the second and fourth tracheal rings.
The lateral lobes extend from the side of the thyroid cartilage and reach the sixth
tracheal ring on each side. The pyramidal lobe is variably present but usually
arises from the isthmus toward the left side. The thyroid gland weighs 15 to 20 g.
Thyroid blood flow is fairly high at 4 to 6 mL/min per gram of thyroid tissue.

Physiology

The thyroid gland contains follicles, and it is the cells surrounding these follicles, or
the follicular cells, that produce the thyroid hormones. Thyroxine (T,) is a prohor-
mone with one-half to one-quarter the activity of the active hormone, triiodothy-
ronine (T5). In addition to a difference in activity, T, produces its effects on end
organs within days, while T; effects can be measured in hours. The thyroid hor-
mones are stored in the colloid of the follicles bound to a glycoprotein, thyroglob-
ulin. Ninety percent of the stored hormone and released hormone are in the form
of T,, which is monodeiodinated (a single iodide ion is removed from the outer
phenol ring) to T; in the liver and kidneys. If T, is monodeiodinated on the inner
phenol ring, reverse T (rT; ) is produced, an inactive metabolite. The ratio of T, to
T;in plasma is 100:1, and both are bound to the plasma protein thyroxine-binding
globulin (TBG), transthyretin, and albumin. TBG binds 80% of the thyroid hor-
mones and TBG’s affinity for T, is tenfold higher than its affinity for T;.

Thyroid hormone production and release is under the control of thyroid-
stimulating hormone (TSH), which is produced in the anterior pituitary gland
and governed by thyrotropin-releasing hormone (TRH) from the hypothalamus.
TSH release is controlled by positive and negative feedback loops via free hor-
mone concentrations. TSH is suppressed by endogenous and exogenous gluco-
corticoids, dopamine, and somatostatin. These drugs are all used in the ICU for
various indications, and it is unknown whether the purported benefits of these
drugs in certain marginal situations truly offsets the unknown risks of TSH sup-
pression.

Thyroid hormone is taken up by target cells and directly acts on nuclear re-
ceptors for gene transcription, leading to an increase in mitochondrial number
and cristae. Oxygen use and heat production are positively and negatively influ-
enced by thyroid hormone directly and indirectly by facilitating or diminishing
the activity of other hormones, such as insulin and epinephrine.
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Laboratory Testing

As with many organic compounds, the ring structure of thyroid hormone makes
it relatively insoluble in plasma and, therefore, transport proteins are required to
reach target organs. Although the concentration of free thyroid hormones is
tightly controlled, the total amount of hormone can vary greatly with protein
concentration. Only 0.03% of T, and T; are not bound to protein. Total and free
thyroid hormone and TSH levels can be measured directly. The T resin-uptake
test (T;RU) measures TBG saturation, and the amount of TBG can be measured
directly.

Euthyroid Sick Syndrome

During illness, thyroid hormone concentration in the plasma decreases. This re-
sponse occurs in a wide range of illnesses and is not specific to an underlying dis-
ease. The body has a limited repertoire of responses to illness, and thyroid
hormone alterations during critical illness are no exception to this rule. This hor-
monal response is not limited to thyroid hormones but, during critical illness,
the concentration of gonadotropin and sex hormones decreases while the plasma
concentrations of adrenocorticotropic hormone and cortisol increase. Changes
in thyroid hormone regulation actually can predict the severity of illness in the
critically ill patient.

In mild illness, the decrease in thyroid hormone concentration is only seen
with the active hormone T;. The mechanism behind this finding is an acute inhi-
bition of the deiodinase that removes the iodide ion to convert T, to T};. Free T,
plasma concentrations may actually rise initially, because there is less peripheral
conversion of T, to T; before other pathways for T, degradation prevail and free
T, plasma concentration returns to normal. The same deiodinase that converts
T, to T; also degrades rT;, leading to an accumulation of this inactive metabolite.

In severe illness, T, and T; concentrations are low, but not free T, levels, only
the total prohormone T, levels. Total T, includes both bound and free hormone.
This observation in which both hormones are at low levels in critical illness is fre-
quently referred to as the “low T; and low T, syndrome.” The mechanisms un-
derlying the low T, part of the syndrome are obviously related to changes in
binding proteins and not free hormone concentration. Although TBG concentra-
tion may increase in critical illness, transthyretin and albumin concentrations ac-
tually decrease, and there is an acquired defect in T, binding to TBG, which is
presumed to result from a factor released from injured tissues.

TSH concentrations also decrease during critical illness, and this phenomenon
may be cytokine-mediated. Because it is difficult to isolate a cytokine in vivo, it
has not been possible to designate one specifically. Often interleukin-6 (IL-6) is
noted, because blood concentrations are elevated in a wide range of disease sever-
ity. As the patient recovers from their illness, TSH levels tend to rise out of the
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normal range and, finally, thyroid hormone levels recover. This recovery phase
can frequently be measured in months.

The best strategy when evaluating the pituitary-thyroid axis in the critically ill
patient is to maintain a high index of suspicion and correlate laboratory data
with strong clinical evidence of primary thyroid disease. A TSH and free T, assay
are most appropriate to obtain when the clinical suspicion is high. Normal re-
sults in critically ill patients virtually exclude disease. A low free T, level and a
TSH level of more than 20 mU/L, along with a high index of suspicion, is indica-
tive of hypothyroidism. A high free T, level and a very low TSH level, along with
a high index of suspicion, is indicative of hyperthyroidism. Routine assays of thy-
roid function in the critically ill patient should be avoided.

The overwhelming question is whether euthyroid sick syndrome represents an
adaptive or maladaptive response. Even if the process is adaptive, it is likely that
a superimposed critical illness will exacerbate undiagnosed hypothyroidism.
There is no convincing evidence in any disease state to treat the euthyroid sick
syndrome. A teleologic explanation would be that the organism is conserving
energy by suppressing a metabolic hormone that is causing increased energy
expenditure.

The diagnosis of hypothyroidism is commonly entertained well into the pa-
tient’s ICU stay, usually because of failure to thrive, including inability to be
weaned from mechanical ventilation. At this time, the patient is usually recover-
ing from their illness and TSH levels tend to be high and thyroid hormone levels
tend to be low. The free T, level remains normal, however, and the TSH level
rarely exceeds 20 mU/L. Another strategy is to repeat TSH and hormone levels at
weekly intervals without intervention, because the euthyroid sick syndrome
should dissipate over time if the patient is recovering.

Hypothyroidism

Autoimmune thyroiditis is the most common cause of primary hypothyroidism,
and diagnosis is determined by the presence of thyroid autoantibodies (Table
10-1). Hypothyroidism may also be caused by thyroid ablation in the treatment
of hyperthyroidism, either surgically or radiologically. The other common cause
of primary hypothyroidism is drugs, most commonly amiodarone and lithium.
Secondary hypothyroidism is commonly caused by a mass or lesion in either the
hypothalamus or pituitary gland.
The signs of hypothyroidism are best categorized by organ system.

1. Skin: It is the dermal accumulation of hyaluronic acid, which binds water, that
leads to the classic nonpitting edema of hypothyroidism. The coolness and
pallor of the skin result from the circulatory effects of hypothyroidism.

2. Cardiovascular: Hypothyroidism leads to both a negative inotropic and
chronotropic state, evidenced by lowered stroke volume and heart rate. The
systemic vascular resistance (SVR) increases. ECG changes include a pro-
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longed PR interval, ST segment alterations, and flattening or inversion of the
T-waves. A pericardial effusion may develop and lead to low voltage on the
EKG as well.

3. Respiratory: Pleural effusions are common but rarely lead to dyspnea. There is
an impaired ventilatory response to both hypoxemia and hypercapnia, and
alveolar hypoventilation is present.

4. Renal: An impairment in renal water excretion may lead to clinically signifi-
cant hyponatremia.

5. GI: Weight gain occurs because of the accumulation of fluid, and appetite is
usually lost. Pernicious anemia may accompany hypothyroidism, lending cre-
dence to the view that hypothyroidism is an autoimmune disease. Bowel
atony may cause pseudo-obstruction, and a search for mechanical obstruction
may delay the appropriate diagnosis.

6. Nervous: CNS effects such as lethargy or the classic “myxedema madness”
may be noted. The slow relaxation phase (“hung-up reflexes”) of the deep-
tendon reflexes are routinely observed.

7. Hematopoietic: If pernicious anemia does not lead to a macrocytic anemia,
decreased erythropoietin levels cause a normocytic normochromic anemia.

Hypothyroidism is usually insidious, and if it is severe and longstanding, can
present as myxedema coma, which is a syndrome not a laboratory diagnosis. Usu-
ally, signs and symptoms of hypothyroidism precede myxedema coma and go
unchecked. The physical characteristic that is most prominent is the facial and pe-
riorbital puffiness, or myxedema facies. Patients usually present during the winter
months and coma, hypothermia, severe bradycardia, and hypotension are found.
Temperatures as low as 23.3°C have been reported. The diagnosis is made using
clinical criteria along with the finding of low free T, serum concentrations and high
TSH serum concentrations. If hypothyroidism is confirmed without myxedema
coma and differentiated from the euthyroid sick syndrome, levothyroxine (T,) can
be started at 50 pg/day and TSH levels should be monitored monthly to look for
resolution of the hormonal abnormalities and to follow the clinical course.

TABLE 10-1 Thyroid Hormone Interpretation in Thyroid Illnesses

Euthyroid Sick Syndrome
Early Late Recovery Hypothyroidism Hyperthyroidism
TSH s \ T T !
Free T, Normal Normal d l T
Total T, Normal 2 { d T
T, ! ! ! i 7

ABBREVIATIONS: TSH, thyroid stimulating hormone; T,, thyroxine; Ts, triodothyronine; T, increases;
d, decreases.
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If the hallmarks of myxedema coma are present—coma, hypothermia, hy-
potension, and bradycardia—start levothyroxine, 500 pg intravenously, followed
by daily doses of 100 pg. The mortality rate for myxedema coma is 20%.

Thyrotoxicosis

Thyrotoxicosis refers to the biochemical and pathophysiologic manifestations of
increased concentrations of free thyroid hormone, whereas hyperthyroidism
specifically defines the thyroid gland as the origin of the increased hormone level.
The form of thyrotoxicosis of most concern to the intensivist is thyrotoxic crisis,
or “thyroid storm.” The underlying thyroid disease is usually Grave’s disease or,
less frequently, multinodular goiter (in patients with severe but compensated
thyrotoxicosis). The general symptoms of thyrotoxicosis are exaggerated in thy-
rotoxic crisis and include the following:

1. Skin: The skin is moist and warm from excessive vasodilation and diaphoresis.

2. Eyes: Retraction of the upper eyelid may give the patient a “fish-eye” appear-
ance and should be distinguished from infiltrative orbitopathy, which is found
only in Grave’s disease.

3. Cardiovascular: Thyrotoxicosis leads to both a positive inotropic and
chronotropic state, evidenced by raised stroke volume and heart rate. The
SVR decreases. Both tachycardias and tachyarrhythmias are common.

4. Respiratory: Dyspneais common in severe states and is caused by muscle weakness.

5. GI: Appetite is increased but not enough to keep pace with the metabolic de-
mand, and weight loss is common.

6. Nervous: Emotional lability and tremor are cardinal features of thyrotoxicosis.

7. Hematopoietic: If the cause of thyrotoxicosis is Grave’s disease, pernicious
anemia may also be present. Red cell mass is increased secondary to increased
levels of erythropoietin.

Patients with thyrotoxic crisis may present postoperatively or after a medical
illness that, similar to surgery, is associated with cytokine production. The actual
mechanism of the decompensation may be a sudden increase in free thyroid hor-
mone released from binding proteins. Infection is the most characteristic medical
illness. Severe hypermetabolism with tachycardia, diaphoresis, fever, and delir-
ium are prominent features of the disease. The tachycardia is usually more than
expected for the degree of fever. Tachyarrhythmias such as rapid atrial fibrillation
are particularly common in the elderly. These tachycardias and tachyarrhythmias
are frequently resistant to standard doses of heart rate—controlling medications.
The elderly may alternatively present with apathy and myopathy accompanied by
significant weight loss. Coma and shock may develop, which obviously portends
a poor prognosis. Since another illness usually precipitates thyroid storm, it is
easy to attribute the symptoms to the primary disease and miss the diagnosis of
hyperthyroidism in the ICU.
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Acute management of thyrotoxic crisis consists of:

e Large oral doses of propylthiouracil, 300 to 400 mg every 4 hours, to inhibit
synthesis of thyroid hormone.

e lodine to immediately prevent the release of thyroid hormone: saturated solu-
tion of potassium iodide (SSKI), 5 drops orally every 6 hours; iopate, 0.5 g
orally twice daily; or sodium iodide, 0.250 g intravenously every 6 hours.

e Dexamethasone, 2 mg orally or intravenously every 6 hours, is given to prevent
glandular release and peripheral conversion of T, to Tj,

o A beta blocker is given to ameliorate the manifestations of the hypermetabolic
state. Although many experts advocate the use of propranolol, the choice of a
particular agent is less important than titrating to the effect required.

e Patients in thyroid storm usually have associated volume depletion and require
titration of a crystalloid infusion to replenish their extracellular volume.

ADRENAL GLANDS

Hypoadrenal crisis in the ICU is frequently evoked and investigated but less fre-
quently found. Relative or associated adrenal failure is a complex problem since,
once again, it is unclear whether low cortisol levels are a maladaptive response or
a marker of severe disease. Since cortisol levels rise with acute illness it is proba-
bly not an adaptive response to have low cortisol levels during critical illness. Pri-
mary adrenal failure is obviously an adrenal disease and secondary adrenal failure
a pituitary or, less frequently, a hypothalamic disease although the manifestations
are mostly adrenal. Secondary adrenal failure is most commonly due to with-
drawal from chronic steroid use and is usually avoided rather than diagnosed by
the attentive clinician.

Anatomy

The adrenal glands sit on top of the kidneys medially and are sometimes referred
to as the suprarenal gland. Although given one name, the adrenal gland really
houses two organs derived from distinct embryologic tissue. The medulla is de-
rived from neural crest ectodermal cells and is a neurosecretory organ. The cor-
tex derives from mesodermal cells along the urogenital ridge and manufactures
the corticosteroids, including the ubiquitous glucocorticoid hormone cortisol,
from the two inner zones of the cortex (the zona fasciculata and zona reticularis)
and the major mineralocorticoid hormone aldosterone from the outer zone of
the cortex (zona glomerulosa). Each whole gland only weighs 4 to 5 g.

Physiology

The hypothalamic-pituitary-adrenal axis plays a pivotal role in homeostasis dur-
ing stresses such as infection and surgery. The hypothalamus is responsible for
the production of corticotropin-releasing hormone (CRH) and vasopressin and,
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in addition to classic negative feedback loops, is regulated by other areas of the
brain, particularly the limbic system. CRH and vasopressin stimulate the release
of corticotropin hormone (ACTH) from the anterior pituitary gland, which
stimulates the adrenal gland to secrete cortisol.

In addition to ill-defined effects, such as a sense of well-being and appetite,
cortisol assists in the maintenance of blood pressure, is a necessary hormone for
the vasopressor effects of catecholamines, promotes gluconeogenesis, stimulates
protein breakdown for gluconeogenic substrate, and inhibits antidiuretic hor-
mone (ADH) through a classic feedback loop on the hypothalamus.

The mineralocorticoid hormone aldosterone is controlled by angiotensin,
which in turn is released by the hormone renin, which regulates the renal
glomerular baroreceptor. The renin-angiotensin-aldosterone (RAA) system is a
major component of volume regulation. Aldosterone directly stimulates sodium
and hydrogen reabsorption and potassium secretion in the distal nephron.

Laboratory Testing

There are two tests of adrenal function that are commonly ordered in the ICU.
The first is measurement of a random cortisol level. Given the fact that there is
no exact correlation between the clinical measurement (e.g., Apache scores) of
stress and cortisol levels, only an extremely high level safely rules out a compo-
nent of adrenal failure.

The second test is a corticotropin stimulation test; normal values are defined
for outpatients with single-organ disease but not for critically ill inpatients. If the
test is used in the ICU, most commonly a baseline cortisol level is measured and
the patient is given 250 pg of synthetic corticotropin, followed by the measure-
ment of a second cortisol level 1 hour after stimulating the adrenal gland. If the
result is 20 pg/dL or more, it is usually safe to exclude the possibility of adrenal
failure. A result of between 15 and 20 pg/dL requires judgment in determining
the possible component of adrenal failure. If the result is less than 15 pg/dL and
the increment from baseline to stimulated value is less than 7 pg/dL, associated
adrenal failure may be an appropriate diagnosis. If the increment from baseline
to stimulated value is more than 7 pg/dL, it is necessary to reexamine the patient
to assess whether he or she is as critically ill as initially suspected. If treatment
with corticosteroids is necessary before completing the stimulation test, a pure
glucocorticoid, dexamethasone, 4 mg intravenously, may be given before cortisol
tests, since dexamethasone does not interfere with the assay. Since these patients
are receiving a crystalloid infusion, it is reasonable to give a corticosteroid like
dexamethasone without mineralocorticoid activity. Once the cortisol tests are
completed then hydrocortisone may be given.

Adrenal Function and Critical Illness

As with thyroid function, there is precious little evidenced-based data to guide
corticosteroid replacement in the critically ill patient. For the usual complicated
ICU patient, it is difficult to determine what the appropriate cortisol level should
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be for a given situation. What is the best cortisol level during a critical illness?
Often, it is relatively easy to determine what value contributes to the best survival
but not be able to determine whether the abnormal level is the cause of the disor-
der or just a marker of the severity of disease. More specifically, does endogenous
replacement of a corticosteroid improve outcome or at least a secondary effect
such as hypotension?

Critical illnesses, such as sepsis, are characterized by an elevated cortisol level
secondary to activation of the hypothalamic-pituitary-adrenal (HPA) axis, de-
creased cortisol clearance, and decreased protein binding. Since it is known that
there are many competing cytokines and that cytokines can directly influence the
HPA axis, it is appropriate to target them as potential mediators, but it is unlikely
that a single “smoking gun” will be found.

Primary Adrenal Failure

Primary adrenal failure may present acutely or chronically or the patient may
have subclinical or undiagnosed hypoadrenalism and shock may develop with a
superimposed acute illness. Many of the symptoms of hypoadrenalism are non-
descript and include weakness, fatigue, weight loss, anorexia, and orthostatic hy-
potension. Abdominal complaints can also be presenting symptoms and include
nausea, vomiting, pain, and diarrhea. Pigmentation of the skin (particularly the
soles of the hands and feet) occurs with the increased corticotropin levels of
primary hypoadrenalism, but pallor is more common with secondary adrenal
failure. Eosinophilia, normocytic anemia, lymphocytosis, hyponatremia, and
hypoglycemia can be seen with both primary and secondary adrenal failure.

In the ICU, acute primary adrenal failure or hypoadrenal crisis usually pre-
sents as hypotension unresponsive to vasopressors. The major problem is that, in
the ICU, the disorder frequently complicates sepsis, another disease that may
present with hypotension. The hemodynamic pattern of adrenal failure mimics
sepsis, and patients have a low systemic vascular resistance and a high cardiac
output after fluid replacement, with a normal to high pulmonary artery wedge
pressure (PAWP). The manifestation is usually hemorrhage into the adrenal
glands, although thrombosis of the adrenal arteries along with adrenal infarction
may occur in conjunction with the antiphospholipid antibody syndrome or some
other thrombotic disorder.

Since fever and abdominal pain are accompanying features, patients have
been taken to the operating room for an exploratory laparotomy for which the
results are negative. The surgical stress along with adrenal failure can easily lead
to their demise. The diagnosis is also problematic because it is unclear whether a
relatively low cortisol level in a critically ill patient is a factor contributing to
morbidity and mortality or just a sign of disease severity. Chronic adrenal failure
is most often the result of autoimmune adrenalitis, but other causes include op-
portunistic infections such as AIDS, fungal infection, tuberculosis, lymphoma, or
metastatic carcinoma of the lung, breast, or kidney.
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Secondary Adrenal Failure

Obtaining a thorough history is essential to avoiding secondary adrenal failure.
Patients may self-prescribe corticosteroids that they have at home from an old ill-
ness, making it hard to easily determine who needs corticosteroid replacement.
As in primary adrenal failure, a high index of suspicion is necessary for any pa-
tient with unexplained hypotension. It may be difficult to differentiate primary
from secondary adrenal failure. Patients can actually have primary adrenal failure
without hyperpigmentation. Hyponatremia can be manifested with both primary
and secondary adrenal failure, since it is not only a mineralocorticoid effect but
also cortisol deficiency that leads to hyponatremia. Co-secretion of ADH with
CRH from the paraventricular nucleus in the hypothalamus occurs with cortisol
deficiency because both hormones are under negative feedback control. In addi-
tion, the effective circulating volume depletion characteristic of adrenal failure
potentiates ADH release through baroreceptor-mediated pathways. Other signs
of cortisol deficiency are the same as in primary adrenal failure.

Corticosteroid Replacement

During critical illness and surgery, corticosteroids are given to prevent and to
treat adrenal failure. After surgery, the cortisol levels rise rapidly but usually re-
turn to baseline within 48 hours. If the patient is not presently taking corti-
costeroids but has taken them recently, time to recovery of the HPA axis is
unpredictable. If the patient is currently taking corticosteroids for an inflamma-
tory disease, they may need just their usual dose or may need supplementation,
with higher doses for several days. Patients taking corticosteroids for primary
adrenal failure need the higher doses for several days postoperatively or during a
critical illness. Hydrocortisone, 100 to 150 mg/day in divided doses or as a con-
tinuous infusion is an appropriate high dose of a corticosteroid for stress.

LIVER AND PANCREAS

Glucose derangements in the ICU are the most difficult to place within a single
organ, but because the pancreas produces insulin and the liver is the major gluco-
neogenic organ, this categorization seems the most appropriate. The kidney is also
a gluconeogenic organ and, especially under stress, may contribute significantly to
total body glucose levels. The specific disorders of diabetic ketoacidosis and hyper-
glycemic hyperosmolar nonketotic coma are addressed here.

Anatomy

The liver is the largest glandular organ in the body. The usual weight in the adult
human is 1500 grams, or approximately 2.5% of the total body weight. The liver
has a dual blood supply, receiving blood from both the hepatic artery and portal
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vein. The basic structure of the liver consists of a portal triad (i.e., portal vein, he-
patic artery, and bile duct) and central vein, with hepatocytes lining the road in
between. Both the portal vein and hepatic artery drain into the central vein, and
the fenestrated sinusoidal endothelial cells allow for rapid exchange of metabolic
products between the interstitial fluid and the liver’s blood supply.

The pancreas, like the adrenal gland, is functionally made up of two organs,
the endocrine pancreas and exocrine pancreas. The pancreas is 13 to 15 cm long,
with the head nestled into the loop of the duodenum and the tail bordering the
spleen. The cells in the islets of Langerhans produce insulin and glucagon.

Physiology

Five hormones must be considered in any discussion of carbohydrate metabo-
lism. Insulin is the primary regulatory hormone for glucose homeostasis. In-
creased insulin levels promote glucose use. The other hormones—glucagon,
cortisol, epinephrine, and growth hormone—prevent hypoglycemia. They are
counter-regulatory because they prevent the actions of insulin.

Laboratory Testing

In addition to glucose level measurements, the presence of ketosis is frequently
investigated when there is hyperglycemia and an anion-gap metabolic acidosis.
The most accurate determination is to measure serum ketone bodies with a ni-
troprusside test. The same test is part of the qualitative measurement performed
with the urine dipstick. Only acetoacetate and one of its metabolites, acetone, are
measured with the nitroprusside test, but the ketone body beta-hydroxybutyrate
is not measured with this test. A patient may have a significant level of ketoacido-
sis, but the nitroprusside reaction does not reflect this disorder if the ketone body
is largely beta-hydroxybutyrate.

Glucose and Critical Illness

Humans are unable to store significant amounts of ATP but are exquisitely de-
signed to produce large amounts on demand through the tricarboxylic acid cycle
and the oxidative phosphorylation chain. Oxygen and glucose are required for
these biochemical reactions. Humans are prone to hypoxemia but not to hypo-
glycemia, thus oxygen is always considered as first-line therapy in the critically ill
patient but not glucose. Insulin is the only hormone that causes hypoglycemia,
however, because all the other glucose-related hormones are counter-regulatory
and an increase in blood glucose level.

Since critically ill patients are prone to hyperglycemia, insulin is used to keep
them euglycemic. Although severe hyperglycemia causes increased carbon dioxide
production and steatosis and increases the incidence of infections, there are not
compelling in vivo data to suggest how tightly to control the glucose in the ICU pa-
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tient. The usual range that is chosen is between 150 and 250 mg/dL. There are many
continuous-infusion protocols for insulin, but the central themes are the same:

1. The goal is to control the glucose concentration over hours, not minutes, so
intravenous boluses are usually not necessary.

2. If the glucose concentration is dropping rapidly the infusion rate should de-
crease accordingly.

3. If the glucose concentration is dropping slowly and remains high, the infusion
rate may be increased more aggressively.

4. Glucose levels should be monitored frequently when the patient is unstable
and until a steady glucose concentration is obtained.

5. Hypoglycemia is more worrisome than hyperglycemia and should not occur
from the use of exogenous insulin in the ICU.

Diabetic Ketoacidosis

Patients with diabetic ketoacidosis (DKA) present with lethargy or coma, Kuss-
maul respirations (rapid and deep), and signs of hypovolemia. The patients usu-
ally have type 1 diabetes and present with hyperglycemia (glucose 400 to 800
mg/dL) and an anion-gap metabolic acidosis with the anions acetoacetate and
beta-hydroxybutyrate being the anions that create the gap. Acetoacetate can be
metabolized to acetone or beta-hydroxybutyrate, and it is the volatile acetone ex-
creted by the lungs that gives patients with DKA their characteristic fruity odor.

Both the urine and the serum can be tested for the presence of ketone bodies.
Osmotic diuresis usually causes severe volume depletion in these patients with
accompanying potassium losses, although the extracellular potassium may be at a
normal level initially, as a result of cellular shifts from the acidemia. Although a
lack of insulin alone and a resultant rise in glucagon direct the free fatty acids to
the ketogenic pathway and lead to DKA, an underlying infection or some other
inflammatory process must be considered.

The mainstay of therapy for DKA is crystalloid (with a 0.9% sodium chloride
content) infusion and insulin. The volume depletion associated with DKA is usu-
ally in the range of 3 to 6 L, and 1 to 2 L should usually be given over 30 to 60
minutes. During this initial infusion of 0.9% sodium chloride, insulin can be
withheld because it may exacerbate the extracellular volume depletion as glucose
is driven inside cells and water follows. Extracellular potassium levels may appear
normal, because acidemia drives potassium out of cells in exchange for hydrogen
ions but serum potassium rapidly falls as the acidemia is corrected. In other
words, the total body potassium stores are usually low despite the normal extra-
cellular potassium concentration. Regular insulin can be given as a bolus 15 to 20
U, which saturates the insulin receptors, making larger doses unnecessary, and
then infused to maintain the blood glucose between 150 to 200 mg/dL. Glucose
(dextrose) and potassium are added, once these levels are between 200 and 300
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mg/dL and 4.0 mEq/L, respectively. Phosphorus follows the same fate as potas-
sium but should not be replaced until low levels are measured.

Hyperosmolar Hyperglycemic Nonketotic Coma

Severe hyperglycemia with dehydration and coma may occur in elderly patients
with type II diabetes. Patients who develop hyperosmolar hyperglycemic nonke-
totic coma (HHNC) make enough insulin to prevent ketosis but not enough to
prevent hyperglucagonemia. The increased glucagon levels lead to hyperglycemia
through glycogenolysis and gluconeogenesis. A limited substrate for ketosis may
also play a role in the lack of ketoacidosis in these patients.

Blood glucose levels in HHNC are much higher than in DKA and can range
form 600 to 2000 mg/dL. Typically, patients have renal impairment, which exac-
erbates the hyperglycemia because less glucose is filtered and excreted. They also
do not respond appropriately to the hyperosmolality by increasing water intake,
often secondary to dementia.

The major electrolyte abnormality in HHNC is relative hyponatremia, sec-
ondary to the hyperglycemia. The glucose level increases the extracellular osmo-
lality and causes cellular dehydration and secondary hyponatremia. For each 100
mg/dL of glucose above 100 mg/dL, the sodium level can be expected to decrease
by approximately 1.6 mEq/L. This is a real hyponatremia and should not be con-
fused with pseudohyponatremia, a laboratory phenomenon caused by dilution of
the specimen without accounting for lipids or proteins that are not present in the
re-suspension.

The initial treatment of HHNC is to focus on fluid and electrolyte replace-
ment, beginning with 0.9% sodium chloride solution until the effective circu-
lating volume is restored. Particular attention must be paid to potassium
supplementation. Insulin is given, but the goal should be a gradual resolution of
hyperglycemia. Remember that the neurons produce idiogenic osmoles to pre-
vent cerebral cellular dehydration and if too much electrolyte free-water is given
and the glucose corrected too rapidly, the patient develops cerebral edema.

SUMMARY

Appropriate diagnosis and management of endocrine dysfunction in the ICU re-
quires the knowledge to differentiate among a primary disorder, a secondary dis-
order, and a response to illness. It is essential to consider these three possibilities
when faced with a potential endocrinopathy in the critically ill patient.
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INTRODUCTION

A wide variety of gastrointestinal (GI) problems result in admission to the ICU or
arise during a patient’s stay there. This chapter focuses on the GI disorders that are
seen most frequently in the ICU and that require expert management to improve pa-
tient outcome. More than the usual emphasis is placed here on disorders involving
the liver. There is an alarming rise in the number of patients admitted with cirrhosis
and its complications related to chronic viral hepatitis, especially hepatitis C virus,
which is estimated to infect over 4 million Americans, only 200,000 of whom have
been identified to date. A systematic approach to evaluating abnormal liver test results
is also essential when managing patients in the ICU; this topic is discussed in detail.

ACUTE GASTROINTESTINAL BLEEDING

Bleeding in the GI tract is a common reason for admission to the ICU. The ap-
proach to acute GI bleeding should be systematic, with special attention given to
intravascular resuscitation, recognition of the factors that caused bleeding, and
aggressive investigation and treatment of any identified causes.

General Approach

Regardless of the apparent source of bleeding, the initial management of patients
with acute GI bleeding is generally the same. The first step is thorough patient as-
sessment. The urgency of the situation relates to the degree of blood loss, which
may be determined by the presence of tachycardia, hypotension, orthostasis,
confusion, diaphoresis, and pallor.

INITIAL INTRAVASCULAR RESUSCITATION Large-bore intravenous access is
of the utmost importance. To permit rapid infusion of crystalloid or blood prod-
ucts, it is best to insert two large-bore (14- to 16-gauge) peripheral intravenous
lines or a central catheter introducer (e.g., Swan-Ganz catheter). A central venous
catheter offers no advantages in comparison to large-bore peripheral access.

If more rapid intravascular volume resuscitation is needed, it should begin
with normal saline or lactated Ringer’s solution while the patient’s blood is being
cross-matched. Restoration of hemodynamic stability should take precedence
over other considerations. Thus, normal saline solution should be used even in
patients who have excessive levels of body sodium, such as those with cirrhotic
ascites or CHF.

To assure adequate tissue perfusion, vital signs and urine output volume
should be determined at frequent intervals. Central venous pressure monitoring
may be necessary in elderly patients or those with cardiovascular disease, to as-
sess for early evidence of intravascular fluid overload.
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NASOGASTRIC INTUBATION All patients with acute GI bleeding should ini-
tially have a nasogastric tube inserted. Not only does it assist in identifying an
upper GI source of bleeding, but it also helps to monitor the rate of upper GI
bleeding and to remove gastric contents and blood to facilitate subsequent en-
doscopy. It may also contribute to hemostasis by allowing the walls of the stom-
ach to collapse.

Inserting a nasogastric tube of routine caliber is not contraindicated in pa-
tients with known or suspected varices, since major bleeding from varices has
rarely been linked to this procedure. In addition, many patients with portal hy-
pertension bleed from sources other than varices and the nasogastric tube may
help in assessment."

Blood aspirated from the nasogastric tube usually confirms that the source of
bleeding is in the upper GI tract. A bloodless nasogastric aspirate, however, does
not rule out an upper tract source, since in 10% of patients duodenal bleeding
may be present.” Lavage of the stomach with tap water clears it of clots before en-
doscopy, and it may also improve coagulation. Ice water was once thought to
help reduce gastric or duodenal bleeding causing local vasoconstriction, but this
is no longer believed to be the case.’

ENDOTRACHEAL INTUBATION In patients with massive hematemesis or de-
creased mental status, endotracheal intubation is required to prevent pulmonary
aspiration, especially before endoscopy.

DETERMINING THE SOURCE The source of GI bleeding can usually be deter-
mined with some accuracy be means of a thorough history and physical exami-
nation. The color and consistency of the stool is often helpful. Melena generally
indicates moderate bleeding (50 mL/day) from a source in the upper GI tract
(above the ligament of Treitz), although bleeding in the right side of the colon
can also present in this manner. Hematochezia usually indicates bleeding from
the lower GI tract (below the ligament of Treitz) but can also be seen with a mas-
sive upper GI tract bleed. Hematemesis virtually ensures an upper GI tract
source. Rapid or recent bleeding appears bright red in color, whereas earlier
bleeding has a “coffee ground” appearance. (Nasopharyngeal bleeding should al-
ways be excluded in patients with hematemesis.)

The age of the patient makes some diagnoses more likely than others. This is
especially true with regard to bleeding from the lower GI tract, which tends to
occur more often in older patients than younger ones. In addition, advanced age
worsens the prognosis of patients with an acute GI bleed. Recent ingestion of al-
cohol, aspirin, or NSAIDS all raise the possibility of erosive gastritis or peptic
ulcer disease. Aspirin also inhibits platelet adhesion, which may aggravate any
underlying bleeding tendency. A previous history of GI bleeding should also be
sought.

Patients with medical conditions characterized by bleeding are at increased
risk of mortality from GI bleeding. Patients with liver disease are at risk for
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esophageal varices. Previous radiation therapy to the abdomen or pelvis makes
radiation enteritis or colitis a distinct possibility. A history of surgery on the ab-
dominal aorta or an unrepaired abdominal aneurysm raises the potential of an
aortoenteric fistula.

A thorough physical examination should initially focus on the degree of blood
loss by examining for signs of shock. Stigmata signs of liver disease should be
sought. A careful abdominal examination may provide relevant information as to
the source of bleeding. Other aspects should be addressed, such as the general
health of the patient, with particular attention to cardiopulmonary status.

LABORATORY TESTING Initial laboratory data should be sent immediately and
include a CBC count, platelet count, PT time, partial thromboplastin time
(PTT), liver enzyme levels, serum electrolyte levels, blood urea nitrogen (BUN)
level, creatinine level, and a type and cross-match for blood transfusion. Care
should be used in interpreting the patient’s initial hematocrit, since it represents
the volume of RBCs as a percentage of total blood volume and it does not drop
until blood volume has been restored. Repletion of blood volume from extravas-
cular fluid sources or exogenous intravenous resuscitation may take hours to
occur. Therefore, the decision to transfuse should not be based solely on the pa-
tient’s hematocrit. Unstable vital signs and evidence of active bleeding are better
indicators.

TRANSFUSION OF BLOOD PRODUCTS Blood loss of less than 500 mL rarely
causes systemic manifestations, except in elderly patients or in patients who were
anemic to begin with. Orthostatic hypotension suggests a 20% reduction in
blood volume. When blood loss approaches 40% of volume, shock is usually
present and tachycardia and hypotension rapidly ensue. If a patient remains he-
modynamically unstable after receiving 2 to 3 L of crystalloid, transfusion of
blood products is indicated.

A target hematocrit of 30% is ideal for elderly patients and those with cardiac
or pulmonary disease, but in young healthy patients, a hematocrit of 20% is ac-
ceptable. Packed RBCs are the preferred type of blood transfusion. Mortality
from GI bleeding is high in patients who present with shock and require more
than 5 U of blood.”

Fresh frozen plasma may also be necessary to replace clotting factors in pa-
tients who need massive transfusions and those with coagulopathies. Platelet
transfusions may be indicated when the platelet count is less than 50,000/pL and
for suspected platelet dysfunction after recent aspirin ingestion. In patients with
rapid fluid shifts caused by GI bleeding and the infusion of multiple blood prod-
ucts and copious intravenous fluids, frequent monitoring of serum electrolyte,
calcium, phosphate, and magnesium levels is necessary.

MEDICAL THERAPY Medical therapy to suppress gastric acid secretion is often
initiated, because this reduces the harmful effects of acid and pepsin on any
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upper GI tract lesion that is bleeding and may also improve platelet aggregation.
In patients suspected of having esophageal or gastric varices, the use of octreotide
or somatostatin should be initiated before diagnostic endoscopy to reduce portal
pressures and stem bleeding.

Bleeding in the Upper Gastrointestinal Tract

CAUSES The major causes of bleeding in the upper GI tract include acid-peptic
disease (gastric or duodenal), gastritis, Mallory-Weiss tears, and esophageal or
gastric varices. Other less common sources are portal hypertensive gastropathy,
Dieulafoy’s malformation, and gastric carcinoma. Acid-peptic disease is the most
frequent cause of upper GI bleeding and accounts for 50% of cases,” with a mor-
tality rate of about 10%. However, in certain inner city populations, esophageal
sources and gastritis are more prevalent.” Overall, the mortality rate for acute GI
bleeding is about 5% to 12%.%" This increases significantly with a patient over
age 60 and in patients with severe bleeding or cirrhosis.”

RISK FACTORS Upper GI tract bleeding is associated with a variety of risk factors.
Aspirin and NSAIDs are responsible for many cases of benign gastric or duodenal
ulcers and gastritis. The risk of major bleeding is increased in elderly patients and
in those with significant co-morbidities. A history of peptic ulcer disease also in-
creases the risk of bleeding, particularly in those with chronic renal disease.”

In hospitalized patients, acute bleeding in the upper GI tract often arises from
stress-induced ulcers, secondary to the “stress” of critical illness and distinct
from routine acid-peptic ulcers.® Risk factors for stress ulcers and GI bleeding in-
clude head injury, severe burns, major trauma, shock, sepsis, coagulopathy, he-
patic or renal disease, and mechanical ventilation. Two specific risk factors that
have been shown to be the most predictive for clinically important nosocomial
GI bleeding are coagulopathy and respiratory failure that requires mechanical
ventilation.® About 75% of patients admitted to the ICU show some evidence of
bleeding on endoscopy, as early as 24 hours after admission.'” Those with bleed-
ing from nosocomial stress-induced ulcers have a worse prognosis than those ad-
mitted with routine bleeding ulcers.'"'?

DIAGNOSTIC AND THERAPEUTIC ENDOSCOPY Fiberoptic and now
videoendoscopy have revolutionized the management of acute upper GI tract
bleeding. Routine upper GI endoscopy is usually recommended as the initial di-
agnostic procedure, since the site and severity of bleeding dictates the specific
treatment approach taken. For example, the therapy of variceal bleeding is
markedly different from the management of bleeding from acid-peptic disease.

All patients who are unstable hemodynamically should undergo urgent en-
doscopy, once they have been stabilized sufficiently. Patients with less significant
upper GI tract bleeding should also have an upper tract endoscopy done within
48 hours to confirm the diagnosis and consider further management.
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Specific aspects of the clinical presentation (e.g., hemodynamic instability and
bright red blood suctioned by means of the nasogastric tube) offer both prognos-
tic and therapeutic significance, as do the endoscopic findings. Brisk bleeding,
spurting of blood, slow oozing, adherent clots, a visible vessel, or ulcers larger
than 1 to 2 cm, are all associated with a high risk of uncontrollable bleeding or
rebleeding.” These patients are more likely to require urgent intervention by ther-
apeutic endoscopy or surgery. The NIH Consensus Panel on Therapeutic En-
doscopy and Bleeding Ulcers currently recommends that patients with active
bleeding or those with a visible vessel should undergo appropriate therapeutic in-
terventions at the time of endoscopy."’

Endoscopic therapy for hemorrhage secondary to acid-peptic disease is usu-
ally successful in stopping active bleeding and decreasing the risk of recurrent
bleeding and the need for transfusions or surgery. Endoscopic methods to treat
ulcer bleeding include thermal and bipolar electrocoagulation, laser photocoagu-
lation, and injection of ethanol, hypertonic solutions, or epinephrine. The com-
bination of epinephrine injection and thermocoagulation for initial endoscopic
control of bleeding yields significantly better results than either treatment
alone.'*"

MEDICAL TREATMENT The routine treatment of documented gastroduodenal
ulcers or gastritis includes the withdrawal of any inciting factors or drugs (e.g.,
NSAIDs or alcohol), acid suppression, and eradication of Helicobacter pylori
(Table 11-1). The presence of H. pylori can be confirmed at the time of upper en-
doscopy by urease testing, histopathologically with silver or Giemsa staining of
antral biopsies, or by serologic or urea breath tests. Intragastric pH should be
maintained above 4.0 with either antacids via a nasogastric tube or intravenous
administration of H,-antagonists. Hemorrhagic gastritis secondary to aspirin,
NSAIDs, or alcohol typically resolves with the removal of the offending agent, al-
though healing may be enhanced with acid suppression. A Mallory-Weiss tear
usually heals without any specific treatment, but H,-antagonists are often used.

TABLE 11-1 FDA-Approved Oral Regimens in the Treatment
of Helicobacter pylori Infection

Bismuth subsalicylate, 525 mg qid for 14 days and
Metronidazole, 250 mg qid for 14 days and
Tetracycline, 500 mg qid for 14 days and
Ranitidine, 150 mg bid for 14 days

Lansoprazole, 30 mg bid for 10 days and
Clarithromycin, 500 mg bid for 14 days and
Amoxicillin, 1 g bid for 14 days

SOURCE: Adapted from Guidelines for the management of Helicobacter pylori infection, by Howden
CW, Hunt GH. Am ] Gastric Enterol 1998;93:2330.
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REPEATED BLEEDING Rebleeding of ulcers occurs in about 15% to 20% of
nonvariceal upper GI tract bleeds, with the highest rate of rebleeding docu-
mented in the first 48 to 72 hours after initial treatment.'® Patients who rebleed
should undergo a repeat endoscopy before proposed surgery. There appears to be
no significant difference in achieving hemostasis with surgery versus repeat ther-
apeutic endoscopy, in terms of the need for transfusions, length of hospital stay,
or mortality.”'® However, patients who proceed to surgery tend to have a higher
risk of complications. Second-look endoscopy remains a controversial issue, be-
cause no studies to date have shown any clear benefit in favor of this approach,
except perhaps for patients whose initial bleeding episodes are severe.

Stress-Induced Ulcers

Prophylaxis for stress-induced ulcers has generally been recommended for all
critically ill patients.'”* However, while GI bleeding occurs in 20% of patients
who do not receive prophylactic treatment, only in 2% to 6% is the GI bleeding
significant enough to cause hypotension or necessitate a blood transfusion."
Therefore, we recommend stress ulcer prophylaxis only in a select group of criti-
cally ill patients’ (Table 11-2). H,-antagonists have been shown, in randomized
trials, to prevent clinically important GI bleeding in patients compared with pa-
tients in whom no such prophylaxis is used.” Proton-pump inhibitors (soon to
be available with intravenous formulations) may have the same effect.

There is controversy regarding whether or not the use of acid-suppressing
agents may increase the risk of ventilator-related pneumonia by enhancing the
growth of bacteria in the upper GI tract as a result of acid suppression. Since su-
cralfate does not alter gastric pH, it has been thought to be an effective alternative
for stress-induced ulcer prophylaxis. However, the effectiveness of sucralfate in
preventing clinically important GI bleeding has recently been questioned.*' En-
teral nutrition by itself may prevent GI bleeding, since the pH of most commer-
cially available enteral nutritive formulations is between 6 and 7.** Although the
overall incidence of GI bleeding appears to decrease no matter what form of pro-
phylaxis is used, there has been no study to date which clearly demonstrates a re-
duction in mortality.”*

TABLE 11-2 Indications for Stress Ulcer Prophylaxis

Coagulopathy (INR > 1.5; PTT > 2 times control or greater; platelet count < 50,000/pL)
On mechanical ventilation for more than 48 hours

Recent history of GI bleeding

Major burns (> 35% TBSA)

Major trauma (ISS > 15)

ABBREVIATIONS: INR, international normalized ratio; PTT, partial thromboplastin time; GI, gastroin-
testinal; TBSA, total body surface area; ISS, injury severity scale.
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Upper Gastrointestinal Tract Hemorrhage in Liver Disease

Bleeding from varices in the upper GI tract accounts for about 20% of all admis-
sions to the ICU for upper GI tract bleeding.** However, in patients with chronic
liver disease who present with upper GI bleeding, variceal bleeding accounts for al-
most 50% of cases, acid-peptic disease for around 15%, and portal hypertensive
gastropathy for only 5%.” In most studies, about 50% of patients with cirrhosis are
found to have esophageal or gastric varices at routine upper endoscopy, and close
to 50% of these patients develop an upper GI tract bleed at some point in time.**

Mortality from variceal bleeding is high. In patients with cirrhosis and
esophageal varices the risk of variceal bleeding is 25% to 35%.%° The risk of dying
from variceal hemorrhage within 1 year of diagnosis of varices is 10% to 15%.>
For patients who survive their first variceal bleed, the risk of recurrent bleeding is
nearly 70% within the first 6 months and the mortality rate with each bleed-
ing episode is about 30% to 50%.*° Predictors of mortality include ongoing GI
bleeding at the time of endoscopy; documented large varices, ascites, and
encephalopathy; and a serum bilirubin level of more than 2.5 mg/dL, a serum
aspartate aminotransferase (AST) level of more than 100 U/L, and a PT of more
than 14 seconds.”’

Gastric varices are a relatively infrequent source of upper GI bleeding com-
pared to esophageal varices. Although gastric varices tend to bleed less often,
when they do bleed, they usually hemorrhage massively and respond poorly to
endoscopic or medical therapy.*® Portal hypertensive gastropathy is another im-
portant source of bleeding in patients with liver disease, but this entity presents
more often as chronic blood loss rather than massive hemorrhage.

SUSPECTED VARICEAL BLEEDING The approach to bleeding in the upper GI
tract in patients with liver disease should be the same as for any other group of
patients, although even more careful attention should be given to judicious in-
travascular volume resuscitation efforts before diagnostic or therapeutic en-
doscopy. Resuscitative measures include the establishment of proper intravenous
access and blood volume replacement with packed red blood cells and fresh
frozen plasma, when appropriate. In general, patients should be slightly under-
transfused to a hematocrit of 30 to 34 mL/dL. In unstable patients or those who
hemorrhage vigorously, endotracheal intubation should be performed to secure
the airway before endoscopy. This is especially important in patients with an al-
tered sensorium secondary to alcohol intoxication or hepatic encephalopathy.

In patients with liver disease and a recent history of GI bleeding, an upper
tract endoscopy must be performed on an urgent basis to determine whether
varices are present. If they are but not actively bleeding, specific endoscopic signs
may suggest a recent episode of bleeding. These signs include large varices rather
than small ones and the presence of certain stigmata, such as red wales, red
hematocystic spots, and cherry-red spots, the “red color” signs of recent hemor-
rhage from large varices.” If there are multiple or large (e.g., grade 3 or 4)
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varices, even though no active bleeding is present, specific therapeutic measures
are warranted at the time of endoscopy, as discussed in more detail later.

MEDICAL TREATMENT OF VARICEAL BLEEDING The treatment of bleeding
esophageal varices differs substantially from the approach used for other lesions of
the upper GI tract. Initial pharmacologic therapy centers around the use of vasoac-
tive drugs, such as vasopressin, octreotide, or somatostatin, all of which decrease
splanchnic blood flow, total hepatic blood flow, hepatic wedge pressure, and variceal
wall pressures. Since varices develop whenever the hepatic venous pressure gradient
(defined as portal pressure minus inferior vena cava pressure) rises to a value 12 mm
Hg or higher, the goal is to lower the gradient to a level of less than 12 mm Hg.

Before the availability of somatostatin and its analog octreotide (Sandostatin),
vasopressin or glypressin (with or without nitroglycerine) were the only agents
available for patients with acute variceal bleeding. Their use should now be aban-
doned because of their significant adverse effects (e.g., coronary spasm, skin
necrosis after extravasation) and the negligible effects that octreotide and so-
matostatin have on systemic hemodynamics.

Octreotide is given initially as a 50 pg IV bolus, followed by an infusion of 50
pg/hr, whereas somatostatin is given as a 250 ug IV bolus, followed by an infu-
sion of 250 pg/hr. In cases of severe bleeding, boluses of these drugs may be re-
peated and the infusion rate may be doubled. Octreotide has been shown to
improve survival and lead to less morbidity than balloon tamponade.” The med-
ical literature does not yet support the use of octreotide or somatostatin infusion
before endoscopy in patients with bleeding in the upper GI tract. However, these
drugs have few if any side effects, and it is therefore advisable that all patients
with a major hemorrhage of the upper GI tract and evidence of liver disease be
started empirically on octreotide or somatostatin while awaiting endoscopy.

Vasoactive drugs, such as octreotide and somatostatin, are also the primary
form of medical therapy for nonesophageal causes of bleeding secondary to portal
hypertension, such as portal hypertensive gastropathy and gastric varices more
than 2 to 3 cm below the gastroesophageal (GE) junction. Gastric varices less than
2to 3 cm from the GE junction can often be managed via therapeutic endoscopy in
a manner similar to those in the esophagus proper (as discussed later).

ENDOSCOPIC TREATMENT OF VARICES The endoscopic treatment of bleed-
ing from esophageal (or “high-riding” gastric) varices consists of either scle-
rotherapy or band ligation (banding), or a combination of both. Sclerotherapy
involves injecting sclerosing agents, such as sodium morrhuate or ethanolamine,
directly into or, more often, adjacent to the varices under endoscopic control.
Unfortunately, these agents are quite toxic and lead to local problems, such as
esophageal ulcers, bleeding, and strictures, and systemic complications, including
bacteremia, mediastinitis, and pulmonary edema.

However, sclerotherapy remains the treatment of choice when variceal bleed-
ing is torrential and visualization of the esophagus is poor, because banding is
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technically more difficult under these circumstances. The advantage of endo-
scopic sclerotherapy also lies in its low cost, widespread availability, and ease
of use. Sclerotherapy is thought to be equally as effective as octreotide or soma-
tostatin in controlling acute variceal bleeding.’®”* The use of octreotide in
combination with sclerotherapy has been shown to be more effective than
sclerotherapy alone in controlling further bleeding and in survival without bleed-
ing at 4 days.” However, sclerotherapy carries a higher morbidity rate compared
with vasoactive drugs as a result of the complications noted earlier.

However, banding is much better tolerated; it is a technique whereby small
elastic bands are sequentially placed onto the varices under endoscopic control.
The blebs of variceal tissue become necrotic and slough off, leaving small residual
ulcers. Compared with sclerotherapy, band ligation has been shown to lead to
less rebleeding, lower mortality rates, and fewer complications.”*’ Banding also
achieves obliteration of the varices more rapidly and with fewer endoscopic ses-
sions.”” However, combining sclerotherapy with band ligation has not been
shown to produce better results than banding alone.*” Compared to band liga-
tion alone, banding combined with octreotide significantly reduces the risk of re-
current variceal bleeding and the need for balloon tamponade.*'

BALLOON TAMPONADE Seventy-five percent to 90% of patients with variceal
bleeding stop bleeding with pharmacologic or endoscopic treatment, or both.*® For
those who do not stop, other options must be considered. Balloon tamponade can
be helpful to control acute, particularly torrential, bleeding, but this is only a tem-
porary measure, because its use beyond 24 hours results in a high risk of local com-
plications and rebleeding. The Sengstaken-Blakemore or Minnesota tube consists
of along flexible catheter with two inflatable balloons, an elongated esophageal bal-
loon and a round gastric one toward the end. The tube is inserted either through
the nose or the mouth. After determining that the gastric balloon is in the stomach
by auscultating in the left upper quadrant for the insufflation of air, the gastric bal-
loon is inflated with 50 mL of air and its placement is then confirmed to be in the
stomach by x-ray films. Following this, the balloon is inflated with 250 to 300 mL
of air and pulled back to be positioned snugly against the GE junction. If bleeding
persists, the esophageal balloon can be gently inflated, but only when using a pres-
sure monitor device to ensure a maximum pressure of 30 to 40 mm Hg.

To avoid pulmonary aspiration, the Minnesota tube should be placed only after
endotracheal intubation. Furthermore, the esophageal and gastric balloons should
be deflated after 24 hours to avoid the complications of local esophageal or gastric
ischemia and rupture. The use of balloon tamponade is most helpful when en-
doscopy is not readily available or pharmacologic therapy fails and especially when
severe bleeding is present, which prevents endoscopic visualization.

TRANSJUGULAR INTRAHEPATIC PORTACAVAL SHUNT Another important
option for stabilizing the patient and preventing recurrent bleeding is the trans-
jugular intrahepatic portacaval shunt (TIPS). This is an ideal means of controlling
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acute variceal bleeding (especially from gastric varices) whenever medical or endo-
scopic therapy fails and a surgical shunt is not feasible because of the advanced de-
gree of the patient’s liver disease or other contraindications. A TIPS is usually
performed by an interventional radiologist, who first inserts a needle-tipped
catheter via the right internal jugular vein down through the right atrium and into
the liver, whereupon a connection is created between the portal vein and the hepatic
vein. An expandable metal stent is then inserted over the guide wire, deployed and
expanded within this intrahepatic connection, thus creating a direct portosystemic
shunt. The goal is to reduce the hepatic venous pressure gradient to less than 12 mm
Hg, below which the risk of further variceal bleeding is negligible. However, because
of enhanced portosystemic shunting, hepatic encephalopathy often worsens and
acute liver failure is not unusual, prompting the need at times for urgent liver trans-
plantation. Recurrent clotting or stenosis of the TIPS is also a common problem.

SURGICAL SHUNTS For a patient whose liver disease is less advanced and
deemed to be Child’s class A (see section on cirrhosis), a surgical shunt (selective
or total) is a reasonable alternative because of its excellent long-term patency
rates compared with those of TIPS. Surgical shunts, particularly selective ones,
are no longer a contraindication to liver transplantation as they were in the past,
although technical concerns persist.

LIVER TRANSPLANTATION Liver transplantation continues to offer the best
long-term solution for the complications of portal hypertension, such as bleeding
from varices or portal hypertensive gastropathy, but transplantation is limited by
donor availability.

PREVENTING RECURRENT VARICEAL BLEEDING Because of the high risk of
rebleeding, patients with varices who eventually stop bleeding should be consid-
ered for prophylaxis with nonselective beta-blockers (propranolol or nadolol).
They are well tolerated and have been shown to prevent recurrent bleeding sec-
ondary to portal hypertension, especially in patients who are Child’s class A
or B.”® There may also be additional benefit with the combination of nonselective
beta-blockers and long-acting nitrates or alpha-blockers.

Although combining pharmacologic and endoscopic therapy (i.e., sclerother-
apy or banding) appears to be a reasonable approach, there have been no defini-
tive studies to date and more data from randomized controlled trials are needed.
Unfortunately, neither pharmacologic or endoscopic treatment appears to de-
crease overall mortality in patients with liver disease, even though band ligation
has been shown to reduce mortality rates from bleeding compared with scle-
rotherapy.”’

Many experts suggest that all patients with cirrhosis should undergo an upper
GI tract endoscopy to determine the presence and severity of varices or portal hy-
pertensive gastropathy. Patients confirmed to have large (i.e., grade 3 or 4)
varices should be started on pharmacologic treatment with a beta-blocker and
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continued on this indefinitely. Although beta-blockers have been shown to pre-
vent the first variceal bleed, they do not improve overall survival.?® The use of en-
doscopic therapy to prevent a first bleed remains controversial and at present this
approach is not recommended. In some studies sclerotherapy actually caused
more bleeding.*** In one study, however, band ligation was shown to prevent
the first bleed in cirrhotic patients who were at high risk of bleeding from
esophageal varices.*> Although a recent comparison of banding and propranolol
for primary prevention suggested that banding was more effective,*’ current rec-
ommendations are to give nonselective beta-adrenergic blockers and reserve
banding for patients with contraindications or intolerance to these drugs.

Lower Gastrointestinal Tract Hemorrhage

Lower GI tract bleeding is defined as any bleeding which occurs distal to the liga-
ment of Treitz. On the whole, it occurs less often than upper GI tract bleeding. Most
cases of lower GI tract bleeding originate in the colon and present with hema-
tochezia, although bleeding from the small intestine or proximal colon can
sometimes lead to melena. Diverticulosis, angiodysplasia, neoplasm, ischemia,
inflammatory bowel disease, and infectious colitis cause significant GI bleeding. The
most common source for bleeding in the lower GI tract is from the upper GI tract.

CAUSES Diverticulosis accounts for about 40% of all cases of lower GI bleed-
ing.** The bleeding is often acute and painless but can be massive. Although di-
verticular disease occurs primarily in the left colon, diverticulae in the right colon
tend to bleed more vigorously, for unknown reasons. Patients with benign or
malignant neoplasms rarely present with massive hemorrhage; they develop
chronic blood loss instead. Inflammatory bowel disease is the most frequent
cause of lower GI tract bleeding in young adults who have small-to-moderate
amounts of bright red blood mixed with diarrheal stool. Rarely does inflamma-
tory bowel disease present as a life-threatening hemorrhage, except occasionally
in patients with Crohn’s disease. Aortoenteric fistula can cause a sudden, massive
GI bleed; these fistulas occur most often in patients who have had previous
surgery on their abdominal aorta or who have unrepaired aortic aneurysms.

EVALUATION Eighty percent of lower GI bleeds stop spontaneously and do not re-
quire any therapy.* The initial evaluation of a patient with a lower GI bleed includes
arectal examination and anoscopy to evaluate the perianal tissues, the anus, and anal
canal for fissures or hemorrhoids. A flexible sigmoidoscopy is also recommended to
assess for bleeding in the rectum, sigmoid colon, and lower descending colon.

Colonoscopy

The role of colonoscopy in acute bleeding remains controversial, since ongoing
bleeding and stool in the unprepared colon often obscures the endoscopist’s
view. If a colonoscopy is planned, adequate bowel preparation with an osmoti-



11 / Gastrointestinal Problems 255

cally balanced electrolyte solution is required. Inadequate preparation of the
bowel for examination is the most common reason for failure to identify the
source of bleeding at colonoscopy. This procedure should not be performed in
patients who are in shock or in those who have active bleeding, since the patient
may be too unstable for the examination and the accuracy in diagnosis is com-
promised.

Radiographic Studies

If a colonoscopy cannot be performed or if it fails to identify the source of bleeding
and moderate or intermittent bleeding occurs, a technetium-labeled RBC scan
should be considered. The study involves first tagging the patient’s RBCs with tech-
netium pertechnetate, injecting them back into the patient, and then imaging the
abdominal area every few minutes. Sites with bleeding rates as low as 0.05 to 0.1
mL/min can be identified. Another option is selective angiography, which can lo-
calize the site as long as the rate of bleeding is more than 0.5 mL/min. In fact, this is
the test of choice in patients with massive lower GI bleeding, since vasopressin can
also be infused selectively or the bleeding vessel may be embolized. However, per-
foration secondary to ischemic damage has been reported. CT scanning or surgery
are the next steps, if all other diagnostic tests are unrevealing.

ACUTE PANCREATITIS

Acute pancreatitis is a potentially life-threatening disorder characterized by in-
flammation of the pancreas that may also involve peripancreatic tissues or remote
organ systems, or both. There are many causes of acute pancreatitis: excess alcohol
intake, gallstones, trauma, infection, drugs, toxins, hyperlipidemia, or hypercal-
cemia, but on occasion, no apparent cause is found, despite an extensive workup.
Although the mortality rate with most cases of acute pancreatitis is 5% to 10%,*
when complications arise, the risk of death approaches 35%.*” Thus, it is important
to grade the severity of this condition as soon as possible after presentation and to
manage patients aggressively based on the apparent acuity of their illness. It is also
essential to recognize and treat any complications as soon as they arise.

Clinical Presentation

In most instances, patients with acute pancreatitis complain of abdominal pain,
ranging from mild, tolerable discomfort to severe incapacitating distress. The
onset of pain is usually acute in onset and persists for hours without relief. The
pain is most intense in the epigastrium or periumbilical region, and often radi-
ates to the back. Nausea and vomiting are also common.

Key aspects of the physical examination are signs of shock, namely tachycardia
and hypotension. Fever is another common feature. Pulmonary findings include
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basilar rales, atelectasis, and pleural effusions. Abdominal tenderness is almost al-
ways present. A pancreatic pseudocyst may be palpable. Ecchymoses in the peri-
umbilical area (Cullen’s sign) or flanks (Turner’s sign) indicate hemorrhagic
pancreatitis.

The differential diagnosis of acute pancreatitis includes a variety of other dis-
orders, such as mesenteric ischemia, perforated duodenal or gastric ulcer, acute
cholecystitis or biliary colic, inferior-wall MI, dissecting aortic aneurysm, renal
colic, and diabetic ketoacidosis.

Laboratory Diagnosis

Elevated serum levels of amylase and lipase in excess of three times the upper
limit of normal suggest the diagnosis of acute pancreatitis,*® although mild eleva-
tions of these enzymes can be seen with perforated duodenal or gastric ulcers,
mesenteric ischemia, and tubo-ovarian pathology. The degree of the amylase or
lipase elevation does not correlate with the severity of the pancreatitis. Serum
amylase level has a low sensitivity (~ 70%)for diagnosis when the upper limit of
normal is used as the cutoff.”’ Lipase level is a preferable test to amylase level,
since the latter enzyme may be elevated with salivary disease, in diabetic ketoaci-
dosis, and with some carcinomas.

In acute pancreatitis, the serum amylase level typically returns to normal
within 48 to 72 hours, since the kidney rapidly clears the enzyme. In contrast,
serum lipase levels may remain elevated for 1 to 2 weeks, which makes the lipase
level a useful “historical” marker of previous disease. Once the diagnosis of acute
pancreatitis has been made, it is usually not necessary to measure amylase and
lipase levels on a daily basis, since they have little, if any, value in predicting clini-
cal outcome or prognosis.

One instance in which measuring daily levels of lipase and amylase may be
useful is in gallstone-induced pancreatitis. A rapid return of elevated levels to
normal suggests that the gallstone has passed into the duodenum or moved back
up the common bile duct and that it is now safe for the patient to undergo a
cholecystectomy.

A recently developed noninvasive method to detect acute pancreatitis is a urine
dipstick test for trypsinogen-2, a precursor of trypsinogen. It has a sensitivity of
about 94%, so if negative, this test is helpful in ruling out acute pancreatitis.”® In
most cases of acute pancreatitis, leukocytosis is present along with hyperglycemia,
hypocalcemia, and transient elevations in liver enzymes. Measurement of liver en-
zymes may be helpful in differentiating gallstone-induced pancreatitis from other
causes. A serum alanine aminotransferase (ALT) level of more than 80 U/dL is very
specific for biliary pancreatitis, but the sensitivity is only 50%.' The positive pre-
dictive values of an elevated serum alkaline phosphatase level and total bilirubin
level are about 80%, while the negative predictive values are 40% and 48%, respec-
tively.”> The presence of hypoxemia (Pao, of 60 mm Hg or less) may signal the
onset of acute respiratory distress syndrome (ARDS).
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Radiologic Diagnosis

Plain films are simple to obtain, but they have a sensitivity of less than 50% in de-
tecting acute pancreatitis.”> Their main utility is in ruling out other causes of
acute abdominal pain (e.g., free air from a perforated ulcer). Ultrasonography is
most useful in identifying biliary disease or gallstone-induced pancreatitis. In
fact, all patients who have mild-to-moderate acute pancreatitis of unclear cause
should have an abdominal ultrasound examination within 48 hours of admission
to rule out gallstones as the cause. Ultrasonography can also provide important
information on pancreatic edema and inflammation as well as identify pancreatic
pseudocysts. CT scanning permits detailed visualization of the pancreas and its
surrounding structures. In particular, contrast-enhanced dynamic CT scanning
provides additional information on the severity of pancreatitis and helps to es-
tablish a prognosis (as discussed later).

Determining Severity

A concerted effort should be made at the time of presentation to categorize the
severity of acute pancreatitis and to identify patients with severe pancreatitis,
since they appear to do best when managed in an ICU. Organ failure and local
complications are the most important predictors of a poor outcome in acute
pancreatitis (Table 11-3).>* Local complications include pancreatic necrosis,
pseudocysts, and abscesses. Organ failure and local complications may not be ap-
parent at the time of presentation, and physicians must remain vigilant to iden-
tify patients with complications resulting from severe disease. The one factor that
appears to lead most often to organ failure, and hence plays a major role in
determining the severity of acute pancreatitis, is third-space losses. Evidence of
significant losses includes hypotension, oliguria, azotemia, tachycardia, and a
hematocrit value of more than 50%.

RANSON CRITERIA A variety of scoring systems have been developed to help
categorize the severity of acute pancreatitis and predict outcome. Ranson et al>
developed 11 diagnostic criteria (5 at admission and 6 at 48 hours after admis-
sion) (Table 11-4). Studies have shown that there is an increased risk of mortal-
ity when three or more Ranson criteria are identified, either at admission or 48

TABLE 11-3 Signs of Organ Failure

Shock (BP < 90 mm Hg or HR > 130 beats/min)

Pulmonary insufficiency (Pao, < 60 mm Hg)

Renal failure (creatinine level > 2 mg/dL or urine output < 50 mL/hr)
GI bleeding (> 500 mL/day)

ABBREVIATIONS: BP, blood pressure; HR, heart rate; GI, gastrointestinal.
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TABLE 11-4 Ranson’s Criteria of Pancreatitis Severity

At Admission During initial 48 hours

Age > 55 Hematocrit decreases > 10 mg/dL
WBC count > 16,000/mm? BUN level increase of > 5 mg/dL
Glucose level > 200 mg/dL Ca*™ <8 mg/dL

LDH level > 350 U/L PaO, < 60 mm Hg

AST level > 250 U/L Base deficit > 4 mEq/L

Fluid sequestration > 6 L

ABBREVIATIONS: WBC, white blood cell; BUN, blood urea nitrogen; LDH, lactate dehydrogenase.

hours after admission.”®*” The mortality rate rises from approximately 10% to
20%, when three to five criteria are met, to more than 50%, when six or more are
present. The main limitation with the Ranson criteria is that the assessment is not
complete until 48 hours after presentation.

APACHE II SCORE The Acute Physiology and Chronic Health Evaluation II
(APACHE 1I) score uses 12 physiologic measures, along with age and general
health status to determine disease severity. It has a high sensitivity and specificity
for distinguishing mild from severe cases of pancreatitis on the day of admis-
sion.”®* The APACHE II score identifies two-thirds of severe cases at admission,
and after 48 hours, the prognostic accuracy of APACHE II scores is comparable
to that of the Ranson criteria. The patient usually survives if the APACHE II
score is eight or less. A major advantage of APACHE II over the Ranson criteria is
that severity of disease and prognosis can be determined at the time of admission
rather than waiting a full 48 hours. However, the main disadvantage with
APACHE 1I scoring is its complexity.

GRADING SEVERITY WITH CT CRITERIA All patients with severe pancreatitis as
determined by the presence of organ failure, a high APACHE II score, or three or
more Ranson criteria should have a dynamic contrast-enhanced CT scan. This is
the best available test to distinguish interstitial (benign) from necrotizing (severe)
pancreatitis. If significant renal impairment (a serum creatinine level of more than
2 mg/dL) is present or if a history of contrast sensitivity exists, a non—contrast-
enhanced CT scan should be done, but the distinction between interstitial and
necrotizing pancreatitis is less readily evident. With non—contrast-enhanced scans,
the Balthazar-Ranson grading system (Table 11-5) can be applied instead. The
most severe forms of acute pancreatitis are seen with grades D or E; these grades are
associated with organ failure and pancreatic necrosis.”’ If a contrast-enhanced CT
scan is feasible, the degree of any pancreatic necrosis can be used to determine the
CT severity index (Table 11-6). Patients with a total score of 7 to 10 have a higher
morbidity and mortality than those with scores of less than seven.*
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TABLE 11-5 Balthazar-Ranson Grading System

A = Normal-appearing pancreas

B = Focal or diffuse enlargement of the pancreas

C = Pancreatic gland abnormalities characterized by mild peripancreatic inflammatory
changes (“stranding”)

D = Fluid collection in a single location, usually within the anterior pararenal space

E = Two or more fluid collections near the pancreas (such as within the anterior pararenal
space and within the lesser sac) and/or the presence of gas in or adjacent to the pancreas

Treatment

HYDRATION The medical management of acute pancreatitis is largely support-
ive, except when specific complications arise. The most important aspect of sup-
portive care is aggressive intravenous fluid repletion, given the common problem
of extravascular fluid sequestration in the retroperitoneum and elsewhere. How-
ever, excessive intravenous hydration to maintain renal perfusion and cardiac
output may compromise pulmonary function, leading to endotracheal intuba-
tion and mechanical ventilation. Despite this, intravenous fluids should not be
withheld, unless specifically contraindicated.

ANALGESIA Supportive therapy also includes narcotic analgesia for adequate
pain relief. Meperidine is preferred over morphine to prevent spasm of the
sphincter of Oddi. However, care should be taken with meperidine, since its toxic
metabolites may accumulate, especially in patients with renal failure. There is no
evidence to suggest that fentanyl cannot be used for analgesia in acute pancreati-
tis. Likewise, there is no evidence to suggest that propofol cannot be used as a
sedative for ventilated patients with acute pancreatitis.

NUTRITION Patients should receive nothing by mouth until their symptoms of

nausea, vomiting, and abdominal pain have begun to resolve. The use of naso-
gastric suctioning provides no additional benefit, unless there is protracted nau-

TABLE 11-6 CT Severity Index

CT Grade Score Necrosis Score
A 0 None 0
B 1 <33% 2
C 2 33-50% 4
D 4 > 50% 6

NOTE: Total score = CT grade (0—4) + Necrosis score (0-6)
ABBREVIATION: CT, computed tomography.
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sea and vomiting."%* If a patient is not expected to take anything orally for more
than 5 days, TPN is recommended because nutritional depletion may slow recov-
ery time. When TPN is instituted, there appears to be no specific formulation
that benefits the patient most. The use of lipid formulations is contraindicated
only in patients with acute pancreatitis from hypertriglyceridemia.

INFECTION AND ANTIBIOTIC THERAPY Prophylactic antibiotics play no dis-
cernible role in acute pancreatitis, except in patients with documented pancreatic
necrosis or infected pseudocysts in which prophylaxis may reduce the risk of sep-
sis. Fever in patients with acute pancreatitis early in their course should prompt
an immediate workup to exclude pancreatic necrosis, infected pseudocyst,
cholangitis, or pneumonia. If the patient is severely ill, broad-spectrum antibi-
otics with coverage for bowel flora should be instituted as soon as possible after
cultures have been obtained. The development of a fever 2 weeks into the course
of acute pancreatitis should raise the suspicion of a pancreatic abscess and lead to
an aggressive workup.®’

OTHER CONSIDERATIONS The use of somatostatin in patients with acute pan-
creatitis has not been shown to alter outcome in terms of mortality or in the pre-
vention of complications.®* However, patients with acute pancreatitis are at
significant risk for stress-induced ulceration and intravenous H,-receptor antag-
onists are clearly indicated for this reason.

All patients with biliary obstruction or cholangitis should undergo endoscopic
retrograde cholangiopancreatography (ERCP). In this setting, ERCP has been
shown to improve morbidity and mortality rates if performed within 24 to 72
hours.**® In patients with acute biliary pancreatitis, but no evidence of biliary
obstruction on imaging tests, early ERCP has not been shown to be of any benefit
and may actually lead to a higher risk of complications.®’

Complications

Patients with severe pancreatitis, those who fail to improve after 72 hours, and
those who deteriorate despite aggressive management should have a dynamic
contrast-enhanced CT scan to assess for pancreatic necrosis. Necrosis may be ei-
ther infected or sterile. Patients with fever, tachycardia, leukocytosis, severe pain,
and bacteremia usually have infected areas of necrosis. Any patient suspected of
having this should undergo an immediate CT-guided needle aspiration for cul-
tures and sensitivities, and if confirmed, the patient requires urgent surgical
debridement. As mentioned earlier, the use of antibiotics in patients with
necrotizing pancreatitis that is yet infected may reduce the risk of sepsis.
Pseudocysts, defined as collections of pancreatic juice that lack an epithelial
lining, often resolve spontaneously. However, drainage is indicated if the pseu-
docyst enlarges to a diameter of more than 6 cm or begins to cause pain. In-
fection or hemorrhage involving a pseudocyst warrants decompression, either
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surgically or percutaneously. Other complications of acute pancreatitis include
acute respiratory distress syndrome (ARDS), pericardial effusion, acute renal fail-
ure, DIC, and portal vein thrombosis with variceal bleeding or encephalopathy.

EVALUATION OF ABNORMAL LIVER ENZYME LEVELS

The term “liver function tests” (LFTs) refers to a battery of blood tests that reflect
evidence of liver disease; they include aspartate aminotransferase (AST), alanine
aminotransferase (ALT), alkaline phosphatase (ALP), total bilirubin, and albu-
min with or without total protein concentrations.®*® The prothrombin time
(PT), while not typically part of the LFT panel, is an important element in assess-
ing hepatic function.

However, most of these tests do not represent liver “function” in a strict sense.
Instead, they more often reflect hepatic injury. Even measures of “hepatic func-
tion,” such as serum albumin level or prothrombin time, are influenced by extra-
hepatic factors, including the patient’s nutritional status, antibiotic therapy, or
the administration of fresh frozen plasma. The term “liver tests” is therefore rec-
ommended. More quantitative LFTs, such as galactose, caffeine, or aminopyrine
clearance tests, are available but not widely performed at present.

Serum Aminotransferases

Serum aminotransferases (transaminases) are derived from the cellular enzymes
involved in the transfer of the amino acids aspartate (AST) and alanine (ALT)
to ketoglutaric acid. Since ALT is present almost exclusively in the liver, where-
as AST is found in both cardiac and skeletal muscle and liver, brain, and kidney
tissue, elevations in serum ALT levels are more specific indicators of hepatic in-
jury.

The ratio of serum AST to ALT levels can also be useful in diagnosing specific
liver disorders. The AST enzyme is found in both the cytosol and the mitochon-
dria of hepatocytes, whereas ALT is found only in the cytosol. In alcoholic hep-
atitis, toxic damage occurs primarily to the mitochondria, leading to a larger
increase in AST level than ALT level. Furthermore, the enzymatic reaction with
ALT requires pyridoxal 5’-phosphatase as a co-factor. Since the level of this co-
factor is often deficient in alcoholics, the apparent activity of ALT is reduced
compared to that of AST. In alcoholic hepatitis, the AST:ALT ratio is typically
more than 2.0, with an AST level of not more than 400 U/L. In contrast, a ratio of
less than 1.0 is typically seen in viral hepatitis.

The degree of transaminase elevation can also be helpful in the differential di-
agnosis of liver disease. The highest serum levels (over 10,000 U/L) are encoun-
tered in acute viral, toxin-mediated, and ischemic or congestive hepatopathy. In
patients with symptomatic choledocholithiasis, the first laboratory abnormality
is often an elevation in serum AST level, usually to no more than three to five
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times the normal level, but sometimes to more than 10 times the normal level in
cholangitis.

If liver disease is suspected, correlation of an elevated serum AST concentra-
tion with an elevated serum ALT level should always be tried. An increase in AST
level in the absence of an elevated ALT level suggests cardiac or skeletal muscle
injury and can be confirmed by measuring creatine kinase isoenzyme levels.

Alkaline Phosphatase

Alkaline phosphatase (ALP) is an enzyme that catalyzes the hydrolysis of phos-
phate esters. It is present in a wide variety of tissues, including liver, bone, pla-
centa, intestine, and kidney. Most of the enzyme is found in liver and bone,
except during pregnancy, when the majority of it is derived from the placenta. El-
evated ALP levels can also be seen in malignancies of the liver and bone. Ideally,
ALP measurements should be done when the patient is fasting, since serum ALP
levels may rise after a fatty meal as a result of the release of the intestinal isoen-
zyme. Bile duct epithelial cells synthesize hepatic ALP. In response to bile duct
obstruction, the cells increase their synthesis and release of ALP.

In confirming the source of an elevated serum ALP level, the ALP can either
be fractionated into isoenzymes or serum levels of gamma-glutamyl transferase
(GGT), 5'-nucleotidase (5'-NT), or leucine aminopeptidase (LAP) can be mea-
sured. All three of these enzymes are useful in differentiating hepatobiliary from
bone disease and obstructive from hepatocellular jaundice and in detecting the
presence of infiltrative diseases of the liver. However, GGT is also elevated in
pancreatitis and MI. In addition, since GGT is a microsomal enzyme, its tissue
levels rise in response to enzyme induction by drugs, such as ethanol, barbitu-
rates, and phenytoin. GGT also has a long half-life of 3 weeks.

An elevated ALP level of hepatic origin usually indicates either intrahepatic or
extrahepatic causes of cholestasis. The most common cause of intrahepatic
cholestasis is drugs, although other causes include infiltrative processes, such as
lymphoma, sarcoidosis, primary biliary cirrhosis (PBC), TPN, tuberculosis, and
fungal or systemic infections. Causes of extrahepatic cholestasis include common
bile duct obstruction by gallstones, tumor, or stricture; acalculous cholecystitis;
or localized obstruction in the liver by carcinoma. An elevated ALP level may or
may not be accompanied by an elevated bilirubin level. An elevated ALP level
with a normal bilirubin level suggests an infiltrative process involving the liver or
a nonhepatic cause, such as cardiac failure or hyperthyroidism.

Bilirubin
Bilirubin is the end-product of hemoglobin degradation. The total bilirubin level

represents a balance between production of bilirubin and its excretion by the
liver. Normally, the total bilirubin level consists mostly of indirect (unconju-
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gated) bilirubin, which accounts for 50% to 80% of total bilirubin. If more than
80% of the total bilirubin is indirect, this suggests hemolysis. Hemolysis is also
characterized by an elevated reticulocyte count, an abnormal peripheral smear,
and a low serum haptoglobin level. In most cases of hemolysis, given normal liver
function, serum levels of total bilirubin often do not exceed 6.0 mg/dL. An ele-
vated indirect bilirubin level can also be seen with Gilbert’s syndrome, a common
benign condition of no prognostic significance, which is characterized by a rela-
tive deficiency of glucuronyl transferase.

If more than 50% of the total bilirubin is direct (conjugated) bilirubin, this in-
dicates either hepatocellular dysfunction or cholestasis. With a hepatocellular
process, the ALP level is typically two to three times normal, whereas with
cholestasis, the ALP level is often more than three to five times normal. Since di-
rect bilirubin is water-soluble, the kidney, in cases of extrahepatic cholestasis,
easily excretes it. Consequently, when the total bilirubin level is found to exceed
25 mg/dL, extrahepatic cholestasis is unlikely except in cases with simultaneous
renal failure and/or hemolysis.

In sepsis, an elevated total bilirubin level is often seen, especially when the de-
gree of elevation is out of proportion to the elevations in ALP or ALT levels. The
clinical presentation and appropriate culture data help to differentiate sepsis
from intrinsic liver disease. An elevation in serum bilirubin level without an ele-
vation in ALP or ALT levels suggests an underlying cardiac disorder rather than
an intrinsic hepatocellular cause.

Albumin

Albumin is a plasma protein that is synthesized exclusively by the liver. It has a
half-life of approximately 21 days, so a decrease in serum albumin levels suggests
liver disease of more than 3 weeks’” duration. However, severe illness and malnu-
trition can also adversely affect albumin synthesis. Albumin may be lost in the
urine in patients with nephrotic syndrome or into the GI tract in patients with
protein-losing enteropathy. In addition, the volume of distribution of albumin
affects serum albumin levels, so hypoalbuminemia is not specific to liver disease.
The PT is a far more sensitive index of liver synthetic function than is albumin
level.

Prothrombin Time

The liver synthesizes clotting factors I (fibrinogen), II (prothrombin), V, VII, IX,
and X. Vitamin K is a necessary cofactor for the carboxylation of glutamic acid
residues for the formation of factors II, VII, IX, and X. The PT is a measure of the
vitamin K-dependent clotting factors, of which factor VII has the shortest half-
life, at around 24 hours. A prolonged PT is not specific for liver disease, since it
can also result from congenital disorders, DIC, drugs that antagonize vitamin K,
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or vitamin K deficiency. The PT may be prolonged in patients with liver disease
for two reasons: vitamin K malabsorption secondary to cholestasis or hepatocel-
lular synthetic dysfunction. A means of differentiating between these is to admin-
ister parenteral vitamin K. If the prolongation in PT is from cholestasis, at least a
30% correction in the PT should be seen after 24 hours. If no correction occurs,
synthetic liver failure is the most likely cause of a prolonged PT.

In the ICU, a prolonged PT is most likely related to dietary vitamin K defi-
ciency, not liver disease. In patients with acute or chronic liver disease, the degree
of PT prolongation is a good prognostic tool. In fact, the PT is part of the King’s
College Hospital criteria for assessing the severity of acute liver failure, and the
PT remains an important aspect of the Child-Turcotte-Pugh grading system for
chronic liver disease.

Patients with Abnormal Liver Test Results

HISTORY As in any evaluation, an accurate history is essential. Often symptoms
of liver disease are nonspecific and offer little assistance in the differential diag-
nosis. Important elements of the history include questions about prescription
and over-the-counter medications, alcohol and illicit drug use, family, transfu-
sion, sexuality, travel, employment, and past medical and surgical histories.
Drug-induced liver injury is important to consider in any patient, and it may
present as a hepatocellular picture or a cholestatic one. A family history of he-
mochromatosis, Wilson’s disease, or alpha,-antitrypsin deficiency is most help-
ful. Genetic factors may also play an important role in primary sclerosing
cholangitis (PSC), PBC, or autoimmune hepatitis.

CONFIRMATION OF ABNORMAL TEST RESULTS Given an abnormal liver

test result, the first step is to confirm that it does indicate some form of liver dis-
ease. Correlating each abnormal test result with another (Table 11-7) does this.

TABLE 11-7 Tests To Confirm Liver Disease

Test Confirmation Test

AST level ALT level
Alkaline phosphate level GGT or alkaline phosphatase isoenzymes or
5'-nucleotidase level

Bilirubin level Rule out hemolysis with direct bilirubin level, reticulo-

cyte count, haptoglobin level, and peripheral blood smear
Albumin level Prothrombin time
Prothrombin time Trial or vitamin K to rule out malabsorption

NOTE: An elevated level on these tests should prompt the confirming test listed opposite.
ABBREVIATIONS: AST, asparate aminotransferase; ALT, alanine aminotransferase.
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Similarly, various nonhepatic factors that may lead to abnormal liver tests (e.g.,
serum AST levels may be elevated after MI) must be considered.

CLASSIFICATION The second step in making a correct diagnosis is to classify
the patient’s liver condition as hepatocellular, cholestatic (either intrahepatic or
extrahepatic), or mixed. The hallmark of hepatocellular disorders is an elevation
in aminotransferase levels (i.e., AST and ALT), whereas cholestatic disorders are
associated with an elevated ALP level, with or without abnormalities in other
liver test results, such as total bilirubin level. Some liver problems, such as infil-
trative disease or infections, lead to a mixed pattern of abnormal liver test results.

Hepatocellular Disease

Patients with evidence of hepatocellular injury (i.e., serum ALT levels more than
three to five times normal) without any obvious cause, such as a recent cardiac
arrest or acetaminophen overdose, should have additional laboratory tests, in-
cluding hepatitis A, B, and C viral serology, antinuclear antibody (ANA) and
anti-smooth muscle antibody (ASMA) for autoimmune hepatitis, cholestatic
disease, ceruloplasmin level for Wilson’s disease, iron studies (serum iron level,
total iron binding capacity, percent iron saturation, serum ferritin level) for he-
mochromatosis, and alpha,-antitrypsin levels to rule out deficiency (Table 11-8).
Any and all drugs should be suspected, since they are among the most common
causes of hepatocellular injury. Patients with serum ALT elevations of less than
three times normal and an elevated ALP or bilirubin level who are symptomatic
and have had persistently elevated ALT levels for more than 6 months should un-
dergo additional laboratory testing, along with an abdominal ultrasound exami-
nation.

Cholestatic Disease

Patients who have an elevated ALP level that is more than two to three times nor-
mal likely have a cholestatic disorder, and they should have an abdominal ultra-
sound or CT scan to assess the biliary tree, liver, and pancreas (Figure 11-1).
Biliary tract dilation suggests the presence of choledocholithiasis, bile duct stric-
ture, cholangiocarcinoma, pancreatitis with edema of the head, pancreatic can-

TABLE 11-8 Laboratory Tests for Evaluation of Hepatocellular Dysfunction

Anti-nuclear antibody (ANA)

Hepatitis A, B, and C serology

Anti—smooth muscle antibody (ASMA)

Serum iron level, total iron binding capacity, and ferritin level
Ceruloplasmin level

Alpha,-antitrypsin level
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Choledocholithiasis
Biliary Stricture

Biliary Dilitation ——s Pancreatitis/Pancreatic Cancer | —s ERCP
Cholangiocarcinoma
I Primary Sclerosing Cholangitis
Ultrasound Carcinoma
AP>2-3 X Nml —» or —_— Normal Biliary Tree — Metastasis
CT Scan Focal Hepatic Mass(es) Abscess
Normal Biliary Tree Positive AMA — ———* PBC
and Normal or —
Diffusely Abnormal Negative AMA ———————> Ljver
Liver Biopsy

FIGURE 11-1 Approach to Cholestatic Disease. ABBREVIATIONS: ERCP, endoscopic retrograde
cholangiopancreatography; AMA, antimitochondrial antibody; PBC, primary biliary cirrhosis.

cer, or PSC. Further evaluation should include ERCP to evaluate the site of ob-
struction and intervene with stone extraction or stent placement. In contrast, a
normal biliary tract with focal hepatic mass or masses on imaging studies should
raise the question of hepatocellular carcinoma, metastatic cancer, or abscess.
Lastly, a normal biliary tree and either a normal liver or a diffusely abnormal
liver on imaging tests should lead to suspicion of other conditions, such as fatty
infiltration or the more aggressive nonalcoholic steatohepatitis (NASH), infiltra-
tive processes, metabolic diseases (such as Wilson’s disease), autoimmune hep-
atitis, or PBC. The anti-mitochondrial antibody (AMA) is highly sensitive for the
diagnosis of PBC. A liver biopsy is indicated in other cases.

ACUTE LIVER FAILURE

Acute liver failure (ALF) is a clinical syndrome of massive liver necrosis that leads
to severe impairment of liver function and progressive hepatic encephalopathy.
Although uncommon, it is not rare; more than 2,000 cases occur annually in the
United States with a mortality rate of almost 80% if left untreated.”’ However,
with the availability of orthotopic liver transplantation, survival now approaches
50% to 75%.”"’* Since patients with ALF can deteriorate rapidly and unexpect-
edly, they require close monitoring in the ICU with prompt intervention when-
ever necessary. A thorough understanding of the causes, clinical presentation,
and natural history of ALF is paramount in managing these patients correctly
and improving their outcome.
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Causes of Acute Liver Failure

Viral hepatitis and drug-induced liver injury account for most cases of acute liver
failure (ALF) worldwide, although the reported causes of ALF vary significantly
between countries. For example, in the United Kingdom, acetaminophen is by
far the most common reason for development of ALF; 50% to 60% of all cases
are related to this drug.73 In Asian countries, the foremost cause of ALF is viral
hepatitis. There are many other identifiable causes of ALF, but almost half of
cases remain unexplained.

Viral hepatitis is the primary cause of ALF in most parts of the world with
hepatitis A virus (HAV) and hepatitis B virus (HBV) together accounting for
about 70% of all cases.” There is an increased risk of ALF in conjunction with
HAV infection in elderly patients and in those who use intravenous drugs.”
However, overall, HAV rarely leads to ALF, and when it does, it usually has a fa-
vorable prognosis. Acute liver failure is most often seen with HBV, although ALF
is an unusual manifestation of HBV, since this complication occurs in only 1% of
all patients acutely infected with HBV.”

Acute liver failure due to viral hepatitis results from a massive immunologic
assault against infected and adjacent “bystander” hepatocytes. The cause for this
remains uncertain but likely relates to a unique host immunologic response
directed against HBV. One-third to one-half of those with HBV infection in
whom ALF develops become seronegative for hepatitis B surface antigen
(HBsAg) within a few days as a result of this aggressive immunologic response.”®
Patients with rapid viral clearance have a more favorable prognosis than those
who are slow to clear the virus.”” On occasion, ALF occurs in patients with
chronic HBV infection who develop reactivation of viral replication after im-
munosuppression or when they become superinfected with hepatitis D virus
(HDV). In some countries, superinfection with HDV contributes to more than
one-third of all cases of ALF.”

Hepatitis C virus (HCV) is a rare cause of ALF in Western countries, but it
may play a more important role in Japan.”® Dual infection with HBV and HCV
results in a poor prognosis.”” Hepatitis E virus (HEV) is an important cause of
ALF in South and Central Asia and in Central America. HEV infection has a high
case-fatality rate, especially in pregnant women.* Other viruses reported to cause
ALF include cytomegalovirus (CMV), Epstein-Barr virus (EBV), and herpes
viruses 1, 2, and 6.

The other main cause of ALF is drug-induced hepatotoxicity. One of the most
important drugs implicated in acute hepatic necrosis is acetaminophen, the lead-
ing cause for ALF in some areas of the world, such as the United Kingdom. In
most healthy individuals, 12 g of acetaminophen is the minimum amount re-
quired to produce hepatocellular necrosis. However, as little as 4 g may cause sig-
nificant hepatic damage if taken concomitantly with alcohol or drugs that induce
cytochrome P-450 enzymes. Other drugs that are intrinsically toxic to the liver
include hydrocarbons and white phosphorus. Acute toxic hepatitis may also re-
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sult from an idiosyncratic hypersensitivity reaction to certain drugs, such as
halothane, isoniazid, rifampin, valproic acid, sulfonamides, propylthiouracil,
alpha-methyldopa, and phenytoin.

There are other unusual causes of ALF. Rarely, Wilson’s disease can present with
ALF. Hepatic ischemia or congestion resulting from MI, cardiac arrest, cardiomy-
opathy, or pulmonary embolism may also lead to ALF. Sinusoidal obstruction
from infiltrative malignancies can cause acute hepatic decompensation. Similarly,
ALF may result from obstruction of venous outflow, either from the Budd-Chiari
syndrome (hepatic vein thrombosis) or veno-occlusive disease after systemic
chemotherapy or bone marrow transplantation. Other rare causes of ALF include
the ingestion of the mushroom Amanita phalloides, acute fatty liver of pregnancy,
or Reye’s syndrome. Idiopathic ALF (in which tests for HAV, HBV, and other
known causes reveal negative results) constitutes 20% to 40% of all cases.”’

Clinical Presentation and Diagnosis

Acute liver failure is characterized by rapidly worsening hepatocellular dysfunc-
tion with abnormalities in hepatic protein synthesis, metabolism, and detoxifica-
tion. Patients usually present with jaundice, coagulopathy, and altered mental
status. Jaundice develops secondary to decreased bilirubin excretion and coagu-
lopathy caused by altered synthesis of coagulation factors. Hypoglycemia results
from decreased glucose synthesis and lactic acidosis from the increased synthesis
of lactate, which is related to anaerobic metabolism and decreased hepatic clear-
ance of this compound.

Encephalopathy is a characteristic feature of ALF, which may begin with mild
confusion, irritability, or psychosis. The patient’s mental status may fluctuate
widely, but in some cases, cerebral edema may occur suddenly and lead to uncal
herniation and death within minutes. However, most cases of cerebral edema
occur in patients with ALF who have progressed to the more advanced stages of
hepatic coma (Table 11-9). The pathogenesis of cerebral edema in ALF remains
unknown.

Nonspecific complaints such as nausea, vomiting, fatigue, and malaise are
common in ALF. The diagnosis is easily made in patients who have features of
acute hepatitis along with confusion or agitation and a prolonged PT, or both. A

TABLE 11-9 Hepatic Encephalopathy Grading Scale

Grade Neurologic Status
0 No abnormality detected
1 Trivial lack of awareness, shortened attention span
2 Lethargy, disoriented, personality changes, inappropriate behavior
3 Somnolent, responsive to painful stimuli
4 Coma, unresponsive to painful stimuli
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careful history from the patient and family should include in-depth questions re-
garding possible drug or toxin exposures, intravenous drug use, foreign travel,
and acetaminophen ingestion. If acetaminophen ingestion is considered, note the
exact amount and time of the ingestion.

On physical examination, bruising or bleeding related to coagulopathy, an al-
tered mental status, or a small or shrinking liver may be found. Patients usually
have a markedly elevated total bilirubin level, moderately elevated AST and ALT
levels, and a prolonged PT. Viral serology should include, at a minimum, hepatitis
A IgM antibody, HBsAg, and IgM antibody to hepatitis B core antigen (HBcAg).

Classification and Prognosis of Acute Liver Failure

The clinical presentation and prognosis of ALF vary widely depending on the
cause. One relatively accurate predictor of outcome is the time interval between
the onset of jaundice and the onset of encephalopathy.””®! Patients with a shorter
interval tend to have a better prognosis than those who develop encephalopathy
more slowly. A recent classification of ALF uses the terms hyperacute, acute, and
subacute to reflect different patterns of illness, cause, and most importantly,
prognosis (Table 11-10).%!

The ability to predict a patient’s outcome is essential, since those with a poor
prognosis should be considered as early as possible for liver transplantation.
When prognostic data suggest a less than 20% chance of survival without trans-
plantation, liver transplantation is advisable. The King’s College Hospital (KCH)
criteria® and other scoring systems have been used with some success to identify
patients with severe hepatic failure who should be considered for liver transplan-
tation. The fulfillment of KCH criteria usually predicts a poor outcome, but lack
of fulfillment does not predict survival.*’

TABLE 11-10 Classification of Acute Liver Failure

Hyperacute liver failure

Encephalopathy develops within 7 days of the patient becoming jaundiced. This subgroup
has a high incidence of cerebral edema and marked prolongation of the PT. Paradoxi-
cally this group has the highest likelihood of recovery with medical management.

Acute liver failure

Encephalopathy develops 8 to 28 days after the onset of jaundice. This group has a
high mortality rate with a high incidence of cerebral edema and marked prolongation
of the PT.

Subacute liver failure

The interval between the onset of jaundice and encephalopathy is 4 to 12 weeks. This
group has a high rate of mortality, despite a low incidence of cerebral edema and prolon-
gation of the PT.
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TABLE 11-11 Selection Criteria For Liver Transplantation

Cause of Acute Liver Failure Criteria

Acetaminophen overdose Arterial pH < 7.30 or INR > 6.5 and Creatinine > 3.4
mg/dL and Grade 3 or 4 encephalopathy

All other causes INR > 6.5, regardless of the grade of encephalopathy or

Any three of the following:

1) Age < 10 or > 40 years

2) Liver failure caused by nonviral hepatitis

3) Halothane-induced hepatitis or idiosyncratic drug
reation

4) Duration of jaundice before encephalopathy, more
than 7 days

5) INR > 3.5

6) Serum bilirubin level > 17.5 mg/dL

ABBREVIATION: INR, international normalization ratio.

Medical Management of Acute Liver Failure

The overall management of ALF is similar to that used for other patients with
multiorgan failure: maintenance of normal vital signs and cardiovascular sup-
port, while managing any complications that arise until either hepatic regenera-
tion occurs or liver transplantation is performed.

ACETAMINOPHEN OVERDOSE There are few toxins, apart from acetamino-
phen, that damage the liver in a dose-related fashion and for which an antidote is
available. All patients suspected of having acetaminophen intoxication should re-
ceive N-acetylcysteine (NAC) at the earliest juncture, since there is little harm in
using it and a definite risk in withholding it. N-acetylcysteine appears to work by
replenishing the hepatocyte storage pool of glutathione, an important scavenger
of acetaminophen’s toxic metabolites.

Nomograms have been used to determine whether NACis required, but their value
has been questioned because the exact time of ingestion is not always known and the
ingestion may have occurred in multiple stages. Treatment is most effective if started
within 8 to 10 hours, although there may still be some benefit to using NAC up to 36
hours after the ingestion,* because of its vasodilatory effect on the microcirculation of
other organs, accompanied by increased oxygen delivery and consumption.*®

The loading dose of NAC is 140 mg/kg, followed by a maintenance dose of 70
mg/kg every 4 hours for a total of 17 doses, although it is often continued for
longer than this, for the reasons mentioned above. The FDA has not yet ap-
proved an intravenous formulation because anaphylaxis remains a concern. The
risk of this can be overcome by using a filter during the infusion of NAC. The in-
travenous dosing of NAC is 150 mg/kg, given in 5% dextrose over 1 hour, fol-
lowed at 4-hour intervals by 70 mg/kg given over 1 to 4 hours.
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GENERAL MANAGEMENT Patients with ALF require close observation in an
ICU, preferably one at a tertiary care center with a liver transplant program. All
patients should have large-bore intravenous access, an arterial line (unless se-
verely coagulopathic), a urinary catheter, and a nasogastric tube to administer
oral medications and to assess for upper GI bleeding. Careful attention should be
paid to the patient’s vital signs, cardiac rhythm, and fluid status, with mainte-
nance of adequate intravascular volume and the use of inotropic agents as
needed. Acute respiratory distress syndrome is common in patients with ALF
and occurs in close to 33% of patients when acetaminophen is implicated as the
cause.®

Patients should receive stress-induced ulcer prophylaxis because they are at
higher than usual risk of upper GI tract bleeding as a result of severe coagulopa-
thy, endotracheal intubation, and the added “stress” of their illness. Hypo-
glycemia is common and, if present, a 10% dextrose solution should be given
intravenously. Particular attention should also be given to maintaining adequate
nutrition.

Careful monitoring is required for other metabolic and hematologic abnor-
malities related to renal failure and DIC. Patients with ALF who go on to have
grade 3 or 4 hepatic encephalopathy require endotracheal intubation to protect
their airway and prevent aspiration. The remainder of intensive care manage-
ment is directed at the specific complications of ALF; infection, bleeding, renal
failure, and cerebral edema.

INFECTION Infection is a common problem in patients with ALF, likely related
to the impairment of neutrophil function, decreased complement production,
and the frequent need for invasive procedures. In one prospective study, 80% of
patients with ALF were found to have a bacterial infection at some point during
their hospitalization.”” The risk of infection tends to be higher in patients who
develop encephalopathy than in those who do not.*® Uncontrolled infection oc-
curs in about 25% of patients with ALF, which then excludes them from liver
transplantation.”

Pneumonia accounts for 50% of infections, whereas bacteremia and UTIs ac-
count for 20% and 25%, respectively.* The most common causative bacteria
include Staphylococcus aureus, streptococci, and gram-negative rods. Fungal
infections are also common and occur in one-third of patients,* with Candida
species the most frequent fungus detected. All patients with ALF should have sur-
veillance cultures performed, and ascitic fluid or wounds should be cultured reg-
ularly. Catheter sites should also be checked frequently and changed regularly.

There is continued debate regarding the role of prophylactic antibiotics in pa-
tients with ALF. Their use may mask infection and possibly increase the risk of
fungal infections. The use of enteral decontamination has not been shown to be
of any benefit in preventing infection.®® Although prophylactic parenteral antibi-
otics may decrease the number of infections and thereby lead to a higher likeli-
hood of transplantation, their use does not appear to improve survival.”



272 The Intensive Care Manual

(Whether this would still be true now that liver transplantation has become more
acceptable in the treatment of ALF remains to be determined.) A high suspicion
for infection and a low threshold to treat should always be maintained. Empiric
antibiotics should include vancomycin, a third-generation cephalosporin, and
fluconazole. Aminoglycosides should be avoided because these antibiotics appear
to be more nephrotoxic in patients with liver disease. Furthermore, many pa-
tients with ALF already have some degree of concomitant renal impairment.

COAGULOPATHY Severe coagulopathy and intractable hemorrhage are com-
mon in ALF. However, the prophylactic use of fresh frozen plasma (FFP) was not
shown to be of any benefit in a randomized controlled trial.” Instead, prophylac-
tic FFP may contribute to fluid overload and increase the risk of developing pul-
monary edema. It also makes the PT less reliable as a measure of disease severity
and the need for liver transplantation. The main reason for using FFP should be
when a patient is bleeding actively or before any invasive procedures. However,
the use of parenteral vitamin K is appropriate.

RENAL FAILURE Renal failure is also common in ALF. Both acute tubular
necrosis with a high urine sodium concentration and hepatorenal syndrome with
a low urine sodium concentration occur. Renal failure secondary to the hepa-
torenal syndrome does not usually resolve unless there is improvement in hepatic
function. Renal dialysis is often more difficult in patients with ALF because of he-
modynamic instability and bleeding. Common indications for dialysis include
volume overload, acidosis, and hyperkalemia.

HEPATIC ENCEPHALOPATHY AND CEREBRAL EDEMA In ALF, hepatic en-
cephalopathy (HE) differs from that seen in chronic liver disease, since the for-
mer type is associated with cerebral edema much more frequently. In fact,
cerebral edema is the leading cause of death in patients with ALF in whom grade
3 or 4 HE develops. Mortality rates of 50% to 85% are not uncommon in these
patients.”> Consequently, the severity of HE is a critical element in judging the
timing for liver transplantation. Outcome is improved if transplantation is per-
formed well before development of grade 4 HE.” Attention to HE is also of the
utmost importance, since although most patients fully recover from ALF, they
are often left with neurologic sequelae as a result of anoxic brain damage from
intracranial hypertension related to cerebral edema. In patients who have altered
mental status, other causes, such as hypoglycemia, hypoxia, sepsis, electrolyte
or acid base disturbances, drug toxicity, or intracranial hemorrhage must be
ruled out.

Patients with ALF should be cared for in a quiet area of the ICU to avoid un-
necessary stimuli, which might worsen cerebral edema and trigger uncal hernia-
tion. The head of the bed should be elevated only 10 to 20 degrees, despite
traditional thinking to the contrary.” Sedatives of any kind should be avoided,
especially benzodiazepines because of their longer half-life in patients with liver
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dysfunction, which makes the assessment of mental status more difficult. Pa-
tients with grade 3 or 4 HE should undergo elective endotracheal intubation if
they are considered for liver transplantation. If they are not transplant candi-
dates, intubation can be postponed for patients with grade 3 HE as long as they
are closely monitored. Care must be taken to avoid a traumatic or stressful intu-
bation since this can lead to a sudden increase in intracranial pressure and possi-
bly trigger uncal herniation. Sedation with propofol and/or fentanyl is best.
Paralysis with cis-atracurium may also be helpful to prevent surges in ICP related
to psychomotor activity.

Most aspects of treating acute HE are similar to those used in the management
of chronic HE in end-stage liver disease. Lactulose is a mainstay, despite the lack
of firm evidence to support its efficacy in acute HE. Initially, lactulose is given via
nasogastric tube (30 mL every 2 to 4 hours) at the first sign of encephalopathy,
with the dose titrated to achieve 2 to 3 semiformed bowel movements a day. Lac-
tulose can also be given as a retention enema (300 mL in 1 L of tap water rectally
every 4 hours). It is customary to monitor serum ammonia levels to follow the
course of HE. Even though these levels do not correlate with the grade of en-
cephalopathy, they do help to establish trends. Arterial levels appear to be more
accurate than venous samples, as a result of the variable degree to which periph-
eral muscles metabolize ammonia. The benzodiazepine antagonist flumazenil
has been used for acute HE, but it only transiently increases the level of con-
sciousness.

Cerebral edema is a common complication in patients with ALF. However, it
is often difficult to determine the onset of cerebral edema on the basis of clinical
examination alone. A specific coma scale may be used to follow the patient’s
course, but papilledema is usually absent and head CT scan results are often nor-
mal. The first clinical sign may be deteriorating brain stem function, with slug-
gish pupils and slow oculovestibular reflexes, but these findings are rather
insensitive markers of increased ICP. Consequently, the use of ICP monitors is
now recommended for patients in grade 3 or 4 HE to detect and aggressively
manage any significant rise in ICP which might indicate the onset of cerebral
edema. Mean arterial pressure minus ICP should be kept at a level of more than
50 mm Hg. Although ICP monitoring has not been shown to improve survival in
patients with ALF,” it is helpful nonetheless in improving outcome for those
being considered for liver transplantation. In these patients, ICP monitoring has
been found to increase patient survival, from onset of grade 4 HE until death,
from a mean of 10 hours without ICP monitoring to a mean of 60 hours with it.”

Mannitol is the pharmacologic treatment of choice for patients in whom de-
veloping cerebral edema is suspected. Given by repeated boluses of 0.5 to 1.0
mg/kg, mannitol has been shown to increase the survival of patients with grade 4
HE in a randomized controlled clinical trial.”* Mannitol should be administered
whenever ICP rises to a level of more than 25 mm Hg or the patient develops
signs of neurologic deterioration (e.g., unequally sized pupils, altered breathing
pattern, decerebrate posturing). Barbiturates, particularly thiopental, are an ef-
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fective alternative to treat elevated ICP when mannitol fails.”” Corticosteroids for
prophylaxis or as active treatment have not been shown to be of any benefit. Hy-
perventilation is also not an effective method for reducing ICP.”® Patients with
cerebral edema that is not responsive to medical therapy may ultimately require a
decompressive craniotomy, although even with this the prognosis often remains
dismal.

LIVER TRANSPLANTATION Given the high mortality rates of ALF, liver trans-
plantation can be life-saving in selected cases. Early selection of patients who
might benefit from transplantation is critical. The main reasons for listing a
patient for liver transplantation are: worsening encephalopathy, evidence of
cerebral edema, and marked prolongation of the PT. Contraindications to
transplantation include: active infection, irreversible brain damage, and multi-
organ system failure.

Another option is heterotopic auxiliary liver transplantation in cases in which
there is significant potential for the patient’s damaged liver to regain normal
function. This procedure involves the transplantation of a donor liver to another
site within the recipient’s abdomen without removing the recipient’s liver. It al-
lows for the withdrawal of immunosuppression at a future point in time when
the patient’s own liver has fully recovered, such that rejection of the transplanted
organ eventually ensues.

LIVER SUPPORT DEVICES Because of the severe shortage of liver donors, many
patients with ALF are unable to receive the necessary transplantation.Two bioar-
tificial liver models are under evaluation in clinical trials and others are at various
stages of development.”” The Bioartificial Liver (BAL)uses cells that are porcine
derived while the Extracorpeal Liver Assist Device (ELAD) uses cells derived
from a hepatoblastoma line. Well-designed controlled trials of these devices are
currently underway, however clinical experience so far has been favorable.'?~'%*
The use of these liver-support devices as bridges to transplantation will likely play
an important role in the future management of acute liver failure.

CIRRHOSIS AND ITS COMPLICATIONS

Cirrhosis is the end result of a wide variety of chronic, progressive liver diseases,
which lead to diffuse destruction of the hepatic parenchyma with subsequent re-
placement by collagenous scar tissue and regenerating nodules. Proper manage-
ment of patients with cirrhosis in the ICU requires an in-depth knowledge of its
important sequelae, all of which occur independently of the cause of the underly-
ing chronic liver disease. These complications include portal hypertension with
variceal bleeding, ascites, SBP, HE, and hepatorenal syndrome.

Although the diagnosis of cirrhosis remains a histomorphologic one, a thor-
ough history, physical examination, and laboratory tests often suggest it. At
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history-taking, patients often complain of fatigue and malaise. Other symptoms
relate to the complications of cirrhosis, such as weight gain and increased ab-
dominal girth from ascites or hematemesis from variceal bleeding. Findings of
chronic liver disease on physical examination include palmar erythema,
Dupuytren’s contracture, spider angiomata, gynecomastia, testicular atrophy, as-
cites, caput medusae, splenomegaly, and asterixis. Hepatomegaly is often present.
The left lobe of the liver is often firm and extends below the xiphoid process.
Laboratory tests may reveal anemia and thrombocytopenia, a prolonged PT, an
elevated serum bilirubin level, and a decreased serum albumin level. The severity
of a patient’s liver disease can be classified using the Child-Turcotte-Pugh scor-
ing system (Table 11-12).

Ascites

Cirrhosis is the most common cause of ascites, accounting for about 80% of
cases.!” Other causes include infection, malignancy, Budd-Chiari syndrome,
CHEF, nephrotic syndrome, and pancreatitis. The development of ascites is a piv-
otal event in the natural history of cirrhosis; 50% of patients with ascites die
within 2 years.'” This makes ascites an indication for liver transplantation.
Several factors are involved in the development of ascites in patients with
chronic liver disease. Portal hypertension plays an important role by increasing
hydrostatic pressure within the splanchnic capillary bed. Hypoalbuminemia also

TABLE 11-12 Child-Turcotte-Pugh Scoring System for Severity of Liver Disease

Points
1 2 3
Encephalopathy None Easily controlled Difficult to control
or Grade None 1-2 34
Ascites Absent Slight, easily con- Moderate to severe,
trolled with despite diuretics
diuretics
Total bilirubin level (mg/dL) <2 2-3 >3
Total bilirubin level (mg/dL) <4 4-10 > 10
in PBC or PSC or other
cholestatic liver diseases
Albumin level (mg/dL) >35 2.5-3.5 <2.8
Prolongation of PT (sec) 1-3 4-6 >6
or INR <1.7 1.7-2.3 >2.3
SCORING:

Child’s A = 5-7 points

Child’s B = 8-11 points

Child’s C = > 11 points

ABBREVIATIONS: PT, prothrombin time; INR, international normalization ratio; PBC, primary biliary
cirrhosis; PSC, primary sclerosing cholangitis.
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leads to decreased oncotic pressure, which favors extravasation of fluid from the
vasculature into the peritoneal cavity. Furthermore, increased hepatic sinusoidal
pressure causes lymphatic leaking, which contributes to the formation of ascites.
Altered renal function also leads to increased retention of sodium and water in
patients with ascites.

One theory for the development of ascites hypothesizes that sequestration of
blood into the splanchnic vascular bed leads to decreased effective circulating
blood volume, which results in enhanced central sympathetic outflow and activa-
tion of the renin-angiotensin system, increased ADH release, and decreased re-
lease of atrial natriuretic peptide. Another theory is that the impaired clearance
of vasoactive substances, such as nitric oxide, endotoxins, and prostacyclins,
leads to decreased effective circulating blood volume, which then causes sodium
and water retention.

Most complications related to moderate-to-severe ascites result from the ef-
fects of increased abdominal pressure. They include dyspnea, reflux esophagitis,
anorexia, nausea, vomiting, and escape of ascitic fluid along tissue planes into the
chest and scrotum. The severity of these complications is proportional to the vol-
ume and rate of ascitic fluid accumulation. The hepatorenal syndrome and spon-
taneous bacterial peritonitis are also seen only in patients with ascites.

DIAGNOSIS Although ascites is an easy enough diagnosis on physical examina-
tion when more than 2 L is present, detecting ascites when there is less than this
amount can be challenging. The classic physical findings of ascites include
bulging flanks, flank dullness, shifting dullness, positive fluid wave, and the
“puddle sign.” If bulging flanks are noted, percussion of the patient’s flanks
should be performed, since the lack of flank dullness indicates the absence of any
ascites with an accuracy of more than 90%.'” However, flank dullness is also the
least specific finding because it is found in close to 70% of patients without as-
cites. Although a positive fluid wave is the most specific (82%) test for ascites, it
is the least sensitive of all (less than 50%).'" The “puddle sign” can detect as little
as 120 mL of ascites, but this test is difficult to perform because patients must be
examined while on their hands and knees. It also has a sensitivity and specificity
of only 50%.'%

Patients suspected of having ascites should undergo abdominal ultrasonogra-
phy, which can detect as little as 100 mL of fluid.'” Plain abdominal x-ray films
may demonstrate a generalized haziness with loss of the psoas shadow, but they
are generally insensitive. CT scanning of the abdomen can detect small amounts
of ascites and, at the same time, give valuable information regarding the liver and
other intra-abdominal structures.

DIAGNOSTIC PARACENTESIS The first step in evaluating patients with ascites
is a careful analysis of the ascitic fluid. All patients with new onset ascites, those
with known ascites who are hospitalized, and those who develop a deterioration
in clinical status (e.g., confusion, fever, abdominal pain, or hepatorenal syn-
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drome) should have diagnostic paracentesis to rule out SBP. This recommenda-
tion derives from the fact that the usual signs and symptoms of peritonitis are
unreliable in patients with ascites and 10% to 27% of patients with ascites who
are admitted to the hospital have an unsuspected infection.'%

A diagnostic paracentesis is performed under sterile conditions using a 20- to
23-gauge angiocatheter and a 50-mL syringe. The safest site of puncture is along
the linea alba between the umbilicus and symphysis pubis in the area of maxi-
mum dullness to percussion. Areas of scarring should be avoided. To avoid an
enlarged spleen, an alternative site for paracentesis is in the right flank, about
1 1/2 inches above and medial to the superior iliac crest. Approximately 50 mL of
ascitic fluid should be removed for immediate analysis.

Despite the fact that most patients with ascites related to cirrhosis have a coag-
ulopathy, this should not preclude a diagnostic paracentesis unless the patient
has evidence of DIC or fibrinolysis. Furthermore, prophylactic transfusions of
FFP and platelets are not necessary in most cases. Abdominal-wall hematomas
have been reported in only 1% of these patients, despite the fact that over two-
thirds of patients in one study had a prolonged PT.'”” Runyon'* states that, with
such a low risk, approximately 140 U of FFP or platelets, or both, would have to
be administered to prevent the transfusion of 2 U of packed RBCs. Hemoperi-
toneum and bowel-wall perforation are even less likely to occur.

Although there are a multitude of tests that can be ordered on ascitic fluid,
most of these are not cost-effective (Table 11-13). When a paracentesis is per-
formed for the first time, routine tests on the ascitic fluid should include a CBC
count and differential, bacterial culture and sensitivity, and an albumin level to
determine the serum-ascites albumin gradient (SAAG), as described later. A
polymorphonucleocyte (PMN) count of 250 cells/uL or more denotes presump-
tive evidence of infected ascites and mandates empiric therapy with intravenous
broad-spectrum antibiotics. Prospective trials have shown that inoculating ascitic
fluid into blood culture bottles at the bedside has a greater sensitivity for detect-

TABLE 11-13 Laboratory Tests on Ascitic Fluid

Required Optional Rarely necessary
CBC count Total protein level AFB smear
Culture” LDH level TB culture
Albumin® level Glucose level Cytology
Amylase level
Triglyceride level

Gram’s stain

“Inoculated in blood culture bottles at the bedside.

YObtain serum albumin level at time of paracentesis.

ABBREVIATIONS: CBC, complete blood cell; AFB, acid-fast bacteria; LDH, lactate dehydrogenase; TB,
tuberculosis.
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ing bacterial growth than inoculating agar plates and broth in the laboratory
(80% versus 50%, respectively).'%*1%

If the ascitic fluid is bloody, a “corrected” PMN count should be calculated.
This can be done by subtracting one PMN from the absolute PMN count for
every 250 RBCs seen in the ascitic fluid (this is the maximum expected ratio of
PMNs to RBCs present in peripheral blood''?) or determining the ratio of PMNs
to RBCs in the patient’s peripheral blood and adjusting the ascitic count accord-
ingly. Gross blood usually suggests trauma during the tap, although in selected
cases, it may also suggest underlying malignancy or an infection with tuberculo-
sis or fungi.

The SAAG is calculated by subtracting the ascitic albumin concentration from
a simultaneous serum level. A SAAG of 1.1 g/dL or more indicates the presence
of portal hypertension or a cardiac cause, whereas a SAAG of less than 1.1 g/dL
suggests other causes, such as neoplastic or inflammatory disease. The SAAG
establishes the diagnosis of portal hypertension and cirrhosis with an accuracy
of 97%.'"

Optional tests on ascitic fluid include total protein level, lactate dehydrogen-
ase (LDH) level, and glucose level. The results can assist in differentiating SBP
from secondary bacterial peritonitis. The ascitic total protein level is also useful,
since levels of less than 1.0 g/dL correlate with an increased risk of SBP as a result
of the decreased concentration of opsonins.''? A Gram’s stain may help to iden-
tify patients with intestinal perforation, but this test has only a 10% sensitivity in
detecting any bacteria in documented cases of SBP.'"? Cultures for mycobacteria
and fungi or cytologic examination should only be done in patients with a high
pretest probability (i.e., clinical suspicion and low SAAG with a predominance of
lymphocytes on differential), given the very low sensitivity of each test. An ele-
vated amylase level in patients with ascites suggests pancreatic disease, whereas
elevated levels of triglycerides indicates chylous ascites caused by lymphatic ob-
struction from lymphoma, tumor, infection, or trauma.

SPONTANEOUS BACTERIAL PERITONITIS One should always consider the
possibility of SBP in patients with ascites admitted to the hospital, in those in whom
an infection is suspected, or in those who are presenting with abdominal pain, en-
cephalopathy, or worsening renal function. Whenever SBP is a consideration, pa-
tients should have ascitic fluid analyzed. The definitive diagnosis of SBP requires a
positive ascitic fluid culture without evidence of an intra-abdominal surgically cor-
rectable source. An initial ascitic fluid PMN count of 250 cells/uL or more is con-
sidered presumptive evidence of SBP, and intravenous broad-spectrum antibiotics
should be started while awaiting culture results.'” Empiric antibiotic therapy is
also recommended in patients with a PMN count of less than 250 cells/pL, if there
are signs or symptoms of infection, because this may represent an early stage of SBP
before an appropriate neutrophil response is mounted. Withholding antibiotics
could result in sepsis and death from overwhelming infection.
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Antibiotic coverage for SBP should be relatively broad in spectrum, until the
results of cultures and sensitivities become available. Cefotaxime or a similar
third-generation cephalosporin remain the treatment of choice for SBP, since
they cover the most common pathogens, Escherichia coli, Klebsiella pneumoniae,
and pneumococci.'” Anaerobic organisms are rarely identified as a cause of SBP.
Recently, a randomized, controlled trial has shown that 5 days of antibiotic ther-
apy is as effective as 10 days of such therapy in well-characterized SBP, with or
without bacteremia.''* A repeated paracentesis in 2 or 3 days is usually not neces-
sary, although it may be useful when a patient fails to improve or secondary bac-
terial peritonitis is a consideration.

Risk factors for developing SBP include low opsonin levels in conjunction
with ascitic total protein levels of less than 1.0 g/dL, recent variceal bleeding (es-
pecially if hypotension occurs), and a previous episode of SBP.'"* The use of nor-
floxacin (400 mg/day orally) has been shown to prevent SBP in patients with low
ascitic total protein levels (i.e., low opsonins) and a previous history of SBP.!>!1¢
However, oral antibiotics do not prolong survival and can select for resistant gut
flora. In fact, the long-term use of ciprofloxacin was identified in a recent report
as an important risk factor for developing fungal infections.''” Intermittent doses
of ciprofloxacin (750 mg/week) and using norfloxacin only for inpatients may
prevent SBP without selecting for resistant flora.''®'"’

Until randomized trials can document cost savings or survival benefits, the
use of long-term antibiotic prophylaxis should only be considered in those with
risk factors for developing SBP and in those awaiting liver transplantation. Di-
uresis may actually help prevent SBP by increasing ascitic fluid opsonins, com-
plement, and antibody levels, whereas repeated large-volume paracentesis (LVP)
may remove opsonins and thereby increase the risk of developing SBP.

The use of intravenous albumin in addition to antibiotic therapy has been
shown to reduce the incidence of renal impairment and death in patients with
cirrhosis and SBP.'"™ This large study was not blinded and used substantial
amounts of albumin. The data suggests that albumin infusion in a subgroup of
patients with more advanced liver disease or more severely impaired renal func-
tion may be beneficial. Whether smaller doses of albumin would be just as effec-
tive should be addressed.

SECONDARY BACTERIAL PERITONITIS Secondary bacterial peritonitis is an
infection of the ascitic fluid caused by a surgically treatable condition. It can ei-
ther result from a perforated viscus (duodenal ulcer) or loculated abscess (per-
inephric abscess). Secondary bacterial peritonitis can masquerade as SBP, and it
is important to differentiate the two, since the latter only requires antibiotic
treatment, whereas the former requires surgical intervention. Typically, signs and
symptoms do not help in differentiating SBP from secondary peritonitis.

One of the best methods is to analyze in detail the initial ascitic fluid and to
carefully monitor the response to therapy. Characteristically, in the setting of free
perforation, the PMN count is considerably more than 250 cells/uL (usually in
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the thousands of cells) and multiple organisms are identified on Gram’s stain and
culture. In addition, two or three of the following ascitic fluid criteria are present:

1. Total protein level of 1.0 g/dL or more
2. LDH level of more than the upper limit of normal for serum
3. Glucose level of less than 50 mg/dL

The sensitivity of these criteria is reported to be 100%, but the specificity is
only 45%.'*!

Patients with ascitic fluid analysis that fulfill these criteria should undergo up-
right plain films of the abdomen, water-soluble contrast studies of the GI tract,
and an abdominal CT scan to detect evidence of a perforation or abscess forma-
tion. In patients suspected of having secondary peritonitis, anaerobic coverage
should be added to the initial antibiotic regimen and a surgical consultation ob-
tained. With SBP, repeat ascitic PMN count results at 48 hours are invariably
below pretreatment levels when appropriate antibiotics are used, whereas in sec-
ondary peritonitis the PMN count continues to rise despite broad-spectrum an-
tibiotic therapy.

TREATMENT OF UNCOMPLICATED ASCITES
Dietary Sodium Restriction

The initial treatment of uncomplicated cirrhotic ascites is directed at improving
hepatic function by withholding hepatotoxic drugs (especially alcohol) and by
maximizing nutritional status. However, the mainstay of treatment primarily in-
volves the restriction of dietary sodium intake and the use of diuretics to induce a
natriuresis. Dietary sodium intake should be restricted to 2000 mg/day (88
mmol/day). Fluid restriction, although often used, is not necessary unless the
serum sodium concentration drops to less than 120 mmol/L, since natriuresis
usually results in the passive loss of excess body water as well.

Diuretic Therapy

Simply waiting for patients with ascites to develop a natriuresis spontaneously on
sodium restriction alone is not justified, since only 15% of patients lose weight
and note an improvement in their ascites with this form of therapy.'"” Diuretics
are therefore required in most patients. The best approach is to begin with a
combination of spironolactone and furosemide. This also helps to maintain a
stable level of serum potassium, by balancing the effects of a potassium-sparing
diuretic (i.e., spironolactone) with a potassium-losing diuretic (i.e., furosemide).

Therapy is initiated with 100 mg of spironolactone plus 40 mg of furosemide,
given together orally each morning. Close monitoring of serum electrolyte levels,
renal function tests, and blood pressure is necessary during the initiation phase
of diuretic therapy. After 3 to 4 days, if the patient’s body weight and sodium ex-
cretion remain unchanged, the dose of each diuretic should be doubled to 200
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mg/day and 80 mg/day, respectively. To enhance diuresis further, the doses can
be increased incrementally every 3 to 4 days to a maximum of 400 mg/day of
spironolactone and 160 mg/day of furosemide, maintaining the 100:40 ratio in
doses. Dietary sodium restriction and dual diuretics are effective in well over
90% of patients.'*

A common misconception is that urinary sodium concentrations are of no
use in managing patients on diuretics. Since the main problem with cirrhotic as-
cites is renal sodium retention, determining sodium excretion can prove helpful
in deciding upon the efficacy of medical treatment. The goal is to achieve a
sodium loss in excess of intake. The total daily excretion of sodium via nonuri-
nary mechanisms is about 10 mmol/day in afebrile cirrhotic patients.'"™ Thus,
with a maximum dietary sodium intake of 88 mmol/day (i.e., 2,000 mg/day), the
goal of diuretic therapy should be to achieve a urinary sodium of more than 78
mmol/day. Patients who excrete more than 78 mmol/day of sodium but who do
not lose weight are most probably consuming more dietary sodium than the rec-
ommended 88 mmol/day, whereas those with a urinary sodium excretion of less
than 78 mmol/day who do not lose weight should have the dosages of their di-
uretics increased.

There is no clearly defined amount of weight that patients should lose when
they have moderate to severe ascites, as long as peripheral edema is present.
However, once peripheral edema resolves, patients should lose no more than
0.5 kg/day. This usually prevents prerenal azotemia, hyperkalemia, and other re-
lated problems. Indications to withhold diuretics temporarily include a serum
sodium of less than 120 mmol/L despite fluid restriction, a serum creatinine level
of more than 2.0 mg/dL, or the onset of orthostatic symptoms or HE.

Large-Volume Paracentesis

Compared to diuretics, LVP provides a rapid method of removing several liters
of ascitic fluid with a large-bore needle connected to vacuum bottles. This results
in shorter hospital stays and avoids many of the side effects of diuretics. How-
ever, in terms of readmission rates to the hospital, survival rates, or cause
of death, LVP has been found to be no better than diuretics.!*»'?* In addition,
LVP does little to correct the underlying cause of ascites, namely renal sodium re-
tention. For this reason, LVP should not be used as first-line therapy for patients
with ascites. However, in patients with tense ascites, a single LVP that removes 4
to 6 L of fluid can be done rapidly and safely without any colloid infusion.'*"*”

TREATMENT OF REFRACTORY ASCITES Ascites is defined as “refractory”
when it is unresponsive to a sodium-restricted diet and maximum doses of
spironolactone (400 mg/day) and furosemide (160 mg/day), in the absence of
any potentially reversible factors, such as prostaglandin inhibitors (e.g., NSAID
ingestion).'”® Patients should not be labeled as having refractory ascites unless
they have first been found to be compliant with their diet by measuring 24-hour
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urine sodium excretion. In addition, they should have a urine sodium concentra-
tion of less than 78 mmol/day, despite maximum doses of diuretics. The term
“refractory ascites” can also be applied in patients who have developed clinically
significant complications during diuretic therapy. Consequently, fewer than 10%
of patients with cirrhosis and ascites truly fit the definition of being refractory.'™
Further options for these patients include serial LVP, peritoneovenous shunts
(rarely performed nowadays), TIPS, or liver transplantation.

Serial Large-Volume Paracenteses

Serial LVPs, done approximately every 2 weeks, are an effective way of removing
ascites for patient comfort or other reasons. The sodium concentration of ascitic
fluid is close to 130 mmol/L, so the amount of sodium removed with each LVP
can easily be calculated. Runyon'® states that if a patient is complying with an 88
mmol/day sodium diet and loses 10 mmol/day via nonurinary mechanisms but
excretes no measurable sodium in the urine, a 6-L LVP would remove 780 mmol
of sodium (i.e., 130 mmol/L x 6 L = 780 mmol), which is equivalent to 10 days’
worth of retained sodium (780 mmol/day = 78 mol per 10 days). Patients with
urinary sodium losses can be expected to require serial LVPs even less frequently.
On the other hand, if patients go less than 10 days before needing another LVP,
they are clearly not compliant with their dietary sodium restriction. Serial LVPs
are not without complications, such as iatrogenic SBP and abdominal-wall infec-
tions or hematomas. In addition, frequent LVPs can deplete ascitic total protein
levels and lead to malnutrition and lower opsonin levels, predisposing the patient
to SBP.

Peritoneovenous Shunts

Peritoneovenous (LeVeen or Denver) shunts were once popular surgical options
for refractory ascites. A small-bore catheter was tunneled under the skin from the
peritoneal cavity to the internal jugular vein to permit the return of ascitic fluid
directly to the systemic circulation. Some of these shunts included a single-way
valve and/or pump to maintain unidirectional flow (e.g., Denver shunt). How-
ever, DIC was a common complication of these shunts, and most became oc-
cluded within a few weeks. Furthermore, no survival benefit was shown
compared with medical therapy.'?*'** These shunts may also make liver trans-
plantation more difficult. As a result, peritoneovenous shunts are no longer per-
formed at most centers.

Transjugular Intrahepatic Portacaval Shunt

A procedure recently introduced for selected cases of variceal bleeding, TIPS has
also been shown to be effective for patients with refractory ascites, resulting in
better control of ascites, an increase in lean body mass, and improvements in the
Child-Pugh score."”! However, prospective studies are needed to determine if
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these short-term clinical benefits are accompanied by prolonged survival. Fur-
thermore, TIPS may lead to an exacerbation of HE and result in decompensated
liver function, prompting an urgent liver transplant. Moreover, TIPS dysfunction
and frequent revisions are not uncommon.

COLLOID REPLACEMENT DURING LVP The use of colloid replacement to
prevent fluid shifts with LVP remains a controversial issue. Ginés et al'** have
shown that patients who do not receive intravenous albumin after LVP may de-
velop more perturbations in serum electrolytes, plasma renin, and serum creati-
nine, compared with those given intravenous albumin. However, no patients
developed any symptoms and the changes detected did not appear to be clinically
significant. There were also no differences in morbidity or mortality between the
two groups.

One problem with this and similar studies is that they included patients who
did not have clear-cut refractory ascites. For example, in the Ginés et al study,
40% of patients had tense ascites from “inadequate sodium restriction or insuffi-
cient diuretic dosage (or both)” and 31% did not even receive diuretics before
hospitalization. By contrast, in another study of patients with well-documented
diuretic-resistant ascites, there was no rise in plasma renin activity, central blood
volume, or GFR after a 5-L LVP was performed without giving intravenous albu-
min.'”® This may be because patients with advanced cirrhosis and diuretic-
resistant ascites have some degree of “circulatory hyporeactivity,” whereas
patients with less advanced liver disease and diuretic-sensitive ascites are more
sensitive to intravascular volume depletion with LVP."*?

There are other concerns associated with the routine use of intravenous albu-
min. First of all, no study to date has demonstrated any survival advantage using
colloid replacement for patients undergoing LVP. Furthermore, albumin, when
given exogenously, has been shown to increase its own degradation'** and to de-
crease its own synthesis in vitro."”> Albumin is also expensive, at close to $1250
per LVP.' Given this, it is difficult to justify its routine use. However, if intra-
venous albumin is used, 10 g should be infused per liter of ascites removed, not
to exceed 50 g. Recent studies recommend giving half the intravenous albumin
infusion immediately after LVP and the other half 6 hours later.'"*

Several colloid agents other than albumin are available for plasma expansion
after LVP. Dextran-70 (given in a proportion of 6 g per liter of ascites removed) has
been shown to prevent the hypovolemic changes associated with a 5-L LVP'*® and
to be equivalent to albumin in preventing any hemodynamic complications.'?’
However, another study suggests that dextran-70 is not as effective as albumin, al-
though no difference in survival was noted between the two."*® The main advantage
of using intravenous dextran is that it costs 30 times less than intravenous albumin.
Hemaccel has also shown no significant differences in hemodynamics, complica-
tions, or survival rates compared to albumin in patients with refractory ascites.'*
These plasma expanders may prove to be useful alternatives to albumin. However,
further studies are needed before their widespread use is recommended.
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To summarize, an LVP should be avoided in patients with diuretic-sensitive
ascites, unless they present with tense ascites. Instead, better compliance of the
patient with diuretic therapy and strict dietary sodium restriction should be em-
phasized. Serial LVP should be reserved for the 10% of patients with truly refrac-
tory ascites who actually may be less sensitive to LVP-related intravascular
volume changes than diuretic-sensitive patients. Thus, these patients likely do
not require intravenous albumin or other colloid replacement in the first place.

Hepatic Encephalopathy

Hepatic encephalopathy (HE) is a potentially reversible neuropsychiatric syn-
drome that is seen in both acute and chronic liver disease. In chronic liver dis-
ease, HE helps to define a patient’s prognosis as one of the five elements that
constitute the Child-Turcotte-Pugh classification of liver disease severity (Table
11-12). Present in 50% to 70% of patients with cirrhosis,'*” HE may be either
overt or subclinical. Overt HE is characterized by disorientation, lethargy, som-
nolence, asterixis, and hyperflexia. Patients with subclinical HE may present with
irritability, poor short-term memory, problems in concentrating, or altered
sleep-wake cycles. Several grading systems have been developed, which use spe-
cific features, such as the level of consciousness, perturbations in personality and
intellect, neurologic signs, or EEG changes. The most useful is the West Haven
set of criteria (Table 11-9).

The pathogenesis of HE remains unclear, although a variety of mechanisms
have been proposed, including alterations in the blood-brain barrier, changes in
cerebral energy metabolism, the presence of false neurotransmitters, and elevated
gut-derived brain ammonia levels. None of the manifestations of HE are specific
to this disorder, and it is imperative to rule out other causes of altered mental sta-
tus in patients with chronic liver disease (Table 11-14).

TREATMENT
Precipitating Causes

The treatment of acute episodes of HE involves a multifaceted approach. Any
precipitating factors should be identified and corrected (Table 11-15). When
specific precipitating factors cannot be identified, Doppler ultrasonography
should be done to search for large portosystemic shunts, which can be corrected
angiographically or surgically. A nonabsorbable disaccharide, such as lactulose,
should also be administered to clear the gut of ammonia and other substances
that may cause HE.

Dietary Protein Intake

A major goal in the management of HE is to reduce the production and absorption
of ammonia. This can be done by restricting the dietary intake of protein and by in-
hibiting urease-producing colonic bacteria. Patients should initially be placed on a
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TABLE 11-14 Causes of Abnormal Mental Status in Chronic Liver Disease

Electrolyte disturbances

Hypoglycemia

Hypoxia

Infection

Bleeding (both gsatrointestinal and intracranial)
Alcohol withdrawal

Drug intoxication (narcotics and benzodiazepines)

limited protein diet (i.e., less than 20 g/day). When the clinical status improves,
protein intake can be increased by 10 to 20 g/day every 3 to 5 days until the patient’s
protein tolerance has been established. Patients with cirrhosis require a minimal
daily protein intake of 0.8 to 1.0 g/kg to maintain nitrogen balance.

Lactulose

The nonabsorbable disaccharide lactulose acts as a cathartic to remove ammo-
niagenic substrates from the GI tract. In addition, lactulose acidifies the intestinal
contents to create an environment hostile to urease-producing lactobacilli,
thereby further decreasing the luminal production of ammonia. Lactulose also
reduces the absorption of ammonia by nonionic diffusion and results in a net
movement of ammonia from the bloodstream into the GI tract. Initially, patients
should be started on large doses of lactulose (30 to 50 mL every 1 to 2 hours)
until catharsis begins, then the daily dose of lactulose should be titrated (typically
15 to 30 mL, 3 to 4 times a day) to achieve 3 to 4 semi-formed stools daily. Lactu-
lose enemas (300 mL in 1 L of water) may also be used if oral or nasogastric ad-
ministration is not feasible. Lactulose is effective not only in controlling acute
exacerbations of HE but also in maintaining chronic HE in remission.

TABLE 11-15 Precipitating Factors for Hepatic Encephalopathy

Excessive dietary protein

Gastrointestinal bleeding

Exacerbation of underlying liver disease

Infection (including SBP)

Dehydration

Hypoxia

Hypokalemia

Azotemia

Constipation

Portosystemic shunts (spontaneous, surgical, or transjugular intrahepatic)

ABBREVIATION: SBP, spontaneous bacterial peritonitis.
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Antibiotics

Antibiotics directed against urease-producing bacteria have also proven to be ef-
fective in treating HE, but they are rarely used as first-line agents because of their
potential side effects when used in the long term. These agents are usually re-
served for patients who are refractory to lactulose alone. Neomycin in doses of
6 g/day, in divided doses, is similar in efficacy to lactulose."” Since small
amounts of neomycin are absorbed, ototoxicity and nephrotoxicity may be a
problem, especially with continuous use. Metronidazole at doses of 800 mg/day
has benefits similar to neomycin.'”

New Treatments

Several innovative treatments for HE have shown promise. One involves in-
creasing the tissue metabolism of ammonia by infusing substrates, such as or-
nithine aspartate'*' or sodium benzoate.'** These substrates were of some benefit
in small controlled trials, but their role in clinical practice remains unclear. The
use of flumazenil can only be recommended for HE that has been precipitated
by the use of benzodiazepines. Parenteral or enteral formulas enriched with
branched-chain amino acids may also improve HE by reducing brain concentra-
tions of aromatic amino acids, thought to act as false neurotransmitters. Since
most patients with HE tolerate standard synthetic amino-acid preparations rea-
sonably well, branched-chain amino acids should be reserved for those with mal-
nutrition who are intolerant to routine protein supplementation.'*’ Zinc may
also play an important role in HE. Two of the five enzymes responsible for the
metabolism of ammonia to urea require zinc as a co-factor. In one study, overt
HE was reversed after zinc supplementation in patients with cirrhosis who were
zinc-deficient.'** Ultimately, liver transplantation is the only treatment that per-
manently reverses HE by restoring normal liver function and correcting por-
tosystemic shunts.

Hepatorenal Syndrome

PATHOGENESIS Cirrhosis is associated with a wide spectrum of renal abnor-
malities, and the kidney is central to the development of ascites and its complica-
tions. The most severe form of functional renal failure is the hepatorenal
syndrome. Although the exact pathogenesis of hepatorenal syndrome is un-
known, it is characterized by renal hypoperfusion caused by increased vascular
resistance that leads to a low GFR. Anatomically and histologically, the kidneys
are normal and remain capable of proper function if transplanted into an indi-
vidual without liver disease. Furthermore, normal renal function returns rapidly
after liver transplantation is performed for hepatorenal syndrome.

The hepatorenal syndrome has been reported in 7% to 15% of patients with
cirrhosis admitted to the hospital.'*® In a large series of nonazotemic patients
with cirrhosis and ascites who were followed prospectively for 5 years,'* the
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probability of developing hepatorenal syndrome was 20% at 1 year and 40% at
5 years. Patients with marked sodium retention who were unable to excrete a
water load had an increased risk of developing hepatorenal syndrome, as were
those with abnormal systemic hemodynamics characterized by low arterial pres-
sure, high plasma renin activity, and increased plasma norepinephrine levels. Fi-
nally, poor nutritional status, the presence of esophageal varices, and the absence
of hepatomegaly all suggested an increased risk of developing hepatorenal syn-
drome. The Child-Turcotte-Pugh classification of liver disease severity did not
correlate with the risk of developing hepatorenal syndrome.'*

DIFFERENTIAL DIAGNOSIS Other causes of acute renal failure in patients with
cirrhosis include nephrotoxicity from drugs (particularly NSAIDs or aminogly-
cosides), acute tubular necrosis from hypotension and radiographic contrast ma-
terial, obstructive uropathy, and prerenal azotemia from bleeding, vomiting,
diarrhea, or renal fluid losses from overly aggressive diuresis. Unfortunately,
there is no specific diagnostic test for hepatorenal syndrome. One must first rule
out other causes of acute renal failure and identify any reversible factors. The In-
ternational Ascites Club has recently proposed specific criteria to help in the di-
agnosis of hepatorenal syndrome (Table 11-16).'**

MANAGEMENT The management of patients with hepatorenal syndrome re-
mains difficult, since the mechanisms responsible for it are poorly defined. There
is no effective treatment, despite several trials assessing drugs intended to reverse
renal vasoconstriction. Thus, much of the treatment for hepatorenal syndrome
involves supportive therapy, especially the identification, removal, and treatment
of any factors known to precipitate acute renal failure. All drugs with potential
renal toxicity should be stopped, low blood pressure from hemorrhage or dehy-
dration returned toward baseline, electrolyte levels corrected, and all infections
identified and treated. Dialysis or continuous hemofiltration should be consid-
ered in patients recovering from ALF or awaiting liver transplantation, with the
hope that renal function will return once liver failure improves. The use of TIPS
has been shown to improve renal function in patients with hepatorenal syn-
drome,'¥’ although more information is needed before further recommendations
can be made.

TABLE 11-16 Diagnostic Criteria of Hepatorenal Syndrome

1. Absence of shock, infection, bleeding or current use of nephrotoxic drugs

2. Serum creatinine > 1.5 mg/dL, or 24-hour creatinine clearance < 40 mL/min

3. No improvement with withdrawal of diuretics and plasma volume expansion with
1.5 L of isotonic saline

4. No evidence of obstruction or renal parenchymal disease on ultrasound

5. Proteinuria of < 500 mg/day
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Liver transplantation is currently the only definitive therapy for hepatorenal
syndrome. Although patients with hepatorenal syndrome who undergo liver
transplantation may develop more complications, the probability of survival
3 years after transplant is 60%, only slightly reduced from the 70% to 80% rate
noted for patients without hepatorenal syndrome.'*®

ACUTE COLONIC PSEUDO-OBSTRUCTION

Pathogenesis

Acute colonic pseudo-obstruction is characterized by acute dilation of the large
intestine without any evidence of mechanical obstruction. The pathogenesis of
acute pseudo-obstruction is not known, but a major factor is thought to be an
imbalance in the enteric autonomic nervous system. Acute colonic pseudo-
obstruction usually accompanies serious medical conditions, such as intra-
abdominal inflammation, metabolic derangements (hyponatremia, hypokalemia,
hypermagnesemia, and hypomagnesemia), neurologic disorders, respiratory fail-
ure requiring intubation, MI, sepsis, and the excessive use of narcotics and
sedatives.

Clinical Presentation

Patients usually present with abdominal pain, distention or constipation, or a
combination of these. More often, the patient is already in the ICU as a result of
another serious illness. On examination, the abdomen is distended and tym-
panitic, with reduced or absent bowel sounds. In some cases, a tender dilated
cecum may be palpable. Abdominal radiographs reveal dilation of the colon and
possibly the small bowel as well. The cecum is typically enlarged to a significant
degree. Since acute pseudo-obstruction and mechanical obstruction present with
similar clinical features, a water-soluble enema or colonoscopy may be required
to differentiate the two.

MANAGEMENT In general, the management of acute pseudo-obstruction is
conservative. Patients should be placed on bowel rest and the upper GI tract de-
compressed with a nasogastric tube at intermittent suction. Frequent turning of
the patient may help release intestinal gas, but a rectal tube is of limited benefit.
Electrolyte and fluid abnormalities should be corrected, and drugs that depress
colonic motility should be withdrawn. With treatment of the underlying medical
condition, colonic function usually returns to normal. A few patients who do not
improve with conservative treatment may go on to sustain a cecal perforation.
However, the risk of this does not correlate well with the absolute cecal diameter,
but rather with the duration of cecal distention.'*’
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If the cecal diameter fails to improve after 2 to 3 days of conservative manage-
ment, more aggressive intervention is required. Treatment with neostigmine has
been shown to be an effective way to decompress the colon in patients with acute
pseudo-obstruction.'® Mechanical obstruction must be ruled out before the use
of neostigmine. Finding air throughout all colonic segments, including the rec-
tosigmoid, on plain radiographs can rule out mechanical obstruction. If air is not
seen in the rectosigmoid colon, a radiocontrast enema must be used to ensure a
mechanical obstruction does not exist. Exclusion criteria for the use of neostig-
mine include a baseline heart rate of less than 60 beats/min or systolic blood
pressure of less than 90 mm Hg; active bronchospasm requiring medication;
treatment with a prokinetic drug, such as metoclopramide, in the preceding 24
hours; history of colon cancer or partial colon resection; active GI bleeding; or a
creatinine level of more than 3 mg/dL. The dose of neostigmine is 2.0 mg, given
intravenously over 3 to 5 minutes. Patients should be monitored by ECG, and
frequent blood pressure recordings should be obtained for at least the first 30
minutes after administration. The patient should remain supine for at least 60
minutes after injection. Atropine, 1.0 mg, should be available at the bedside as
needed for symptomatic bradycardia. If the patient fails to respond, a second
dose can be given similarly 3 hours later.

If conservative measures fail to relieve acute colonic distention, a cecostomy or
other surgical approaches are indicated. Colonoscopy is often used, and success
rates range from 73% to 91%."" As the colonoscope is withdrawn, a small de-
compression tube may be left in the cecum, but the benefit of this approach is
unproven.

SUMMARY

Gastrointestinal problems are commonly seen in the intensive care unit either as
the primary reason for admission or the consequence of critical illness. A careful
and systematic approach to these patients, as outlined in this chapter, is of the ut-
most importance. Much of the success in managing these patients has arisen
from improvements in critical care medicine as is covered in this intensive care
manual.
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INTRODUCTION

An adequate number of functional platelets, a sufficient quantity of clotting fac-
tors, and intact vasculature are necessary to maintain hemostasis. In the critically
ill patient, defects in these components are common and often result in bleeding.
An organized approach to the diagnosis of a bleeding disorder and appropriate
management are necessary to ensure optimal patient outcome. The history and
physical examination along with laboratory tests usually allow the identification
of platelet abnormalities, coagulation cascade abnormalities, and fibrinolytic de-
fects. The most commonly used laboratory tests to evaluate abnormal bleeding
are the prothrombin time (PT), activated partial thromboplastin time (aPTT),
and platelet count. In the appropriate clinical setting, tests of fibrinolysis and fi-
brinogen levels may be indicated. The results of laboratory tests for common
bleeding disorders in critically ill patients are presented in Table 12-1.

Platelet Abnormality

Petechiae on the skin and mucus membranes or spontaneous gingival and nasal
mucosal bleeding suggest an abnormality in platelet number or function. Imme-
diate bleeding after surgery or trauma also suggests a platelet abnormality. In-
formation regarding use of medications such as aspirin or NSAIDs should be
sought. A platelet count should be determined and a low count should be con-
firmed by examination of the peripheral smear to assess platelet size or the pres-
ence of clumping. The bleeding time is used to assess platelet function but is

TABLE 12-1 Laboratory Studies in Bleeding Disorders

Platelet ~ Bleeding

Abnormality count time PTT PT TT FDP D-Dimer
Thrombocytopenia A A? N N N N N
von Willebrand’s N A A N N N N
disease
TTP A A N N N N N
Platelet dysfunction N A N N N N N
DIC A A A A A A A
Hepatic failure N-A N A A A N-A NY
Hemophilia A or B N N A N N N N
Thrombolytic agent N N A A A A A
Heparin N N A N-A A N N
Coumadin N N N-A A N N N

“Abnormal if < 100,000/pLL.

"May have mild elevation.

ABBREVIATIONS: PTT, partial thromboplastin time; PT, prothrombin time; FDP, fibrin degradation
products; TTP, Thrombotic thrombocytopenic purpura; DIC, disseminated intravascular coagulopa-
thy; A, abnormal; N-A, normal or abnormal; N, normal.
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infrequently used in critically ill patients. The bleeding time is prolonged if: the
platelet count is less than 100,000/pL (100 X 10°/L), aspirin or NSAIDS have been
used, or severe hypofibrinogenemia is present.

Coagulation Cascade Abnormality

A defect in the coagulation cascade (Figure 12-1) is suggested by hemorrhage
into joints, subcutaneous tissue, or muscle; bleeding that responds poorly to local
pressure; and delayed bleeding after trauma or surgery. The primary laboratory
studies used to assess the intrinsic and extrinsic coagulation systems are the PT
and aPTT. Abnormalities of factors II (prothrombin), V, X, or fibrinogen pro-
long the result of both tests. The International Normalized Ratio (INR) adjusts
the PT for differences in sensitivity of test reagent and is used to monitor oral

|Surface Contact|

!

XII—>XIla

XI—>XIa | Tissue Factor|

!

IX—>IXa Vila<—VII

VIII—VIIIa
X—rXa<«—X
Va<—V
Prothrombin (II) —> Thrombin (Ila)
Fibrinogen — Fibrin

XIIla <« XIII

Cross-linked fibrin
FIGURE 12-1 The normal coagulation cascade
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anticoagulation. The addition of normal plasma to the test reagents when the PT
or aPTT is abnormal can be used to screen for the presence of inhibitors or factor
deficiencies. In general, correction of the PT or aPTT with normal plasma sug-
gests factor deficiencies while lack of correction indicates the presence of an in-
hibitor. The thrombin time is sensitive to low levels of fibrinogen or abnormal
fibrinogen and inhibitors of thrombin (i.e., heparin, FDPs). Specific factor assays
are also available but should be used selectively, after results of more common
tests are noted to be abnormal.

Fibrinolytic Abnormality

Fibrinolysis is activated by the same factors that activate the coagulation cascade.
Laboratory studies include measurement of fibrin degradation products (FDP),
which are produced from the degradation of fibrin and fibrinogen and D-dimers,
which result from the degradation of cross-linked fibrin, not fibrinogen.

PLATELET DISORDERS

Acquired Thrombocytopenia

Thrombocytopenia exists when the platelet count is less than 150,000/uL (150 x
10°/L). Thrombocytopenia may result from impaired production, enhanced de-
struction, or sequestration of platelets. Increased destruction of platelets may be
caused by immune or nonimmune mechanisms (Table 12-2).

Management of thrombocytopenia in critically ill patients should begin with
confirmation of the platelet count by examination of the peripheral smear. The
presence of large platelets on the smear may suggest increased platelet destruc-
tion. Effective treatment of the underlying disorder is critical to successful
resolution of thrombocytopenia. If thrombocytopenia results from defective
production or nonimmune destruction, intervention relies on supportive
platelet transfusions until the underlying disorder is corrected. Recombinant
human interleukin-11, a thrombopoietic growth factor, may reduce the need
for platelet transfusion after chemotherapy, but experience is limited in other
clinical situations. Immune-mediated thrombocytopenias require specific in-
terventions, but platelet transfusions are generally avoided except in life-
threatening hemorrhage. The decision to transfuse platelets should take into
account the underlying disorder, presence of active bleeding, plans for invasive
procedures, and the risk of spontaneous bleeding. The risk of spontaneous
bleeding increases with platelet counts of less than 10,000/uL (10 X 10°/L). How-
ever, invasive procedures or trauma may necessitate the use of platelet transfu-
sions at higher threshold counts. An automatic transfusion trigger for platelets is
not warranted.
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TABLE 12-2 Causes of Thrombocytopenia

Impaired production

Drugs or toxins (i.e., chemotherapy, radiation)
Myelophthisis (i.e., neoplasm, infection, fibrosis)
Aplastic disorders

Vitamin B,,, folate deficiency

Myeloproliferative disorders

Viral illness

Enhanced destruction

Immune-mediated
Autoantibody (idiopathic thrombocytopenic purpura)
Isoantibody (post-transfusion purpura)
Drug-induced (heparin, quinidine, sulfas)
Immune complex disorders
Nonimmune
Disseminated intravascular coagulation
Thrombotic thrombocytopenic purpura or hemolytic
uremic syndrome
Mechanical (i.e., intravascular devices, cardiopulmonary bypass)
Dilutional
Sequestration
Hypersplenism
Hypothermia

Idiopathic Thrombocytopenic Purpura

Patients with immune mediated idiopathic thrombocytopenic purpura (ITP)
usually do not have serious bleeding. Treatment is initiated with corticosteroids
(prednisone, 1 to 2 mg/kg daily). In the presence of life-threatening hemorrhage
or planned invasive procedures, intravenous immunoglobulin G (IgG) may be
used (in a dosage of 0.4 to 0.5 g/kg daily for 4 to 5 days) to obtain a transient ele-
vation in platelet count. Patients who are nonresponsive to corticosteroids may
require splenectomy. Other agents, such as vincristine, cyclophosphamide, and
danazol, have been used for ITP refractory to other interventions. In addition,
dexamethasone 40 mg/day for 4 days has been used with some success. Platelets
should be transfused only for severe hemorrhage.

Post-Transfusion Purpura

Post-transfusion purpura is a rare syndrome that develops 5 to 12 days after
transfusion. It occurs in women who lack the platelet antigen PL-A1 who were
previously sensitized during pregnancy. Thrombocytopenia can develop after use
of any blood product containing platelet material in such patients. There is a
rapid decrease in the platelet count to less than 10,000/uL (10 x 10%/L) in 12 to 24
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hours. Treatment includes high-dose intravenous 1gG (1 g/day for 2 to 3 days).
Plasmapheresis may also be warranted in severe cases, and corticosteroids may be
considered. In general, platelet transfusion should be avoided.

Thrombotic Thrombocytopenic Purpura

Thrombotic thrombocytopenic purpura (TTP) is characterized by an inherited
or acquired deficiency of von Willebrand’s factor—cleaving protease. The diag-
nostic pentad includes fever, thrombocytopenia, microangiopathic hemolysis,
renal dysfunction, and fluctuating neurologic abnormalities. However, all find-
ings may not be present initially. This syndrome can be distinguished from DIC
by normal fibrinogen levels and normal coagulation tests. The treatment of
choice is plasma exchange, using plasmapheresis with infusion of fresh frozen
plasma (FFP). If plasmapheresis is delayed for several hours, FFP transfusion
should be initiated. In addition, corticosteroids (such as prednisone, 1 mg/kg
daily) are often used. RBC transfusions should be used only as needed and
platelets should be withheld, unless life-threatening hemorrhage occurs. Plasma
exchange is usually continued for at least 5 days or for 2 days after normalization
of the platelet count. The platelet count, hemoglobin level, and LDH level are fol-
lowed as markers of effective therapy.

Heparin-Induced Thrombocytopenia

Heparin-induced thrombocytopenia (HIT) is the result of an IgG-to-heparin—
platelet factor 4 complex. This syndrome can develop with heparin made from
beef or pork in all doses and all routes of administration. HIT is less common
with low-molecular-weight heparin products. Patients receiving heparin should
have their platelet count monitored and heparin discontinued if the platelet
count drops to less than 50,000/uL (50 x 10°/L) or bleeding develops. Although
assays are available for the platelet antibody, they are costly and not routinely
performed. Up to 20% of patients with HIT develop arterial or venous thrombo-
sis, which may occur even after discontinuation of heparin. Warfarin administra-
tion can be considered for continued anticoagulation therapy, but more
immediate therapy may be necessary because of the delayed onset of warfarin ef-
fects. Alternatives for anticoagulation include danaparoid sodium and other ex-
perimental agents that may be available, including ancrod, hirudin, and
argatroban. Low-molecular-weight heparins should not be used if HIT develops.

Extracorporeal Circulation

Extracorporeal circulation can result in a decreased platelet number from aggre-
gation on membranes. Platelet function is also impaired but usually returns to
normal within 3 days after cardiopulmonary bypass. Microvascular bleeding is
the typical post-bypass finding. Any coexistent coagulation abnormalities should
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be identified and treated. Platelet transfusion should be considered when the
platelet count is less than 100,000/uL (100 X 10°/L) or the bleeding time is in-
creased. Use of aprotinin to decrease platelet dysfunction and inhibit fibrinolysis
has been characterized by decreased bleeding after bypass.

Platelet Dysfunction

In the critically ill patient, platelet dysfunction most commonly results from ure-
mia or use of antibiotics. Uremia-related platelet dysfunction may result in hem-
orrhage. Dialysis is the treatment of choice but requires time to initiate. In the
short term, desmopressin (0.3 pg/kg IV every 12 hrs) can be used to increase von
Willebrand’s Factor (vVWF) levels and improve platelet aggregation, but tachy-
phylaxis develops rapidly. Conjugated estrogens (0.6 mg/kg IV every day for 5
days) are also effective, but the full effect on platelets takes several days.

COAGULATION DISORDERS

Disseminated Intravascular Coagulation

DIC is an acquired coagulopathy that occurs in the clinical settings including ob-
stetrical disasters, shock, severe sepsis, burns, trauma, transfusion reactions, ma-
lignancy, inflammatory diseases, and anaphylaxis. Manifestations range from
mild to severe. Activation of coagulation, which results in consumption of clot-
ting factors and platelets, and plasmin generation with resultant fibrinolysis con-
tribute to bleeding. Evidence of excessive clotting and fibrinolysis by laboratory
evaluation are necessary to confirm the diagnosis (Table 12-1). Up to 10% of pa-
tients may present with thrombosis rather than bleeding. Intravascular throm-
bosis results in microangiopathic hemolysis, with schistocytes evident on the
peripheral smear. Fibrinogen levels are decreased from consumption, but the
level must be interpreted in the context of the clinical setting. Fibrinogen is an
acute-phase reactant, and levels may be normal even when fibrinogen use is in-
creased. Antithrombin III levels are also decreased in DIC but are not routinely
measured. Platelets are consumed as a result of diffuse aggregation. The elevation
of D-dimers is the most useful and specific test for fibrinolysis.

Treatment relies on correction of the underlying disorder and the use of blood
products for significant morbidity (i.e., bleeding, organ dysfunction). A non-
bleeding patient with laboratory evidence of DIC may not require any blood
products unless invasive procedures are planned. Coagulation factors can be re-
placed with FFP. Cryoprecipitate is indicated if fibrinogen levels are less than 100
mg/dL (1.0 g/L). Repeated transfusions of platelets may be needed.

The use and dosage of heparin in DIC is controversial. Heparin inhibition of
thrombin may theoretically inhibit formation of microvascular thrombi, which
fuel DIC. Potential indications for use of heparin include amniotic fluid em-
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bolism, chronic DIC, DIC with thromboses, and severe persistent DIC. Routine
use of heparin during induction therapy for promyelocytic leukemia is no longer
recommended. A loading dose of heparin is usually not recommended. Uncon-
trolled trials using low-molecular-weight heparins in DIC have also been re-
ported. The goal of heparin use is to suppress coagulation, increase fibrinogen
levels, and decrease D-dimer levels. Fibrinolytic inhibitors, such as epsilon-
aminocaproic or tranexamic acid, are not recommended. Topical use may be ap-
propriate in patients with mucous membrane bleeding. Antithrombin III is a
natural inhibitor of coagulation that inactivates thrombin and factor Xa. Levels
are decreased in DIC, and use of antithrombin III has been proposed in clinical
situations. Few randomized trials have been performed, and improvement in lab-
oratory tests has not led to clinically relevant benefits.

Hepatic Insufficiency

Impaired coagulation in patients with liver disease may be causd by decreased fac-
tor production, platelet sequestration, or marrow suppression of platelet produc-
tion by toxins (alcohol). The laboratory evaluation may mimic DIC. FDPs are
elevated as a result of poor hepatic clearance, but D-dimer levels are normal or only
mildly elevated. Levels of factor VIII, which is not produced in the liver, are normal,
in contrast to low levels in DIC. Intervention is indicated only for active bleeding or
invasive procedures. Vitamin K should be given to correct any deficiency, and FFP
used to replace factor deficiencies when indicated. Prophylactic administration of
FFP before liver biopsy or paracentesis is not reccommended unless the PT exceeds
16 to 18 seconds or the PTT exceeds 55 to 60 seconds. Cryoprecipitate is rarely
needed, since fibrinogen levels are usually maintained at adequate levels.

Massive Transfusion

Bleeding in massive transfusion is a multifactorial hemostatic process, which may
be caused by dilutional “washout” of platelets and coagulation factors, develop-
ment of DIC, hypothermia, or rarely, citrate toxicity that leads to hypocalcemia.
Decreased or dysfunctional platelet levels are usually the initial defect. Empiric
therapy with transfusion of platelets may be considered when 150% of the nor-
mal blood volume is lost, if platelet counts are not readily available. Coagulation
factor depletion occurs later than platelet loss, and replacement with FFP should
be guided by measurement of PT and PTT. Empiric replacement formulas are
not recommended. Cell-saver devices should be considered, when feasible, to de-
crease transfusion of RBC products.

Congenital Coagulation Disorders

The clinical manifestations of hemophilia A (factor VIII deficiency) and hemo-
philia B (factor IX deficiency) are indistinguishable. Both disorders require factor
replacement in minor trauma or major surgery. Factor levels of 10% to 20% are
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usually sufficient for minor trauma, 30% for minor bleeding, and 50% for major
surgery or bleeding. A variety of specific factor concentrates are available, and the
hematologist should be consulted for appropriate doses, frequency of adminis-
tration, and duration of treatment. Increased amounts of transfused factors may
be necessary during active bleeding.

The most common inherited coagulation disorder is von Willebrand’s disease
(vWD), which may be caused by quantitative or qualitative abnormalities in
vWE. Impaired platelet adhesion may result in bleeding at the site of injury dur-
ing elective surgery. vVWD may also be diagnosed incidentally by finding a pro-
longed PTT in an otherwise asymptomatic patient. The diagnosis is confirmed by
test results showing decreased levels of vVWF activity, vWF antigen, factor VIII, or
a prolonged bleeding time. Desmopressin can be used to increase production of
vWEF in patients with quantitative abnormalities. Intravenous administration of
desmopressin (0.2 to 0.3 pg/kg over 30 minutes) is preferred in seriously ill pa-
tients, but the subcutaneous route can also be used. Desmopressin is generally
ineffective in patients with qualitative defects of vWF. Some factor VIII concen-
trates (e.g., Humate-P, manufactured by Armour, Inc., Kankakee, IL) may also
provide adequate levels and types of vVWEF. Cryoprecipitate contains vVWF but also
carries an increased risk of disease transmission. However, cryoprecipitate may
be indicated in patients with qualitative defects of vWF when no other source is
readily available.

Vitamin K Deficiency

Acquired vitamin K deficiency may be present in ICU patients, particularly those
with inadequate dietary intake treated with antibiotics that alter bacterial flora in
the gut. High-risk patients include the elderly, homeless persons, alcoholics and
those with malabsorption syndromes. Vitamin K, 5 to 10 mg, can be adminis-
tered subcutaneously or intravenously, depending on the urgency; additional
doses are given every 2 to 3 days. Intravenous administration requires monitor-
ing for possible allergic reactions. Effects on the PT should be seen in 8 to 12
hours with correction to normal by 24 to 48 hours. Severe bleeding requires use
of FFP to provide coagulation factors.

Thrombolytic Agents

Thrombolytic agents are used in many critical illnesses. Despite benefit, serious
hemorrhage can occur from clot dissolution and inhibition of clotting. Signifi-
cant hemorrhage is treated with volume (crystalloid or colloid) and RBC transfu-
sion, as indicated. Local measures may be applied, if possible, to stop bleeding.
Cryoprecipitate or FFP can be used to replace coagulation factors. A drop in fib-
rinogen occurs with streptokinase administration, and cryoprecipitate should be
considered for empiric treatment when serious bleeding occurs. If heparin has
been administered, protamine can be used to reverse its effects in severe bleeding.
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Warfarin

Excessive anticoagulation with warfarin may occur inadvertently or as a result of
drug interactions. Characteristically, the PT is prolonged but the PTT may also
be abnormal because of depletion of factors common to the intrinsic and extrin-
sic coagulation pathways. In acute hemorrhage, FFP administration is warranted
to replace factors. Vitamin K administration can be considered, taking into ac-
count the underlying reasons for chronic anticoagulation.

Heparin

Heparin should be discontinued in patients with significant bleeding. Protamine
can reverse heparin effects in severe hemorrhage but is less effective with low-
molecular-weight heparins. One milligram of protamine reverses the effect of
about 100 U of heparin.

BLOOD COMPONENTS FOR HEMOSTASIS

The following recommendations are based on several practice guidelines devel-
oped by professional organizations. The critical care physician should be familiar
with the products and guidelines of their institution.

Fresh Frozen Plasma

FFP contains all coagulation factors. FFP is available as a single unit of 200 to 250
mL or as a single-donor pheresis unit of 400 to 600 mL, which is equivalent to
two standard units of FFP. FFP is indicated in coagulopathy caused by a docu-
mented deficiency of coagulation factors in the presence of active bleeding and
before operative or other invasive procedures. Significant factor deficiencies are
usually documented by a PT of more than 18 seconds, PTT of more than 55 to 60
seconds, or a coagulation factor assay result of less than 25% activity. FFP can be
considered in massive blood transfusion when evidence of coagulation factor de-
ficiencies exist or there is continued bleeding. Use of FFP is warranted for rever-
sal of warfarin’s effect if immediate hemostasis is required and for deficiencies of
antithrombin IIT (if concentrate of the factor is not available), heparin cofactor
II, protein C, or protein S. FFP is also used in plasma exchange for TTP and he-
molytic uremic syndrome (HUS), but it is not indicated for volume expansion or
nutritional support.

The usual starting dose of FFP is one plasmapheresis unit. The goal is to
achieve 30% concentration levels for most coagulation factors. Doses of 10 to 15
mlL/kg of body weight may be required, with lesser amounts (5 to 8 mL/kg) indi-
cated for reversal of warfarin effects. Smaller doses or no additional FFP may be
needed if platelets are also transfused. For every five to six units of random donor
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platelets, the patient receives the equivalent of one unit of FFP. Coagulation tests
should be repeated after infusion is completed to assess the need for further FFP,
using goals of PT of less than 18 seconds or PTT of less than 60 seconds. The
half-life of factor VII is approximately 6 hours, so FFP may have to be infused
every 6 to 8 hours. Rapid infusion, rather than continuous infusion, is needed to
achieve adequate factor levels. The need for FFP must be anticipated, since 30 to
45 minutes are required for thawing.

Platelets

A random donor unit of platelets contains 5.5 to 10x10'° platelets. A single donor
pheresis unit contains approximately 4 x 10'" platelets. Filtration and ultraviolet
radiation are used to reduce alloimmunization. The most common reason for
platelet transfusion is decreased bone marrow production (i.e., leukemias,
chemotherapy). Platelet administration is indicated when counts are 5000/pL
(5 x 10°/L) or less, or when counts are 5000 to 30,000/uL (5 to 30 x 10°/L) and
significant bleeding risk exists. Scattered petechiae and small amounts of blood in
urine or stool do not necessarily suggest a high risk of bleeding. Surgery or life-
threatening bleeding may require platelet transfusion when platelet counts are
less than 50,000/pL (50 X 10°/L). Automatic prophylactic platelet transfusions at
a threshold of 20,000/uL (20 x 10°/L) in stable nonbleeding patients are no
longer advocated. Platelets may be used with enhanced platelet destruction only
if clinically significant bleeding occurs with platelet counts of 20,000 to 50,000/uL
(20 to 50 x 10°/L). In ITP, platelets should be reserved for life-threatening hem-
orrhage. Platelet transfusion is contraindicated in TTP and HUS, except for
major surgery or life-threatening bleeding. Transfusion of platelets may be war-
ranted in life-threatening hemorrhage resulting from platelet dysfunction, if
other interventions are unsuccessful.

A random donor unit increases the platelet count by 5,000 to 10,000/pL (5 to
10 X 10/L). Bleeding, fever, infection, alloimmmunization, splenomegaly, and
intravascular consumption can decrease the expected platelet increment. The
suggested dose is one unit of random donor platelets per 10 kg of body weight, or
one pheresis unit if weight is 90 kg or less. A platelet count should be obtained
1 hour after transfusion to assess the effect of transfusion. Patients who receive
multiple platelet transfusions may develop suboptimal increments from alloim-
munization. Single-donor HLA-matched or ABO cross-matched platelet units
may be effective in these patients.

Cryoprecipitate

Cryoprecipitate contains factors VIII and XIII, fibrinogen, and vWEF. Indications
for use include hypofibrinogenemia with clinical bleeding or a bleeding risk from
invasive procedures. Levels of fibrinogen of more than 100 mg/dL (1 g/L) are
generally adequate for hemostasis. In patients with hypofibrinogenemia, one unit
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of cryoprecipitate per 5 kg of body weight is the empiric dose; in vWD, one unit
per 10 kg of body weight can be used.

ANEMIA

Anemia is defined as a decrease in circulating RBC mass, but in the clinical set-
ting, measurements of hemoglobin concentration and hematocrit are readily
available and more commonly used criteria. Physiologically, anemia results in a
decrease in oxygen-carrying capacity of the blood. Since hemoglobin level and
hematocrit result are influenced by variations in plasma volume, changes in these
variables may not necessarily reflect a change in oxygen-carrying capacity. Ane-
mia is a common finding in critically ill patients and may result from an acute ill-
ness or a chronic underlying condition. Anemia is usually well tolerated if
adequate blood volume is maintained. The need for volume must be separated
from oxygen-carrying capacity needs when making decisions regarding interven-
tion. Hypovolemia is best treated with crystalloids and colloids, while RBC trans-
fusion is reserved for significant decreases in oxygen-carrying capacity.

Causes

1. Decreased RBC production: Anemia caused by decreased RBC production is
often the result of underlying chronic illness or acute critical illness. Anemia of
chronic disease often develops in patients with inflammatory disease, cancer,
immune disorders, and chronic infection. In patients with chronic renal insuffi-
ciency, anemia results from a primary decrease in erythropoietin production. An
abnormally low reticulocyte count implicates a bone-marrow production prob-
lem. More specific causes of decreased RBC production include the following:
A. Tron deficiency: Low mean corpuscular volume (MCV), low ferritin and
serum iron levels

B. Vitamin B, and folate deficiency: high MCV

C. Infection: Particularly Mycobacterium avium complex (in HIV-infected
patients), disseminated fungal infections, parvovirus B19.

D. Exogenous toxins: Chemotherapeutic agents, radiation, ethanol, therapeu-
tic drugs (i.e., zidovudine)

E. Disseminated cancers

F. Myeloproliferative syndromes

G. Hemoglobinopathies

2. Increased RBC destruction: Anemia results from increased destruction of RBCs
when hemolysis exceeds the capacity of bone marrow to increase erythropoiesis.
Hemolysis of RBCs may occur by an immune or nonimmune mechanism, but both
types of mechanisms are characterized by an elevated reticulocyte count. Intravas-
cular hemolysis results in increases of LDH and bilirubin levels. Plasma haptoglobin
levels decrease as hemoglobin is bound and removed from the plasma. However, it
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is not necessary to routinely measure haptoglobin. In the presence of severe hemol-

ysis, free hemoglobin may be measured in the plasma or urine. Extravascular he-

molysis is characterized by RBC destruction in the reticuloendothelial system,
primarily in the spleen. Characteristic findings are jaundice and splenomegaly.

Haptoglobin levels are normal or only slightly reduced in this situation.

A. Immune destruction: Immune destruction of RBCs is usually caused by a
warm-reacting IgG antibody. An immune hemolytic anemia may be seen
in conjuntion with vasculitic conditions, infection, cancer (particularly
lymphoproliferative disorders), and drugs. Some drugs to be considered in
critically ill patients as a cause of immune hemolysis include cephalo-
sporins, protamine, penicillin, isoniazid, quinidine, rifampin, and sulfon-
amide agents. Microspherocytes, in addition to fragmented cells, are seen
on the peripheral blood smear.

Therapy for immune hemolytic anemia resulting from warm-reactive
antibodies is corticosteroid administration (prednisone, 60 to 80 mg/day).
In unresponsive patients, splenectomy, high-dose IgG, or immunosup-
pressive drugs may be considered. Corticosteroids are less effective in im-
mune hemolysis caused by cold-reactive antibodies (IgM). Warming acral
parts of the body may be sufficient to alleviate symptoms, but plasma-
pheresis may be necessary to reduce the concentration of IgM antibodies.
In patients with drug-induced immune hemolysis, discontinuation of the
drug is usually the only necessary treatment.

RBC transfusion in patients with immune hemolysis optimally requires
identification of the antibody and selection of compatible units. In some
cases, the blood bank may only be able to provide the least incompatible
blood type. Blood should be warmed to body temperature for patients
with cold-reacting antibodies. Transfusion should be undertaken only
when necessary and then with close monitoring.

B. Nonimmune destruction: Nonimmune destruction of RBCs may be caused
by mechanical mechanisms or endogenous RBC abnormalities. Fragmenta-
tion and destruction of RBCs in the circulation may result from increased
sheer stresses caused by turbulent blood flood, as in arteriovenous malfor-
mations. Hemolysis may occur with malfunction of intravascular prosthetic
devices and disorders affecting blood vessels, producing a microangiopathic
hemolytic process (e.g., DIC, TTP). A blood smear will show RBC fragmen-
tation. Direct parasitization of RBCs by malaria organisms or bacterial prod-
ucts (i.e., Clostridia species toxins) may result in hemolysis.

Homozygous sickle cell disease is a chronic hemolytic condition, resulting
from abnormal hemoglobin, that is usually well compensated. Increased he-
molysis should prompt a search for a second disorder. Hereditary RBC en-
zyme deficiencies can also result in hemolysis. The most common deficiency
is glucose-6-phosphate dehydrogenase (G6PD) deficiency. Episodic he-
molytic episodes in G6PD deficiency can be precipitated by fever, infection,
and drugs, such as nitrofurantoin, primaquine, and sulfonamides.
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3. Anemia from RBC loss: Blood loss is a common cause of anemia in the critically
ill patient. Blood loss may be acute or chronic and occur from GI lesions or vas-
cular abnormalities. The existence of a coagulopathy exacerbates accompanying
blood loss. The measured hemoglobin level in acute blood loss may not accurately
reflect the RBC volume lost. Phlebotomy for laboratory tests is an important
source of blood loss in the ICU, particularly in patients with arterial lines. The
blood volume removed should be minimized in the critically ill patient to prevent
a significant nosocomial contribution to worsening anemia. Human erythropoi-
etin has been used in the preoperative setting to increase autologous blood dona-
tion but has not been evaluated in the critically ill patient with blood loss.

Consequences

As oxygen-carrying capacity decreases in anemia, compensatory mechanisms are
initiated. Decreased blood viscosity and an increase in heart rate result in increased
cardiac output, which is an attempt by the body to maintain oxygen delivery to the
tissues. Additional compensation occurs at the tissue level, where an increase in
oxygen extraction (despite decreased oxygen delivery) maintains tissue oxygen up-
take. The lower limit of hemoglobin level tolerated in humans is not known. The
multiple concomitant factors that exist in the critically ill patient make it even more
difficult to determine a threshold below which tissue oxygenation is impaired. Fac-
tors that must be considered include volume status, cardiopulmonary reserve, and
metabolic demands. The optimum hemoglobin level in the critically ill has not
been defined. Increases in hemoglobin from transfusion may not result in im-
proved oxygen delivery or improved oxygen consumption by tissue. Increases in
hemoglobin level alter blood viscosity, which may be detrimental.

The clinical manifestations of anemia vary with the cause and severity, the ra-
pidity of onset, and the presence of concomitant disorders. Inadequate oxygen
delivery may result in tachypnea, mental confusion, angina, and evidence of
anaerobic metabolism (lactic acidosis). In the critically ill patient, the ability to
communicate symptoms is impaired. Tachycardia and hypotension are often
signs of hypovolemia, although they may also be seen in conjunction with im-
paired oxygen delivery. Pallor, overt blood loss, or jaundice resulting from a he-
molytic process may be noted.

Management

Laboratory evaluation of anemia in the critically ill patient should be tailored to the
individual. Tests that are important to obtain before transfusion include a CBC
count (hemoglobin level, hematocrit, RBC indices), reticulocyte count, peripheral
blood smear, and RBC folate level (if indicated). If a hemoglobinopathy is sus-
pected, a blood sample should be obtained before transfusion for hemoglobin elec-
trophoresis. Evidence of hemolysis can be determined by measurement of serum
bilirubin and LDH levels. Vitamin B,,and serum iron levels can be obtained if war-
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ranted, but deficiencies can be determined even after RBC transfusion. If immune
hemolysis is considered, blood should be sent to the blood bank for direct and in-
direct Coombs’ tests. Stool guiac test for fecal occult blood should be performed
and urine assessed for presence of blood. Other tests should be used to assess the
impact of anemia by assessing evidence of ischemia. Lactate levels may be elevated
in the setting of anaerobic metabolism, or ischemic changes may be noted on ECG.

The optimum management of anemia requires identification of the underly-
ing cause and appropriate intervention, which may include control of bleeding,
volume replacement, treatment of infection, or removal of bone-marrow toxins
or immunosuppressive therapies. Transfusion of RBC products should also be
considered in the management of anemia.

The decision to transfuse blood products for anemia must take into account
risks and benefits to the individual patient. The only indication for transfusion of
RBC:s is increase of oxygen-carrying capacity to support adequate oxygen con-
sumption at the tissue level. Arbitrary transfusion thresholds based on hemoglobin
concentration are not recommended for use. Rather, physiologic markers of im-
paired tissue oxygenation should be used to guide decisions on transfusion. In the
critically ill patient, the following indicators, if available, may suggest tissue hy-
poxia: mixed venous Po, of less than 25 mm Hg, oxygen extraction ratio of more
than 50%, oxygen consumption less than 50% of baseline measurement, and ele-
vated lactate levels. The presence of ongoing blood loss, the patient’s cardiopul-
monary reserve, presence of concomitant disease, effects of hypovolemia, presence
of acute or chronic anemia, and metabolic oxygen demands should be evaluated.

Current guidelines do not specifically address transfusion in critically ill pa-
tients and few studies are available to provide guidance. The effects of RBC trans-
fusion on tissue oxygen consumption are variable, even if oxygen delivery is
increased. In general, a hemoglobin of 7 to 9 g/dL is adequate for most patients.
A higher hemoglobin level may be warranted in critically ill patients with cardiac
disease. Patients with chronic anemia may tolerate a hemoglobin value at the
lower end of the range. Authors of most transfusion guidelines propose that
transfusion is rarely indicated when the hemoglobin is more than 10 g/dL and is
almost always indicated for hemoglobin levels of less than 6 g/dL. Transfusion is
not acceptable for volume expansion or promotion of wound healing. Transfu-
sion should be avoided, if possible, in patients with severe aplastic anemia who
may be candidates for bone marrow transplantation.

TRANSFUSION THERAPY FOR ANEMIA

Whole Blood

Whole blood is rarely available because of the multiple advantages of component
therapy (Table 12-3). Therefore, most whole blood donations are separated into
components. Whole blood contains RBCs, platelets, WBCs, and plasma, which
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TABLE 12-3 Blood Products for Transfusion in Adults

Blood Component  Content Volume (mL) Indications
Whole blood RBCs (HCT 500-515 Rarely available
40%-45%)
Plasma + Massive hemorrhage
WBCs
Platelets (nonviable)
RBCs RBCs (HCT 250-350 Improve oxygen-carrying
60%—80%) capacity
Plasma
WBCs
Platelets (nonviable)
Leukocyte- RBCs 200 Prevention of severe febrile
reduced RBCs (HCT = 90%) transfusion reactions
Plasma (minimal) Prevention of alloimmuniza-
WBCs (85%—-95% tion in patients requiring
depleted, multiple transfusions
<5x%10%U)
Washed RBCs RBCs (HCT = 60%) 340 Prevention of severe allergic
WBCs (minimal) reactions
Prevention of anaphylaxis in
IgA-deficient patients
Irradiated RBCs ~ RBCs 250-350 Prevention of graft versus
host disease in immuno-
compromised patients
Frozen RBCs RBCs 170-190 Autologous transfusion
WBCs (minimal) Rare blood types
Platelets Platelets Enhanced platelet destruction:
Plasma Life-threatening bleed in
ITP
WBCs Platelets 20,000-50,000/ul +
excessive bleeding
RBCs Contraindicated in TTP
Single donor 3-8 x 10" platelets 200-400 Decreased platelet production
Random donor ~ 5.5-10 x 10" 50 + enhanced destruction:
platelets Platelets < 5000/uL
Platelets 5000-30,000/uL +
significant bleeding risk
Platelets < 50,000/UL + inva-
sive procedures or life-
threatening bleed
Fresh frozen All coagulation Bleeding or risk of bleeding
plasma factors with congenital or acquired
(1 U/mL) deficiency of clotting factors
Complement Reversal of warfarin effect
Fibrinogen (1-2 Plasma exchange for
mg/mL) TTP/HUS
Random donor 200-250 Massive blood transfusion
Single donor 400-600 with deficiency of clotting

factors
(continued)
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TABLE 12-3 Blood Products for Transfusion in Adults (continued)

Blood Component  Content Volume (mL) Indications
Cryoprecipitate  Factor VIII 10 Fibrinogen deficiency (< 100
(80-120 U) mg/dL) with bleeding or
risk for bleeding
Factor XIII
(40-60 U)
Fibrinogen von Willebrand’s disease (un-
(200-300 mg) responsive to desmopressin)
vWF (80 U) Factor XIII deficiency
Plasma Hemophilia A (if factor VIII

concentrate not available)

ABBREVIATIONS: RBC, red blood cell; HCT, hematocrit; WBC, white blood cell; TTP, thrombotic
thrombocytopenic purpura; HUS, hemolytic uremic syndrome; IgA, immunoglobin A; ITP, idio-
pathic thrombocytopenic purpura; vWF, von Willebrand factor.

contains coagulation factors. However, platelet function and function of factors
V and VIII are rapidly lost during storage (within 24 to 48 hours). The indication
for use of whole blood is correction of a simultaneous deficit of oxygen-carrying
capacity and blood volume, such as might occur in massive hemorrhage. In gen-
eral, RBC concentrates with crystalloid or colloid volume replacement are pre-
ferred in these situations.

Packed Red Blood Cells

Whole blood is fractionated into RBCs and platelet-rich plasma. A solution of
citrate-phosphate-dextrose (CPD) or CPD plus adenine, glucose, mannitol, and
sodium chloride is added as a preservative and anticoagulant. A unit of RBCs
typically has a hematocrit of about 70% and an approximate volume of 250 mL.
A unit of RBCs contains some residual plasma, platelets, and WBCs. One unit of
RBCs increases the hemoglobin by approximately 1 g/dL and the hematocrit by
3% in a stable, nonbleeding average-sized adult.

Leukocyte-Reduced Red Blood Cells

A centrifuge and filter procedure in the blood bank can reduce WBCs by 85%,
with recovery of 90% of RBCs. In-line leukocyte reduction filters can remove
up to 98% of WBCs in a unit of blood and can be used at the bedside. This
blood product can be used in patients who experience febrile transfusion reac-
tions and to avoid antigen sensitization (alloimmunization) in patients who have
received multiple blood transfusions (i.e., patients with leukemia, transplant re-
cipients).
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Washed Red Blood Cells

Washed RBCs undergo resuspension in saline to remove further plasma and
WBCs. This product is used to prevent severe febrile transfusion reactions and
anaphylaxis. The procedure reduces RBC count of the product by 10% to 20%,
WBC count by approximately 85%, and plasma by 99%.

Irradiated Red Blood Cells

Gamma irradiation eliminates immunologically competent lymphocytes. This
blood product is used to prevent graft versus host disease in immunocompro-
mised recipients. Patients with AIDS do not routinely require irradiated RBCs.

Frozen Red Blood Cells

Red blood cells are frozen in glycerol or dimethylsulfoxide. This product can be
stored at -30°C for up to 10 years. This method is used for storage of rare blood
units.

Administration of Blood Products

When feasible, consent for transfusion of blood products should be obtained be-
fore administration, from the patient or the patient’s surrogate decision maker,
after explanation of risks and benefits. Administration of blood requires careful
patient and blood product identification to avoid mishandling and errors. The
intravenous catheter should be at least 18-gauge to allow adequate flow. Only
isotonic saline should be used as a diluent with blood components.

Patients should be observed for the first 5 to 10 minutes of each transfusion
for immediate adverse side effects and at regular intervals thereafter. Each unit of
blood should be administered within 4 hours of its arrival to the floor to mini-
mize the risk of bacterial contamination. Premedication with acetaminophen and
diphenhydramine can be used in patients with previous febrile transfusion reac-
tions. Administration of multiple units of blood may be appropriate with major
hemorrhage. In less urgent situations, physicians should consider transfusing one
unit at a time, followed by clinical assessment to avoid unnecessary transfusions.

RISKS OF TRANSFUSION

The following list is an abbreviated summary of risks and adverse reactions asso-
ciated with transfusion of blood products. Risks must be taken into account
when deciding to administer a transfusion to an individual patient.
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1. Disease transmission: Currently, blood units are tested for HIV-1, HIV-2,
human T-cell lymphotropic viruses (HTLV-I and HTLV-II), hepatitis B
virus, and hepatitis C virus. In immunocompromised patients, testing for
the presence of CMV is recommended. The risk of disease transmission for a
unit of blood varies from 1 in 30,000 to 1 in 2,000,000 patients, depending
on the infectious agent. Bacterial contamination of blood units is rare, and
the most common organism is Yersinia enterocolitica.

2. Hemolytic reactions: Acute hemolytic reactions are caused by preformed anti-
bodies in the blood recipient and can result in death. This type of reaction is
usually the result of identification errors, leading to transfusion of incompati-
ble blood products. Symptoms develop shortly after administration of in-
compatible blood and include fever, chills, back pain, chest pain, nausea,
vomiting, and hypotension. In the critically ill patient, these symptoms may be
attributed to other factors or masked by sedation and alteration of conscious-
ness. Acute renal failure from hemoglobinuria, DIC, and ARDS may occur. If
an acute hemolytic reaction is suspected, the transfusion should be stopped
immediately, the intravenous tubing replaced, and appropriate samples ob-
tained for investigation by the blood bank. Further management includes
maintenance of intravascular volume and protection of renal function. De-
layed hemolytic reactions may occur 3 or 4 weeks after transfusion, as a result
of primary and anamnestic antibody responses to RBC antigens.

3. Febrile nonhemolytic reactions: These reactions are characterized by fever,
chills, anxiety, pruritus, and occasionally, respiratory distress all of which occur
1 to 6 hrs after the start of transfusion. The reaction results from antibodies
against donor plasma proteins or WBC antigens. Bacterial contamination of
blood products may cause similar manifestations but rarely occurs. Premed-
ication is usually sufficient to avert febrile reactions. Methods to remove WBCs
(leukocyte-reduced RBCs) may also reduce the risk of febrile reactions.

4. Anaphylactic reactions: Anaphylaxis may be seen in patients who are IgA-
deficient and receive blood products containing IgA. Washed RBCs should
be used in these individuals to maximally reduce plasma content.

5. Volume overload: The volume of blood products used (Table 12-3) and the
cardiovascular status of the patient must be assessed on a continual basis dur-
ing transfusion to avoid precipitating pulmonary edema. Routine administra-
tion of diuretics during transfusion is not appropriate in critically ill patients.

6. Noncardiogenic pulmonary edema: Acute lung injury may be caused by
donor antibodies to recipient neutrophils or reactive lipid products from
donor blood cell membranes. Typically the reaction occurs within 24 hours
after receiving a blood product, with the onset or worsening of dyspnea, hy-
poxemia, and diffuse pulmonary infiltrates. Appropriate supportive care
should be instituted and resolution can be expected within a week.

7. Graft versus host disease: A graft versus host reaction may occur in immuno-
compromised recipients of transfused functional lymphocytes. Fever, rash,
and liver function abnormalities occur 2 to 6 weeks after transfusion.
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8. Post-transfusion purpura: See section on coagulation disorders.

9. Hypothermia: A decrease in core temperature may be seen with rapid infu-
sion of large volumes of chilled blood. Blood-warming devices can prevent
this problem.

10. Metabolic complications: Rapid infusion of citrated blood products (more
than 100 mL/min) may, rarely, cause citrate toxicity in conjunction with
acute hypocalcemia. The QT interval or ionized calcium level can be moni-
tored and calcium administered, when indicated. During storage, potassium
leaks from RBCs and infusion of large quantities of blood may result in tran-
sient hyperkalemia.

11. Immunosuppression: The relationship of exposure to blood products and
immunosuppression has not been fully clarified. However, several studies
suggest blood transfusion may increase the risk for postoperative infection
and recurrence of cancer.

SUMMARY

A thorough knowledge of common blood disorders seen in intensive care is es-
sential for all intensivists. This chapter has summarized these common abnor-
malities, their work-up, and treatment.
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INTRODUCTION

Caring for a comatose patient requires a basic understanding of consciousness
and the pathophysiologic processes that lead to its derangement. This chapter
discusses current definitions of coma and related states of consciousness, pro-
vides a systematic approach to the evaluation of a patient in coma, and describes
current treatment recommendations for common causes of coma.

DEFINITION OF CONSCIOUSNESS

Consciousness can be defined broadly as the state of awareness of self and sur-
roundings.! More specific definitions of consciousness have included three dis-
tinct components: wakefulness, the capacity to detect and encode internal and
external stimuli, and the capacity to formulate goal-directed behavior.” In this
definition, self-awareness is not a prerequisite for consciousness, e.g., an individ-
ual with advanced dementia. In general, disorders of consciousness are the result
of impairment in either one or both of the critical elements of consciousness:
arousal and content.' Disorders of arousal (coma) are the focus of this chapter.
Disorders of content, such as dementia or confusional states, typically do not re-
quire intensive care and therefore are excluded from this discussion.

Disorders of Arousal

Disorders of arousal are often characterized by terms ranging from alert to com-
atose. Coma has been described as the state of unarousable unresponsiveness in
which an individual lies with eyes closed, lacking awareness of self and the envi-
ronment.” Patients in coma do not exhibit normal sleep-wake cycles. Stupor
refers to a state of unresponsiveness from which the individual can be aroused
only by vigorous and repeated stimuli. Obtundation refers to a less severe state of
unresponsiveness that requires touch or voice to maintain arousal. Lethargic pa-
tients appear somnolent but may be able to maintain arousal spontaneously or
with repeated light stimulation.

Although these terms suggest discrete levels of consciousness, disorders of
arousal exist along a continuum and often fluctuate over time. Documentation of
impaired arousal should include precise recordings of responses by the patient to
varying external stimuli.

Anatomy of Consciousness

The anatomic substrate for consciousness consists of a diffuse, interdependent
network of brainstem, thalamic, and cortical neurons. The brainstem reticular
formation (RF), however, is often considered the neurophysiologic seat of con-
sciousness.” Experimental work has shown that stimulation of the brainstem
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tegmentum results in activation of the cortical and behavioral signs of arousal,
even in the absence of auditory and somatosensory input to the cortex.”® Simi-
larly, lesions of the RF result in electroencephalographic slowing and impaired
arousal despite otherwise normal sensory input.

The RF arises in the lower medulla and extends rostrally into the pons and
midbrain. The most rostral portions of the RF include the nucleus reticularis and
intralaminar nuclei of the thalamus. Diffuse cortical projections from the ascend-
ing reticular activating system (ARAS) travel via these thalamic connections or
from brainstem nuclei directly, such as the raphe nucleus and the locus ceruleus.
Basal forebrain structures, including the limbic system, receive projections from
the ARAS through hypothalamic pathways. Corticoreticular fibers arise from
cingulate, orbito-frontal, superior temporal, and occipital cortices and provide
feedback to the brainstem RF. Altered or reduced levels of consciousness are the
result of either diffuse and bilateral impairment of cerebral hemispheric function
or failure of the brainstem ARAS or both.

DIAGNOSIS OF COMA AND RELATED CONDITIONS

The diagnosis of coma requires careful clinical evaluation of the unresponsive pa-
tient and familiarity with the terms that describe related states of decreased arousal.
Rates of misdiagnosis of coma and vegetative states have ranged from 15% to 43%
in the United States and Great Britain.”® Leading factors contributing to misdiag-
nosis were traumatic cause, severe visual impairment, and duration of 3 months or
more between time of injury and admission to a rehabilitation facility.”’

Coma

Patients in coma lie with their eyes closed and are unable to interact meaning-
fully with the environment. These patients do not communicate or perform in-
tentional movements. Specific diagnostic criteria for coma have been offered by
the American Congress of Rehabilitation Medicine'® (Table 13-1). Coma is a
time-limited condition; by 4 weeks after onset, surviving individuals have either
emerged into more responsive states or have begun exhibiting signs of the vegeta-
tive state (VS).

Vegetative State

The vegetative state (VS) is characterized by the capability for eye opening and
long periods of wakefulness, along with continued absence of meaningful inter-
action with the environment. Patients in VS may open their eyes spontaneously
or in response to stimuli, but reproducible visual pursuit is lacking. These pa-
tients cannot communicate, follow commands, or demonstrate intentional
movements. Some reflex movements, such as blinking, yawning, or orienting to
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TABLE 13-1 Neurobehavioral Criteria for the Diagnosis of Coma

Eyes do not open spontaneously or to stimulation

Patient does not follow commands

Patient does not mouth or utter recognizable words

Patient does not demonstrate intentional movements

Patient cannot sustain visual pursuit movements when eyes are manually held open
Criteria 1 through 5 are not secondary to use of paralytic agents

I

SOURCE: Modified with permission from American Congress of Rehabilitation Medicine. Recommen-
dations for use of uniform nomenclature pertinent to patients with severe alterations in conscious-
ness. Arch Phys Med Rehab 1995;76:205-209.

sound, may be preserved. Diagnostic criteria for the vegetative state are provided
in Table 13-2. This state is defined as “persistent” vegetative state (PVS) if signs
are present at 1 month after traumatic or nontraumatic causes or if present for
1 month in patients with degenerative disorders or developmental malforma-
tions. This condition becomes “permanent” when the diagnosis of irreversibility
can be established with reasonable clinical certainty.

Minimally-Conscious State

Patients with brain injuries may exhibit features of both coma and VS as well as
intermittent periods of self-awareness and meaningful interaction with the envi-
ronment. This condition has been defined as the “minimally-conscious state”
(MCS)." In MCS, consciousness is severely altered but behavioral awareness of
self or environment can be demonstrated. Patients in MCS, at times, may exhibit
any one of the following'":

1. The ability to follow commands

2. Gestural yes and no responses

3. Intelligible verbalizations

4. Environmentally contingent movements or affective responses

TABLE 13-2 Neurobehavioral Criteria for the Diagnosis of the Vegetative State

Eyes do not open spontaneously or to stimulation

Patient does not follow commands

Patient does not mouth or utter recognizable words

Patient does not demonstrate intentional movements

Patient cannot sustain visual pursuit movements when eyes are manually held open
Criteria 1 through 5 are not secondary to use of paralytic agents

RN

SOURCE: Modified with permission from American Congress of Rehabilitation Medicine. Recommen-
dations for use of uniform nomenclature pertinent to patients with severe alterations in conscious-
ness. Arch Phys Med Rehab 1995;76:205-209.
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Coma, PVS, and MCS can be considered time-dependent behavioral states
along a similar continuum. Approximately 10% of patients with traumatic coma
and up to 15% of patients with nontraumatic coma evolve into PVS.'? Similarly,
MCS can be considered a transitional state indicative of either an improving or
deteriorating level of consciousness."" MCS may also be a permanent outcome
after a traumatic brain injury.

Conditions that Mimic Coma

Numerous behavioral conditions that resemble coma exist. Clinical differentia-
tion of these behavioral states is important because of the wide range of underly-
ing causative factors and the variable prognosis of these conditions. Akinetic
mutism (AM) is characterized by severe apathy and the absence of spontaneous
speech and movement. Although patients appear unresponsive, they remain alert
and fully aware of their environment. Spontaneous visual tracking is present and
helps distinguish this condition from VS. The term “abulia” describes less severe
cases.”> AM is associated with lesions in the mesial and basal frontal lobes, sep-
tum, cingulate cortex, and bilateral mesencephalon.” Common causes of AM in-
clude obstructive hydrocephalus and craniopharyngioma, both of which may be
reversible with treatment.

The locked-in syndrome, or de-efferented state, occurs with lesions involving
the ventral pons bilaterally, resulting in quadriplegia and loss of lower cranial
nerve function; wakefulness and awareness of the environment are normal as a
result of preservation of the pontine tegmentum along with the cerebral cortex.
Electroencephalography reveals normal cortical activity in this syndrome. Verti-
cal eye movements and blinking are often preserved and may be the only way for
the patient to communicate with the outside world.

Psychogenic unresponsiveness is an uncommon cause of coma. Psychiatric
causes of coma include conversion disorder, malingering, fugue state, catatonic
schizophrenia and severe depression. Patients with suspected psychogenic unre-
sponsiveness may appear to be unable to respond to their environment, despite
the fact that normal function of the hemispheres and the ARAS can usually be
demonstrated on neurologic examination.

CAUSES OF COMA

The metabolic and toxic causes of coma are legion and account for a majority of
unresponsive patients. In one study of 500 patients presenting with coma, 326
were found to have diffuse and metabolic brain dysfunction.’ Drug overdose and
toxic effects of prescription medications accounted for over half of the patients
with coma caused by diffuse cerebral dysfunction. Many metabolic and toxic
causes of coma are reversible and are often preceded by a gradual decline in the
level of consciousness. Fever, sepsis, and metabolic perturbations are more likely
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to cause coma in patients with previous brain injury. Some conditions with mul-
tifocal involvement of the CNS, such as cerebral vasculitis, encephalitis, sub-
arachnoid hemorrhage or adrenoleukodystrophy, may resemble a metabolic
encephalopathy more than focal structural disease. Nonconvulsive status epilep-
ticus and sagittal sinus thrombosis may present with nonfocal findings and are
often unrecognized causes of coma.

Structural lesions causing coma are often grouped on the basis of whether
they occur above or below the tentorium. Supratentorial lesions cause coma by
either directly encroaching on diencephalic structures, such as the thalamus, or
by indirectly compressing those structures during transtentorial herniation.
Rapidly expanding mass lesions, such as malignant tumors, abcesses, hema-
tomas, and infarctions with edema, are common examples of supratentorial le-
sions causing coma. Infratentorial lesions cause coma by similar mechanisms,
either by direct involvement of the ARAS or by compression of the brainstem
from nearby structures, such as the cerebellum. Destructive lesions of the brain-
stem causing coma primarily consist of infarction and hemorrhage, but demyeli-
nation, infection, neoplastic invasion, and central pontine myelinolysis may also
result in coma. Mass lesions in the posterior fossa often lead to direct compres-
sion of the brainstem ARAS.

ASSESSMENT OF THE COMATOSE PATIENT

The approach to the comatose patient begins with ascertaining as much histori-
cal information as possible in a timely manner. Sources may include family,
emergency medical personnel, or other witnesses. The patient’s personal belong-
ings may yield clues to the cause of coma as well. After stabilization of the pa-
tient, phone calls and interviews may prove especially helpful.

The initial physical assessment of the unresponsive patient consists of simulta-
neously establishing stable vital signs, administering urgent therapy for poten-
tially reversible causes of coma, and surveying the patient for readily identifiable
causes. Patients in coma often require endotracheal intubation to ensure ade-
quate oxygenation and to protect the airway. In cases of possible trauma, the
neck should be stabilized and indications for emergent surgical intervention
must be evaluated. Empirical treatment with glucose, thiamine, naloxone, and
flumazenil should be considered in all patients. Any patient who receives glucose
should first receive thiamine (at least 100 mg) to avoid precipitating Wernicke’s
disease (polioencephalitis hemorrhagica superior), especially in the alcoholic or
malnourished patient. For those patients with suspected drug overdose, nalox-
one, an opiate antagonist, may be used; opioid-dependent individuals, however,
may experience symptoms of acute withdrawal. Flumazenil is a competitive an-
tagonist of benzodiazepines and reverses the anxiolytic, sedative, muscle relaxant,
and respiratory depressant properties of all of the currently available benzodi-
azepines. It also reverses anticonvulsant effects and should therefore be avoided
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in patients who present with seizures and coma and in those taking benzodi-
azepines for seizure control.

General Examination

Unresponsive patients should undergo a brief but systematic general examina-
tion with specific attention to the following components.

TEMPERATURE Hypothermia results in decreased cerebral metabolism and im-
paired arousal. The most common cause is prolonged exposure to the cold, per-
haps following an accident or cerebral infarction. Other causes of hypothermia
include shock, hypothyroidism, and some drug overdoses (e.g., phenobarbital).
Hyperthermia is most commonly seen in conjunction with infection; central le-
sions causing fever are rare but may include subarachnoid hemorrhage or hypo-
thalamic structural abnormalities. Hyperthermia may also occur along with heat
stroke and other related conditions. Anticholinergic overdose may produce fever
in the absence of diaphoresis.

RESPIRATION Slow, shallow breathing is often indicative of drug ingestion, espe-
cially CNS depressants, whereas rapid or irregular respirations suggest hypoxia,
acidosis, obstruction, structural brainstem disease, fever, or sepsis. Specific pat-
terns of abnormal respiration suggest varying levels of brain injury, but mechanical
ventilation often precludes their assessment (Figure 13—1). Cheyne-Stokes respira-
tions are characterized by long cycles of alternating hyperpnea and hypopnea. This
pattern of respiration is typically seen with bihemispheric or high pontine lesions
but may occur in metabolic encephalopathies and CHF. Cheyne-Stokes respiration
generally carries a more favorable prognosis than other abnormal respiratory pat-
terns.

Rapid-cycle periodic breathing, with one to two waxing breaths, followed by
two to four rapid breaths, and then one to two waning breaths, is associated with
increased ICP and lower pontine lesions. Since the rapid-cycle breathing progno-
sis is much poorer than the prognosis for Cheyne-Stokes respiration, the two pat-
terns must be distinguished.

Central neurogenic hyperventilation is a rare form of hyperpnea with respira-
tory rates as high as 70/min. Lesions of the pontine tegmentum have accompanied
this pattern but recognition and localization of this disorder remain controver-
sial.»'* Similar patterns of hyperpnea can result from pulmonary processes and in-
creased ICP from CNS mass lesions. Apneustic breathing is characterized by a
prolonged pause after inspiration and is usually seen in patients with middle to
caudal pontine lesions involving the dorsolateral tegmentum. Ataxic breathing de-
scribes an irregular pattern of rate and rhythm indicative of a medullary lesion.
Ataxic respirations often immediately precede respiratory arrest.

HEART RATE Bradycardia may be a sign of increased ICP, and when combined
with hypertension and respiratory irregularities, constitutes the Cushing reflex.
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FIGURE 13-1 Respiratory patterns in comatose patients. Abnormal respiratory patterns
characteristic of pathologic lesions (shaded areas) at various levels of the brain. Tracings by
chest-abdomen pneumograph, inspiration reads up. a, Cheyne-Stokes respiration; b, central
neurogenic hyperventilation; ¢, apneusis; d, cluster breathing; e, ataxic breathing.

SOURCE: Used with permission from Plum F, Posner J. The diagnosis of stupor and coma,
3rd ed. Philadelphia, PA: F.A. Davis, 1982.

Heart block, MI, and overdose with certain drugs, such as beta blockers, may also
lead to bradycardia. Tachycardia accompanies fever, anemia, hypovolemia, hy-
perthyroidism, and ingestion of anticholinergic drugs.

BLOOD PRESSURE Patients in coma may develop hypertension as the direct re-
sult of CNS injury, such as subarachnoid or intracerebral hemorrhage. In hyper-
tensive encephalopathy, blood pressure elevation is the cause of impaired
consciousness. Hypotension is often the result of sepsis, MI, aortic dissection,
shock, intoxication, or Addison’s disease.

SKIN A brief examination of the skin can aid significantly in the diagnosis of
coma (Table 13-3). The presence of a petechial rash suggests meningococcemia
or other infection, hemorrhagic disorder, or drug ingestion.

HEAD AND NECK The cranium should be examined for signs of trauma, such as
skull depressions or hemotympanum. Ecchymosis near the orbits or over the
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TABLE 13-3 Skin Rashes in Comatose Patients

Lesions or Rash

Possible Cause

Antecubital needle marks

Pale skin

Sallow, puffy appearance

Hypermelanosis (increased
pigment)

Generalized cyanosis
Grayish-blue cyanosis
Localized cyanosis
Cherry-red skin
Icterus

Petechiae
Ecchymosis

Telangiectasia

Vesicular rash

Petechial-purpuric rash

Macular-papular rash

Other skin lesions
Ecthyma gangrenosum

Injected opiate drug abuse

Anemia or hemorrhage

Hypopituitarism

Porphyria, Addison’s disease, chronic nutritional defi-
ciency, disseminated malignant melanoma,
chemotherapy

Hypoxemia or carbon monoxide poisoning

Methemoglobin (aniline or nitrobenzene) intoxication

Arterial emboli or vasculitis

Carbon monoxide poisoning

Hepatic dsyfunction or hemolytic anemia

Disseminated intravascular coagulation, thrombotic
thrombocytopenic purpura, drugs

Trauma, corticosteroid use, abnormal coagulation
from liver disease or anticoagulants

Chronic alcoholism, occasionally vascular malforma-
tions of the brain

Herpes simplex

Varicella

Behget’s disease

Drugs

Meningococcemia

Other bacterial sepsis (rarely)

Gonococcemia

Staphylococcemia

Pseudomonas species

Subacute bacterial endocarditis

Allergic vasculitis

Purpura fulminans

Rocky Mountain spotted fever

Typhus

Fat emboli

Typhus

Candida species

Cryptococcus species

Toxoplasmosis

Subacute bacterial endocarditis

Staphylococcal toxic shock

Typhoid

Leptospirosis

Pseudomonas species sepsis

Immunological disorders
Systemic lupus erythematosus
Dermatomyositis
Serum sickness

Necrotic eschar often seen in the anogenital or axillary
area in Pseudomonas species sepsis
(continued)
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TABLE 13-3 Skin Rashes in Comatose Patients (continued)

Lesions or Rash Possible Cause
Splinter hemorrhages Linear hemorrhages under the nail, seen in subacute
bacterial endocarditis, anemia, leukemia, and sepsis
Osler’s nodes Purplish or erythematous painful, tender nodules on
palms and soles, seen in subacute bacterial endo-
carditis

Gangrene of digits’ extremities ~ Emboli to larger peripheral arteries

SOURCE: Reprinted with permission from Berger JR. Clinical approach to stupor and coma. In:
Bradley WG, Daroff RB, Fenichel GM, Marsden CD, eds. Neurology in clinical practice, 2nd ed.
Boston: Butterworth-Heineman, 1996:39-59.

mastoid suggests skull fracture, but these findings may be delayed for 2 to 3 days
after trauma. Lacerations on the tongue and buccal mucosa suggest generalized
convulsions. Neck stiffness may be the result of infection or subarachnoid hem-
orrhage.

FUNDUSCOPY Visualization of the fundi may reveal papilledema, indicating in-
creased ICP; the absence of papilledema, however, does not mean that the ICP is
normal. Papilledema also occurs in hypertensive encephalopathy. Subhyaloid
hemorrhages are strongly diagnostic of subarachnoid hemorrhage or shaken
baby syndrome in the comatose patient.

ABDOMEN The acute abdomen suggests infection or traumatic injury to internal
organs. Organomegaly may provide clues to underlying conditions leading to
coma, such as CHF, portal hypertension, carcinoma, or hematologic malignancies.

Neurologic Examination

The purpose of the neurologic examination is to aid in the diagnosis, treatment,
and prognosis of patients in coma. Careful neurologic evaluation helps in localiz-
ing the lesion or lesions causing coma, which is a necessary prelude to initiating
definitive treatment. Serial neurologic assessments capture fluctuations over time
and help to document any effects of treatment. Finally, the neurologic examina-
tion still provides the most salient information about prognosis.

The neurologic examination may vary, depending on hemodynamic status,
body temperature, presence of infection, and intrinsic sleep-wake cycles. Seda-
tives, hypnotics, and other psychoactive medications commonly obscure findings
of neurologic examination, especially states of arousal; the dosages of these med-
ications at the time of the examination must be noted. The neurologic examina-
tion should focus on the following three components: state of consciousness,
brainstem function, and motor system.
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STATE OF CONSCIOUSNESS The neurologic examination begins with assessing
the state of consciousness. Observation from the bedside should precede active
stimulation, with close attention to spontaneous motor activity, eye movements,
patterns of respiration, ventilator settings, infusion rates of intravenous medica-
tions, and monitor readings. For example, determining the level of arousal in a pa-
tient with relative hypotension and increased ICP may be misleading because of
transient decreases in the cerebral perfusion pressure. If the patient fails to exhibit
any signs of spontaneous arousal, several forms of stimulation (e.g., visual, auditory,
tactile, and noxious) may be required to fully assess arousal. The examiner should
begin with normal volume speech or light touch, before progressing to more force-
ful or noxious stimuli. Supraorbital pressure and nasal tickle are usually sufficiently
noxious; pinching soft tissues and applying nailbed pressure with reflex hammers
are rarely necessary. Specific responses must be recorded for each type of stimulus.

The Glasgow Coma Scale (GCS) is a widely recognized standardized instru-
ment used to measure the severity of traumatic brain injury."’ This scale consists
of three subscales: eye opening to stimulation, best verbal response, and best
motor response (Table 13—4). The combined final score ranges from 3 to 15 and
serves as a measure of overall level of consciousness. The GCS has been used in
predictive models of outcome in head injury, intracerebral hemorrhage, and
hypoxic-ischemic coma. Despite its widespread use and acceptance, the GCS may
not capture important clinical changes and should not be viewed as a substitute
for careful neurologic assessment.

TABLE 13-4 Glasgow Coma Scale

Best Motor Response Score
Obeys 6
Localizes 5
Withdraws 4
Abnormal flexion 3
Extensor response 2
Nil 1
Best Verbal Response Score
Oriented 5

Confused conversation 4
Inappropriate words 3
Incomprehensible sounds 2
Nil 1
Eye Opening Score
Spontaneous 4
To speech 3
To pain 2
Nil 1

NOTE: Total score is normally between 3 and 15. See Table 13-5.
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BRAINSTEM EXAMINATION Evaluation of brainstem function facilitates local-
ization and may identify possible causes of coma. The brainstem examination
should focus on the following components: pupillary size and reactivity, ocular
motility, and the corneal reflex.

Pupillary Size and Reactivity

Pupillary size is determined by the level of afferent input from the optic nerves, chi-
asm, and tracts, and the balance of efferent input via the sympathetic and parasym-
pathetic nervous systems. Interruption at any point in these pathways may lead to
abnormal or asymmetric pupillary size (Figure 13-2). Metabolic or toxic condi-
tions may result in small, reactive pupils (diencephalic pupils). Pontine lesions,
particularly hemorrhage, cause pinpoint pupils. Despite their extremely small size,
these pupils usually remain reactive if viewed with a magnifying glass. Asymmetric
pupils suggest Horner’s syndrome on the side of the smaller pupil (miosis), caused
by interruption of sympathetic fibers, or third-nerve palsy on the contralateral side,
accounting for dilation (mydriasis) and oculomotor abnormalities. A fixed and di-

METABOLIC
Al

& &>

small reactive

& LT O R
DIENCEPHALIC \\B " TECTAL.
small reactive large "fixed’; hippus

N

11 NERVE (UNCAL)
dilated, fixed

@PON©

pinpoint

MIDBRAIN
midposition, fixed

FIGURE 13-2 Pupillary size in comatose patients. Pupils in comatose patients.
SOURCE: Used with permission from Plum F, Posner J. The diagnosis of stupor and coma,
3rd ed. Philadelphia, PA: F.A. Davis, 1982.
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lated pupil may signal herniation of the temporal lobe (uncal herniation) from a
supratentorial mass lesion; oculomotor abnormalities due to compression of the
third cranial nerve, usually occur subsequent to pupillary dilation.

Ocular Motility

Evaluation of ocular motility consists of first examining the eyes in resting posi-
tion and noting any deviation or spontaneous movements, and second, perform-
ing reflex testing using either head rotation or caloric testing. Horizontal
disconjugate gaze in the resting position in a sleeping or lightly comatose patient
may indicate a latent strabismus. Other causes include lesions of the abducens
nerve, oculomotor nerve, or medial longitudinal fasciculus, causing internuclear
ophthalmoplegia. These abnormalities may not be evident unless oculocephalic
or caloric testing is performed. Disconjugate deviation in the vertical plane (skew
deviation) suggests a brainstem lesion.

Conjugate deviation in the horizontal plane suggests either a hemispheric le-
sion, interrupting supranuclear fibers of gaze control, or a pontine lesion, affect-
ing crossed descending supranuclear pathways or nuclear structures directly. In
hemispheric lesions, motor cortex is also frequently involved, causing contralat-
eral weakness; the eyes drift toward the side of normal strength in these patients.
Reflex oculomotor testing overcomes the eye deviation (gaze preference). In
pontine lesions, involvement of the abducens nerve or adjacent paramedian pon-
tine reticular formation is often accompanied by destruction of the descending
corticospinal tract, resulting in contralateral weakness. In this case, eye deviation
is toward the side of weakness and cannot be overcome with reflex oculomotor
testing (gaze paresis or palsy). Occasionally, focal epileptiform or irritative le-
sions in the cortex cause temporary conjugate deviation of the eyes away from
the lesion.

Spontaneous eye movements include roving eye movements, nystagmus, and
conjugate vertical eye movements. Roving eye movements are slow to-and-fro
movements in the horizontal plane, the presence of which implies an intact ocu-
lomotor system. These movements are difficult to execute voluntarily. Because
spontaneous nystagmus reflects an intact interaction between cortical influences
and the oculovestibular system, it is rarely seen in patients who are in coma and
lack a fully functioning cortex. The presence of nystagmus in the comatose pa-
tient raises the possibility of an irritative or epileptiform cortical lesion and may
indicate nonconvulsive status epilepticus. Other forms of nystagmus, such as re-
tractory nystagmus and convergence nystagmus, are rare manifestations of
mesencephalic lesions. Ocular bobbing is characterized by rapid, conjugate
downward jerks of the eye, with a slow return to midposition. It typically reflects
a pontine destructive lesion and may be confused with other forms of nystagmus.

Reflex ocular testing is performed using the oculocephalic maneuver (turning
the head from side to side) or caloric testing. If the brainstem is intact, the eyes
should move conjugately in the direction opposite to the direction of the move-
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ment of the head, using the oculocephalic maneuver. Vertical eye movements
can be tested in a similar manner.

In caloric testing, the patient is placed in the supine position with the head 30
degrees above the horizontal plane. Cold water (10 to 50 mL of iced water) in-
stilled into the ear canal should produce slow, tonic conjugate movement of the
eyes toward the ear infused with cold water; warm water produces the opposite
response. Compensatory fast-beating nystagmus is generated by the cortex and,
therefore, is not observed in the comatose patient.

Abnormal responses to oculocephalic or caloric testing may be absent, slug-
gish, or disconjugate; the latter results from cranial nerve palsies, internuclear
ophthalmoplegia, or restrictive eye disease. Reflex oculomotor testing must be
interpreted with caution in those patients with previous vestibular disease or
concurrent use of vestibulotoxic medications (antibiotics such as gentamicin),
vestibular suppressants (barbiturates, sedatives), or paralytic agents (succinyl-
choline).

Corneal Reflex

Light stroking of the cornea with a cotton swab should produce bilateral eyelid
closure and upward deviation of the eye (Bell’'s phenomenon). If present, it im-
plies intact pathways from the mesencephalon to the facial nucleus in the pons.
This reflex is usually present unless the patient is deeply comatose.

MOTOR SYSTEM EXAMINATION The remainder of the neurologic examina-
tion focuses on the motor system. Patients should be observed for resting posture
and spontaneous motor activity. Rhythmic movements of individual or multiple
ipsilateral motor groups suggests seizure activity, especially if these movements
are stereotypic or tonic-clonic in nature. Nonrhythmic movements of variable
muscle groups may represent multifocal myoclonus, commonly seen in anoxic,
toxic, and metabolic encephalopathies.

Posturing may occur spontaneously or in response to stimulation. Decere-
brate (extensor) posturing is characterized by extension of the lower extremities
and adduction and internal rotation of the shoulder and extension of elbows.
Decorticate (flexor) posturing consists of flexion at the elbows with shoulder ad-
duction and extension of the lower extremities. Decerebrate posturing is usually
the result of midbrain or rostral pontine lesions, bilateral basal forebrain injuries,
or severe metabolic encephalopathies, whereas decorticate posturing suggests a
lesion above the level of the brainstem. Decorticate posturing and unilateral pos-
turing carry a more favorable prognosis than bilateral decerebrate posturing.
Spinal reflexes are mediated at the level of the spinal cord and may be present in
patients with absent cortical and brainstem function.

BRAIN HERNIATION Many comatose patients have increased ICP caused by ei-
ther diffuse cerebral edema or mass lesions and are at risk for cerebral herniation.
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Supratentorial forms of herniation include subfalcial (“midline shift”), central
(transtentorial), or uncal herniation. Subfalcial herniation refers to displacement
of the cingulate gyrus under the falx cerebri, with potential compromise of the
anterior cerebral artery and internal cerebral vein. Subfalcial herniation is seen
with frontal or parietal lesions and often results in clinical manifestations of de-
pressed levels of arousal and asymmetric motor findings. Central herniation is
usually the result of parenchymal lesions of the frontal, parietal, and occipital
lobes, leading to compression of diencephalic and midbrain structures and even-
tual rostrocaudal displacement through the tentorium. Clinical findings include
declining levels of arousal and progression from decorticate to decerebrate pos-
turing. Uncal herniation is the result of a lesion of the temporal lobe, which
causes medial displacement of the uncus across and eventually over the incisural
edge of the tentorium, placing the midbrain, oculomotor nerve, and posterior
cerebral artery at risk. Early signs can include ipsilateral pupillary dilation and
contralateral motor posturing.

Herniation of posterior fossa contents can also occur, extending rostrally
through the tentorium or caudally into the foramen magnum. Unlike the syn-
dromes described earlier, in which clinical manifestations may progress in a ros-
trocaudal pattern, herniation involving the cerebellum or brainstem directly may
result in rapid medullary dysfunction, respiratory failure, and death. In particu-
lar, massive intracerebral hemorrhages with intraventricular extension and lum-
bar punctures in patients with elevated ICP may lead to rapid medullary failure
caused by direct compression of the brainstem or downward extension of the
medulla into the foramen magnum.

DIAGNOSTIC TESTS

Initial diagnostic tests for the patient in coma should routinely include blood
chemistry and hematologic profiles, thyroid studies, an ABG analysis, chest radio-
graph, ECG, and urinalysis. Additional laboratory studies may include urine tox-
icology and drug screens, creatine kinase level, serum osmolality study, and
serum cortisol level. For those patients with a suspected structural lesion, head
imaging studies are often the first diagnostic test obtained. A CT scan of the brain
can often be obtained quickly and will identify acute hemorrhage, hydro-
cephalus, and most mass lesions. The addition of contrast dye improves identifi-
cation of some tumors and abscesses. MRI is more sensitive for inflammatory
and infectious lesions, ischemic changes, demyelinating disease, and lesions af-
fecting posterior fossa structures. Diffusion-weighted imaging can identify is-
chemic lesions in the hyperacute stage, when CT and conventional MRI results
are normal.

Cerebrospinal fluid (CSF) analysis should be performed in patients with sus-
pected meningitis; however, most comatose patients should undergo an imaging
study before lumbar puncture to avoid precipitating herniation in a patient with
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a mass lesion and increased ICP. If the CT scan cannot be obtained immediately,
antibiotics can be initiated before obtaining CSF in patients with suspected acute
bacterial meningitis.

Electroencephalography (EEG) should be performed immediately in any pa-
tient with suspected nonconvulsive status epilepticus. EEGs performed later in
the course may suggest specific abnormalities, such as hepatic encephalopathy or
herpes encephalitis, and may help delineate other conditions, such as locked-in
syndrome, catatonia, and death according to brain criteria.

TREATMENT OF THE COMATOSE PATIENT

Treatment of the comatose patient should focus on reversing identifiable causes
of the coma and reducing elevated ICP, when it is present. Several specific causes
of coma, such as cerebral infarction, status epilepticus, meningitis, and hyperten-
sive encephalopathy, deserve early consideration for treatment.

Elevated Intracranial Pressure

Elevated ICP may result from either diffuse or focal brain injury. Mass lesions,
cerebral edema, and hydrocephalus are the most common causes in the ICU set-
ting. Since the cranium is a rigid compartment, anything that adds volume to its
contents—which are brain, blood, and CSF—may exceed intracranial compli-
ance and lead to elevated ICP. Intracranial compliance allows ICP to remain in
the normal range (5 to 20 cm H,0) with small increments in volume. As the in-
tracranial volume increases, however, intracranial compliance falls, and small
volume increases can result in dramatic increases in ICP. Direct consequences of
elevated ICP include global ischemia from decreased cerebral perfusion pressure
(CPP) and herniation of brain tissue.

Clinical manifestations of increased ICP primarily include depressed levels of
consciousness and increased blood pressure although changes in blood pressure
may be obscured by ongoing antihypertensive therapy in some patients. Other
signs of increased ICP include papilledema, headache, vomiting, and palsies of the
abducens nerve, but these findings are often unreliable. Comatose patients with
suspected elevation of ICP who are being considered for aggressive management
should also be considered for invasive ICP monitoring. ICP can be measured by
devices placed in the ventricle, subarachnoid space, or brain parenchyma, allowing
for determination of the timing and effect of treatments to lower ICP.

The relationship between CPP and ICP is described by the subtracting ICP
from mean arterial pressure (MAP), as in the following equation:

CPP = MAP - ICP

In normal brain, cerebral blood flow (CBF) is maintained over a wide range of
CPP by autoregulation. This curve is shifted to the right in patients with chronic
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hypertension (Figure 13-3). In cases of brain injury, such as tumor, trauma, or
infarction, autoregulation is impaired and CBF approaches a linear relationship
with CPP. Since CBF is difficult to measure, CPP serves as a useful clinical guide
to assessing cerebral perfusion. Thus, as the ICP rises, CPP and CBF fall. Al-
though traditional treatments have focused on lowering ICP, newer approaches
have placed greater emphasis on maintaining CPP. Current goals of treatment of
ICP should include maintaining ICP at less than 20 cm H,O and CPP between 70
and 120 mm Hg.

Other determinants of CBF are Pco, and Po, (Figure 13—4). As Pco, in-
creases, CBF increases as well. This relationship underlies the rationale for hyper-
ventilation, since lowering of Pco, leads to decreases in CBF and corresponding
decreases in ICP because of intracranial volume loss. The effects on CBF of a
lower Pco, are transient, however, lasting only 12 to 24 hours as CSF bicarbonate
concentrations re-equilibrate. Changes in Po, have little effect on CBF in the
physiologic range, but very low Po, leads to large increases in CBF (Figure 12—4).

In treatment of elevated ICP, the first consideration is removal of volume
from the intracranial vault, either by surgical resection of a mass lesion or place-
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FIGURE 13-3 Cerebral autoregulation curve. In the normal relationship (solid line), with
cerebral blood flow held constant across a wide range of cerebral perfusion pressure (50—150
mm Hg). In disease states, (e.g., vasospasm, ischemia, intracranial mass lesion), cerebral
blood flow may become pressure—passive (dotted line). With chronic hypertension (gray
line), the auto regulatory curve shifts to the right. SOURCE: Used with permission from Mar-
shall R, Mayer S. On call: neurology. Ist ed. Philadelphia: W.B. Saunders, 1997.
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FIGURE 134 Effects of Pco, and Po, on cerebral blood flow. The effect of blood pressure,
Pco, and Po, on cerebral blood flow in normal brain. SOURCE: Used with permission from
Shapiro H. Intracranial hypertension: Therapeutic and anesthetic considerations. Anesthesi-
ology 1975;43:445.

ment of an intraventricular catheter to remove CSF. Indwelling ventricular
catheters can also measure ICP in response to other treatments, such as osmotic
diuresis, hyperventilation, and blood pressure management.

OSMOTIC AGENTS Mannitol is the most common osmotic agent used in the
treatment of elevated ICP. It is a six-carbon sugar that does not readily cross the
blood-brain barrier, thereby creating an osmotic gradient, drawing water from
brain parenchyma into the intravascular space.”” The reduction in extracellular
free water results in decreases in intracranial volume and lowering of ICP. This
osmotic gradient is further enhanced as mannitol is cleared by the kidneys, with
corresponding increases in free water clearance and serum osmolality. Mannitol
also decreases blood viscosity by improving erythrocyte flexibility.'® This change
in blood viscosity transiently increases CBF, inducing reflex vasoconstriction and
decreased cerebral blood volume.

Mannitol is given in an initial dose of 0.5 to 1.0 g/kg of body weight, followed
by 0.25 to 0.5 g/kg every 3 to 5 hours, and may be used in conjunction with di-
uretics. Maintenance dosing is best tailored to measured changes in ICP. Draw-
backs of using osmotic agents include hypotension resulting from volume
contraction; exacerbation of CHF by transiently increased intravascular volume;
electrolyte abnormalities, particularly disturbances in potassium metabolism;
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and hyperosmolality with acute tubular necrosis. Serum osmolality should be
maintained at less than 320 mOsm/kg.

HYPERVENTILATION Using hyperventilation to lower Pco, to 25 to 30 mm Hg
reduces ICP within minutes. Hyperventilation produces respiratory alkalosis,
which in turn causes cerebral vasoconstriction and decreased CBF; its effects on
ICP peak at 30 minutes and may last up to 3 hours. Consequently, hyperventila-
tion is an excellent short-term measure to lower ICP until definitive treatment
can be undertaken. Prolonged hyperventilation (more than 24 hours) becomes
less effective and should be avoided because it may lead to cerebral ischemia.
Lowering the Pco, below 25 mm Hg may also exacerbate cerebral ischemia by
means of severe vasoconstriction, especially in patients with cerebral infarctions.

BLOOD PRESSURE MANAGEMENT Close monitoring of blood pressure is im-
portant in the management of ICP. In patients with hypertension and elevated
ICP, treatment with a short-acting antihypertensive agent may result in parallel
reductions in MAP and ICP. The CPP should not be lowered below 70 mm Hg,
because cerebral vasodilation may occur and ICP will increase. Preferred agents
for lowering blood pressure include labetolol or nicardipine; sodium nitroprus-
side is also an effective, short-acting agent, but it leads to cerebral vasodilation
and increased ICP.

In those patients with CPP of less than 70 mm Hg and elevated ICP, pressors,
such as dopamine, may lead to reflex reductions in ICP by increasing blood pres-
sure and reducing cerebral vasodilation.

SEDATION The controlled environment of the ICU allows the judicious use of
sedatives to help control elevated ICP, especially in anxious, fearful, or agitated
patients. Sedatives may also facilitate mechanical ventilation in many circum-
stances, potentially leading to further decreases in ICP. Short-acting agents, such
as propofol or midazolam, can be given by intravenous drip and quickly titrated
to optimal levels. These agents can be held briefly for serial neurologic examina-
tions, making them preferable to longer-acting neuromuscular blocking agents
in critically ill neurologic patients.

In patients with severe, refractory elevated ICP, high-dose pentobarbital may
be a reasonable alternative.'””" However, pentobarbital can lead to systemic hy-
potension and thereby reduce CPP, potentially causing further increases in ICP.

GENERAL MANAGEMENT All patients with increased ICP should receive only
isotonic fluids (0.9% saline solution), since hypotonic solutions will decrease
serum osmolality and lead to further cerebral edema. Hypovolemia should also
be avoided, because it may result in decreased CPP and reflex increases in ICP.
Fever increases ICP by increasing cerebral metabolism and blood flow. All
fevers in patients with coma should be aggressively treated, using either cooling
blankets or antipyretics, as appropriate. Controlled hypothermia (32°C to 34°C)
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to treat elevated ICP is currently under investigation and may be a useful adjunct
in patients with refractory elevations in ICP.

The optimal position of the head in patients with increased ICP is still unknown.
Conventional approaches suggest elevating the head of the bed 15 to 30 degrees to
promote venous drainage and decrease cerebral blood volume. Recent data suggest
that a “head-flat” position may optimize CPP in patients with increased ICP.*
Until further studies are completed, it is reasonable to raise the head of the bed
15 to 30 degrees, provided the CPP remains more than 70 mm Hg."

Causes of Coma that Require Early Treatment

ACUTE STROKE Acute stroke is now a medical emergency. Recent clinical trials
have demonstrated that treatment with intravenous recombinant tissue plas-
minogen activator (rt-PA) within 3 hours of onset of symptoms in patients with
ischemic stroke results in significant functional recovery at 3 months.?' Conse-
quently, all patients who present with symptoms of stroke of less than 3 hours’
duration should be considered for rt-PA treatment, provided no contraindica-
tions exist.”

In controlled settings, symptomatic intracranial hemorrhage occurs in ap-
proximately 6% of patients treated with rt-PA. For those patients with more
severe strokes that result in depressed levels of consciousness, the risk of
hemorrhage is higher. However, these patients may still benefit from throm-
bolytic therapy and should be considered for treatment.

Preliminary results with intra-arterial thrombolysis for acute middle cerebral
artery occlusion have also been favorable.”” Coma resulting from acute basilar
artery occlusion may also be amenable to intra-arterial thrombolysis.** The ad-
ministration of intra-arterial thrombolytic agents requires rapidly available an-
giography and considerable technical expertise of the interventionist, thereby
limiting its use to highly specialized centers.

Patients with infarction or hemorrhage in the cerebellum may experience an
acute deterioration in their level of consciousness caused by direct compression
of the brainstem. These patients typically present with symptoms of cerebellar
dysfunction (e.g., ataxia, vertigo) and normal mentation. However, they require
close monitoring on admission, and neurosurgical consultation should be ob-
tained early in the course of the deficit. If sudden deterioration occurs, decom-
pressive surgery should be strongly considered. Results from several case series of
decompressive procedures have demonstrated substantial reductions in mortality
and morbidity rates.” %

For patients with massive hemispheric cerebral infarctions or intracerebral
hemorrhages, decompressive craniectomy (and possible hematoma evacuation)
may also be considered. Several protocols exist; results of this operation have
been mixed.?® Results from the only prospective trial (nonrandomized), however,
demonstrated lower mortality rates (without increased morbidity rates) in the
surgical group.” A large, prospective controlled trial is under way.
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STATUS EPILEPTICUS Status epilepticus has been defined as 30 minutes of con-
tinuous seizure activity or two or more separate seizures without full recovery of
consciousness between them.***® A period of abnormal mentation often follows
generalized convulsive seizures, but prolonged unresponsiveness should alert the
clinician to the possibility of nonconvulsive status epilepticus. Signs of ongoing
seizure activity may be subtle, such as intermittent rhythmic eye movements or
brief twitches of facial muscles. Occasionally, the diagnosis can only be made by
EEG studies. Treatment for status epilepticus should include a benzodiazepine,
followed by a loading dose of phenytoin or fosphenytoin.***" Patients with re-
fractory status epilepticus typically require intubation, barbiturates, and moni-
toring in an ICU.”

MENINGITIS The classic triad of fever, nuchal rigidity, and altered mental status
immediately evokes the diagnosis of meningitis, although all three signs are
present in only two-thirds of community-acquired cases.’ All cases of bacterial
meningitis in one series had at least one of these findings.” In this same series,
51% of patients had abnormal mental status, 22% responded only to painful
stimuli, and 6% were unresponsive to all stimuli.

Patients with suspected meningitis should undergo a lumbar puncture to eval-
uate the CSF. However, the issue of whether or not to obtain a head imaging
study before performing a lumbar puncture remains controversial. Most clini-
cians agree that several clinical features, such as progressive unresponsiveness,
seizure, papilledema, or focal neurologic deficits, warrant a CT scan of the head
before performing a lumbar puncture.’® These patients should be treated empiri-
cally with broad-coverage antibiotics before undergoing a CT scan. Other studies
indicate that the risk of precipitating cerebral herniation by lumbar puncture is
low, and therefore patients with suspected meningitis should undergo immediate
lumbar puncture, provided the several clinical features mentioned are absent.”***

HYPERTENSIVE ENCEPHALOPATHY Symptoms of malignant hypertension
(diastolic blood pressure of more than 130 mm Hg) include headache, seizure,
altered mental status, blurred vision, and dyspnea.” Papilledema is a defining
characteristic and may be accompanied by retinal hemorrhages and “cotton
wool” exudates. Up to 12% of patients with malignant hypertension go on to
have hypertensive encephalopathy, a syndrome characterized by depressed alert-
ness, impaired intellectual functioning, and seizures.”> Although the mental sta-
tus abnormalities may be mild in most cases, some patients have severe
impairment of arousal, responding only to vigorous stimulation. In nearly all
cases of hypertensive encephalopathy, however, patients show full recovery on
reduction of blood pressure.”® This feature distinguishes these patients from
those with malignant hypertension and depressed levels of alertness that result
from focal structural disease, such as stroke or hemorrhage.

Reversible posterior leukoencephalopathy is a related condition with clinical
features similar to those seen in hypertensive encephalopathy.” This syndrome is
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further characterized by edema in the bilateral parieto-occipital white matter that
is detectable on MRI. In addition to hypertension, other precipitating conditions
include renal decompensation, fluid retention, and treatment with immunosup-
pressive drugs.*

Treatment of hypertensive encephalopathy requires prompt reduction of
blood pressure, usually with a parenteral agent such as labetolol or sodium nitro-
prusside. Both agents are rapidly effective and easily titrated by intravenous drip.
Labetolol is often preferred in patients with elevated ICP, because sodium nitro-
prusside is a vasodilator and may further increase ICP.”

PROGNOSIS

The prognosis of patients in coma depends on the cause and depth of coma and
the timing of the assessment. For patients with nontraumatic coma, drug intoxi-
cation or metabolic derangements typically have the best prognosis and full re-
covery is possible; diffuse anoxic injury or focal structural disease, such as
intracerebral hemorrhage and subarachnoid hemorrhage, carry a poorer progno-
sis. Overall, patients with traumatic coma have a more favorable prognosis than
patients with nontraumatic coma. Patients with traumatic coma are younger and
more likely to regain consciousness after prolonged coma.

Determining the prognosis of patients in coma is a careful but inexact process.
Our current knowledge does not allow absolute predictions of recovery or even
survival in individual patients. Several studies, however, provide useful guide-
lines in categorizing the likelihood of recovery or survival based on patients with
similar clinical findings.”® *° This information helps both families and caregivers
provide the most appropriate care for individual patients.

Nontraumatic Coma

Clinical signs provide the most useful predictors of outcome in patients with
nontraumatic coma. Levy et al*® reported outcomes in 500 patients with non-
traumatic coma in association with a variety of clinical findings (Figure 13-5). Of
those patients with absent corneal responses at 24 hours after the onset of coma,
none regained independent function. Patients with preserved brainstem reflexes
(i.e., any two of the following: pupillary response, corneal reflex, vestibulo-ocular
reflex) and any motor response beyond flaccid at admission regained indepen-
dence in 17% of cases. If the motor response is withdrawal, the rate of indepen-
dence reaches 23%.

In another study of patients with nontraumatic coma,” death or severe disabil-
ity at 2 months occurred in 96% of patients with abnormal brainstem responses
(defined by the absence of any one of the following findings: pupillary reflex,
corneal reflex, conjugate roving eye movements) or absent motor responses to pain
at 3 days. Five clinical variables were independent predictors of mortality at
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FIGURE 13-5 Prognosis in patients with nontraumatic coma. Estimating prognosis in non-
traumatic coma. All patients surviving various early intervals after onset of coma are catego-
rized on basis of sequential criteria relating to clinical examinations. Best levels of recovery
within 1 year are given for each of the prognostic groups. Nonreactive motor responses means
absence of any motor response to pain. ABBREVIATIONS: No Recov, no recovery; Veg State, veg-
etative state; Sev Disab, severe disability; Mod Disab, moderate disability; Good Recov, good
recovery; Mot, motor response; Ext, extensor; Flex, flexor; Spont Eye Movt, spontaneous eye
movements; NI, normal. SOURCE: Used with permission from Levy DE, Bates D, Caronna J],
et al. Prognosis in nontraumatic coma. Ann Int Med 1981;94:293-301.

2 months: abnormal brainstem response, absent verbal response, absent withdrawal
response to pain, creatinine level of 1.5 mg/dL or more, and age 70 or older.”

For patients with hypoxic-ischemic coma (e.g., cardiac arrest), approximately
13% regain independent function within 1 year.*” In patients with absent pupil-
lary light reflexes at the time of the initial examination, none regained function.
Conversely, 41% of patients regained independence if the following were docu-
mented on initial examination: pupillary light reflexes, spontaneous eye move-
ments that were roving conjugate , and motor response to pain (extensor, flexor,
or withdrawal).* Outcomes based on various clinical findings and day of exami-
nation are provided in Figure 13—6. These types of simple rules are often very
helpful in counseling patients’ families.
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FIGURE 13-6 Prognosis in patients with hypoxic—ischemic coma. Rules based on neurologic
examination that classify patients in hypoxic—ischemic coma according to best functional
state within first year. Figures in parentheses represent the 95% confidence intervals for per-
centages given immediately above. Initial examination (top left) was obtained within 6
hours of onset of coma in 55% of patients and within 12 hours in 84%. Modifiers INIT,

1D, 3D, 1W, and 2W refer to initial, 0— to 1-day, 2— to 3—day, 4— to 7—day, and 8- to
14—day examinations, respectively. If no data are available, response to relevant question is
considered to be “No.” Where changes in clinical signs are used (top right and bottom),
difference is between best response of previous time interval and best response of current in-
terval. Physicians applying these rules must exercise caution when residual anesthetics or de-
pressant drugs (including anticonvulsant) are present, should wait until end of each time
interval to make certain that best clinical response has been observed, and should not use
any rules that require responses that are unavailable for a specific patient. ABBREVIATIONS:
recov, recovery; veg, vegetative; disab, disability; sev, severe; mod, moderate; spont eye movt,
spontaneous eye moverents; rov conj, roving conjugate. SOURCE: Used with permission from
Levy DE, Caronna J], Singer BH, et al. Predicting outcome from hypoxic—ischemic coma.
JAMA 1985;253:1420—1426.
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For patients with spontaneous intracerebral hemorrhage, the volume of the
hematoma and the score on the GCS are useful predictors of outcome at 30 days
after the initial hemorrhage. Using three categories of hematoma volume and two
categories of the GCS, the 30-day mortality rate can be predicted with a sensitivity
of 96% and a specificity of 98% (Table 13-5).*! The volume of a hematoma can be
measured by a simple ellipsoid method, using conventional CT images.**

Traumatic Coma

Patients with traumatic coma have a more favorable prognosis than patients with
nontraumatic coma with similar findings on initial examination.” In one study
of 1000 patients in coma 6 hours after severe head trauma, nearly 50% died, but
17% survived with moderate disability and 22% had a good recovery.*’ Much as
in patients with nontraumatic coma, early predictors of outcome in patients with
traumatic coma include pupillary response, motor response, eye movements,
depth and duration of coma, and age. The cause of injury and presence of skull
fracture do not predict outcome.’

Vegetative State

Approximately 10% of patients with traumatic coma and 12% of patients with
nontraumatic coma evolve into the vegetative state.'” Of those patients in PVS at
1 month after trauma, 52% regain consciousness within 1 year.** The majority of
patients recover within the first 6 months. In contrast, only 15% of patients in
PVS at 1 month after nontraumatic injury regain consciousness within 1 year.
Recovery of function in this group was extremely poor, with only 1% of patients
having a good recovery.* Outcomes for children in PVS after trauma are more
favorable than for adults; outcomes for children are similar to those seen in
adults in PVS after nontraumatic coma.

TABLE 13-5 Prognosis in Patients with Spontaneous Intracerebral Hemorrhage

Prognosis
ICH Volume  No. in Risk Probability of
Glasgow Score (mL) Group Dead  Expected Dead Death by 30 Days
=9 <30 77 13 15 0.19
=9 30-60 19 11 9 0.46
=9 > 60 17 12 13 0.75
<8 <30 15 7 7 0.44
<8 30-60 15 11 11 0.74
<8 > 60 19 17 17 0.91

ABBREVIATION: ICH, intracerebral hemorrhage.

SOURCE: Reprinted with permission from Broderick JP, Brott TG, Duldner JE, et al. Volume of intra-
cerebral hemorrhage: a powerful and easy-to-use predictor of 30-day mortality. Stroke
1993;24:987-993.
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DETERMINING DEATH ACCORDING TO BRAIN CRITERIA

Determination of death according to brain criteria (i.e., brain death) essentially
requires the documentation of absent brainstem and cerebral activity on clinical
examination. State laws may vary regarding specific criteria and ancillary diag-
nostic tests. In most medical settings, death is established by brain criteria when a
patient exhibits no meaningful response to external stimuli, initiates no sponta-
neous respirations, and demonstrates no brainstem reflexes. The assessment of
spontaneous respiration requires an apnea test, during which patients are re-
moved from the ventilator and 100% oxygen is provided through a sterile
catheter placed in the endotracheal tube. Apnea is defined as no respirations
being observed despite high Pco, pressures (55 to 60 mm Hg) and is confirmed
by ABG analysis. Absent brainstem activity is determined by the absence of the
following reflexes: pupillary, corneal, gag, and vestibulo-ocular. The vestibulo-
ocular reflex is elicited by raising the head 30 degrees and instilling more than 50
mL of ice water into each ear (separated by 5 minutes).

Other ancillary studies for determining brain death include EEG and cerebral
blood flow studies. Patients who meet brain death criteria have an isoelectric
EEG, but many centers do not require an EEG. Absent cerebral blood flow can be
demonstrated with isotope studies or conventional angiography. In all cases of
brain death, there must not be other explanations for cerebral inactivity, such as
severe hypothermia (32°C or lower), drug intoxication, or severe metabolic de-
rangements. Many centers require two clinical examinations separated by a dura-
tion of time (4 to 6 hours) before brain death can be established.

Patients who meet brain criteria for death may be candidates for organ dona-
tion. These patients continue to require intensive care, since approximately 50%
of them will suffer cardiac arrest within the first 24 hours and nearly all of them
will die in 48 to 72 hours.*>*¢ Specific protocols exist in most ICUs for the care of
potential organ donors to maximize organ viability before harvest.

SUMMARY

Although coma is widely recognized in the intensive care setting, caring for an
individual comatose patient often poses a unique set of challenges. However, a
systematic approach to the comatose patient, along with close attention to the
neurologic examination, will provide the clinician with the most success in the
diagnosis, management, and prognosis of this common condition.
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INTRODUCTION

Sedation is one of the most important roles of the ICU. Without it, proper ther-
apy becomes difficult in that agitation and pain impart various physiologic
changes such as hypertension and tachycardia. The agitated patient also cannot
be properly ventilated and monitored. The agitation also affects the nonpatient
environment by affecting the way family and friends perceive the ICU care. Agi-
tated patients also affect staffing patterns in the ICU and may increase healthcare
costs. A clear knowledge of sedation and pain control and the ability to titrate the
many pahrmacological agents is a basic ICU skill. This chapter also reviews the
skills of airway management in that they are so interrelated both for medical and
legal reasons of scope of practice.

SEDATION AGENTS

Sedation plays a very important role in the management of patients in the ICU.
Sedation not only reduces the stress response but also decreases oxygen con-
sumption and allows the patient to be placed on various modes of mechanical
ventilation and high levels of PEEP. With properly sedated patients, physicians
may be able to reduce complications, improve oxygenation, improve oxygen de-
livery, facilitate monitoring, and improve outcome.

There are many agents available for sedation, both long- and short-acting. It is
imperative that, when using sedation, it be titrated to specific endpoints by using
sedation scales, such as the Ramsey scale (Figure 14-1). A good general rule is to
have the patient at a sedation level of 2 to 3.

Benzodiazepines

Benzodiazepines are a common group of agents that are used throughout the
hospital. They interact with specific receptors throughout the central nervous
system (CNS) particularly in the cerebral cortex. Benzodiazepines are commonly
administered orally, intramuscularly, and intravenously to provide sedation. The
three commonly used agents are diazepam, midazolam, and lorazepam (Figure
14-2). The dosages vary according to individual patient parameters. Benzodi-
azepines are now more commonly titrated to a sedative effect in a particular pa-

Ramsey Scale
Level Clinical Description
Anxious and agitated
Cooperative, oriented, tranquil
Responds only to verbal commands
Asleep with brisk response to light stimulation
Asleep without response to light stimulation
Non-responsive

|| BlWIN| =

FIGURE 14—1 The Ramsey sedation scale.
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[ Benzodiazepines ]
Agent Bolus Dosage Continuous Infusion P. O. Dosage
Diazepam (Valium)* 0.04 - 0.2 mg/kg IV or IM; N/A 25-50mgPO

25mgtoSmgVoriMq
10 min -

Max of 10 mg IV or

IM.

1.0 mg for mild agitation;
1-2 mg q 10 min; May
supplement with other

bolus with 1-4 mg to
achieve steady state more
rapidly.

Midazolam (Versed) 0.01-0.1mg/kg; 2.5-5 0.5 - 8 mg/hr; Titrate by 1 N/A
mg IV or IM; Moderate to mg/hr every 30 minutes.
severe agitation. May
repeat every 10 minutes.
Max of 20 mg.
Lorazepam (Ativan) 0.03 - 0.05 mg/kg; 0.5 - 0.5 - 4.0 mg/hr; Should N/A

agents. Never exceed 4
mg in an hour.
« Dosage may be repeated every 3-6 hours.

FIGURE 14-2 Benzodiazepines.

tient rather than to a specific dosage. The shortest-acting commonly used benzo-
diazepine is midazolam (with a half-life of 1.5 to 3.5 hours). The half-life of ben-
zodiazepines can be markedly prolonged when administered by continuous
infusion, especially if the infusion is continued for more than 24 to 48 hours.
Continuous infusions saturate the patient’s fat stores as a result of the lipid-
soluble nature of benzodiazepines. Once fat stores are saturated, there is nowhere
for the benzodiazepine to go and its affect is prolonged. This effect can markedly
prolong an intubated patient’s awakening and limit opportunities for extubation.
The current way to choose a benzodiazepine depends on whether the patient is
expected to require short-term (i.e., less than 48 hours) or long-term (more than
48 hours) sedation.

Midazolam is commonly used for intermittent sedation or when sedation is
required for less than 48 hours. Its short clinical half-life allows the patient to
wake up predictably after one-time use. Midazolam also has a nice amnestic ef-
fect, which, in a dosage of 2.5 to 5.0 mg, may be ideal for short-term ICU proce-
dures. However, continuous use of midazolam has been characterized by
prolonged sedative affects, and therefore, it should be used only for short-term
continuous infusion.

Lorazepam is the preferred agent in the ICU for prolonged treatment of anxi-
ety in the critical care patient. Although its clinical half-life is longer than that of
midazolam, it has no active metabolites and wake-up times after continuous in-
fusion with lorazepam are the same or less than midazolam. Lorazepam has a sig-
nificant cost advantage over midazolam. When using lorazepam by continuous
infusion, titrating the intravenous drip up and down does not result in immedi-
ate increases and decreases in blood levels of the drug because of its long half-life.
A bolus of lorazepam should be administered at the time of the dose increase to
reach the next steady-state drug level. Therefore, it is recommended that a bolus
dose of lorazepam be delivered at a dosage equal to the current hourly rate of the
drug before increasing the drip rate. Also, regularly scheduled reductions in
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Reversal of Benzodiazepines
Flumazenil is a specific benzodiazepine receptor antagonist that effectively reverses most of the central nervous
system effect of benzodiazepines. It should not be used after long term benzodiazepine use. Dosage - 0.2 mg IV
over 15 seconds. Titrate over 5-10 minutes for a maximum dosage of 1 mg. For acute benzodiazepine overdose,
start with 0.2 mg IV. Titrate up to 5 mg IV. You may repeat dosage every 20 minutes. Never reverse patients who
have been on continuous infusions.

FIGURE 14-3 Reversal of benzodiazepines.

hourly drip rates (i.e., decreasing drip rate by 25% every 8 hours) has resulted in
faster wake up from sedation.

Diazepam is not commonly used in the ICU because of its long half-life and
active metabolites; however, the clinical half-life from one-time dosing is short as
a result of the drug’s high lipophilic profile. This causes the drug to redistribute
quite rapidly into fat stores, limiting its sedative effects.

GENERAL EFFECTS Benzodiazepine agents cause general sedation and respira-
tory depression. Close monitoring of patients and the use of sedation scales are
the keys to appropriate dosing. Also, benzodiazepines are myocardial depressants
and vasodilators. Care must be taken in using them in hypovolemic patients;
slow titration is important in this patient population.

Midazolam tends to reduce blood pressure and peripheral vascular resistance
to the greatest extent.

Benzodiazepines as a group reduce cerebral oxygen consumption and cerebral
blood flow and, thereby, decrease ICP.

DRUG INTERACTIONS Ethanol, barbiturates, and other CNS depressants
potentiate the sedative effects of benzodiazepines. The sedative effects may be
reversed with flumazenil (Figure 14-3). Patients who have been taking benzo-
diazepines chronically or have been on continuous infusion should not receive
flumazenil to reverse the effects of benzodiazepines because this may induce
acute withdrawal symptoms, including seizures.

Propofol

The mechanism of action of propofol may involve facilitation of inhibitory neuro-
transmission mediated by gamma-aminobutyric acid (GABA). Propofol can only
be given intravenously and is ideal for use in short-term sedation. Awakening is
rapid, owing to a short initial distribution half-life (i.e., 2 to 8 minutes) into fat
stores. It is an ideal drug for titration to sedation scales. The normal intravenous
dosage range is 0.3 to 130 pg/kg/per minute (average 27 wg/kg/per minute). This
dosage range may vary if the patient has a history of heavy use of illicit drugs or
ethanol; the patient may require a higher dosage under these circumstances. We do
not generally use a loading dose on the patients in the ICU with propofol because
of vasodilatory effects and subsequent hypotension; instead, we titrate the drug to
sedation scales (i.e., Ramsey scale) and for hemodynamic effect.
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EFFECTS ON ORGAN SYSTEMS The major cardiovascular effect of propofol is a
decrease in arterial blood pressure, owing to a drop in systemic vascular resis-
tance, cardiac contractility, and preload. The drug should be used carefully in hy-
povolemic patients and patients with complex medical problems. It has a
respiratory depressant effect similar to that of barbiturates, and decreases cere-
bral blood flow and ICP. A unique characteristic of propofol is its antiemetic and
antipruritic effect.

Propofol is felt to be cost-effective in situations where sedation is expected for
the short term. It is currently recommended in the ICU only for intubated pa-
tients. In short-term use, studies have suggested that the cost of the drug (expen-
sive) can be made up by extubating the patient more quickly (faster awakening)
and thus moving the patient out of the ICU sooner and shortening the length of
stay. Propofol has been widely used this way in “fast-track” cardiac surgery pa-
tients and has decreased the length of stay in critical care units for such patients.
Propofol can also be quite useful when rapid sedation and awakening are neces-
sary, such as in neurologic patients who have head injuries or who have
had CVAs but are also agitated. The patient may be intermittently awakened to
assess mental status and neurologic function and then be rapidly sedated when
necessary.

Haloperidol

Haloperidol is a neuroleptic agent with a long track record in treating delirium in
critically ill patients and is the drug of choice for this condition.

Haloperidol is initiated at a dose of 3 mg (for mild agitation), 5 mg (for mod-
erate agitation), or 10 mg (for severe agitation) as an intravenous bolus. The dose
may be repeated every 15 to 30 minutes, to a maximum of 40 mg per single dose,
until adequate sedation is reached. Benzodiazepines work synergistically with
haloperidol and may be given simultaneously. Haloperidol effects may take 10
minutes to be seen. Therefore, adding a quick-acting benzodiazepine (i.e., mid-
azolam) to haloperidol therapy in the severely agitated patient is reasonable.
Once the patient is sedated, the dosage of haloperidol and the benzodiazepine
required to achieve sedation must be calculated and then the dosage must be
divided over the following day in a schedule of administering every 6 hours.
Reduce the dosage by 50% per day until the patient is off the medications. If the
patient becomes agitated again, restart the entire process.

Haloperidol has also been used by continuous infusion in the range of 1 to 40
mg/hr. In cases where the drug has been used for long-term therapy (more than
5 days), tapering over several days may be necessary.

Finally, delirium should be recognized as a symptom and not a diagnosis. Pa-
tients who are delirious need their agitation controlled so as to not cause harm to
themselves or others, but they also need a complete evaluation for reversible
causes of delirium once their agitation is controlled. Such reversible causes may
include alcohol withdrawal, infection, hypoxia, and a host of other conditions.
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SIDE EFFECTS Extrapyramidal symptoms (such as acute dystonic reactions) are
relatively common in patients being treated with neuroleptic agents. These syn-
dromes are characterized by involuntary movements, such as smacking of the
lips, lateral jaw movements, and sudden forward thrusts of the tongue. Purpose-
less movements of all the extremities may occur. This can be treated with diphen-
hydramine, 50 mg IV, or benztropine, 2 mg IV. The most severe problem is
neuroleptic malignant syndrome, which is manifested by a marked elevation in
temperature, generalized hypertonicity of skeletal muscles, alterations in blood
pressure, tachycardia, cardiac arrhythmias, and fluctuations in the level of con-
sciousness. This is treated with dantrolene, 2.5 mg/kg given intravenously every
5 minutes until the symptoms subside. Rarely does the dosage need to exceed
10 mg/kg. Haloperidol may cause QT prolongation, and the drug should be used
cautiously with other drugs that can cause prolongation of the QT interval. If one
is using high-dose haloperidol (doses of more than 3 mg), the QT interval should
be monitored closely (every 8 to 12 hours), and the drug should be stopped if the
QT interval becomes prolonged.

Opioids

Opioids bind to specific receptors distributed throughout the CNS and other tis-
sues. While opioids provide some degree of sedation, they are most effective at
producing analgesia. The common opioids used in the ICU are morphine,
meperidine, and fentanyl. Figure 14—4 lists their half-lives and usual dosage
ranges. Morphine and fentanyl are used intravenously in bolus doses and contin-
uous infusions. Morphine may cause histamine release and has the potential to
cause more hemodynamic instability than fentanyl, which does not have this
property. The cost of fentanyl is similar to that of morphine. Meperidine is quite
expensive and is usually given only in bolus doses. Alfentanil and remifentanil
are short-acting narcotic agents, which are not commonly used in the ICU.

SIDE EFFECTS Meperidine has a potential for causing seizures with the accumu-
lation of the meperidine metabolite normeperidine. Many clinicians do not use
the drug in patients with decreased renal function. Meperidine should not be

Commonly Used Narcotics in the ICU

Bolus IV Bolus IM Continuous Infusion
Morphine 0.05 - 0.1 mg/kg over 10 2.5-20 mg q 2-6 hours 0.8-10 mg/hr
minutes; Redose q 1-2
hours
Fentanyl| 0.5 - 2 meg/kg every 1-2 N/A 1-2 meg/kg/hr
hours
Meperidine 25-100 mg q 3-4 hours 25-200 mg q 3-4 hours N/A
{Demerol)

Haif lives of narcotics: Morphine(! 14-173mins), Fentanyl(155-219mins), and Meperidine(3-

4.4hours).

FIGURE 14—4 Narcotic dosing.
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Reversal of Narcotics
Naloxone is the reversal agent for narcotics. An initial dosage of 0.4 mg to 2 mg may be administered intravenously
for acute narcotic overdose. Additional doses may be necessary in 20 to 60 minutes. Alternatively an intravenous
loading dosage of 0.4 mg followed by a continuous infusion of 0.1-0.4 mg/hr. Infusion may be titrated by 0.2 mg/hr
at two to three-hour intervals.

FIGURE 14-5 Reversal of narcotics.

used in patients who are taking various psychiatric drugs; administration along
with monoamine oxide (MAO) inhibitors (e.g., phenelzine, isocarboxazid,
L-deprenyl, tranylcypromine) may result in hypertension, coma, hypotension, or
potential hyperpyrexia.

All narcotic agents decrease gastrointestinal motility, which may lead to ileus.
This can be a major problem in the ICU. Most patients receiving narcotic agents
should also be on bowel regimens.

Opioids depress ventilation, especially respiratory rate, so close monitoring is
important. The effects of acute overdoses may be reversed with naloxone (Figure
14-5).

GENERAL GUIDELINES All narcotic agents should be titrated to clinical effect.
In general, opioids do not seriously impair cardiovascular function, and fentanyl
can be used in hemodynamically compromised patients. The effects of combined
narcotic and sedative agents may be additive; narcotic agents should be used
carefully along with reliance on fixed sedation scales.

Paralytic Agents

Muscle relaxants (chemical paralytics) are sometimes used in the ICU to facilitate
mechanical ventilation and to lower oxygen consumption when sedation or anal-
gesia is insufficient. Over the years, chemical paralysis has been used less and less
as use of sedative and analgesic agents has improved. Furthermore, the syndrome
of persistent paralysis and critical-illness polyneuropathy has been linked with
use of paralytic agents and has lessened enthusiasm for their use. Always remem-
ber that paralytic agents provide no analgesia or sedation, and sedation must al-
ways be provided when they are used.

Paralytic agents are broadly categorized into depolarizing and nondepolariz-
ing agents.

DEPOLARIZING AGENTS Depolarizing agents attach to the alpha subunits of
the postjunctional muscle membrane receptor and mimic the action of acetyl-
choline, thus producing depolarization and subsequent fasciculation. Neuromus-
cular blockade develops because a depolarized membrane cannot respond to
subsequent release of acetylcholine. The primary depolarizing neuromuscular
blocking agent is succinylcholine, which is used primarily as an aid to intubation.
The usual dosage is 0.6 to 1.5 mg/kg. The agent has a short half-life, with no clin-
ical effect after 5 minutes or so. A small dose of any nondepolarizing drug can be
used to block fasciculation from succinylcholine. Use this agent with extreme
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Contraindication of Succinylcholine
Succinylcholine can induce a life-threatening hyperkalemia and should be avoided in these patients:
. Burn patients
. Denervated patients such a hemiparetics, paraplegics, etc.
. Patients with closed head injury
. Patients with intra-abdominal infections
. Patients with degenerative neuromuscular di
. Trauma patients (usually massive soft tissue trauma)

DO B[W|Nf =

FIGURE 146 Contraindications to succinylcholine therapy.

caution in patients with pre-existing spinal cord injury or degenerative neuro-
muscular disease, because these patients tend to become extremely hyperkalemic
when succinylcholine is given. Contraindications to the use of this agent are
listed in Figure 14-6.

NONDEPOLARIZING AGENTS Nondepolarizing agents act by combining with
nicotinic cholinergic receptors but do not cause any activation of the receptor;
there is no fasciculation with these agents. The commonly used nondepolarizing
agents in the ICU are the benzylisoquinolones atracurium and its isomer
cisatracurium, as well as the aminosteroids pancuronium and vecuronium. The
duration of action and dosages of these agents are listed in Figure 14-7. The ben-
zylisoquinolones are intermediate-acting agents that have the potential advan-
tage of not relying on renal or hepatic mechanisms for metabolism. These drugs
undergo Hoffman elimination and hydrolysis via plasma esterase, which occurs
at physiologic pH and temperature. These agents are relatively expensive.

Vecuronium is an intermediate-acting aminosteroid and pancuronium is a
long-acting aminosteroid. Pancuronium’s action lasts 75 to 90 minutes and is
generally given by intermittent injection. The drug builds up in renal and liver
failure and also causes tachycardia resulting from its vagolytic properties.
Vecuronium is devoid of cardiovascular effects and is generally used in continu-
ous infusion form. The drug has prolonged effects in liver failure.

MONITORING Neuromuscular blockade should always be monitored using a train-
of-four monitor every 4 to 8 hours, with a goal of two of four twitches. The twitches
in a train-of-four monitor are generated by an electric stimulus and progressively
fade as relaxation increases. To minimize the amount of the drug used, titrate to two
twitches, which denotes 75% block of the neuromuscular junction. Prolonged neu-
romuscular blockade with changes in electrolyte levels, i.e., hypophosphaturia, hy-

Non-depolarizing Agents I

Duration of Action Loading Dose Infusion
(Minutes)
Atracurium Intermediate (20-30 min.) 0.23 mg/kg S meg/kg/min
Cisatracurium Intermediate 20-30 min) 0.1 mg/kg 2-5 mc/kg/min
Vecuronium Intermediate (20-30 min) 0.05 mg/kg 1 mcg/kg/min
Pancuronium Long (45-60 min) 0.07 mgrkg . N/A

FIGURE 14-7 Nondepolarizing agents.
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pokalemia, and hypermagnesemia, may occur. The muscle strength of the patient
and the respiratory function must be evaluated before extubation.

AIRWAY MANAGEMENT

Rapid Sequence Induction

Adept airway management is an essential skill for health care professionals caring
for a patient with critical illness. Endotracheal intubation not only protects the
airway but also provides a means for positive-pressure ventilation. The majority
of emergent intubations should be handled as a full stomach. The technique for
rapid sequence induction is shown in Figure 14-8.

Before release of cricoid pressure, check for breath sounds and presence of
end-tidal carbon dioxide. This technique can be modified, depending on the pa-
tient condition. A patient in cardiopulmonary arrest would not need sedation or
paralysis. Thiopental and methohexital are not good sedative agents because they
cause hypotension. Ketamine, a phenylcyclidine, can be used as a 1 to 2 mg/kg IV
infusion or 3 to 5 mg/kg in an intramuscular injection. Midazolam can also cause
hypotension. Baseline ventilator settings are set at a rate of 10 breaths per
minute, a tidal volume of 6 to 10 mL/kg, and a F10, of 100% after intubation.

Head Injury

Keep the head in the neutral position during airway management until cervical
spine fractures have been ruled out. This can be achieved by in-line immobiliza-
tion or by use of a hard collar.

+ Avoid nasal intubation if a fracture of the base of skull is suspected.

* Avoid aspiration; use rapid sequence induction intubation.

+ Sedate patient adequately to prevent hypertensive surges during instrumenta-
tion of the airway.

Pre-oxygenate for 5 minutes with 100% Oxygen
Cricoid Pressure
Sedation (Etomidate 0.2- 0.6 mg/kg)
Succinylcholine (80-100 mg)

Oral Intubation
FIGURE 14-8 Technique for rapid sequence induction of intubation.
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During intubation, keep the patient well-sedated to prevent coughing and
straining. In the presence of hypovolemia and cardiovascular instability, sedative
dosage should be titrated slowly so that blood pressure is not decreased.

+ Avoid using succinylcholine.
+ Use rocuronium in a dose of 0.9 to 1.2 mg/kg.

Ocular Injury

To prevent an increase in intraocular pressure, avoid succinylcholine; another
neuromuscular blocker can be used. Rocuronium, 0.9 to 1.2 mg/kg, is the only
nondepolarizing muscle relaxant with an onset of action similar to succinyl-
choline (60 to 90 seconds).

Burns

Evaluation and knowledge of intravascular volume is critical in burn patients.
Sedative agents may need to be titrated to maintain blood pressure. Release of
potassium is of concern; therefore, succinylcholine is avoided. Rocuronium may
be the best choice of agent. Rapid intubation should be performed on arrival of
the patient if airway burns are suspected (i.e., burns to face, around mouth,
burned nasal hair and back of mouth, sputum with black carbon particles).

Trauma

Before intubation and sedation, the cervical spine should be evaluated if injuries
are suspected. Use in-line traction. Vascular volume is a problem with these pa-
tients and sedation may be contraindicated; severe hypotension may develop. If
sedation is used, titrate it in slowly. Avoid succinylcholine in massive soft-tissue
injuries.

Asthma

If the patient demonstrates increased work of breathing and is fatigued, intuba-
tion in a controlled manner is indicated. Sedation with propofol may be useful
because of its bronchodilator effect. Avoid prolonged use of neuromuscular
blockers because myopathy has been reported.

Elderly Patients

Intravascular volume status must be evaluated in elderly patients. Loose or re-
movable dental work that may be aspirated during intubation should be re-
moved. Evaluate the cervical spine and take care with patients who have severe
arthritis that may limit neck motion.
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Basic Intubation Criteria

. Inability to breathe spontaneously

. Impending loss of airway as a result of swelling or excessive secretions
. Obtundation

. Respiratory rate over 40 breaths/minute

. Pco, of more than 60 mm Hg

. Po, of less than 60 mm Hg on a Fio, of 1.0

. Head injury

. Acute respiratory distress syndrome (ARDS)
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Extubation Criteria

These criteria are only guidelines. Weaning and extubation protocols vary
from region to region. All data should be collected when the patient is off the
ventilator.

1. Patient able to protect airway

2. Decreased secretions

3. Good tidal volumes (5 mL/kg), vital capacity of 10 mL/kg on minimal sup-
port, i.e., CPAP or pressure support of 5 cm H,O or less.

4. Decreased work of breathing; respiratory rate of less than 40/min

5. Ability to maintain respiratory function (respiratory rate, tidal volume, rapid
shallow breathing index of less than eighty off mechanical support)

6. Adequate oxygenation at an F10, of 0.5

7. Minute ventilation of less than 10 L/min off ventilator

After Intubation

Sedation after intubation should be used to assist in mechanical ventilation.
Propofol, benzodiazepines, or narcotics may be used. Lidocaine, 0.5 to 1.0 mg/kg
may be used to block the stimulation of the oral pharynx during extubation.

SUMMARY

Sedation and pain control play a very important role in the management of pa-
tients in the ICU. These drugs account for a large portion of the ICU pharmacy
budget and greatly impact on the length of stay of patients in the ICU. Our ability
to reach proper levels of sedation and pain control with sedation and pain con-
trol scales not only impacts on patient comfort but also on staffing and patient
care maps and guidelines. Neuromuscular blockers still play an important role in
the management of complex cases. They however are given with greater care than
in the past for much shorter periods. The health care professionals managing
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patients who need sedation, pain control, and paralysis should be expert in air-
way management skills both for patient care and for hospital privileging guide-
lines.
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A
A-a oxygen gradient. See Alveolar-
arterial oxygen gradient
ABCD. See Amphotericin B
cholesteryl sulfate complex
Abciximab, for acute myocardial
infarction, 219
Abdominal examination:
in coma, 330
ultrasonography in renal failure,
108
Abdominal pressure, increased, 276
ABG analysis. See Arterial blood gas
analysis
ABLC. See Amphotericin B lipid
complex
Abulia, 325
ACE inhibitors. See Angiotensin-
converting enzyme inhibitors
Acetaminophen:
hepatotoxicity of, 268, 270-271
premedication for transfusion, 316
Acetazolamide, for metabolic
alkalosis, 114
N-Acetylcysteine, for acetaminophen
intoxication, 270
Acid-base abnormalities, 112—115,
112t
Acid-peptic disease, 247248, 250

Acidosis, 10. See also Metabolic
acidosis; Respiratory acidosis
local, 52
Acinetobacter baumanii, 156
Acquired thrombocytopenia, 302, 303t
ACTH. See Corticotropin hormone
Activated partial thromboplastin
time, 300
Acute respiratory distress syndrome,
2t, 9,62, 107, 122t, 130t
in acute liver failure, 271
mechanical ventilation in, 81,
86—87
pulmonary capillary wedge
pressure and, 41-42
Acute tubular necrosis, 106-108, 272,
339
ACV. See Assist-control ventilation
Addison’s disease, 328, 329t
Adenosine:
for arrhythmias, 210t
arrhythmias and, 205t
for diagnosis of arrhythmias, 204
for reentrant supraventricular
tachycardia, 198-199
ADH. See Antidiuretic hormone
Adrenal failure:
primary, 234, 237
secondary, 234, 237-238
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Adrenal gland:
anatomy of, 235
dysfunction of, 62—63
function in critical illness, 236237
general considerations, 234, 235f
laboratory testing, 236
physiology of, 235-236
Adrenal insufficiency, acute, 60
Adrenoleukodystrophy, 326
Afterload, 47, 96
Agitation, 353-354
Airway, difficult, 97
Airway management:
in asthma, 358
in burn patient, 358
in elderly patient, 358
extubation criteria, 359
in head injury, 357-358
after intubation, 359
intubation criteria, 359
in ocular injury, 358
rapid sequence induction, 357,
357f
in trauma, 358
Airway obstruction, 2t, 97
Akinetic mutism, 325
Alanine aminotransferase, serum,
257,261-262, 265, 265t, 269
Albumin, 171, 171t, 180, 230-231,
261, 264, 275
for ascites, 283-284
ascitic fluid, 278, 278t
serum-ascites albumin gradient,
278
for shock, 65
for spontaneous bacterial peritoni-
tis, 280
Alcoholic hepatitis, 262
Aldosterone, 235-236
Alfentanil, 354
Alkaline phosphatase, serum, 257,
261-263, 265t, 266
Alkalosis. See Metabolic alkalosis;
Respiratory alkalosis

Allen’s test, 24
ALP. See Alkaline phosphatase
Alpha,-antitrypsin deficiency,
264-265, 266t
ALT. See Alanine aminotransferase
Alveolar-arterial oxygen gradient, 3
Alveolar hypoxia, 47
Alveolar minute ventilation, 9
AMA. See Antimitochondrial
antibody
Amanita phalloides, 268
Amino acids:
conditionally essential, 177
essential, 177
Aminoglycosides, 127t, 159—-160
for infection in
immunocompromised
patients, 149
prescribing in renal failure, 111
for urinary tract infections, 143
Aminopenicillins, 157
Aminophylline, for complete heart
block, 190
Aminotransferases, serum, 261-263
Amiodarone, 232
for arrhythmias, 210t
for supraventricular arrhythmias,
196, 198
for ventricular arrhythmias, 203
Ammonia, serum, 273
Ammonium chloride, for metabolic
alkalosis, 114
Amniotic fluid embolism, 305-306
Amoxicillin, 157
for Helicobacter pylori infection,
249t
Ampbhotericin B, 127t, 162-163,
164t
for disseminated candidiasis, 144
for cryptococcal meningitis, 152
prescribing in renal failure, 111
for urinary tract infections, 143
Amphotericin B cholesteryl sulfate
complex, 162-163, 164t
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Ampbhotericin B lipid complex, 162,
164t
Ampicillin, 126, 127t, 157, 163t
for urinary tract infections, 143
Ampicillin-sulbactam, 157, 163t
Amrinone, for shock, 67t, 68
Amylase:
ascitic fluid, 279
serum, 256
Amyloidosis, 108, 187
Amyotrophic lateral sclerosis, 90
ANA. See Antinuclear antibody
Anaerobic metabolism, 49, 60, 313
Anal fissure, 255
Analgesia:
for acute pancreatitis, 260
for vascular access, 22
Anaphylactic reaction, 60, 62
to transfusion, 317
Anaphylactoid reaction, 62
Ancrod, 304
Anemia, 63, 275, 310-313, 329-330t
causes of, 310-312
consequences of, 312
definition of, 310
management of, 312-313
transfusion therapy for, 313-316
Anemia of chronic disease, 310
Angiodysplasia, 254
Angiography, selective, for
gastrointestinal bleeding, 255
Angiotensin-converting enzyme
inhibitors, for acute
myocardial infarction, 221
Anion gap, 112-113
Anoscopy, 255
Antacids, 129
Antecubital vein, placement of
central venous catheter, 30
Anthropometric measurements, 170
Antibiotic therapy, 156-163. See also
specific drugs
choice of antibiotics, 126—127
empiric, 127t

for catheter-related bloodstream
infection, 139
for diarrhea, 148
in febrile patient, 125-126,
125t
for meningitis, 341
for pneumonia, 131, 134-135
for respiratory failure in HIV-
infected patient, 150
for hepatic encephalopathy, 286
intravenous dosages, 163—164t
prophylactic:
in acute liver failure, 272
in acute pancreatitis, 260
for secondary bacterial peritonitis,
280
for spontaneous bacterial peritoni-
tis, 279
Anticholinergic drugs, 121t, 327
Anticoagulants, 198
in venous transducer lines, 20
Antidiuretic hormone, 115, 235, 238,
276
Antihistamines, 205t
Antimicrobial-impregnated catheter,
18, 136-137
Antimicrobial resistance, 126, 137,
153-156
Antimitochondrial antibody, 267
Antinuclear antibody, 265, 266t
Antipyretics, 125
Anti-smooth muscle antibody, 265,
266t
Anuria, 104, 107
Anxiolytic medication, 22
Aortic dissection, 256, 328
Aortic insufficiency, 26, 51
Aortic regurgitation, 41
Aortoenteric fistula, 246, 255
APACHE II score, for acute
pancreatitis, 258
Aplastic disorders, 303t
Apnea test, 346
Apneustic breathing, 327, 328f
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aPTT. See Activated partial thrombo-
plastin time
ARAS. See Ascending reticular
activating system
ARDS. See Acute respiratory distress
syndrome
AREF. See Renal failure
Argatroban, 304
Arginine, 177
Arousal:
determination of level of, 331
disorders of, 322
Arrhythmias, 185-210. See also
specific arrhythmias
cardioversion for, 208—209, 209t
drug therapy for, 210t
toxic and metabolic causes of,
205-208, 205t
Arsenic poisoning, 205t
Arterial blood gas analysis, 23, 112,
112t
pulmonary artery, 8
in shock, 61
Arterial cannulation, 20
arterial waveform analysis and
artifact, 26-27
complications of, 24-26, 25t
flushing of catheters, 25
monitoring of blood chemistry,
23-24
monitoring of systemic arterial
pressure, 24
percentage of ICU patients with,
121t
pulse oximetry, 27-29
site and technique for, 24-26
Arterial waveform:
analysis of, 26-27
artifacts, 26-27
Arteriovenous malformation, 311
Ascending reticular activating
system, 323
Ascites:
in cirrhosis, 275-284

development of, 275-276
diagnosis of, 276-277
diagnostic paracentesis in,
277278, 277t
secondary bacterial peritonitis in,
280
spontaneous bacterial peritonitis
in, 275, 279-280
treatment of:
refractory ascites, 282-283
uncomplicated ascites, 280-282
Ascitic fluid culture, 278, 278t
Aseptic technique, 16-19, 137
ASMA. See Anti-smooth muscle anti-
body
Aspartate aminotransferase, serum,
250, 262, 269
Aspergillosis, 163
Aspiration, 128t, 129, 173, 181, 245,
253, 357. See also Pneumonia
Aspirin:
for acute myocardial infarction,
216, 220
bleeding complications, 247, 301
Assist-control ventilation, 74-79, 74t,
751, 81t
AST. See Aspartate aminotransferase
Asthma, 221
airway management in, 358
mechanical ventilation in, 78f,
90
Asymptomatic bacteriuria, 140-141,
142t
Asystole, 194t
Ataxic breathing, 327, 328f
Atelectasis, 91, 130t
Atherosclerosis, 214
Ativan. See Lorazepam
Atovaquone, for Pneumocystis carinii
pneumonia, 152
Atracurium, 356, 356f
Atrial fibrillation, 187, 194, 195-196f,
196, 198, 209-210t, 215, 222,
234
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Atrial flutter, 187, 194, 196, 196f,
198, 209-210t
Atrial mass, 41
Atrial myxoma, 51
Atrial tachycardia, 194
Atrioventricular block, 192—-193
first-degree, 187-188, 193,
193-194t
second-degree, 189f
type I, 188, 193, 194t, 206
type II, 188, 191, 193, 193—-194t,
206
“Atrioventricular dissociation,” 199,
201f, 202
Atrioventricular nodal reentrant
tachycardia, 194, 198-199
Atrioventricular node, 187
Atropine:
for atrioventricular block, 188
for bradycardia, 186, 289
for complete heart block, 190
Auto-PEEP, 78, 78f, 80, 83f, 84, 85f,
86, 88—90
Autoimmune adrenalitis, 237
Autoimmune hepatitis, 264-267
Autoimmune thyroiditis, 232
Autonomic dysfunction, 121t
AV node. See Atrioventricular node
Axillary artery cannulation, 24-25
Azlocillin, 157
Aztreonam, 127t, 161, 164t

B

“Baby lung” concept, 87

Bacampicillin, 157

Bacteremia, 18-19, 124

Bacterial meningitis, 152, 336, 341

Bacterial overgrowth, gastric, 129

Bacteriuria, asymptomatic, 140-141,
142t

Bag-valve-mask apparatus, 94

BAL. See Bioartificial Liver;
Bronchoalveolar lavage

Balloon tamponade, for variceal
bleeding, 252253
Band ligation, for variceal bleeding,
252-254
Barbiturates, for cerebral edema, 274
Basilar artery occlusion, 340
BBB. See Bundle branch block
Beer-Lambert law, 27
Behget’s disease, 329t
Bell’s phenomenon, 334
Benzodiazepines, 350353, 351f, 359
drug interactions, 352
general effects of, 352
prescribing in renal failure, 111
reversal of, 352f
for status epilepticus, 341
Benztropine, for extrapyramidal
symptoms, 354
Beta blockers, 187—188
for acute myocardial infarction,
220-221
to prevent variceal bleeding, 254
for supraventricular arrhythmias,
196
for thyrotoxicosis, 234
Bezold-Jarisch reflex, 190
Bi-level positive airway pressure, 99
Bicarbonate, serum, 60, 112—113,
112t
Bile duct obstruction, 263
Bile duct stricture, 266
Biliary colic, 256
Bilirubin, 250, 262-263, 265t, 310,
312
total. See Total bilirubin
Bioartificial Liver, 275
Biofilm, 153
BiPAP. See Bi-level positive airway
pressure
Bismuth subsalicylate, for
Helicobacter pylori infection,
249t
Bleeding disorders, laboratory
studies in, 300t



366  Index

Bleeding time, 300, 300t
Blood chemistry, monitoring of,
23-24
Blood culture, 122—-124, 137-138,
138t, 144
quantitative, 138t
Blood loss, anemia from, 312
Blood pressure:
in coma, 328
in management of increased
intracranial pressure, 339
Blood products, 314-315t. See also
specific products; Transfusion
therapy
administration of, 316
fluid management in shock, 66
for hemostasis, 308—310
incompatible, 317
risks of, 66
Blood urea nitrogen, in renal failure,
104-105, 110
Blood viscosity, 312
Blood volume, 276, 310
Bloodstream infections, primary,
120t
Body temperature. See also Fever;
Hyperthermia
in coma, 327
hypothalamic set-point, 121
Body weight, ideal, 170
Bone marrow transplant, 153
Bowel sounds, 181, 288
Brachial artery cannulation, 24-25
Bradycardia, 186-187
in coma, 327
drug-induced, 187
pacing for, 191
Brain death, 346
Brain herniation, 334-336
Brainstem:
absence of activity of, 346
evaluation of function of, 332-335
Branched-chain amino acids, 286
“Breath stacking,” 79

Bronchitis, 150
Bronchoalveolar lavage, 151
quantitative, 132—133, 133t
Bronchopleural fistula, 91
Bronchoscopic techniques, 131, 131t
for diagnosis of pneumonia,
132-133, 133t
Budd-Chiari syndrome, 268, 275
Bulging flank, 276
BUN. See Blood urea nitrogen
Bundle branch block, 189
bilateral, 193—194t
left, 193, 193—194t, 202t
right, 193, 193-194t, 202t
Burn patient:
airway management in, 358
nutritional support for, 175t, 179
pulmonary artery catheter for, 48
shock in, 63

C
CAD. See Coronary artery disease
Calcium, elemental, for
hypocalcemia, 208
Calcium channel blockers, 187—188,
221
for supraventricular arrhythmias,
196
Calcium gluconate, for
hyperkalemia, 206
Caloric content, of major nutrients,
174
Caloric requirement, 174-175,
174-175t
Caloric testing, 333—334
Calorimetry, indirect. See Indirect
calorimetry
Candidiasis, 329t
disseminated. See Disseminated
candidiasis
Cannon A waves, 191, 202
Capillary leak, 63
Capnography, 52-53
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Captopril, for acute myocardial
infarction, 221
Carbipenem, prescribing in renal
failure, 111
Carbohydrates:
composition of parenteral and
enteral formulations, 173t
daily requirement for, 174t, 175
dietary, 178
Carbon dioxide:
in exhaled air, 52-53
increased production of, 2t
production of, 9, 171-172
retention of, 7
Carbon monoxide poisoning, 329t
Carboxyhemoglobinemia, 28
Cardiac arrest, 268, 343, 344f
Cardiac arrhythmias. See
Arrhythmias
Cardiac catheterization, 64
Cardiac glycosides, for shock, 68
Cardiac indexes, 38, 46t
derived, 43—45
Cardiac markers, 64, 215
Cardiac output, 10-11, 26, 49, 51
in anemia, 312
continuous, 48
effect of positive pressure
ventilation, 88—89f
oxygen delivery and, 11-12
thermodilution, 42—43, 43f
Cardiac pharmacologic intervention,
assessment of, 45—-47
Cardiac rehabilitation program, 224
Cardiac tamponade, 41, 51, 60, 63
Cardiogenic pulmonary edema, 82,
87-88, 88f
Cardiogenic shock, 222-224
differential diagnosis of, 63—64
hemodynamic profile in, 57, 57t
management of, 223
patient history in, 58
treatment of, 68
Cardiomyopathy, 63, 202, 268

Cardiopulmonary interaction, assess-
ment of, 47—48
Cardiothoracic surgery, nutritional
support for, 175t
Cardiovascular system:
infection of, 120t
in shock, 58-59t
Cardioversion, 196, 203, 208209,
209t
for atrial fibrillation, 209t
for atrial flutter, 209t
for reentrant supraventricular
tachycardia, 209t
for torsades de pointes, 204
for ventricular fibrillation,
208-209, 209t
for ventricular tachycardia, 209t
Carotid sinus massage, 198-199
Catheter. See also specific types of
catheters
gauge of, 20
insertion site, 137
patency of, 20
Catheter colonization, 138-139,
138t
Catheter infection, 18—19
without bacteremia, 19
bloodstream, 19, 124, 135-140
antibiotic therapy for, 1271,
139
catheter type and, 136-137
causative microorganisms, 139,
139t
definition of, 138t
diagnosis of, 137-139, 138t
insertion and maintenance of
catheter, 137
prevention of, 136-137
risk factors for, 135-136
therapy for, 139-140
local, 138t
microbiologic methods for evalua-
tion of, 138t
pulmonary infiltrate in, 130t
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Catheter whip, 27
CAVH. See Continuous arterio-
venous hemofiltration
Cecal perforation, 289
Cecostomy, 289
Cefazolin, 158, 163t
Cefepime, 127t, 158, 163t
for infection in
immunocompromised
patients, 149
Cefotaxime, for spontaneous
bacterial peritonitis, 279
Ceftazidime, 158, 164t
for infection in
immunocompromised
patients, 149
Ceftriaxone, 158, 163t
Cefuroxime, 163t
Central brain herniation, 335
Central nervous system, in shock,
58-59t
Central neurogenic hyperventilation,
327, 328f
Central pontine myelinolysis,
115-116, 326
Central venous catheter, 20
central venous pressure
monitoring, 34-36, 36f
complications of, 29-30, 31t
external jugular vein cannulation,
30, 34
indications for, 29, 29t
infections related to, 136
inferior vena cava cannulation,
29-30, 32f
internal jugular vein cannulation,
30, 33-34, 33f
monitoring in shock, 65
percentage of ICU patients with,
121t
peripherally inserted, 34
replacement of, 137
subclavian vein cannulation, 30,
32-33, 33f

superior vena cava cannulation,
29-32, 33f
Central venous pressure, 44
monitoring of, 34-36, 36f
waveforms, 35, 36f
Cephalosporins, 127t, 157-158
first-generation, 158
fourth-generation, 158
intravenous dosages of, 163—164t
prescribing in renal failure, 111
second-generation, 158
side effects of, 311
third-generation, 158
for pneumonia, 135
for urinary tract infections, 143
Cerebral blood flow, 336337, 3371,
346
Cerebral edema, 336
in acute liver failure, 273-274
Cerebral infarction, 340
Cerebral perfusion pressure, 336-337
Cerebral vasculitis, 326
Cerebrospinal fluid analysis,
335-336, 341
Ceruloplasmin, 265, 266t
Cervical spine injury, 90, 186, 358
Cherry-red skin, 329t
Chest pain, 214-216, 221
Chest radiography, 63, 124
Cheyne-Stokes respiration, 327, 328f
CHE. See Congestive heart failure
Child-Turcotte-Pugh scoring system,
for liver disease, 276t, 284,
287
Chlorhexidine-impregnated catheter,
136
Chloride, serum, 113
Cholangiocarcinoma, 266
Cholangitis, 260, 264-265
Cholecystitis, 256, 263
Choledocholithiasis, 262, 266
Cholestasis, 263—-266, 266f
extrahepatic, 263
intrahepatic, 263
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Chromium deficiency, 177
Chronic obstructive pulmonary
disease, 112t, 114, 221
mechanical ventilation in, 78f,
88-90
Chronotropy, 4445
Chylothorax, 173-174
Ciprofloxacin, 161, 164t
for prevention of spontaneous
bacterial peritonitis, 279
Cirrhosis, 244, 275-288
ascites in, 275-284
diagnosis of, 275
hepatic encephalopathy in, 275,
284-286
hepatorenal syndrome in,
275-276, 287288
primary biliary, 263, 266
variceal bleeding and, 250
Cisapride, 205t
Cisatracurium, 356, 356f
Citrate toxicity, 318
Clarithromycin, for Helicobacter
pylori infection, 249t
Clindamycin, for Pneumocystis
carinii pneumonia, 152
Clopidogrel, for acute myocardial in-
farction, 220
Clostridium difficile colitis, 123, 125,
130t, 147—-148, 158
Cluster breathing, 328f
CMV. See Controlled mechanical
ventilation
Coagulation cascade, 301, 301f
Coagulation disorders, 301-302,
305-308
in acute liver failure, 272
congenital, 306-307
in shock, 61
stress-induced ulcers and, 248
Coagulation factor deficiency, 302,
308
Cocaine, 205t
Coccidiodomycosis, 150

Collagen vascular disease, 187
Colloid replacement, during large-
volume paracentesis, 283-284
Colonic pseudo-obstruction, acute:
clinical presentation in, 288-289
management of, 289-290
pathogenesis of, 288
Colonization:
catheter, 138—139, 138t
risk factor for pneumonia, 128t,
129-130
Colonoscopy, 289
for gastrointestinal bleeding,
254-255
Coma, 321-346. See also specific types
of coma
assessment of, 326-335
general examination, 327-330,
328f
neurologic examination,
330-335
causes of, 325-326
conditions that mimic, 325
definition of consciousness,
322-323
diagnosis of, 323-325, 324t
diagnostic tests in, 335-336
prognosis of, 342-345
nontraumatic coma, 342-345,
343-344f
traumatic coma, 345
treatment of:
causes of coma that require
early treatment, 340-342
reducing intracranial pressure,
336-340
Coma scale, 274
Complete blood count, 312
ascitic fluid, 278t
Complete heart block, 188-191,
189-190f, 193
Computed tomography:
in acute pancreatitis, 257-259,
260t
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Computed tomography (cont.)
in ascites, 277
of head, 335, 341
Conditionally essential amino acids,
177
Congestive heart failure, 2t, 64, 130t,
196, 275, 327, 330, 338
Conjugate deviation, 333
Conjugate vertical eye movements,
333
Conjunctivitis, 100
Consciousness:
anatomy of, 322-323
definition of, 322-323
state of, assessment of, 331, 331t
Continuous arteriovenous
hemofiltration, 110-111
Continuous hemofiltration, 288
Continuous positive airway pressure,
98, 99t, 100
Continuous venovenous
hemofiltration, 111
Controlled mechanical ventilation,
74, 74t, 75
Coombs’ test, 313
COPD. See Chronic obstructive
pulmonary disease
Copper deficiency, 177
Corneal reflex, 334
Coronary artery disease, 124, 187,
196, 204, 214
Corticosteroids:
for adrenal failure, 238
adverse effects of, 112t, 329t
for idiopathic thrombocytopenic
purpura, 303
for immune hemolytic anemia,
311
for thrombotic thrombocytopenic
purpura, 304
for toxoplasmosis, 152
Corticotropin hormone, 235
Corticotropin-releasing hormone,
235,238

Corticotropin stimulation test, 236
Cortisol, 234-236, 235f, 238-239
Coumadin, 300t
CPAP. See Continuous positive
airway pressure
CPM. See Central pontine myelinoly-
sis
Cranial nerve palsy, 334
Craniopharyngioma, 325
Craniotomy, decompressive, 340
Creatine kinase-MB, 215-216
Creatinine, serum, 141t, 288t, 289
in renal failure, 105
Creatinine clearance, in renal failure,
104-105, 110
CRH. See Corticotropin-releasing
hormone
Cross contamination, risk factor for
pneumonia, 129
Cryoprecipitate, 305-307, 309-310,
315t
Cryptococcosis, 152, 163
Crystalloid:
for diabetic ketoacidosis, 241
for shock, 66—67
CT. See Computed tomography
Cullen’s sign, 256
Cushing reflex, 327
CVVH. See Continuous venovenous
hemofiltration
Cyanosis, 329t
Cyclophosphamide, for idiopathic
thrombocytopenic purpura,
303
Cysteine, 177
Cytokines, 56-57, 62, 177, 231, 234,
237
Cytomegalovirus, 153, 268, 317

D
D-dimer test, 300t, 302, 305-306
Damping, arterial pressure monitor,
27
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Danaparoid sodium, 304
Danazol, for idiopathic thrombo-
cytopenic purpura, 303
Dantrolene, for neuroleptic
malignant syndrome, 354
De-efferented state. See Locked-in
syndrome
Dead space ventilation, 7, 9, 114
Death, brain criteria for, 346
Decerebrate posturing, 334
Decompressive craniotomy, 340
Decorticate posturing, 334
Deep venous thrombosis, 30, 124
Defibrillation, 208—-209
Dehydration, 63, 121t
Demerol. See Meperidine
Denver shunt, 283
Depolarizing agents, 355-356, 356f
Dermatomyositis, 329t
Desmopressin:
for platelet dysfunction, 305
for von Willebrand’s disease, 307
Dexamethasone:
for idiopathic thrombocytopenic
purpura, 303
for thyrotoxicosis, 234
Dextran:
fluid management in shock, 66
after large-volume paracentesis,
284
Dextrose 5% in water, for
hypernatremia, 116
Diabetes insipidus, 116
Diabetes mellitus, 108, 141t, 228,

240-241

Diabetic ketoacidosis, 114, 228,
240-241, 256

Dialysis, 105, 107, 109-111, 159-160,
273, 305

continuous arteriovenous hemofil-
tration, 110-111

continuous hemofiltration, 288

continuous venovenous
hemofiltration, 111

elective, 110
emergency, 110
for hyperkalemia, 206
intermittent hemodialysis, 111
nutritional support and, 178
peritoneal, 110
Dialysis catheter, 20
Diaphragm, rupture of, 63
Diarrhea, 147-148
acid-base abnormalities in, 113
causative microorganisms, 147
in immunocompromised patients,
149
therapy for, 148
Diazepam, 350-352, 351f
DIC. See Disseminated intravascular
coagulation
Diencephalic pupil, 332
Dietary fiber, 178
Diffusion limitation, as cause of
hypoxemia, 3—7
Digoxin:
for arrhythmias, 196, 210t
bradycardia related to, 187-188
prescribing in renal failure, 111
for shock, 68
Diltiazem, for arrhythmias, 196, 210t
Dinamap, 24
Diphenhydramine:
for extrapyramidal symptoms, 354
premedication for transfusion,
316
Disease transmission, in blood
products, 317
Disseminated candidiasis, 123,
143-145
diagnosis of, 144
pathogenesis of, 143-144
risk factors for, 143—144
species of Candida, 145t
therapy for, 144-145, 163
Disseminated intravascular
coagulation, 61, 264, 300t,
303t, 305-306, 329t
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Distributive shock:
differential diagnosis of, 62—63
hemodynamic profile in, 57, 57t, 60
patient history in, 58
symptoms of, 60
Diuresis, 63
excessive, 112t
Diuretics:
for ascites, 280-281
for renal failure, 109
Diverticulosis, 254
Dobutamine, for shock, 67—68, 67t
Dopamine:
reduction in intracranial pressure,
339
for renal failure, 109
for shock, 67—68, 67t
Dorsalis pedis artery cannulation, 24
DRSP. See Streptococci, drug-
resistant
Drug fever, 122t, 130t
Drug-induced liver injury, 268
Drug intoxication, 342
Drug overdose, 326
Duodenal ulcer, 256, 280
DVT. See Deep venous thrombosis
D5W. See Dextrose 5% in water
Dynamic hyperinflation, 78, 78f, 80,
84, 86, 88-90
Dysoxia, 49

E
Ear, nose, and throat infection, 120t
Eaton-Lambert syndrome, 90
Ecchymosis, 329t
Echocardiography, 50-51, 224
in acute myocardial infarction, 216
in shock, 61, 63—65
Ecthyma gangrenosum, 329t
EEG. See Electroencephalography
Ejection velocity index, 51
ELAD. See Extracorporeal Liver
Assist Device

Elderly patient, airway management
in, 358
Electrical cardioversion. See
Cardioversion
Electrocardiography. See also specific
arrhythmias
in acute myocardial infarction, 215
in shock, 64
Electroencephalography, 336
brain death criteria, 346
Electrolyte(s), serum, 61
Electrolyte imbalance, 204, 338
Encephalitis, 326
Encephalopathy:
hepatic. See Hepatic
encephalopathy
hypertensive. See Hypertensive en-
cephalopathy
End-tidal carbon dioxide, 52-53
Endocarditis, 188, 329-330t
Endocrine disease, 227-242
Endophthalmitis, candidal, 144
Endoscopic procedures:
for gastrointestinal bleeding, 248,
251
for variceal bleeding, 252-254
Endoscopic retrograde
cholangiopancreatography,
261, 266
Endotoxin, 57, 122t, 126, 141
Endotracheal aspiration, for
diagnosis of pneumonia, 132,
133t
Endotracheal intubation, 129, 357
in coma, 326
in gastrointestinal bleeding, 245
in hepatic encephalopathy, 273
Energy expenditure, 171
Enoxaparin, for acute myocardial in-
farction, 220
Enteral nutrition, 109-110, 116, 129
composition of formulations, 173t
diarrhea and, 147
general approach to, 181, 182f
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parenteral nutrition vs., 172-174,
173-175t
to prevent gastrointestinal
bleeding, 250
Enterobacter, drug-resistant, 156
Enterococci, vancomycin-resistant,
154-155
Enzymes, liver. See Liver tests
EPAP. See Expiratory positive airway
pressure
Epinephrine, 239
for shock, 67t
for gastrointestinal bleeding, 248
Epstein-Barr virus, 268
Eptifibatide, for acute myocardial in-
farction, 219
ERCP. See Endoscopic retrograde
cholangiopancreatography
Erosive gastritis, 246
Erythropoietin, 66, 310, 312
Esmolol, for arrhythmias, 210t
Esophageal varices. See Variceal
bleeding
Essential amino acids, 177
Essential fatty acids, 177
Estrogens, for platelet dysfunction,
305
Euthyroid sick syndrome, 228,
230-231, 232t
Everninomycin, for vancomycin-
resistant enterococcal
infections, 155
Exercise ECG stress test, 224
Expiratory positive airway pressure,
99t, 100
Expiratory volume per unit time, 9
External jugular vein cannulation,
placement of central venous
catheter, 30, 34
Extracorporeal circulation, 304-305
Extracorporeal Liver Assist Device,
275
Extubation criteria, 359
Extubation failure, 97

F
Fio,. See Fraction of inspired oxygen
Facial mask, 98, 98t
Facial skin necrosis, 100
Factor VIII concentrate, 307
Fascicular block:
left anterior, 193, 193—194t
left posterior, 193, 193—-194t
Fat(s). See Lipids
Fat embolism, 329t
Fatty acids:
dietary, 177-178
essential, 177
Fatty liver of pregnancy, acute, 268
FDP. See Fibrin degradation
products
Femoral artery cannulation, 24
Femoral catheter, 137
Femoral inferior vena cava
cannulation, 29-30, 32f
Fentanyl, 354-355, 354f
for acute pancreatitis, 260
Fever, 121-128
antipyretics for, 125
approach to febrile patient,
122-124, 123t
coma and, 325-326, 339
definition of, 121
noninfectious causes of, 122t,
126
transfusion-related, 317
treatment of, 125-128, 125t,
127t
FFP. See Fresh frozen plasma
Fibrin degradation products, 300t,
302, 306
Fibrinogen, 302, 305, 307, 309
Fibrinolytic abnormality, 302
Fick equation, 11, 42
Fixed pupils, 332-333, 332f
Flank dullness, 276
Flecainide, for supraventricular
arrhythmias, 196
“Flow-by,” 84
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Flow rate, settings for mechanical
ventilation, 81-82t, 84—86
Fluconazole, 127t, 162, 164t
for cryptococcal meningitis, 152
for disseminated candidiasis,
144
for urinary tract infections, 143
Flucytosine, for cryptococcal
meningitis, 152
Fluid management, 115
in gastrointestinal bleeding, 245
in shock, 64-67
Fluid overload, 40, 109, 245, 317
Flumazenil:
for coma, 326
for hepatic encephalopathy, 273,

286
reversal of benzodiazepines, 352,
352f
Fluoroquinolones, 127t, 160-161,
164t

Folate, red blood cell, 312
Folate deficiency, 303t, 310
Foley catheter, 104, 108
Folinic acid, for toxoplasmosis, 152
Forebrain lesion, 334
Fosphenytoin, for status epilepticus,
341
Fraction of inspired oxygen, 2
increasing, 8
low, 2-3, 8
settings for mechanical ventilation,
81-82t, 82
Free-water deficit, 116117
French sizing, 20
Fresh frozen plasma, 247, 272,
304-305, 307-309
Frozen red blood cells, 314t, 316
Fundoscopy, in coma, 330
Fungal infections, 63, 124, 162-163
Furosemide:
for ascites, 281
for renal failure, 109
“Fusion” beat, 200, 201f

G
Gallstones, 257, 263
Gamma-glutamyl transferase, serum,
262, 265t
Gastric distention, 100
Gastric feeding tube, 173
Gastric paresis, 181
Gastric residual volume, 181
Gastric ulcer, 256
Gastric varices, 250, 252. See also
Variceal bleeding
Gastritis, 246—249
Gastroduodenal feeding tube,
173
Gastrointestinal bleeding, 104
acute, 244-255
determining source of, 245-246
general approach to, 244-247
laboratory testing in, 246
in lower gastrointestinal tract,
254-255
causes of, 255
evaluation of, 255
medical therapy in, 247
stress-induced ulcers, 249-250
in upper gastrointestinal tract,
247-249
diagnostic and therapeutic
endoscopy, 248
in liver disease, 250—254
medical treatment, 248-249,
249t
repeated bleeding, 249
risk factors for, 247—-248
Gastrointestinal fistula, 173
Gastrointestinal problems, 180-181,
183f, 243-289
Gastrointestinal tract:
infection of, 120t
selective decontamination of,
129-130
Gaze paresis, 333
Gaze preference, 333
GCS. See Glasgow Coma Scale
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Gelatin, fluid management in shock,
66
Gentamicin, 164t
GGT. See Gamma-glutamyl
transferase
Gilbert’s syndrome, 263
Glasgow Coma Scale, 331, 331t, 345,
345t
Glomerulonephritis, 107
Glucagon, 239, 241
Gluconeogenesis, 235
Glucose:
ascitic fluid, 280
blood, 61, 228
for coma, 326
critical illness and, 240
derangements of, 238-241, 239f
for hyperkalemia, 206
Glucose-6-phosphate dehydrogenase
deficiency, 311
Glutamine, 177
Glycoprotein IIb/IIIa inhibitors, 219
Glypressin, for variceal bleeding, 251
Goiter, 233
Gonococcemia, 329t
G6PD deficiency. See Glucose-6-
phosphate dehydrogenase
deficiency
Graft versus host disease, 317
Gram-negative bacteria, antibiotic-
resistant, 156
Gram’s stain, ascitic fluid, 278
Grave’s disease, 233
Growth hormone, 239
Guillain-Barré syndrome, 90, 112t
Gut motor hypothesis, 18-19, 52

H
Haloperidol, 353354

side effects of, 205t, 353-354
Handwashing, 129
Haptoglobin, 310-311
Harris-Benedict equation, 175, 176t

Head and neck region, in coma,
328-330
Head injury, airway management in,
357-358
Head position, for increased
intracranial pressure, 340
Heart. See also Cardiac entries
decreased contractility, 40
pulmonary capillary wedge
pressure and cardiac
function, 38—41, 39-40f
Heart block, 187-191, 189—190f, 222,
328
Heart failure, 106
Heart rate, 45
in anemia, 312
in coma, 327-328
Heat stroke, 121t, 327
Helicobacter pylori, eradication of,
248-249, 249t
Heliox, 97
Hemaccel, 284
Hematemesis, 246, 275
Hematochezia, 246, 254
Hematocrit, 66, 246, 251, 310,
315
Hematologic disorders, 299-318
Hematologic profile, in shock, 61
Hemispheric lesion, 333
Hemochromatosis, 187, 264—-265
Hemodialysis. See Dialysis
Hemodynamic monitoring, 15-53
Hemodynamic profile, in shock, 57,
57t
Hemoglobin, 10-11, 28, 107, 310,
312-313, 315
Hemoglobin saturation, 48
Hemoglobinopathy, 310, 312
Hemolysis, 107, 263, 265t
extravascular, 311
intravascular, 310
Hemolytic anemia, 310-311, 329t
Hemolytic reactions, to blood
products, 317
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Hemolytic uremic syndrome, 303t,
308
Hemophilia A, 300t, 306-307
Hemophilia B, 300t, 306-307
Hemorrhage:
as cause of fever, 122t, 124
shock and, 63
Hemorrhoids, 255
Hemostasis, blood components for,
308-310
Hemotympanum, 328
Heparin, 300t, 303t, 308
for acute myocardial infarction,
220
for disseminated intravascular
coagulation, 305
in venous flushing solutions, 20
Heparin-impregnated catheter, 18
Heparin-induced thrombocytopenia,
20, 304
Hepatic coma, 269, 269t
Hepatic encephalopathy, 177, 253,
267,269, 336
in acute liver failure, 273-274
in cirrhosis, 275, 284-286
grading scale for, 269t
pathogenesis of, 284285
precipitating causes of, 285, 286t
treatment of, 285-287
Hepatic failure. See Liver failure
Hepatic venous pressure gradient,
253
Hepatitis. See specific types of
hepatitis
Hepatocellular carcinoma, 266
Hepatocellular disease, 263, 265, 266t
Hepatomegaly, 275
Hepatorenal syndrome, 106, 272,
275-276, 287288
differential diagnosis of, 287, 288t
management of, 287-288
pathogenesis of, 287
Herpes encephalitis, 336
Herpes simplex, 329t

Herpes virus, 268
HES. See Hydroxyethyl starch
HHNC. See Hyperosmolar
hyperglycemic nonketotic
coma
High-frequency ventilation, 8
High-pressure ventilator alarm, 93f
Hirudin, 304
Histamine blockers, 129
Histoplasmosis, 150
HIT. See Heparin-induced thrombo-
cytopenia
HIV-infected patient:
diarrhea in, 147
infectious diseases in, 149—152
neurologic disorders in, 152
respiratory failure in, 150-152,
151t
antibiotic therapy for, 150
causative microorganisms, 151t
sepsis in, 152
HIV infection, 63
transmission by needle-stick
injury, 17
transmission in blood products,
317
HMG-CoA reductase inhibitors, 222
Horner’s syndrome, 332
HUS. See Hemolytic uremic
syndrome
Hydrocephalus, 325, 336
Hydrochloric acid, for metabolic
alkalosis, 114-115
Hydrocortisone, for corticosteroid
replacement, 238
Hydronephrosis, 108
Hydroxyethyl starch, fluid
management in shock, 66
Hypercapneic respiratory failure, 72,
98
mechanical ventilation in, 84,
88-90
Hypercapnia, 9
causes of, 2t
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definition of, 2
permissive, 87-90
Hypercatabolism, 172
Hypercholesterolemia, 222
Hyperglycemia, 239-241
Hyperinflation, dynamic. See
Dynamic hyperinflation
Hyperkalemia, 205-206, 207f, 318
Hypermagnesemia, 288
Hypermetabolism, 172, 234
Hypernatremia:
definition of, 116
management of, 116-117
Hyperosmolar hyperglycemic nonke-
totic coma, 228, 241
Hyperpnea, 327
Hypersplenism, 303t
Hypertension, 51, 108, 187, 198
in coma, 328
pulmonary, 35-36, 63
Hypertensive encephalopathy, 328,
330, 341-342
Hyperthermia, 121, 125
causes of, 121t
in coma, 327
Hyperthyroidism, 198, 231, 232t
Hypertonic saline:
fluid management in shock, 66
for hyponatremia, 115-116
Hyperventilation, 112t, 115
central neurogenic, 327, 328f
for increased intracranial pressure,
92, 337, 339
Hypoadrenal crisis, 237
Hypoalbuminemia, 275
Hypocalcemia, 205t, 208, 318
Hypofibrinogenemia, 309
Hypoglycemia, 240, 268
Hypokalemia, 205t, 206, 288
Hypomagnesemia, 205t, 208, 288
Hyponatremia, 238, 288
definition of, 115
in hyperosmolar hyperglycemic
nonketotic coma, 240

management of, 115-116
Hypoperfusion, in shock, 59
Hypopituitarism, 329t
Hypotension, 111, 222, 237-238

in coma, 328

in shock, 59
Hypothermia:

arrhythmias and, 206208

in coma, 327

controlled, 339-340

thrombocytopenia in, 303t

transfusion-related, 318
Hypothyroidism, 228, 231-233, 232t

primary, 232

secondary, 232
Hypoventilation, 2-3
Hypovolemia, 26, 39, 106
Hypovolemic shock:

differential diagnosis of, 63

hemodynamic profile in, 57, 57t,

60

patient history in, 58

symptoms of, 60
Hypoxemia, 27, 4-6f, 329t

assessment of, 8

causes of, 2t

definition of, 2

treatment of, 8
Hypoxemic respiratory failure, 72, 98

mechanical ventilation in, 82,

86-88
Hypoxic-ischemic coma, 343, 344f
Hypoxic pulmonary
vasoconstriction, 47

I
Ibutilide, for arrhythmias, 198, 210t
IBW. See Ideal body weight
ICP. See Intracranial pressure
Icterus, 329t
Ideal body weight, 170
Idiopathic thrombocytopenic

purpura, 303, 303t, 309
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IL. See Interleukin
Imipenem, 127t, 161, 164t
Immune complex disorders, 303t
Immune function:
immunity-enhancing nutritional
formulas, 179, 182
skin tests of, 170
transfusion-related
immunosuppression, 318
Immune-mediated
thrombocytopenia, 302
Immunocompromised patient,
148-153. See also HIV-
infected patient
neutropenia, 148—149
organ transplant recipient, 153
Immunoglobulin G, intravenous:
for idiopathic thrombocytopenic
purpura, 303
for post-transfusion purpura,
304
Implied consent, 23
Indirect bilirubin, 263
Indirect calorimetry, 171-172, 175,
180
Infection:
in acute liver failure, 272
anemia in, 310
line, 16—-19
nutritional support in, 179
Infection control, 120
Infectious colitis, 254
Infectious disease, 119-164
in immunocompromised patients,
148-153
risk factors for, 120
Inferior vena cava cannulation,
29-30, 32f
Inflammatory bowel disease, 173,
254
nutritional support for, 175t,
179
Informed consent, 22—-23, 316
Infratentorial lesion, 326

Inotropy, 44-45, 47
INR. See International Normalized
Ratio
Inspiratory muscle strength,
respiratory workload and,
95, 95f
Inspiratory positive airway pressure,
99t
Inspiratory pressure, settings for
mechanical ventilation,
81-82t, 82
Inspiratory to expiratory time
ratio, settings for mechanical
ventilation, 81-82t, 86
Insulin, 239-240
for diabetic ketoacidosis, 241
for hyperkalemia, 206
for hyperosmolar hyperglycemic
nonketotic coma, 240
Interleukin-2, 56
Interleukin-6, 232
Interleukin-11, 302
Intermittent hemodialysis, 111
Internal jugular vein cannulation,
placement of central
venous catheter, 30, 33-34,
33f
International Normalized Ratio,
301
Internuclear ophthalmoplegia,
333-334
Interstitial lung disease, 91
Interstitial nephritis, 107
Intra-abdominal abscess, 124
Intra-abdominal inflammation,
288
Intra-aortic counterpulsation device,
223
Intracardiac shunt, 51
Intracerebral hemorrhage, 328, 335,
340, 342, 345, 345t
Intracranial compliance, 336
Intracranial hemorrhage, 340
Intracranial pressure:
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cerebral perfusion pressure and,
336-337
increased, 327, 330, 334-340
general management in,
339-340
mechanical ventilation in, 92
signs of, 336
monitoring of, 274, 336
reduction of, 273-274, 336-340
with blood pressure
management, 339
with hyperventilation, 337, 339
with osmotic agents, 338-339
with sedation, 339
Intrarenal renal failure, 107
Intravascular access. See Vascular
access
Intravascular pressure, monitoring
of, 21-22
Intravascular resuscitation, for
gastrointestinal bleeding, 245
Intravenous nutrition, 109-110
Introducer catheter, 20
Intubation, 72, 73t. See also Airway
management; Mechanical
ventilation
Inverse ratio ventilation, 8, 86
Iodine, for thyrotoxicosis, 234
IPAP. See Inspiratory positive airway
pressure
Iron, serum, 312
Iron deficiency, 310
Iron lung, 74
Iron studies, 265, 266t
Irradiated red blood cells, 314t, 316
Ischemic colitis, 122t
Isoniazid, 311
Isoproterenol:
for bradycardia, 186
for complete heart block, 191
for shock, 67t
for torsades de pointes, 204
ITP. See Idiopathic
thrombocytopenic purpura

)
] wave, 206-208
Jaundice, 269
Jejunal enteral feeding, 173, 179
Jervell and Lange-Nielsen syndrome,
205t
Jugular catheter, 137

K

Ketamine, for rapid sequence
induction, 357

Ketone bodies, 239-240
Ketosis, 239
Kidney. See Renal entries
Klebsiella, drug-resistant, 156
Kyphoscoliosis, 91

L
Labetolol:
for hypertensive encephalopathy,
342
for lowering blood pressure, 339
Lactate:
blood, 60, 62, 113, 313
systemic, 49
Lactate dehydrogenase:
ascitic fluid, 278, 280
serum, 150, 310, 312
Lactated Ringer’s solution, for
volume resuscitation, 245
Lactic acidosis, 62, 112t, 114, 122,
268
Lactulose, for hepatic
encephalopathy, 273,
285-286
Lansoprazole, for Helicobacter pylori
infection, 249t
LAP. See Leucine aminopeptidase
LaPlace equation, 44
Large-volume paracentesis, 279, 282
colloid replacement during,
283-284
serial, 282
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Latex allergy, 17-18, 62
Left ventricular end-diastolic
pressure, 41
Left ventricular stroke work index,
46t
Leptospirosis, 329t
Lethargy, 322
Leucine aminopeptidase, serum,
262
Leukemia, 144, 330t
Leukocyte-reduced red blood cells,
314t, 315
Leukocytosis, 130
Leukoencephalopathy, reversible
posterior, 341-342
LeVeen shunt, 283
Levofloxacin, 164t
Levothyroxine, for hypothyroidism,
233
Lidocaine:
for arrhythmias, 203, 210t
during extubation, 359
Line infection, 16—-19
Linezolid, for methicillin-resistant
Staphylococcus aureus
infection, 154
Linoleic acid, 177
Linolenic acid, 177
Lipase, serum, 256
Lipids:
composition of parenteral and
enteral formulations, 173t
daily requirement for, 174t, 175
dietary, 177-178
plasma, 222
Lipogenesis, 180
Liposomal amphotericin B, 163, 164t
Lithium, 232
Liver:
anatomy of, 238-239
physiology of, 239
Liver carcinoma, 263
Liver disease:
bleeding disorders in, 300t, 306

Child-Turcotte-Pugh scoring
system for, 276t, 284, 287
mental status in, 285t
renal failure in, 105
skin rashes in, 329t
upper gastrointestinal bleeding in,
250-254
Liver failure:
acute, 253, 267-275
acetaminophen overdose,
270-271
causes of, 267-268
cerebral edema in, 273-274
classification of, 269-270,
270t
clinical presentation in, 268—269
coagulopathy in, 272
diagnosis of, 268-269
general management of, 271
hepatic encephalopathy in,
273-274
infection in, 272
liver support device in, 274-275
liver transplantation for, 269,
271t, 273274
medical management of,
270-274
prognosis of, 269-270
renal failure in, 272-273
hyperacute, 270t
nutritional support for, 175t, 178
renal failure in, 107
in shock, 59t, 61
subacute, 270t
Liver necrosis, 267
Liver support device, 274-275
Liver tests, 239, 261-267
in acute pancreatitis, 256
albumin, 264
alkaline phosphatase, 262-263
bilirubin, 262-263
patients with abnormal test results:
classification of liver condition,
265-266
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confirmation of abnormal
results, 265, 265t
patient history, 264
prothrombin time, 264
serum aminotransferases, 261-263
Liver transplantation:
for acute liver failure, 269, 271t,
273-274
for hepatic encephalopathy, 287
for hepatorenal syndrome, 288
heterotopic auxiliary, 274
for variceal bleeding, 254
LMWH. See Low-molecular-weight
heparin
Local anesthetics, for vascular access,
22
Locked-in syndrome, 325, 336
Lomefloxacin, 160
Long-arm central catheter, 34
Long QT interval syndrome, 204,
205t
Lorazepam, 351-352, 351f
Low-molecular-weight heparin, 220,
304, 306
Low-pressure ventilator alarm, 94f
Lumbar puncture, 341
Lung disease. See also specific types
unilateral, mechanical ventilation
in, 91-92
LVEDP. See Left ventricular end-
diastolic pressure
LVP. See Large-volume paracentesis
LVSWI. See Left ventricular stroke
work index
Lymphoma, 263

M
Macrolide antibiotics, arrhythmias
and, 205t
Macular-papular rash, 329t
Magnesium:
for arrhythmias, 210t
for hypomagnesemia, 208

Magnetic resonance imaging, of
brain, 335
Malaria, 311
Malignant hyperthermia, 121t
Malignant tumor, 122t
Mallory-Weiss tear, 247-249
Malnutrition, 105, 183f
Mannitol:
for cerebral edema, 274
for increased intracranial pressure,
338-339
MAP. See Mean airway pressure
Massive transfusion, 107, 306, 308
MAT. See Multifocal atrial
tachycardia
Maximum sustainable ventilation,
9
Maximum voluntary ventilation, 9
MCT. See Medium-chain
triglycerides
Mean airway pressure, 8, 39
Mean arterial blood pressure, 24, 26,
44
Mechanical ventilation:
definition of, 72
duration of, 128t
invasive:
in acute hypoxemic respiratory
failure, 86-88
complications of, 93-94, 93-94f
discontinuation of, 94-97, 95f,
96t
high-pressure ventilator alarm,
93f
in hypercapneic respiratory fail-
ure, 88-91
in increased intracranial
pressure, 92
indications for, 72, 73t
low-pressure ventilator alarm,
94f
in mixed respiratory failure, 91
modes of, 74-80, 74t
objectives of, 72, 73f
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Mechanical ventilation (cont.)
in restrictive lung disease, 91,
92f
settings for, 81-82, 81-82t
in unilateral lung disease, 91-92
noninvasive, 97-98
complications of, 100
discontinuation of, 100
indications for, 98
modes of, 98—99
objectives of, 98
settings for, 99, 99t
percentage of ICU patients with,
121t
for respiratory acidosis, 114
stress-induced ulcers and, 247
ventilator-related pneumonia,
128-135
Medium-chain triglycerides, 177
Megacolon, toxic, 147
Melanoma, 329t
Melena, 246, 254
Meningitis, 152, 335-336, 341
Meningococcemia, 329t
Mental status, in liver disease, 285t
Meperidine, 354-355, 354f
for acute pancreatitis, 260
Mesencephalic lesion, 333
Mesenteric ischemia, 256
Metabolic acidosis, 49, 61-62, 112t,
113-114, 239-240
Metabolic alkalosis, 112t, 114-115
chloride-responsive, 114
chloride-unresponsive, 114
Metabolic disorder:
coma in, 325-326
transfusion-related, 318
Metabolic encephalopathy, 327, 334
Methemoglobin, 329t
Methemoglobinemia, 28-29
Methohexital, 357
Metoprolol:
for acute myocardial infarction,
220-221

for multifocal atrial tachycardia,
198
Metronidazole:
for diarrhea, 148
for Helicobacter pylori infection,
249t
for hepatic encephalopathy, 286
Midarm muscle circumference, 170
Midazolam, 350-352, 351f
for increased intracranial pressure,
339
for rapid sequence induction, 357
Midbrain lesion, 334
Middle cerebral artery occlusion, 340
Milrinone, for shock, 67t
Minerals, in enteral and parenteral
formulations, 176
Minimally-conscious state, 324-325
Minnesota tube, 253
Minocycline-impregnated catheter,
136
Mitral regurgitation, 35, 222
Mitral stenosis, 41
Mixed respiratory failure,
mechanical ventilation in, 91
Mixed venous oximetry, 48
Mixed venous oxygen saturation, 49
Mobitz type I block. See
Atrioventricular block,
second-degree, type |
MODS. See Multiple organ
dysfunction syndrome
Monitoring:
of blood chemistry, 23-24
of central venous pressure, 34-36,
36f
of intracranial pressure, 274, 336
invasive, 21-22
of neuromuscular blockade,
356-357
physiologic, 21-22
of systemic arterial pressure, 24
Monoclonal antibodies, for shock, 68
Morphine, 354-355, 354f



Index 383

for acute myocardial infarction,

221

Motor examination, of comatose
patient, 334

MRI. See Magnetic resonance
imaging

MRSA. See Staphylococcus aureus,
methicillin-resistant

MSV. See Maximum sustainable ven-

tilation
Mucosal tonometry, 52
Multifocal atrial tachycardia, 198
Multilumen catheter, 20
Multiple organ dysfunction
syndrome, 56, 62
nutritional support in, 180
Muscle relaxants, 355-357
prescribing in renal failure, 111
Muscle strength assessment,
170-171
Muscle wasting, 105
Mushroom, poisonous, 268
MVV. See Maximum voluntary
ventilation
Myasthenia gravis, 90
Mydriasis, 332
Myelophthisis, 303t
Myeloproliferative disorders, 303t,
310
Myocardial infarction, 122t, 196
acute, 63—-64, 213-224

angiotensin-converting enzyme

inhibitors for, 221
aspirin for, 216, 220
beta blockers for, 220-221
cardiogenic shock after,
222-224
complications of, 222
diagnosis of, 214-216
glycoprotein ITb/IITa inhibitors
for, 219
heparin for, 220
morphine for, 221
nitroglycerin for, 221

percutaneous transluminal
coronary angioplasty for,
216-219, 217t
precipitating factor in, 214
prognosis of, 224
symptoms of, 214-215
thrombolytic therapy for,
216-219, 218-219t
treatment of, 216-222, 217f
anterior-wall, 215, 221-222
blood pressure in, 328
bradycardia in, 328
colonic pseudo-obstruction in,

288

heart block in, 188—190, 190f,
192-193

inferior-wall, 188, 215, 220,
256

inferior/posterior, 190f
liver failure and, 268
right ventricular, 223-224
risk stratification after, 224
ST-elevation, 215, 220
temporary pacing in, 193, 193t
transmural scars from, 202
Myocardial ischemia, 40
Myocarditis, 187-188, 198
Myoclonus, multifocal, 334
Myoglobin, 64, 107, 216
Myxedema coma, 228, 233
Myxedema madness, 232

N

Nadolol, to prevent variceal bleeding,
254

Nafcillin, 157, 163t
Naloxone:

for coma, 326

for opioid reversal, 355, 355f
Narcotics, 354—355, 354f
Nasal mask, 98, 98t
Nasoduodenal feeding tube, 173
Nasogastric feeding tube, 173
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Nasogastric intubation, in
gastrointestinal bleeding,
245

Nasogastric suctioning, 116

Nasopharyngeal bleeding, 246

Nasotracheal intubation, sinusitis
and, 145

National Nosocomial Infections
Surveillance System, 120,
120t

Needle-stick injury, 17

Neomycin, for hepatic
encephalopathy, 286

Neostigmine, for colonic pseudo-
obstruction, 289

Nephrotic syndrome, 264, 275

Nephrotoxic agents, 107, 109

Neuroendocrine system, in shock,
59t

Neurogenic shock, 60, 62

Neuroleptic malignant syndrome,
121t, 354

Neurologic disorder, in HIV-infected
patients, 152

Neurologic examination, in coma,
330-335

Neuromuscular blockade,
monitoring of, 356-357

Neuromuscular disease, mechanical
ventilation in, 90-91

Neutropenia, 148—149

Nicardipine, for lowering blood pres-
sure, 339

NIMV. See Mechanical ventilation,
noninvasive

Nitric oxide, 56

for hypoxemia, 8
Nitrogen balance, 171, 180
Nitrogen sources, 177
composition of parenteral and

enteral formulations, 173t

Nitroglycerin, for acute myocardial
infarction, 221

Nitroprusside test, 239

NNIS. See National Nosocomial
Infections Surveillance
System

Nocardiosis, 152

Noninvasive mechanical ventilation.
See Mechanical ventilation,
noninvasive

Norepinephrine, for shock, 67-68,
67t

Norfloxacin, for prevention of
spontaneous bacterial
peritonitis, 279

Normal saline, for volume
resuscitation, 245

Nosocomial infections, 119—164,
120t

NSAIDs, bleeding complications of,
247, 301

5’-NT. See 5’-Nucleotidase

Nuclear studies:

in acute myocardial infarction, 216
in renal failure, 109

Nucleic acids, dietary, 178

5"-Nucleotidase, serum, 262, 265t

Nutritional assessment, 170—172,
171t

Nutritional support, 169—184. See
also Enteral nutrition;
Parenteral nutrition

for acute pancreatitis, 260

for burn patient, 175t, 179

comparison of formulations, 173t

determining adequacy of, 180

goals of, 170

for hepatic encephalopathy, 286

improving outcome with, 181-184

for infection and inflammation,
179

for inflammatory bowel disease,
175t, 179

for liver failure, 175t, 178

macronutrient requirements of
adults, 174t

for major surgery, 175t
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for multiple organ failure, 180

overfeeding. See Overfeeding

for pancreatitis, 175t, 179

quantity of nutrients, 174-177

for renal failure, 175t, 178

specific nutrients, 177-178

timing of, 172

for trauma patient, 175t

for wound healing, 179
Nystagmus, 333-334

(0)
Obstructive shock:
differential diagnosis of, 63
hemodynamic profile in, 57, 57t
patient history in, 58
symptoms of, 60
Obtundation, 322
Occlusive dressing, 121t
Octreotide, for variceal bleeding,
247,251-252
Ocular bobbing, 333
Ocular injury, airway management
in, 358
Ocular motility, evaluation of,
333-334
Oculocephalic reflex, 333-334, 346
Ofloxacin, 160
Ohm’s law, 44
Oliguria, 61
Omega-3 fatty acids, 177
Omega-6 fatty acids, 177
Opioids, 354-355, 354f, 359
general guidelines for, 355
prescribing in renal failure, 111
reversal of, 355, 355f
side effects of, 354—355
Opsonins, ascitic fluid, 279
Organ donor, care of potential
donors, 346
Organ failure, signs of, 258t
Organ transplant recipient,
infections in, 153

Ornithine aspartate, for hepatic
encephalopathy, 286
Osborne wave, 206-207
Oscillating ventilation, 8
Osler’s nodes, 330t
Osmotic agents, for increased
intracranial pressure,
338-339
Osmotic diuresis, 116
Overfeeding, 173, 175-176, 180
Oxacillin, 157
Oxazolidinones, for vancomycin-
resistant enterococcal
infections, 155
Oxygen concentration:
in arterial blood, 10
in venous blood, 11
Oxygen consumption, 11-13, 56,
171, 312-313
oxygen delivery vs., 12f
Oxygen debt, 56
Oxygen delivery, 1-13, 4f, 11f, 49-50,
56,312
oxygen consumption vs., 12f
Oxygen extraction ratio, 12, 49, 313
Oxygen kinetics, pulmonary artery
catheters and, 49-50, 50f
Oxygen saturation, 10-13, 28, 82
Oxygen uptake, 49, 56
Oxyhemoglobin, 28
Oxyhemoglobin dissociation curve,
10-11, 11f

P
P wave, 194, 199
PAC. See Pulmonary artery catheter
Pacemaker wire, insertion of
temporary wire, 20
Pacing, 191-193
“oversensing,” 192
permanent, 191
sensing threshold of pacemaker,
192
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Pacing (cont.)
sensitivity of pacemaker, 192
temporary, 190-193, 190f,
193-194t
for torsades de pointes, 204
transcutaneous pacemaker, 191,
193t
transvenous pacemaker, 191, 194t
“undersensing,” 192
ventricular demand mode, 192
Packed red blood cells, 315
Pancreas:
anatomy of, 238-239
laboratory testing, 239
physiology of, 239
Pancreatic abscess, 260
Pancreatic cancer, 266
Pancreatic necrosis, 259—-260
Pancreatitis, 63, 107, 266, 275
acute, 256261
APACHE II score for, 258
clinical presentation of, 256
complications of, 261
determining severity of,
257-259, 257t, 260t
laboratory diagnosis of,
256257
radiologic diagnosis of, 257
Ranson criteria for, 257-258,
259t
treatment of, 259-261
nutritional support in, 173, 175t,
179
Pancuronium, 356, 356f
Papilledema, 330, 341
Paracentesis:
diagnostic, 277-278, 278t
large-volume. See Large-volume
paracentesis
Paradoxical pulse, 60
Paralysis, therapeutic, 90
Paralytic agents, 355357
depolarizing agents, 355-356, 356f
monitoring of, 356-357

nondepolarizing agents, 356, 356f
Parenteral nutrition, 109-110
composition of formulations, 173t
enteral nutrition vs., 172—174,
173-175t
total. See Total parenteral
nutrition
Paroxysmal sinus bradycardia, 186
Partial thromboplastin time, 300t,
301-302, 306—-309
Patent foramen ovale, 7
PAWP. See Pulmonary artery wedge
pressure
PBC. See Primary biliary cirrhosis
PCP. See Pneumocystis carinii
pneumonia
PCV. See Pressure-control
ventilation
PCWP. See Pulmonary capillary
wedge pressure
PEEP. See Positive end-expiratory
pressure
Penicillin(s), 156-157
intravenous dosages of, 163t
penicillinase-resistant, 157
prescribing in renal failure, 111
side effects of, 311
Penicillin resistance, 155
Pentamidine:
arrhythmias and, 205t
for Pneumocystis carinii
pneumonia, 151-152
Pentobarbital, for increased intracra-
nial pressure, 339
Peptic ulcer disease, 246-247
Percutaneous transluminal coronary
angioplasty, 216-219, 217t,
223-224
Pericarditis, 63, 198
Perinephric abscess, 280
Peripheral blood smear, 302, 312
Peripheral edema, 281
Peripherally inserted central catheter,
34
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Peritoneal dialysis, 110
Peritoneovenous shunt, 283
Peritonitis, 130t
secondary bacterial, 280
spontaneous bacterial, 275-280
Permissive hypercapnia, 87-90
Pernicious anemia, 232-233
Persistent vegetative state. See
Vegetative state
Petechiae, 329t
Petechial-purpuric rash, 329t
Phenothiazines, 205t
Phenylephrine, for shock, 67-68, 67t
Phenytoin, for status epilepticus, 341
Pheochromocytoma, 121t
Phlebotomy, 312
Physical examination, in renal
failure, 108
Physiologic monitoring, 21-22
Physiologic sodium, fluid
management in shock, 65
PICC. See Peripherally inserted
central catheter
Pinpoint pupil, 332, 332f
Piperacillin, 127t, 157, 163t
Piperacillin-tazobactam, 127t, 157,
163t
Plasma protein solution, fluid
management in shock, 65
Plasmapheresis, 304
Plateau pressure, 81, 83f
Platelet count, 300, 300t, 302—304,
309
Platelet disorders, 300-305, 309
laboratory studies in, 300t
uremia-related, 305
Platelet glycoprotein IIb/II1a
inhibitors, 219
Platelet transfusion, 247, 302,
305-306, 309, 314t
Plethysmography, thoracic
bioimpedance, 51-52
PMN count:
ascitic fluid, 278-279

in secondary bacterial peritonitis,
280
Pneumocystis carinii pneumonia,
150-152, 151t
Pneumonia, 2t, 120t
in acute liver failure, 272
causative microorganisms, 134,
134t
criteria for clinical suspicion of,
132t
criteria for confirming or ruling
out, 131t
diagnosis of, 130-133, 130-133t
bronchoscopic techniques,
132-133, 133t
endotracheal aspiration, 132,
133t
fever in, 122
in immunocompromised patients,
149
lobar, 91
nosocomial, 128-135
pathogenesis of, 128
prevention of, 128-130
risk factors for, 128, 128t
shunt in, 7
therapy for, 127t, 134-135
empiric antibiotics, 131,
134-135
ventilator-related, 127t, 128—135,
249
Pneumothorax, 30, 60, 63
Poiseuille-Hagen formula, 19, 45
Pontine lesions, 327, 333-334
Porphyria, 329t
Portal hypertension, 254, 275, 330
Portal hypertensive gastropathy,
250-252, 254
Positive end-expiratory pressure, 39,
41,47-48
in acute respiratory distress
syndrome, 86—87
auto-PEEP, 78, 78f, 80, 83f, 84,
85f, 86, 88—90
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Positive end-expiratory pressure
(cont.)
“best-PEEP” approach, 87
“open lung” approach, 87
removal of, 96
in restrictive lung disease, 91,
92f
in unilateral lung disease, 92
settings for mechanical ventilation,
81-82t, 8284, 85f
“sneaky-PEEP,” 8
treatment of hypoxemia, 8
Positive fluid wave, 276
Positive pressure ventilation, 35
Post-transfusion purpura, 303-304,
303t
Postrenal renal failure, 107-108
Posturing, 334
Potassium chloride, for metabolic
alkalosis, 114
PR interval, 187—188
Pre-albumin, 171, 171t, 180
Prednisone, for immune hemolytic
anemia, 311
Preload, 96
assessment of, 35
optimal, 38
pharmacologic intervention,
45-46
Prerenal renal failure, 106—107
Pressure-control ventilation, 74t, 75f,
79-80, 82
Pressure-support ventilation, 74t,
751, 80, 81t, 82
Pressure transducer, 20-22
Primaquine, for Pneumocystis carinii
pneumonia, 152
Primary biliary cirrhosis, 263-264,
267
Primary sclerosing cholangitis,
264-266
Procainamide:
for arrhythmias, 210t
arrhythmias and, 205t

for supraventricular arrhythmias,
196, 198
for ventricular arrhythmias, 203
Prone positioning, 8
Propafenone, for supraventricular
arrhythmias, 196
Propofol, 352-353, 359
and acute pancreatitis, 260
effects on organ systems, 352—353
and increased intracranial
pressure, 339
Propranolol, to prevent variceal
bleeding, 254
Propylthiouracil, for thyrotoxicosis,
234
Prosthetic valve failure, 51
Protamine:
reversal of heparin action,
307-308
side effects of, 311
Protected specimen brush technique,
133, 133t
Protein:
ascitic fluid, 278-280
daily requirement for, 174-175t,
175-176
dietary, 177
restriction in hepatic
encephalopathy, 285
Protein-losing enteropathy, 264
Proteinuria, 288t
Prothrombin time, 250, 261, 265t,
269, 275, 300-302, 300t,
306-309
PSC. See Primary sclerosing
cholangitis
Pseudocyst, pancreatic, 256-257, 261
Pseudomembranes, 148
Pseudomonas aeruginosa, 156
Pseudomonas infection, 329t
PSV. See Pressure-support
ventilation
Psychogenic unresponsiveness, 325
PT. See Prothrombin time
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PTCA. See Percutaneous trans-
luminal coronary angioplasty
PTT. See Partial thromboplastin time
Puddle sign, 277
Pulmonary artery, blood gas analysis,
8
Pulmonary artery catheter, 20, 36
assessment of cardiac pharma-
cologic intervention, 45-47
assessment of cardiopulmonary
interaction, 47-48
in cardiogenic shock, 223
continuous cardiac output, 48
derived cardiac indexes, 43—45
erroneous data from, 21
mixed venous oximetry, 48
monitoring in shock, 57, 65
overwedging, 38
oxygen kinetics and, 49-50, 50f
percentage of ICU patients with,
121t
physiology and analysis of PAC
data, 38-50
placement of, 37-38, 37f
pseudo-wedging, 37-38
pulmonary capillary wedge
pressure and acute
respiratory distress
syndrome, 41-42
pulmonary capillary wedge
pressure and cardiac
function, 38—41, 39-40f
thermodilution cardiac output,
42-43, 43f
volumetric ejection fraction and,
48-49
Pulmonary artery wedge pressure, 35
Pulmonary capillary filtration
pressure, 41
Pulmonary capillary wedge pressure,
35, 40
acute respiratory distress
syndrome and, 41-42
cardiac function and, 38—41, 39—40f

elevated, 40—41
Pulmonary edema, 41-42, 215
cardiogenic. See Cardiogenic
pulmonary edema
noncardiogenic, 317
Pulmonary embolism, 2t, 51, 63, 124,
130t, 198, 268
Pulmonary fibrosis, 130t
Pulmonary hypertension, 35-36, 63
Pulmonary infiltrate, 130, 130t
Pulmonary system, in shock, 58t
Pulmonary vascular resistance, 44,
46t, 47
Pulse oximetry, 27-29
Pulse pressure, 24, 26
Pupillary reactivity, 332-333
Pupillary size, 332-333, 332f
Purpura fulminans, 329t
PVR. See Pulmonary vascular
resistance
Pyrimethamine, for toxoplasmosis,
152

Q
QRS complex, 188-189, 189f,

191-192, 199-200
QT interval, 354
Quinidine, 303t, 311
arrhythmias and, 205t
for supraventricular arrhythmias,
196
Quinupristin-dalfopristin:
for methicillin-resistant
Staphylococcus aureus
infections, 154
for vancomycin-resistant
enterococcal infections, 155

R
Radial artery cannulation, 24
Radiation colitis, 246
Radiation enteritis, 246
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Radiographic studies, for
gastrointestinal bleeding, 255
Radiologic studies, in acute
pancreatitis, 257
Ramsay scale, 350, 350f
Ranitidine, 129
for Helicobacter pylori infection,
249t
Ranson criteria, for acute
pancreatitis, 257-258, 259t
Rapid-cycle breathing, 327
Rapid sequence induction, 357, 357f
Rapid shallow breathing index, 96t,
97
Raynaud’s disease, 24
Recombinant tissue plasminogen
activator, for stroke, 340
Rectal examination, 255
Red blood cell(s):
decreased production of, 310
increased destruction of, 310-311
Red blood cell enzyme deficiencies,
311
Red blood cell transfusion, 19, 313,
314t
frozen cells, 314t, 316
irradiated cells, 314t, 316
leukocyte-reduced cells, 314t, 315
packed cells, 315
washed cells, 314t, 316
Red man syndrome, 159
Reentrant supraventricular
tachycardia, 209t
Reflectance spectrophotometry, 27,
48
Reflex ocular testing, 333-334
Remifentanil, 354
Renal colic, 256
Renal failure, 103-117
acid-base abnormalities and,
112-115, 112t
acute, 62
in acute liver failure, 272-273
anemia in, 310

causes of:
postrenal, 107-108
prerenal, 106-107
renal, 107
definition of, 104-106
diagnostic considerations in,
108-109
intravenous dosages of
antimicrobials in, 163-164t
long-term outcome in, 112
management of. See also Dialysis
diuretics and dopamine, 109
“soft” interventions, 109—110
nutritional support for, 175t, 178
prescribing common drugs in,
111
quantification of, 104-106
Renal function, in shock, 58-59t, 61
Renal tubular acidosis, 113
Renin-angiotensin-aldosterone
system, 236, 276
Reperfusion therapy, 216-219
Respiration, in coma, 327, 328f
Respiratory acidosis, 112t, 114
Respiratory alkalosis, 93, 112t, 115,
339
Respiratory failure, 1-13. See also
Hypercapnia; Hypoxemia;
Mechanical ventilation
acid-base abnormalities in, 112t
colonic pseudo-obstruction in,
288
in HIV-infected patients, 150-152,
151t
stress-induced ulcers and, 247
Respiratory quotient, 9, 171-172, 180
Respiratory rate, settings for
mechanical ventilation, 81,
81-82t
Respiratory workload, inspiratory
muscle strength and, 95, 95f
Resting metabolic expenditure, 175,
176t
Restrictive eye disease, 334
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Restrictive lung disease, mechanical
ventilation in, 91, 92f

Reticular formation, brainstem,
322-323

Reticulocyte count, 312

Retinal hemorrhage, 341

Retinol-binding protein, 171, 171t

Revascularization, with cardiogenic
shock, 223

Reverse T;, 230-231

Reye’s syndrome, 268

Rhabdomyolysis, 105, 107

Rifampin, 311

for diarrhea, 148

Rifampin-impregnated catheter, 136

Right ventricular ejection fraction,
48-49

Right ventricular end-diastolic
volume, 48

RME. See Resting metabolic expendi-
ture

Rocky Mountain spotted fever, 329t

Rocuronium, 358

Romano-Ward syndrome, 205t

Roving eye movements, 333

RQ. See Respiratory quotient

rt-PA. See Recombinant tissue
plasminogen activator

RVEDV. See Right ventricular end-
diastolic volume

RVEF. See Right ventricular ejection

fraction
S
SAAG. See Serum-ascites albumin
gradient

Sagittal sinus thrombosis, 326

Salicylate intoxication, 121t

Salivary disease, 256

Sarcoidosis, 187, 263

SBP. See Spontaneous bacterial
peritonitis

SCFA. See Short-chain fatty acids

Sclerotherapy, for variceal bleeding,
252-254
Sebum, 16
Secondary bacterial peritonitis, 280
Sedation:
for increased intracranial pressure,
339
for vascular access, 22
Sedation agents, 350-357
Sedation scale, 350, 350f
Seizure, 122t
Seldinger technique, 21
Self-awareness, 322
Sengstaken tube, 253
Sepsis, 48, 51, 107, 122—123, 288,
325-326, 328
in HIV-infected patients, 152
Sepsis syndrome, 112t
Septic shock, 61-62, 65
Serotonin antagonists, 205t
Serum-ascites albumin gradient,
278
Serum sickness, 329t
Shaken baby syndrome, 330
Shock, 10, 12, 328. See also specific
types of shock
complications of, 62
definition of, 56
diagnostic testing in, 60—61
differential diagnosis of, 62—64
general principles of, 57
hemodynamic profile in, 57, 57t
history of disease process, 58—59
management and therapy for:
fluid management, 6467
goals for, 64, 65t
monoclonal antibodies, 68
vasoactive drugs, 67—68, 67t
pathophysiology of, 56-57
renal failure in, 107
symptoms of, 57, 58t
evaluation of, 58—60
Short-chain fatty acids, 177
Short-gut syndrome, 173174



392 Index

Shunt, 2, 4f, 6f, 7-8
extrapulmonary, 7
intrapulmonary, 7

SI. See Stroke index

Sick sinus syndrome, 187

Sickle cell disease, 311

Sigmoidoscopy, 255

Silver sulfadiazine-impregnated

catheter, 136

SIMV. See Synchronized intermittent

mandatory ventilation

Sinus arrest, 222

Sinus bradycardia, 193-194t

Sinus node, 186—187

Sinus puncture, 145

Sinus rate, 186—187

Sinus tachycardia, 186, 194, 199

Sinusitis, 145—-146
antibiotic therapy for, 127t
causative microorganisms, 146
diagnosis of, 145-146, 146t
pulmonary infiltrate in, 130t
risk factors for, 145
therapy for, 146

SIRS. See Systemic inflammatory

response syndrome

Skew deviation, 333

Skin:
biopsy in disseminated

candidiasis, 144
rashes in coma patient, 328,
329-330t
in shock, 58t
Skin-fold thickness, 170
Small-bowel feeding tube, 173-174,
181
“Sneaky PEEP,” 8
Sodium:
ascitic fluid, 282
blood. See Hypernatremia;
Hyponatremia

dietary restriction for ascites,
280-281

fractional excretion of, 104, 106

urine, 104, 106, 281-282
Sodium benzoate, for hepatic
encephalopathy, 286
Sodium bicarbonate, for
hyperkalemia, 206
Sodium citrate, in venous flushing
solutions, 20
Sodium nitroprusside:
for hypertensive encephalopathy,
342
for lowering blood pressure, 339
Sodium polystyrene sulfonate, for
hyperkalemia, 206
Somatostatin:
for acute pancreatitis, 260
for variceal bleeding, 247, 251
Sotalol, for supraventricular arrhyth-
mias, 196
Spironolactone, for ascites, 281
Splenic laceration, 124
Splinter hemorrhage, 330t
Spontaneous bacterial peritonitis,
275-280
Sputum culture, 130-131, 149-150
Staphylococcal toxic shock, 329t
Staphylococcemia, 329t
Staphylococci, coagulase-negative,
126, 138, 160
Staphylococcus aureus:
catheter-related bloodstream
infections, 139140, 139t
methicillin-resistant, 126, 134,
143, 154
oxacillin-resistant, 126
Starling’s law of the heart, 38, 39f
Status epilepticus, 341
nonconvulsive, 326, 333, 336, 341
Steatohepatitis, nonalcoholic, 267
Sterile technique, 16-19, 136
Stool guaiac, 313
Stool sample, 147-148
Strabismus, 333
Streptococci:
beta-hemolytic, 123
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drug-resistant, 155-156
Streptokinase, 307
Stress echocardiography, 224
Stress-induced ulcers, 247-250,
260
prophylaxis for, 249, 250t, 271
Stress thallium echocardiography,
224
Stroke, 90, 122t, 340
Stroke index, 46t
Stroke volume, 4345, 46t, 51
Stupor, 322
Subacute bacterial endocarditis,
329-330t
Subarachnoid hemorrhage, 326-328,
330, 342
Subclavian catheter, 137
Subclavian vein cannulation, 22
placement of central venous
catheter, 30, 32—33, 33f
Subfalcial brain herniation, 335
Succinylcholine, 355-356, 356f
Sucralfate, 129
to prevent stress-induced ulcers,
250
Sulbactam, 126
for urinary tract infections, 143
Sulfa drugs, 303t, 311
Sulfadiazine, for toxoplasmosis, 152
Superior vena cava cannulation,
29-32, 33f
Supratentorial lesion, 326
Supraventricular tachycardia, 187,
193-199, 1951, 1971, 209-210t
Surgical shunt, for variceal bleeding,
253
Surgical site infection, 120t
SV. See Stroke volume
SVR. See Systemic vascular resistance
SVT. See Supraventricular
tachycardia
Swan-Ganz catheter. See Pulmonary
artery catheter
Sympathetic tone, 186

“Synchronization period,” 79

Synchronized intermittent
mandatory ventilation, 74t,
75f, 79, 81t

Syncope, 191

Systemic arterial pressure,
monitoring of, 24

Systemic inflammatory response syn-
drome, 56. See also Shock

Systemic lupus erythematosus, 329t

Systemic vascular resistance, 27,
44-45; 46t

Systolic amplification, arterial
pressure monitor, 27

T

T;. See Triiodothyronine

T, resin-uptake test, 230

T,. See Thyroxine

Tachybradycardia syndrome. See
Sick sinus syndrome

Tachycardia, 234

in coma, 328

Taurine, 177

TBG. See Thyroxine-binding
globulin

Technetium-labeled RBC scan, for
gastrointestinal bleeding,
255

TEE. See Transesophageal
echocardiography

Telangiectasia, 329t

Tension pneumothorax, 60

Tetracyclic antidepressants, 205t

Tetracycline, for Helicobacter pylori
infection, 249t

Thermocoagulation, for
gastrointestinal bleeding, 248

Thermodilution cardiac output,
42-43, 43f

Thiamine, for coma, 326

Thiopental, 357

Third spacing, 63
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Thoracic artery aneurysm, 51
Thoracic bioimpedance
plethysmography, 51-52
Thoracic fluid index, 51
Thrombin time, 300t, 302
Thrombocytopenia, 300t
acquired, 302, 302t
causes of, 303t
in cirrhosis, 275
heparin-induced, 20, 304
immune-mediated, 302
Thrombocytopenic purpura:
idiopathic, 303, 303t, 309
thrombotic, 300t, 303t, 304,
308-309, 329t
Thrombolytic therapy, 300t, 307, 340
for acute myocardial infarction,
216-219, 218-219t
contraindications to, 218-219
regimens, patency rates, and costs,
219t
Thrombosis, 122t
Thrombotic thrombocytopenic
purpura, 300t, 303t, 304,
308-309, 329t
Thyroglobulin, 229
Thyroid gland:
anatomy of, 229
disorders of, 230-234
general considerations, 228-229,
229f
laboratory tests, 230
physiology of, 229-230
Thyroid-stimulating hormone,
230-231, 233
Thyroid storm, 228, 233-234
Thyrotoxicosis, 121t, 228, 233-234
Thyrotropin-releasing hormone,
230
Thyroxine, 229-231, 233
Thyroxine-binding globulin,
230-231
Ticlopidine, for acute myocardial
infarction, 220

Tidal volume, settings for mechanical
ventilation, 81, 81-82t
TIPS. See Transjugular intrahepatic
portacaval shunt
Tirofiban, for acute myocardial
infarction, 219
Tissue oxygenation, 313
TMP/SMX, for Pneumocystis carinii
pneumonia, 151-152
TNFEF. See Tumor necrosis factor
Tonometry, mucosal, 52
Torsades de pointes, 198, 204, 205t,
210t
Total bilirubin, 257, 261-263, 269
Total minute ventilation, 9
Total parenteral nutrition, 136,
172-174, 173-175t, 179, 263
for acute pancreatitis, 260
central venous catheter for, 30
Total peripheral resistance, 26
Total urinary nitrogen, 171
Toxoplasmosis, 150, 152, 329t
TPN. See Total parenteral nutrition
TPP. See Thrombotic
thrombocytopenic purpura
TPR. See Total peripheral resistance
Trace elements:
composition of parenteral and
enteral formulations, 173t,
177
daily requirement for, 177
Tracheal aspirate, purulent, 130
Tracheostomy, 129
Train-of-four monitor, 356
Transerythrin, 230-231
Transesophageal Doppler
technology, 51-52
Transesophageal echocardiography,
50-51, 61
Transferrin, 171, 171t, 180
Transfusion reaction, 122t
Transfusion therapy. See also specific
blood products; Post-
transfusion purpura



Index 395

administration of blood products,
316
for anemia, 313-316
blood products for, 314-315t
for gastrointestinal bleeding,
246-247
massive, 107, 306, 308
risks of, 316-318
Transjugular intrahepatic portacaval
shunt:
for ascites, 283
for hepatorenal syndrome, 288
for variceal bleeding, 253
Transthoracic echocardiography,
50
Trauma patient, 48
airway management in, 358
nutritional support for, 175t
renal failure in, 107
shock and, 63
TRH. See Thyrotropin-releasing hor-
mone
Tricuspid regurgitation, 43
Tricyclic antidepressants, 205t
Trigger sensitivity, settings for
mechanical ventilation,
81-82t, 84
Triglycerides, ascitic fluid, 279
Triiodothyronine, 229-231
Troponins, 64, 215-216
Trovafloxacin, 164t
Trypsinogen-2, urine, 257
TSH. See Thyroid-stimulating
hormone
TT. See Thrombin time
TTE. See Transthoracic
echocardiography
TTP. See Thrombotic
thrombocytopenic purpura
Tuberculosis, 63, 150, 152, 263
Tumor necrosis factor, 56-57
Turner’s sign, 256
Typhoid, 329t
Typhus, 329t

U
Ulnar artery cannulation, 24
Ultrasonography:
in acute pancreatitis, 257
in ascites, 277
Uncal herniation, 333, 335
Unilateral posturing, 334
Universal precautions, 17
Ureidopenicillins, 157
Uremia, 305, 313
Ureteral obstruction, 107
Urethral obstruction, 107
Urinalysis, in renal failure, 108
Urinary catheter, 140-141
percentage of ICU patients with,
121t
silver-impregnated, 141
Urinary tract infection, 120t,
140-143
in acute liver failure, 272
causative microorganisms, 143t
definition of, 142t
diagnosis of, 141-142
prevention of, 140-141
pulmonary infiltrate in, 130t
risk factors for, 140, 141t
therapy for, 142-143
Urine:
osmolarity in renal failure, 104
output in renal failure, 104
UTIL. See Urinary tract infection

A\

V/Q mismatch. See
Ventilation/perfusion
mismatch

Vagal tone, increased, 186-188

Valium. See Diazepam

Vancomycin, 127t, 158-159, 164t.
See also Enterococci,
vancomycin-resistant

for catheter-related bloodstream
infection, 139
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Vancomycin (cont.)
for diarrhea, 148
for infection in
immunocompromised
patients, 149
for methicillin-resistant
Staphylococcus aureus
infection, 154
for pneumonia, 135
prescribing in renal failure, 111
for sinusitis, 146
for urinary tract infections, 143
Variceal bleeding, 246-247, 250, 279
balloon tamponade for, 252-253
in cirrhosis, 275
endoscopic treatment of, 252
liver transplantation for, 254
medical treatment of, 251-252
nasogastric intubation in, 245
prevention of recurrent bleeding,
254
surgical shunt for, 253
suspected, 251
transjugular intrahepatic
portacaval shunt for, 253
Varicella, 329t
Vascular access, 15-53. See also
Arterial cannulation; Central
venous catheter; Pulmonary
artery catheter
analgesia and sedation for, 22
choice of catheter, 19-21
informed consent for, 22-23
for monitoring, 21-22
sterile and aseptic techniques in,
16-19
Vascular surgery, nutritional support
for, 175t
Vasoactive drugs, for shock, 67-68,
67t
Vasopressin, 235
for variceal bleeding, 251
Vecuronium, 356, 356f
Vegetative state:

diagnosis of, 323-324, 324t
prognosis of, 345
Venous air embolism, 29-30
Venous blood gas analysis, 23
Venous cannulation, 20
Venous return, 47
Ventilation/perfusion mismatch, 2,
4-5f, 7-8
Ventricular ejection time, 51
Ventricular fibrillation, 199, 203,
208-209, 209-210t, 215, 222
Ventricular hypertrophy, 196
Ventricular septal rupture, 222
Ventricular tachycardia, 199-200,
201f, 202-203, 202t,
209-210t, 215, 222
polymorphic, 203-204, 203f
Verapamil, for arrhythmias, 198,
210t
Versed. See Midazolam
Vesicular rash, 329t
Vincristine, for idiopathic thrombo-
cytopenic purpura, 303
Viral hepatitis, 244, 265, 266t, 268
hepatitis A, 268
hepatitis B, 268
hepatitis C, 268
hepatitis D, 268
hepatitis E, 268
transmission of, 17
Visceral proteins, 171, 171t, 180
Vitamin(s):
composition of parenteral and
enteral formulations, 173t
recommended daily intake, 176
Vitamin B,,, 312
deficiency of, 303t, 310
Vitamin K, 263-264, 265t, 272, 306,
308
deficiency of, 264, 307
Volume control ventilation, 74, 74t,
751, 81t
Volume depletion, intravascular, 26
Volume resuscitation, 20
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von Willebrand’s disease, 300t, 307

VRE. See Enterococci, vancomycin-
resistant

vWD. See von Willebrand’s disease

w
Warfarin, 308
Washed red blood cells, 314t, 316
Water, daily requirement for, 176
WBC count. See White blood cell
count
Weaning, from mechanical
ventilation:
invasive, 94-97, 95f, 96t
noninvasive, 100
Wenckebach block. See
Atrioventricular block,
second-degree, type |

Wernicke’s disease, 326

White blood cell count, 122—-123, 147

Whole blood, 313-315, 314t

Wide complex tachycardia, 199-204,
201f, 202t, 203f

Wilson’s disease, 264—268

Wound drain, percentage of ICU pa-
tients with, 121t

Wound healing, nutritional support
for, 179

Y
Yersinia enterocolitica, 317

Z
Zing, in hepatic encephalopathy, 286
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